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The Cancer Handbook provides a comprehensive overview of scientific and clinical 
information in cancer research and medicine (oncology). This area is one of the most 
intensively studied in biology and medicine, resulting in a huge amount of new 
information being published every year. This book summarizes and explains key facts 
and recent developments. It is aimed at a wide variety of readers who need easy 
access to knowledge concerning all major aspects of cancer biology, without too 
much clinical detail or specialist research material. 


The Cancer Handbook stands out from existing oncology textbooks and reference 
works in that it bridges the gap between the molecular biology of cancer and clinical 
diagnosis and treatment. As more and more laboratory research is applied to clinical 
management, e.g. the use of monoclonal antibodies as drugs, it is important that 
clinicians understand the aetiology of the disease and the molecular basis of the new 
therapeutic approaches. It is also important for laboratory scientists to appreciate the 
potential applications of their research and the practical issues involved in translating 
it to clinical practice. 


For this second edition, all the sections have been fully revised and updated, with new 
chapters addressing important topics that have gained prominence in recent years. 
New editors and authors have brought additional expertise to the project. For 
example, in the section on the Molecular and Cellular Basis of Cancer, there are new 
chapters on stem cells, epigenetics, and microRNAs, as well as chapters on the links 
between cancer and development and inflammation. In the Treatment section, the 
emphasisis now on multidisciplinary team management of different cancers, plus 
there are new chapters on clinical trial design, RNA interference and rational drug 
design. 


The page design and the quality of the diagrams has been improved, with all 
illustrations now in full colour. The glossary has been made more informative and 
easy to use. 
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Description:This two-volume handbook provides up-to-date information on all 
aspects of cancer biology, starting from molecular and cellular biology of cancer 
development and progressing to general principles involved in the treatment of 
common cancers. 

Purpose:The purpose is to provide a reference that will be of interest to both basic 
researchers involved in cancer biology and clinicians involved in the care of cancer 
patients, and thereby promote dialogue between these two groups. This book will 
surely help to bridge the bench-to-bedside divide. 

Audience:It will be of particular interest to seasoned researchers and clinicians 
involved in any aspect of cancer biology or treatment. It will also be of interest to 
medical and graduate students who are just starting to learn about the basics of cancer 
biology or about the rationale behind some of the newer and more targeted 
treatments.. 

Features: Volume | is divided into three sections: the molecular and cellular basis of 


cancer, the causation and prevention of cancer, and systematic oncology, detailing the 
etiology, genetic alterations, and microscopic appearances of the most common 
cancers. Volume 2 is divided into two sections: preclinical models for human cancer 
and the treatment of cancer. A unique aspect of this book is that a chapter in one 
section refers to chapters in the other four sections, thus providing invaluable 
connections and linkages throughout the book. 

Assessment:This second edition addresses the remarkable progress made since the 
first edition in all aspects of cancer biologyand treatment, and how ongoing dialogue 
between researchers and clinicians may enable even further progress in this field. This 
book will be a valuable addition to most medical school libraries and also to the 
collection of most graduate and oncologic training programs. 
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102 contributions discuss the molecular basis of cell and tissue organization, the 
pathways by which cells disregard signals to stop proliferating and signals to 
differentiate, the capacity for sustained proliferation, evasion of apoptosis, and the 
ability to invade and induce angiogenesis; the causation and prevention of cancer; 
systemic oncology; a review of the many models used to dissect the basic processes 
common to many cancers, as well as organ-specific cancers and common 
methodologies such as tissue culture and transgenic technology; diagnostic imaging 
and image-guided intervention; and treatment of human cancer now and in the future 
as the new generation of molecular therapeutics develops. Contains many b&w and 
color illustrations. Edited by Malcolm Alison (medicine, Imperial College of Science, 
Technology and Medicine). Annotation c. Book News, Inc., Portland, OR 
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Cell and Tissue Organization 


Catherine E. Sarraf 
University of Westminster, London, UK 


INTRODUCTION 


Cancer is a disease in which there is a diminution in 
control over cell proliferation and cell death in the affected 
tissues. Cells of normal adult tissues are not all of the same 
proliferative status as each other; some, for example, mature 
neurons, myocardium, and mature (pre-fertilization) cells 
of the female germ line, do not proliferate at all. Others, 
in conditionally renewing tissues such as liver, vascular 
endothelium, and cells of the extracellular matrix (ECM) are 
not usually replicative, but can proliferate if need be, for 
example, during wound healing. The third category is of cells 
that under normal conditions are always in the cell cycle, for 
example, the epithelium that lines the gastrointestinal (GI) 
tract, all blood cell precursors, and some cells at the basal 
level of the epidermis. 

The aim of this chapter is not to examine all normal 
cells of all tissues, but to describe those of selected adult 
organs in which malignancy is relatively common — how and 
why normal cell phenotypes are where they are, of what 
tissues organs are composed, and their normal histology. 
The chapter then speculates briefly on the possibility that 
adult stem cells may be embryonic status cells that have 
remained in situ during the processes of embryogenesis 
and during the complex folding and layering that occurs 
in morphogenesis and organogenesis. Such cells (whether 
multipotent or only lineage committed) would remain in 
small numbers in their homeostatically perfect tissue and 
organ niches. Finally, it is suggested that malignancy may 
be attributable to genetic trauma suffered by these (cancer) 
stem cells, whose subsequent behaviour may result in tumour 
formation. 


FERTILIZATION TO GASTRULATION 


As a complete organism, each of us starts life as a fertilized 
egg, a zygote. This is totipotent, that is, all cell types of the 
embryo (and ultimately the adult) are derived from it. The 
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trophectoderm is also derived from the zygote; this provides 
supporting structures of the placenta and umbilical cord. A 
fertilized egg is already polarized along the vertical axis by 
initial orientation of the fertilizing sperm cell centrioles, thus 
of subsequent metaphase plates (Edwards and Beard, 1997), 
and the embryo orientates in response to the force of gravity 
and local fluid dynamics of the fallopian tube (reviewed by 
Sathananthan et al., 2006). The first series of cell divisions, 
called cleavage, occurs as the embryo progresses down the 
fallopian tube, yet, at this stage it does not increase in size 
preceding cell divisions. Initial divisions in cleavage may be 
unequal; cells at the animal pole are smaller than those of the 
yolk sac area at the vegetal pole. All mammalian embryos 
follow a distinctive sequence known as rotational cleavage, 
the resultant cells arranged as a dense, near-sphere called the 
morula. The first four rounds of cleavage divisions occur | to 
3 days after fertilization, and by the fourth day the human 
embryo reaches the uterus, where initially it is free. 

Cell divisions continue and the morula derives a fluid- 
filled core, the blastocoel, cells are blastomeres, and the 
whole is called the blastocyst. Now the first tissue segregation 
takes place — cells of the trophectoderm form a bounding 
layer, one-cell deep and those to become the embryo arrange 
in the inner cell mass (Figure 1). Experimentally, cells of 
the inner cell mass can be sampled to provide embryonic 
stem cells, in which case the embryo is forfeit. By the fifth 
day, the blastocyst implants into the uterine wall attaching 
itself by means of cells of the trophoblast. The next step is 
gastrulation in which certain epiblast cells of the embryo 
become the internal endodermal layer. The mesoderm is 
formed by migration of further epiblast cells to lie between 
the remaining epiblast and the newly formed endoderm. 
At this stage, remaining epiblast cells now constitute the 
ectoderm (Figure 2). These are known as the three germ 
layers (the terms germ layer and primordial germ cell are 
not related to each other). Cellular differentiation now begins 
into the 200 or more normal phenotypes of the human adult 
body. The endoderm provides cells, for example, lining the 
GI tract, parenchymal cells of the pancreas and liver and 
all associated glands, and the epithelial cells of the lungs. 


2 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


Trophoblast 










Blastocoel 






OQ 


A Y 


mas 
MEE 






Inner 






Polar trophoblast 


Figure 1 The blastocyst: the inner cell mass. The blastocyst consists of 
a periphery of trophoblast cells, surrounding the fluid-filled blastocoel. 
Interior to the polar trophoblast is a more densely packed tissue, called 
the inner cell mass, from which the embryo will develop. The remainder 
of the trophoblast blastomeres differentiate into the placenta, the umbilical 
cord, and their supporting tissues. 
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Figure 2 The germ disc: three germ layers. Further development of the 
blastocyst proceeds with epiblasts folding in on the blastocoel. The result is 
the formation of a second space, the amniotic cavity. Thus, the three germ 
layers are derived — endoderm, lining the yolk sac cavity; ectoderm, lining 
the amniotic cavity; and the presumptive mesoderm lying between. 


Cells of the mesoderm form, amongst others, the gonads, 
the circulatory system of the heart, blood vessels and blood 
itself, the embryonic notochord, the dermis, all mesenchymal 
migratory cells, muscles, bones and cartilage. The ectoderm 
is the embryonal precursor of cells such as those of the brain 
and nervous system, the epidermis, sweat glands, nails, and 
those required for hair production. 


MORPHOGENESIS 


Morphogenesis is the movement of embryonic cells, after 
directed orientational signals, to anatomical locations prior 
to the formation of tissues and organs. Certain cell types, 
clearly derived at this time in embryogenesis, are the pre- 
decessors of certain malignant tumours; for example, some 


primordial germ cells can be the point of establishment 
of teratomas (see Female Reproductive System and Male 
Genital Tract). During gastrulation, cells begin to participate 
in pattern formation by migrating to foetal zones in which 
further phenotypic development will take place. The phylo- 
typic stage is reached when cells have moved to their correct 
positions for subsequent steps. Now, they are largely com- 
mitted to the phenotypes they will become, even though they 
may not have differentiated into them yet. Presence of a wide 
array of cell adhesion molecules is essential for the processes 
of morphogenesis; cadherins (calcium-dependent cell adhe- 
sion molecules) provide dynamic regulation in response to 
extracellular signals controlling cell sorting, cell rearrange- 
ment, and cell movement. Cadherin-related signal transduc- 
tion pathways, in epithelia, involve mobilization of cellular 
catenins (Gumbiner, 2005). 

Major tissue types of the body are epithelia (which may 
be of cells from any of the germ layers) in which cells 
are always in contact with their common basement lam- 
ina; mesenchyme (one of the cell lineages derived from the 
embryonic mesoderm) which contribute supporting cells and 
ECM for example to, blood, heart and vasculature; neural 
and muscular tissues. Epithelia typically consist of sheets 
of cells, which in the various organs may form a lining 
(e.g., from the endoderm, cells of the whole length of the 
gut lumen), provide a transporting or trafficking medium 
(absorption across the duodenum), synthesize secretions (all 
glands), provide a covering (from the mesoderm, mesothelial 
cells of the peritoneal cavity), form a selective barrier (from 
the ectoderm, the epidermis), and be the origin of cells of 
the nervous system, from the neuroepithelium. The cells are 
joined to each other and provide a unified, confluent con- 
figuration with little intercellular matrix. It is important to 
note that due to the defining contact with their basal lam- 
ina, epithelial cells are generally described by the polarity 
of their plasma membranes, basal — in contact with the lam- 
ina, apical — away from the base, and lateral — between the 
basal and apical surfaces. Over the same cell, different areas 
of membrane can have distinct properties, varying protein 
domains, and asymmetrical distribution of lipids. These can 
be distinguished using RNA interference techniques (Chen 
and Macara, 2006). Mesenchymal cells form supportive tis- 
sues. In the case of areolar connective tissue of the dermis, 
fibroblasts provide collagen, elastin, fibronectin, glycopro- 
teins, proteoglycans, and glycosaminoglycans as a fine and 
pliable ECM. With the exception of the epidermis, and to 
some extent cartilage, all tissues are permeated with vascu- 
lature and nerves. Musculature is of three types: myocardium, 
specifically of the heart; skeletal, fibres of elongated cell 
syncytia, terminally inserted into bones via tendons to pro- 
vide voluntary contraction; and smooth (involuntary) muscle, 
swathes of united single contractile cells found throughout 
the body, for example, providing peristaltic movement of 
the gut and contracture of arteries. 

During morphogenesis and organogenesis, there is exten- 
sive endoderm/mesoderm and ectoderm/mesoderm signalling 
between cell populations, regulating synchronized tissue 
changes. Genes expressed commonly in morphogenesis are 
for fibroblast growth factors (FGFs), retinoic acid (RA), 
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Sonic hedgehog (Shh), bone morphogenetic proteins (BMPs), 
Wnt signalling proteins, and beta-catenin (6-catenin). RA, in 
particular, regulates a wide array of downstream target genes, 
particularly in the GI tract and the lung (Wang et al., 2006). 
Also, there is cell matrix and cell junction crosstalk, cooper- 
ating to regulate cell polarization, movement, proliferation, 
and adhesion. Clearly, development of the various systems 
occurs concomitantly. 


Cell Junctions 


Tissue function and behaviour coordination through mor- 
phogenesis, with the onset of organogenesis and beyond, 
is brought about because there are junctional complexes 
between cells, between cells and the ECM, and because junc- 
tions link with cell cytoskeletons establishing a complete 
tissue unit. Integrins, cadherins, and catenins establish struc- 
tural continuity. In addition to the scaffolding role, signalling 
molecules devolved from junctional complexes initiate gene 
expression that coordinates tissue and organ development. 
Cadherins, via the effects of small GTPases, can selectively 
regulate properties of cell-cell junctions as a result of such 
signalling (Braga and Yap, 2005). Membrane-spanning pro- 
teins conduct extracellular signals to the interior of the cells; 
these also influence cell adhesion and motility. Focal adhe- 
sion kinase (FAK), for example, is a biosensor that relays 
integrin-initiated signals from the exterior to the cell mem- 
brane to intracellular signalling molecules, such as those of 
the nectin pathway (Sakamoto et al., 2006). FAK integrates 
properties of the cytoskeleton and configurations of the cell 
membrane, to regulate cell movement (Mitra et al., 2005). 
Relevance of cell junctions to cancer is due to this gov- 
ernance of motility. Loss of tissue continuity provided by 
intercellular junctions occurs in carcinogenesis where it pre- 
cedes metastasis and invasion. Cell migration is a defining 
property of metastasizing cells; they must lose their junctions 
early to be able to invade. 

There are four main junctional types, although unfortu- 
nately, each has a variety of commonly used names. Typi- 
cally in epithelia, there are tight junctions, adherent junctions, 
and desmosomes. Gap junctions also occur, but these are the 
dominant junctional class of mesenchymal cells. Synapses 
are highly specialized neuronal junctions and myocytes are 
also joined in unique ways; blood cells and their progenitors, 
of course, have no junctions at all. Intercellular junctional 
biogenesis begins at the stage of segregation of trophec- 
toderm cells from those of the inner cell mass. Protein 
kinase C activation (using target proteins including Na*/K* 
ATPase) initiates cell signalling for gap junction formation, 
involved in trophectoderm differentiation and blastocyst cav- 
itation. Tight junctions are present, indicated by expression 
of the characteristic component ZO-la, for cells of both 
the trophectoderm and of the inner cell mass (Eckert et al., 
2004). Small GTPases, with involvement of Ras superfamily 
signalling, act at cell junctions integrating communication 
between cell adhesion molecules, the cytoskeleton regulat- 
ing cell polarity, and any trafficking taking place (Braga and 
Yap, 2005) (see Signalling by Ras and Rho GTPases). 
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Figure 3 Absorptive cells of the duodenum and their junctions. Cell 
surface area is maximized by microvilli (M). Tight junctions permit neither 
small molecules nor fluids to pass between cells. This is achieved since 
the plasma membranes of adjacent cells fuse. In (a), duodenal cells, circles 
indicate locations of tight junctions at the luminal surface of the cells. 
Electron micrograph, magnification x 20 000. Each cell’s plasma membrane 
has two leaflets (b); these fuse to provide a seal, the total leaflet number 
becoming three, not four. Desmosomes (D) are not continuous junctions 
(c), but appear as separate anatomical entities (arrows). 


Location of tight, or occluding junctions, is as a continuous 
apical band around the top of each cell. These allow no para- 
cellular passage of fluids or other molecules, as in the case 
of each junction, the outer plasma-membrane leaflets of each 
adjacent cell fuse (Figure 3). This results in sealing each cell 
to its neighbours all around, definitively separating contents 
of any lumen from underlying tissues. PPARy and epider- 
mal growth factor (EGF) signalling pathways regulate tight 
junction formation (Varlev et al., 2006), and associated evo- 
lutionarily conserved protein complexes regulate cell polar- 
ization, proliferation, differentiation, and junction assembly. 
Signalling cascades are established during embryogenesis, 
which depend on junction-allied proteins that can shuttle to 
the nucleus and effect gene expression (Matter et al., 2005). 
Early in embryogenesis, blastomeres are held to each other 
by tight junctions; in the case of duodenal epithelium, tight 
junctions are at the apices of absorptive cells and adherent 
junctions are distal to them. Urothelial barrier function is 
maintained by effective tight junctions, enlisting occluding 
proteins such as the claudins. Tight junctions between cells 
provide effective unification, but they are not strong. 

Adherent junctions are strong; they provide mechanically 
secure cell—cell support, an element of matrical extracellular 
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material being present between the cells. Like tight junctions, 
adherent junctions also form a continuous band towards the 
apex of an epithelial cell. They are anchorage locations of 
cytoskeletal actin microfilaments, and in this way the subcel- 
lular physical environment of each cell is in touch with that of 
all others, due to continuity of junction/cytoskeleton/junction 
across the whole tissue. Adherent junctions also house cad- 
herins, plus œ- and f-catenin, which can behave both as a 
structural component and as a signalling molecule. Adeno- 
matous polyposis coli (APC) protein (an important tumour 
suppressor) is a further member of the plethora of sub- 
membrane signalling cascade agents moving between distinct 
subcellular locations (Cliffe et al., 2004); APC facilitates 
the removal of cytoplasmic 6-catenin (Bienz and Hamada, 
2004) (see Wnt Signal Transduction). ADP-ribosylation 
factor guanine nucleotide-exchange protein regulates adher- 
ent junctional efficacy by controlling recycling of E-cadherin 
and remodelling of actin at the plasma membrane (Hiroi 
et al., 2006). Experimentally, adherent junctions disassemble 
under the influence of the heparin II domain of fibronectin 
(Gonzalez et al., 2006). 

Desmosomes (also called spot, punctuate, or button junc- 
tions) are major scaffolding elements, but unlike tight 
and adherent junctions, they are not continuous across 
cell surfaces; they appear in anatomically discrete areas 
(Figure 3). They are insertions for intermediate filaments 
of the cytoskeleton, which anchor into extracellular adhe- 
sive plaques. Protein kinase C signalling and tyrosine phos- 
phorylation regulate desmosomal adhesion. When linking 
cells, the whole organelle is called a desmosome, but when 
between an epithelial cell and its basement membrane, the 
cell alone contributes its filaments to the junction; thus it 
is called a hemidesmosome. Complex molecules involved 
as building blocks for desmosomes are desmosomal cad- 
herins (transmembrane proteins such as desmoglein and 
desmocollin), Armadillo family proteins (such as plakoglobin 
and plakophilins, major support molecules in desmosomes), 
plectin, and desmoplakin. Cell pattern formation, in mor- 
phogenesis and in epidermal cell differentiation depend on 
expression of desmosomal cadherins, and plakophilins are 
molecules of the extracellular plaques. Further desmoso- 
mal proteins are enveloplakin and periplakin. Coexpression 
of desmosomal cadherin and plakoglobin confers strong 
intercellular adhesion. Desmosomes are responsive to the 
extracellular environment and are able to modulate their 
own assembly state and signalling functions (Green and 
Gaudry, 2000). 

Gap junctions are circular complexes of multiple intercel- 
lular channels linking cytoplasmic compartments of neigh- 
bouring cells, ensuring nutrient and electrolyte continuity 
across the whole tissue, and allowing molecules of less 
than 1kDa to pass through. A family of transmembrane 
proteins, connexins, provide the structure of gap junctions. 
After protein synthesis, connexins are transported to the 
plasma membrane where they oligomerize into hexameric 
assemblies, connexon hemichannels, that dock head-to-head 
with partner hexameric channels of the neighbouring cell 
(Evans et al., 2006). Each connexon is composed of six con- 
nexin subunits, each connexon construct bounding a luminal 


channel of diameter 1.5nm; this uninterrupted connection 
provides a fluid medium for cell-to-cell signalling. Numer- 
ous connexins exist, generally identified by “Cx” and their 
molecular mass, for example, Cx26 and Cx43. In the cir- 
culatory system, signalling via gap junctions is instrumental 
in the regulation of vascular tone with endothelium-derived 
hyperpolarizing factor status determining contraction and 
relaxation of vascular smooth muscle (Griffith, 2004; Chavtor 
et al., 2005). 

In pancreatic cancer cells, matrix metalloproteinase-7 
induces disruption of tight junctions with activation of the 
EGF receptor—mediated MAPK pathway (Tan et al., 2005) 
involved in cell dissociation and invasion. Desmosomes 
do not occur between cells of mesenchymal, blood, neu- 
ral, or muscular tissues; ultrastructurally, this can be an 
important point of reference for diagnosis of poorly dif- 
ferentiated tumours — if desmosomes are present, it is a 
carcinoma. Loss of gap junctional function precedes abdica- 
tion of control over cell proliferation, and thus potentially 
leads to the development of malignancy. Colorectal car- 
cinogenesis has been related to varying expression of Cx26 
(Kanczuga-Koda et al., 2005), and in mouse experimental 
studies, type II pneumocyte-derived tumour susceptibility 
increases with decrease in expression of connexin43 (Avanzo 
et al., 2004). 


Gastrointestinal Tract 


In the human, at 3—4 weeks post-fertilization, lateral folding 
of the entire embryo brings what had been lateral extremities 
of the germ disc, into contact with each other ventrally; the 
endodermal layer of each side fuses with that of the other 
side, to form an endodermal tube from which amongst others, 
the GI tract, pancreas, liver and biliary systems (Figure 4), 
and lungs are derived. In these proto-gut tube cells, about 
to differentiate into endodermal organs, specific maturation 
commitment is revealed by expression of FGF, RA, SHH, 
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Figure 4 Differentiation of the gastrointestinal tube, gall bladder, and 
pancreas. In the human foetus, at around 4 weeks gestation, an endodermal 
tube forms, which is the proto-tissue for not only the GI tract, but also for the 
liver, pancreas, and lung. All these, essentially tubular organs, develop from 
specific buds which differentiate by successive branching and re-branching. 
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BMP, Wnt signalling proteins, and 6-catenin, in appropriate 
modes and levels. In the colon, hepatocyte nuclear fac- 
tor 4a (HNF4qa) regulates goblet cell maturation (Garrison 
et al., 2006), and in the developing small intestine, tran- 
scription factor Foxl! is important for maintenance of crypt 
architecture (Takano-Maruyama et al., 2006). Anteriorly, the 
pharynx and oesophagus differentiate, and posterially the rec- 
tum and anus develop. By day 37 of gestation, the lumen 
of the gut is occluded, but this canalizes later. Three gene 
classes (in mouse models at least), FoxA, Gata4, and Sox1l7 
are the principal controllers of early foregut, midgut, and 
hindgut (Ang et al., 1993), and members of the Hox gene 
family are expressed in primitive gut tube epithelia (Kiefer, 
2003). Throughout the GI tract, differentiation and coordi- 
nation are essential between the growing epithelia-lined tube 
and its adjacent supportive mesenchyme. Both endoderm to 
mesoderm and mesoderm to endoderm signals operate, inter- 
action being essential for normal Wnt/f-catenin signalling 
and for expression of key epithelial positioning regulators 
EphB/EphrinB (Ramalho-Santos et al., 2000). Indian hedge- 
hog is expressed in the epithelium specifically, Patched 1 
and 2 receptor genes and Gli J and 2 transcription effector 
genes, in cells of the adjacent mesoderm. FGF10 and FGFR 
2b use Shh/Indian hedgehog signalling which is essential to 
anterior/posterior and radial patterning in gastric develop- 
ment (Spencer-Dene ef al., 2006). 


Pancreas 


Differentiation of the pancreas from the embryonic GI tract is 
governed by complex gene/protein interactions involving Isl- 
1 and Fgf-10 (Jacquemin et al., 2006); the Notch signalling 
pathway too functions in region-appropriate specification of 
the pancreas from the developing foregut endoderm (Fukuda 
et al., 2006). The acinar cells are derived from the embryonic 
endoderm; opinion on derivation of the endocrine cells, how- 
ever, is contentious; some believe that they are derived from 
proto-endocrine cells of the neural crest, while others main- 
tain that these cells, also, are from gut tube endoderm. Early 
pancreatic epithelium exhibits enrichment of unphosphory- 
lated f-catenin, indicating the potential for Wnt signalling, 
Wnt/Frizzled transduction being clear in the islet of Langer- 
hans cell differentiation (Kim et al., 2005). Deficiency in 
B-catenin during pancreatic development results in differ- 
entiation of few acinar cells although its expression does 
not affect differentiation of cells of the endocrine component 
(Murtaugh et al., 2005). Similarly, lack of expression of the 
homeodomain transcription factor Prox! in early embryo- 
genesis results in adverse conditions for differentiation of 
acinar cells, without any effect on islet cells; however, later, 
a low level of this protein leads to poor islet cell precursors 
too. Wang ef al. (2005) have interpreted this as indicating 
that Prox! activity (or lack of it) can govern the output of 
acinar cell to endocrine cell ratio. Expression of a further 
homeodomain protein, Pdx1, also has varying effects at dif- 
ferent stages of pancreatic development. Early, it is required 
for anatomical development of the whole organ, but later 
is specific for differentiation of endocrine cells. Deficiency 


in Pdx1 has a striking effect on pancreatic cell phenotypes 
(Hale et al., 2005). 


Liver 


Early stages of liver development (Figure 5) have little in 
common with those of the pancreas although both are derived 
from the embryonal GI tract. Proto-liver itself does not 
express the regulating sequences of FGF, RA, SHH, BMP, 
Wnt, and 6-catenin, common to its neighbouring gut-derived 
phenotypes. However, in animal studies, Prt, a Wnt (Wnt2b) 
homologue, has been found to be expressed in mesodermal 
cells which lie lateral to the developing liver endoderm (Ober 
et al., 2006), indicating that similar signalling can take place 
as in differentiating GI tract, pancreas, and lung. Expression 
of HNF4« is, of course, essential for differentiation of 
hepatocytes (Battle et al., 2006), the same protein that plays 
a role in GI tract development. 

During formation of hepatocyte cords, bile canaliculi, 
always present between adjacent hepatocytes, are already in 
situ, being specific configurations of convergent hepatocyte 
lateral plasma membranes: adjacent bile canaliculi are bound 
to (and between) each hepatocyte by desmosomes. 

Simultaneously, the liver vascular system develops as 
wide-diameter sinusoids. Around 70% of liver cells are 
hepatocytes, the other 30% consisting of fat-storing stellate 
cells (that can produce collagen externally and a-smooth 
muscle actin internally, when under stress), cells of the 
ECM (principally in portal tract areas), Kupffer cells (tissue 
macrophages found within the sinusoids), and endothelium of 
the sinusoids. Haem oxygenase in Kupffer cells is essential 
for the production of bilirubin (Naito et al., 2004). 


Lung 


The respiratory diverticulum of endodermal lung progeni- 
tor cells emerges from the embryonic foregut after 3 weeks 
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Figure 5 Through the early stages of liver development, close physical 
contact is maintained between the enlarging liver and the gut. Important for 
this support are the hepatoduodenal ligament and the falciform ligament; 
they support the liver beneath the diaphragm. 
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or so of gestation (Wells and Melton, 1999) — progeni- 
tor cells of the proximal respiratory system are committed 
phenotypes prior to lung bud formation (Perl et al., 2002). 
Preliminary bud growth is initiated with proliferation of the 
undifferentiated cells, their maturation following expression 
of Sry-related homeobox transcription factor, Sox17 (Park 
et al., 2006). Proximal cells of the large airways develop 
into the familiar pseudostratified epithelium, parenchymal 
cells with simple ciliated borders, Clara cells, and neuroen- 
docrine cells. FGF9 expression in the epithelium maintains 
Shh, which regulates progenitor cell activity and mainte- 
nance of mesenchymal to epithelial signals (White et al., 
2006). However, BMP, RA, and Wnt signalling pathways, 
plus activation of an array of transcription factors have 
also been suggested (reviewed by Cardoso and Lu, 2006). 
RA, in particular, is a master regulator of pattern develop- 
ment in the lung, in this case with FGF10 (Wang et al., 
2006). Smooth muscle cells form a sheath around devel- 
oping bronchi and blood vessels, coinciding with epithelial 
tube branching. Alveolar myofibroblasts, interstitial contrac- 
tile cells essential for development of gas exchange areas, 
are regulated under the influence of FGF10, RA, Shh, BMP, 
and the Wnt signalling pathway (Kim and Vu, 2006). The 
attenuated epithelium of type I pneumocytes plus the less 
numerous, cuboidal/pyramidal type II pneumocytes differ- 
entiate (Figure 6). Maturation of the pleural blood supply 
continues, along with that of terminal sac development, until 
these structures are covered with microvasculature, to ful- 
fil oxygen collection from inspired air. Numerous proteins 
contribute to regulation here, notable of which is f-catenin. 
Just prior to birth, FosB, Egrl, Mpk-1, and Nur77, whose 
encoded proteins are negative regulators of cell prolifera- 
tion, are downregulated, allowing a final increment in cell 
number (Millien et al., 2006). 





Figure 6 Respiratory surfaces, type I and type II pneumocytes. Lung 
progenitor tissue appears from the respiratory diverticulum and proceeds 
to branch and re-branch finally into the multitudinous alveolar sacs, which 
provide the gas exchange surface. Type I pneumocytes, (I), are attenuated 
and are covered with blood capillaries. Type II pneumocytes, (II), are 
cuboidal to pyramidal and they produce surfactant that reduces fluid surface 
tension within the sacs. Light micrograph, haematoxylin and eosin stained, 
magnification x10 objective lens. 
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Figure 7 Location of the primordial germ cells. With reference to the 
developing embryo and the waning yolk sac, the primordial germ cells 
originate in the endodermal layer of the yolk sac and migrate into their 
embryonic locations. 


Primordial Germ Cells and the Gonads 


It is important to note that in both male and female, the 
gonads are composed of cells of two distinct lineages, the 
primordial germ cells (sole producers of the gametes in 
both sexes, which are committed to their function already 
by the time of gastrulation) and the somatic cells of the 
primitive sex cords. In each case, these cell types are 
interdependent for differentiational signals. Primordial germ 
cells are derived from the endodermal layer of the yolk 
sac, that is, they are extrasomatic in origin (Figure 7); in 
mouse model studies, clusters of genes displaying appro- 
priate expression profiles reside in specific chromosomal 
locations prior to germ cell differentiation; in the human, 
primordial germ cells although already committed, do not 
differentiate until the seventh week post-fertilization. These 
bipotential cells then receive specific signals that deter- 
mine whether they will become male (spermatogonia) or 
female (oogonia) gametes — differential sex determination 
being to spermatogonia plus Sertoli cells for the male and 
oocytes plus ovarian follicle cells for the female. Activity of 
inhibitors of the cell cycle have been discovered to be cru- 
cial, cyclin-dependent kinase inhibitors (p21 and p57*?), 
being overexpressed in the female compared to the male. 
This indicates that there is relatively increased cell prolifera- 
tion in germ cells which become male (Nef et al., 2005). 
The somatic cells are derived from the coelomic epithe- 
lium of the embryo and the local mesenchyme (reviewed 
by Pereda et al., 2006). In the male, the supportive Sertoli 
cells of the testis, and in the female, the granulosa cells 
of the ovary develop from a common precursor cell type. 
Sertoli cells associate in somatic cell—-germ cell aggregates 
promoting male genital cord formation (Skinner and Anway, 
2005), and similarly female germ cells become invested 
by sex cord cells before differentiating into oogonia; lep- 
tin and a leptin receptor are expressed early in developing 
oocytes (Abir et al., 2005). In zebra fish studies, cell sig- 
nalling pathways link z-out, a gene initially specific to the 
ubiquitin pathway, to maintenance of early oogenesis and 
subsequently to the totipotency of very early embryos (Mo 
et al., 2006). 
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A number of genes are involved in genital ridge formation 
in both sexes, and others are specific to either testicular or 
ovarian development (Pailhoux et al., 2001). Masculinization 
of the gonad and normal testicular formation are influenced 
by three hormones: anti-Mullerian hormone, testosterone, 
and insulin-like factor 3 (Sharpe, 2006). Sox9 is a Sry-box- 
containing (sex-determining region of the Y chromosome) 
gene that encodes a transcriptional activator; Sox9 expression 
is responsible for the development of male characteristics, 
and cells without it carry on in that state, to become female 
(Kobayashi et al., 2005) In the mouse, it is expressed in 
the male gonad before the formation of testicular cords. 
It is normal for Sry-expressing primordial gonad cells to 
become male, absence of Sry indicating female tissue (Yao 
et al., 2002); yet, expression of Sry is not totally exclusive 
to pre-Sertoli cells (Albrecht and Eicher, 2001). There is 
antagonism between the influence of FGF9 and Wnt4, the 
outcome for the gonad depending on whether the Sry 
protein becomes active (Kim et al., 2006). Expression of 
Sry-inducing factors can indicate development into granulosa 
cells and hence the female genotype (Ito etal., 2006). 
Activity of Leydig cells of the developing and adult human 
testis is hormonally regulated, and they express insulin-like 
growth factor 3 in embryogenesis (Verma-Kurvari et al., 
2005); also, they exhibit some neuronal characteristics, 
expressing a range of neurotrophins and their receptors 
(Muller et al., 2006). It has been shown that embryonic 
Leydig cell precursors have stem cell characteristics (Ge 
et al., 2006). 


Vasculature and Blood Cell Progenitors 


Early in embryogenesis, two sets of vasculature begin to form 
in the conceptus, that of the yolk sac and that of the embryo 
itself. Controlled by signals from the endodermal layer, 
cells of the splanchnopleural mesoderm differentiate into 
angioblasts, then to presumptive endothelium, and the whole 
of the embryonic vasculature. Exact sources of endothelial 
cell progenitors and blood cell progenitors is far from clear, 
some workers indicating the possibility of an early common 
ancestor (Bollerot et al., 2005), some not. 

Blood itself is a mesodermally derived tissue but 
haematopoietic progenitor cells may be derived from either 
the extra-embryonic mesoderm or the aorta—gonad—mesone- 
phros. The provision of circulating blood cells by yolk sac 
haematopoiesis is transitory in the embryo. Liver, spleen, and 
thymus, are the lasting sources of embryonic haematopoiesis, 
although some multilineage yolk sac blood cell formation 
and seeding of embryonic liver from yolk-sac—derived blood 
cells occurs (McGrath and Palis, 2005). It is suggested that 
perhaps progenitor cells from the aorta do not originally 
differentiate there, but hail from an even earlier mesenchymal 
source, migrating to the aorta and through its walls, then 
joining the circulation (Bollerot et al., 2005). In the healthy 
human adult though, haematopoiesis is the role of bone 
marrow cells only, the progenitors being derived from 
the para-aortic splanchnopleura/aorta—gonad—mesonephros 
system alone (Pietila and Vainio, 2005). Yet, it has been 


suggested that extramedullary haematopoiesis is the source of 
some circulating cells that can seed the bone marrow, homing 
to their destinations by chemotactic signals (Christensen 
et al., 2004). 

The role of bone marrow—inhabiting progenitor cells is 
of remarkable importance as in addition to their properties 
as multipotential haematopoietic cells, it is likely that they 
may be multilineage stem cells. Bone marrow is also the 
anatomical location of mesenchymal stromal cells, and these 
too may be multipotential stem cells (reviewed by Dazzi 
et al., 2006). In the embryo, mesenchymal stem cells are 
found in the bone marrow and also in the liver, notably 
predating the start of haematopoiesis in these organs (Mendes 
et al., 2005). It has been suggested that the mesenchymal 
cells may even regulate activity of their neighbours, the 
haematopoietic cells, by provision of a consistent array of 
cell signalling pathways (Bianco ef al., 1999). 


Central Nervous System 


Cells of the central nervous system (CNS) and its protec- 
tive bony covers are recognizable in early embryogenesis, 
the neural plate (presumptive CNS) develops, consisting of 
a columnar pseudostratified neuroepithelium, the neurecto- 
derm. After embryonic folding, the lateral lips of this plate 
develop into cells of the neural crest. Even neighbouring 
cells of the neural plate may express contrasting transcription 
factors (Rubenstein and Shimamura, 1998), and in differ- 
entiation, progenitor cell identity and neuronal fate can be 
demonstrated by variations in expression of their home- 
odomain proteins (Briscoe et al., 2000). Neurons arise from 
proliferative progenitor cells of the neuroepithelium, which 
are in physical contact with their basement membrane; in 
the ventricular zone via neuroblasts, and glial cells from the 
same source via glioblasts. These neuronal progenitors dif- 
ferentiate, after asymmetrical cell division (Figure 8), into 
post-mitotic neurones and further migratory intermediate pro- 
genitor cells (Haubensac et al., 2004). In the cortical zone, 
however, it has been suggested that radial glial cells, can be 
progenitors of a wide range of cortical neurons (Rakic, 2003). 
Glial cells continue to migrate in bands until maturation of 
the cortex is complete (reviewed by Pardi and Cetin, 2006). 
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Figure 8 Asymmetrical cell division as may happen in neuronal devel- 
opment at the neuroepithelium. Only one cell is left in contact with the 
basement membrane. Cell (A), which loses contact with the basement mem- 
brane, would become a presumptive neuron while cell (B) would remain in 
the stem cell position. 
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Epidermis 


The epidermis arises from the embryonic ectoderm. There 
are two entirely different embryonic configurations which 
precede adult epidermal-type formation, the periderm, plus 
the basal germinative layer, the embryonic predecessor of 
the adult basal layer. The periderm is shed in the fifth month 
of human gestation, and by this time the upper three strati- 
fied components of the adult epidermis have differentiated. 
These are the inner stratum spinosum, the middle layer of 
stratum granulosum, and the superficial stratum corneum. 
In foetal development, expression of SHH is an impor- 
tant governor of these cells’ activities (Zhou et al., 2006). 
Normal epidermal maturation requires expression of p63, a 
transcription factor of the p53 family, which regulates mor- 
phogenesis of the surface ectoderm and associated structures 
(hair, sebaceous glands, sweat glands) by multiple cell sig- 
nalling pathways (Laurikkala et al., 2006). Differentiation 
of epidermal progenitor cells into hair follicles requires the 
inhibition of 6-catenin degradation, and the small GTPase, 
Cdc42 is essential for differentiation of epidermal progenitors 
into hair follicle cells (Wu et al., 2006) (see Signalling by 
Ras and Rho GTPases). Dicer, a multifunctional enzyme, 
and its microRNA are commonly expressed during the mor- 
phogenesis of mouse skin (Andl et al., 2006). A number of 
microRNAs regulate differentiation of the epidermis and its 
structures and in the mouse, a curious result was obtained 
with regard to Dicer] gene expression (Yi etal., 2006). 
When this was experimentally ablated, hair follicles devel- 
oped but evaginated from the epidermal surface instead 
of invaginating. Sweat (apocrine) glands too are elongated 
down-growths of the epidermis; in this case, secretory cells 
of the gland are covered on their distal surface by a layer of 
myoepithelium. Breast tissue and function are evolutionary 
derivatives of mammalian sweat glands. 


Breast 


In comparison to sweat glands, their evolutionary predeces- 
sor, lactating breast epithelium secretes milk in place of 
sweat. Human breast differentiation begins early in gesta- 
tion; epidermal thickenings form ventrally at both sides of 
the body, under regulation and control of local paracrine 
interactions between developing epithelial ducts and their 
neighbouring mesenchyme (Sternlicht, 2006). From a pri- 
mary bud, independent glandular units differentiate, each an 
epithelial branching and re-branching system called a breast 
lobe. Ducts have a luminal epithelium and an associated 
myoepithelium for which a common stem cell progenitor has 
been suggested. Embryonic morphogenesis of breast tissue is 
identical in the male and female, but its further development 
into a functional adult organ takes place only in post-pubertal 
females. 


ORGANOGENESIS 


Organogenesis is the establishment of complex flowing, 
enveloping, and structuring of tissues to provide the 


end-point organ that will fulfil its adult function(s), whereas 
morphogenesis is the preceding movement of embryonic 
cells and arrangement of differentiating tissues. The rele- 
vance of organogenesis to carcinogenesis lies in the possi- 
bility that during these processes some small numbers of 
embryonic cells might have remained undifferentiated (pos- 
tulated as a route to be adult stem cells) and as such remained 
prone to suffer mutation — the forebears of cancer stem 
cells. If small numbers of such cells resist maturation during 
morphogenesis and organogenesis, cryptic locations abound, 
which would be perfect environments for their long-term 
existence. A mode of development common to much embry- 
onic organogenesis is that of ductal growth and expansion, 
division, and many further sub-divisions of ducts, ultimately 
providing many thousands (or millions) of terminal sacs or 
acini; all such features have names specific to their particular 
organ. This happens in the establishment of the embryonal 
GI tract associated organs — pancreas, liver, and lung, and all 
glands, including prostate and breast. All organs are formed 
of a variety of cell and tissue types; they have blood and 
nerve supply plus varying supportive ECM. For example, in 
liver, its parenchymal cells, hepatocytes, are predominant, 
whereas in bone and cartilage, parenchymal cell volume is 
minute compared to that of the functional ECM. Neural crest 
cells are migratory during organogenesis; they arise in the 
margins of neural folds before these flex to form the neu- 
ral tube. They detach and relocate to many sites in the body, 
where they develop a wide variety of phenotypes, properties, 
and functions. 

The presumptive GI tract undergoes considerable reorien- 
tation during the organogenesis of its adult parts. Initially 
it is a closed endodermal tube, which canalizes later to run 
from the mouth to the anus. The greater and lesser curva- 
tures of the stomach first differentiate, followed by rotation 
of the primary intestinal loop, and lengthening of the whole 
organ. Midgut and colon derive their specific tissue identi- 
ties, followed by formation of the pharynx and oesophagus 
anteriorly, and the rectum and anus posteriorly. The enteric 
nervous system of the GI tract is derived from neural crest 
cells that emigrate from the hindbrain, enter the foregut, and 
colonize the gut from then on. Expression of specific cell 
adhesion molecules is crucial for these migratory cells as 
they progress along their differentiational paths (Anderson 
et al., 2006). 

The anatomy of the pancreas is particularly complex, 
exocrine acinar cells for digestive enzymes conveyed via 
ducts (Figure 9) to the duodenum plus the endocrine islets 
of Langerhans, producing their quintessential hormones and 
secreting them directly into the blood. Early in gestation, 
two pancreatic presumptive buds begin to bulge from the 
embryonic duodenum, the ventral bud caudal to the cys- 
tic diverticulum (presumptive gall bladder) and the dorsal 
bud facing the hepatic diverticulum. At this stage, an epithe- 
lial/mesenchymal cell support interaction has been postulated 
(Banaei-Bouchareb et al., 2006), which involves signalling 
even from leukocyte-derived lineages. The whole ventral 
pancreatic bud then migrates around the duodenum to lie 
on the dorsal mesentery, close to the dorsal bud. Cells of 
the two developing buds intermingle and the buds fuse with 
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Figure 9 Exocrine acini of the pancreas plus one islet of Langerhans. 
Islets of Langerhans (I) are discrete entities, but are surrounded by 
enzyme-producing cells (A) with their ducts. The endocrine cells are 
ductless, as they secrete their hormones directly into the blood. Light 
micrograph, haematoxylin and eosin stained, magnification x4 objective 
lens. 


their ducts interconnecting. The mature duct complex enters 
the duodenum via one duct only, the main pancreatic duct. 

In the liver, the hepatic plate first appears as a small endo- 
dermal thickening of the ventral differentiating duodenum, 
called the hepatic diverticulum, associated with the support- 
ive mesenchymal septum transversum. The caudal portion of 
the hepatic diverticulum gives rise to the extrahepatic bil- 
iary system and the cranial portion develops into the liver 
plus the intrahepatic biliary network (Tan and Vijayan, 2001). 
The common bile duct, which will conduct bile to the intes- 
tine, results from proliferation of specific foregut cells of 
the embryonic duodenum, found in regions of its junctions 
with the presumptive hepatic and cystic bile ducts. Presump- 
tive hepatocyte cords and biliary cells both differentiate from 
the duodenal foregut, but notably, both from hepatoblasts. 
Stromal cells of the liver are derived from the splanchnome- 
soderm. 

The embryonic lung buds are bifurcation predecessors of 
the left and right lungs. Pattern formation in the bronchial 
tree includes expression of metalloproteinase in the ECM 
(Gill et al., 2006), which degrades it, thus permitting ongoing 
branching by which the system develops. As always, there 
is reciprocal signalling between the epithelium and the 
local pleural mesenchyme, sub-epithelial and sub-mesothelial 
compartments, cells of which proliferate in response to 
signalling via FGF9. Mesothelia (presumptive adult pleura) 
signal to the sub-mesothelial mesenchyme via both FGFs and 
their receptors, and EGF and its receptor. The right bronchial 
bud subdivides into three secondary bronchial buds and the 
left into two. This is followed by divisions to provide tertiary 
bronchial buds, 10 on the left and 8 on the right, then a further 
16 divisions to generate the major respiratory components. 
Ultimately, respiratory bronchioles, terminal bronchioles, and 
terminal air sacs are formed. Further, lung organogenesis 
with final divisions into mature alveoli continues well into 
childhood. 

Primordial germ cells are naturally motile and invasive, 
responsive to the chemotactic factor, neurotropin 3, for 
migration from the mesonephros. As one of the first indi- 
cations of organogenesis in this system, the cells move from 


beyond areas of the embryonic intestinal epithelium via the 
mesenchyme of the dorsal mesentery; here they induce for- 
mation of the genital ridges, which they colonize by cell pro- 
liferation without further migration. In this location, the germ 
cells are in loose aggregates and readily become invested by 
differentiating somatic sex cord cells. Vascular endothelial 
growth factor, secreted by Sertoli cells, regulates both testic- 
ular cord formation and local vascular development, acting 
possibly through the PI3K signal transduction pathway (Bott 
et al., 2006). Genital tubules differentiate from endodermal 
cells, the whole ultimately becoming the gonad. In the male, 
paramesonephric ducts regress followed by formation of the 
vasa deferentia. Testes develop retroperitoneally in the dorsal 
wall of the abdominal cavity and at puberty, they descend to 
remain suspended in the scrotum. Sperm is synthesized pro- 
lifically in a network of seminiferous tubules; it is conducted 
towards the exterior via anastomosing channels that join to 
form the ductus deferens. There are three accessory glands in 
the adult male genital system: the seminal vesicle, the bul- 
bourethral gland, and importantly, the prostate gland. Like 
the sex cords, the prostate develops from embryonic endo- 
derm, developing from a bud of the embryonal urethra; in the 
adult, it surrounds the neck of the bladder. Anatomically, the 
prostate consists of branched ducts leading to tubulo-acinar 
glands, supported by fibromuscular stroma. The ducts empty 
into the prostatic urethra. 

In the female, oogonia are identifiable early in embry- 
onic life, where they lie in the cortex of the developing 
ovary. In the embryo, fallopian tubes, uterus, and vagina 
are formed from paramesonephric ducts when mesonephric 
ducts degenerate. The neck of the uterus matures at puberty 
when it begins to protrude to form the specific uterine cervix, 
the endocervical canal running from the vagina to the uter- 
ine cavity. Functional development of the uterine/cervical 
relationship demands contrasting properties, permittance of 
entering sperm to find free passage to an ovum in the fallop- 
ian tube/uterus, and subsequently protection of a developing 
embryo from the potentially damaging external environment; 
cells which line the uterine cervix can be prone to infection. 

There are two separate systems of vasculature in the 
earliest stages of embryogenesis, that of the embryo and 
the yolk sac. In the yolk sac, mesodermal haemoblasts 
differentiate into endothelium and also into embryonic blood 
cells — nucleate erythroblasts (a further, later contribution 
from yolk sac progenitors, in birds and mice at least, is of 
the primitive macrophages that have been found in areas 
of cell death during neural development (Cuadros et al., 
2001)). The yolk sac and its systems regress and in the 
presumptive embryo, development of the whole vascular 
system proceeds after differentiation of vascular endothelium 
via mesodermal angioblasts. The foetal aorta is a major 
source of haematopoietic stem cells (de Bruijn et al., 2000), 
as are the placenta and vitelline/umbilical arteries (Dzierzak, 
2005). It is likely that some blood stem cell progenitors may 
remain located in the embryonic splanchnopleuric mesoderm 
near the dorsal aorta, from early stages of embryological 
development (Robin et al., 2003), perhaps to differentiate at 
a later date, when initiated. 
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Blood cell organogenesis depends on the ultimate position 
of blood cell progenitors, in the marrow of bones, particularly 
of the skull, ribs, sternum, vertebral column, pelvis, and 
proximal ends of the femurs. Both haematopoietic and 
stromal bone marrow progenitor cells are found here. The 
location affords them a secure environment to inhabit, and 
in the case of bone marrow-derived stem cells, this may 
be of very long duration. In the human embryo, bone 
appearance happens around | month after fertilization, and 
in a mouse model, a receptor of FGF, FGFRL1, is expressed 
in embryonic cartilaginous structures and bone primordia 
(Trueb and Taeschler, 2006) before skeletal ossification 
begins; this highly protective specific stem cell niche is then 
in place. The first blood progenitor cells are derived from 
the splanchnopleuric mesoderm near the embryonic dorsal 
aorta, but by the third month of gestation, white blood cells 
and platelets begin to be formed in bone marrow cavities as 
these develop; red blood cells are formed in the bone marrow 
by the seventh month. At birth, there are profound changes 
in mammalian circulatory systems, from total dependence on 
oxygenated blood from the mother, to the independent system 
of blood oxygenation in the infant’s lung. Haematopoietic 
immune cells have also differentiated by this time, although 
their maturation continues throughout life. 

Prior to development of the CNS, the notochord differen- 
tiates from the embryonic mesoderm, mutation of upstream 
cleavage-related cells, being under the influence of BMP 
(Goldman et al., 2006). The embryo is already polarized 
in the anteroposterior (AP), dorsoventral (DV), and cra- 
nial/caudal (CC) axes. Specific differentiation occurs under 
the influence of the common signals, FGF (DV axis), RA, 
SHH, and Wnt (AP axis), but initially, there is inhibition 
in the expression of BMP (reviewed by Lupo et al., 2006). 
Presumptive CNS cells are derived from the neural plate by 
cell proliferation; this tissue becomes broad in the area of 
presumptive brain and narrow where it tapers to become the 
spinal column. The neural tube fuses with the cerebral cor- 
tex; dorsally, the cerebral hemispheres are formed and the 
cranial motor nerves start to appear in the ventral column of 
the brain stem. Early in CNS development, the structures are 
invaded by mesenchymal cells, which then develop into the 
microglia. 

All component cells of the epidermis are eventually 
derived from the basal epithelial layer, first by asymmetric 
division of a stem cell and then by symmetrical divisions of 
transit-amplifying cells. Each stratum spinosum cell becomes 
terminally differentiated progressing to the surface of the 
skin. The stratum spinosum is four to eight layers deep, its 
cells characterized by hypersynthesis of cytokeratins; as they 
mature, lytic enzymes destroy their full content of cytoplasm 
and organelles. The cells then reach the stratum granulosum, 
just internal to the stratum corneum, by which time they 
are dead, yet protective, due to their content of keratin; 
then they are sloughed off. Hair follicles are derived from 
the epidermis, their embryonic progenitor cells express a 
specific transcription factor Lhx2 which regulates growth and 
development (Rhee ef al., 2006). The root structure delves 
into the dermis as a dermal papilla; sebaceous glands also 
occupy a similar location and orientation. Bulge cells of the 


hair/whisker follicle have been shown to be the niche for 
some important varieties of epidermal stem cells (reviewed 
by Cotsarelis, 2006), from which in vitro, epidermis, new hair 
follicles, and sebaceous glands can regenerate. The epidermis 
has no blood or nerve supply, its needs are catered to from the 
dermis; it is protective, but is a tissue in which cell terminal 
differentiation is to death in situ. 

Depending on the area of the body, there are three non- 
ectodermal cell types found in the epidermis. Langerhans 
cells are antigen-presenting cells of the immune system, 
which migrate (continuously through life) from the bone 
marrow; Merkel cells (principally on the palms of the hands 
and soles of the feet) have pressure-detecting mechanorecep- 
tors; and melanocytes. Melanocytes populate the epidermis 
in varying numbers, between races and human individuals. 
They are pigment-containing cells, derived from the neu- 
ral crest, whose normal function is to protect cells of the 
epidermis and dermis from damaging solar radiation. 

During organogenesis, breast ducts canalize by coales- 
cence of small lumina. Distally, each duct ends in a com- 
pound tubulo-acinar gland. Breast lobes are formed of 15—25 
lactiferous ducts in the area of the presumptive breast; lobe 
zones are separated from each other by collagenous septa and 
also by fibrous septa. Lobes are arranged radially at different 
depths beneath the skin surface, and each single lactifer- 
ous duct, widens into a lactiferous sinus. During lactation, 
milk drains from each lobe via its duct’s unique opening, on 
to the surface of the nipple. The functioning breast occurs 
only in females, post-puberty, and regresses at menopause. 
Changes that the breast undergoes post-puberty and in lacta- 
tion/nonlactation cycles, are largely under the regulation of 
the hormones oestrogen, progesterone, luteinizing hormone, 
and follicle-stimulating hormone. 


PARENCHYMA OF ADULT TISSUES 


Although every organ is composed of a variety of cells and 
tissues (parenchymal cells plus their ECM, blood supply, 
nervous tissue, and local musculature), the parenchyma is 
the population of the principal, functional cell type. 

In the GI tract, precise parenchymal cell types of the oral 
cavity, pharynx, oesophagus, stomach, small intestine, large 
intestine, and rectum differ from each other. The epithelial 
pattern, however, is constant, the lumen throughout its length 
being lined by a layer of endodermally derived cells, in 
contact with their basal lamina. Cells of the oral cavity 
and oesophagus provide secretions and primary digestive 
enzymes. Voluntary muscle initiates peristalsis from the 
mouth, although from then on it is under the control of 
involuntary musculature. The notable function of the stomach 
is to acidify chyme and add digestive enzymes; absorption 
of nutrients occurs across the duodenal epithelial layer 
(Figure 10), and regulation of water content and addition of 
mucus occur from the duodenum to the colon. 

Predisposition to primary malignant tumours is not equal 
amongst all portions of the GI tract. Tumours of the duode- 
num are rare, whereas colorectal cancer is a leading cause 
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Figure 10 Absorptive epithelium of the duodenum, plus goblet cells. 
Nutrients are absorbed by the cells lining the duodenum (A), and are passed 
to the vasculature below, then via the hepatic portal vein to the liver. Goblet 
cells (G) are present to synthesize mucus that is evacuated into the gut lumen 
from the theca. (M) is a theca full of mucus droplets and the theca of cell 
(T) has released its contents. Electron micrograph, magnification x 20000. 


of death in industrialized societies. Most adenocarcinomas 
of the colon have been shown to arise in preceding benign 
lesions, and in this organ the route of multi-stage carcinogen- 
esis is demonstrable (see Lower Gastrointestinal Tract). 

The pancreas has two major types of parenchymal cells, 
the exocrine acinar cells and the endocrine cells of the islets 
of Langerhans. Acinar cells surround terminal branches of 
pancreatic ducts, into which digestive enzymes, produced 
by the cells, are released (Figure 11). The cells are packed 
with rough endoplasmic reticulum (RER) for enzyme syn- 
thesis, enzymes collecting in zymogen granules at the apex 
of the cell prior to exocytosis into the duct. Cells of the 
islets of Langerhans (Figure 12) are phenotypically distinct 
from those of the acini. a cells produce glucagon, 6 cells 
produce insulin, y and 6 cells produce further polypep- 
tide hormones such as somatostatin, vasoactive intestinal 
peptide, and pancreatic polypeptide; serotonin, motilin, and 
substance P are also produced. Being endocrine cells, their 
products are secreted directly into the blood. In each cell, 
hormones produced aggregate as granules throughout the 
cytoplasm; at the electron microscope level, it is possi- 
ble to differentiate cell type by granule size and shape 
(Figure 12). 

Ductal adenocarcinoma is the most common pancreatic 
primary malignancy, and this may be preceded by pancreatic 
intraepithelial neoplasia (see Pancreas). Pancreatic cancers 
are on the increase in the United Kingdom at the moment, 
and expression of Wnt signalling, via B-catenin and APC loss 
are all implicated. Malignant tumours of islets of Langerhans 
cells are less common and initially are probably detected by 
a patient’s symptoms of hormone hypersecretion. 

In the liver, blood supply is from two sources, oxygenated 
blood from the hepatic artery and nutrient-laden blood from 


Figure 11 Pancreatic acinus with centroacinar cells (arrow) duct lining 
epithelium. The acinar cells (A) at the ribosomes on their RER, produce 
digestive enzymes, zymogens. These appear as granules (Z), which cluster 
at the apices of cells prior to secretion into central ducts (D). Electron 
micrograph, magnification x20 000. 





Figure 12 Islet of Langerhans cells, plus granules of neoplastic tissue. 
In the normal islet, œ cells produce glucagon and f cells produce 
insulin, (a) B — The granules have different morphologies and can be 
distinguished from each other. In malignancies of islet tissue, granules may 
loose their typical shape, but they can often be recognized. (b) Granules 
of an insulinoma. (c) Granules of a glucagonoma. Electron micrograph, 
magnification x20 000. 


the absorptive intestine via the hepatic portal vein. All blood 
leaves the liver from the hepatic vein. Liver plays a vital 
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role in a number of metabolic processes, and hepatocytes, 
biliary epithelium, and cells of the gall bladder are all liver 
parenchymal cell types, even though hepatocytes are by far 
the most numerous. Each hepatocyte is replete with RER, 
smooth endoplasmic reticulum (SER), mitochondria, and 
a short-term store of glycogen; bile canaliculi are located 
between cells (Figure 13). Hepatocyte cords compose a 
honeycomb of liver tissue, interspaced with sinusoids. The 
hepatocyte basal laminar is fenestrated, as are the sinusoidal 
endothelial cells on their obverse surfaces. This facilitates 
movement of molecules in and out between vasculature 
and hepatocytes. The functional liver unit is the hepatic 
acinus. At the periphery of a lobule are a number of 
portal tracts at which point afferent blood supply joins the 
lobule. Also, in portal tracts there are tributaries of lobule 
bile ductules. Afferent blood pours down lobule sinusoids, 
supplying hepatocytes with their content. In the centre of 
each lobule, all blood reconvenes to leave via the central 
vein. Central vein blood joins the efferent blood flow first in 
venules and ultimately in the hepatic vein. Bile is one of the 
products of hepatocyte metabolism, and it is secreted from 
each liver cell via the minute bile canaliculi between adjacent 
hepatocytes. Initially, the canaliculi have no further lining, 
but as they coalesce form bile ductules (canals of Hering), 
and then ducts, with a lining of cuboidal epithelium. 

Hepatocellular carcinoma occurs most often in the com- 
pany of cirrhosis; however, current dramatic increases in 
numbers of primary biliary carcinomas cannot be explained 
in this way (see Liver, Gallbladder, and Extrahepatic Bile 
Ducts). Prognosis of both tumour types is generally poor. 
Epidemiologically, the geographical location of liver cancer 
sufferers is striking, occurring mostly in sub-Saharan Africa 
and the Far East. 

Air enters the body via the nose and/or mouth, and is 
conducted down the trachea to the Jungs. It travels down 
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Figure 13 A single hepatocyte. Each hepatocyte is replete with RER, 
smooth endoplasmic reticulum (SER), mitochondria (M), and a short-term 
store of glycogen (G); bile canaliculi are located in discrete locations 
between cells (arrows). Electron micrograph, magnification x20 000. 


bronchi and bronchioles to the gas exchange surface of termi- 
nal alveoli. Bronchi and bronchioles are lined predominantly 
with pseudostratified ciliated columnar or cuboidal epithe- 
lium (Figure 14). The most numerous parenchymal cell of the 
alveolus is the squamous, type I pneumocyte. One-cell deep, 
and maximally attenuated, these cells form the boundaries 
of each alveolus. The basal lamina of type I pneumocytes 
is shared on the counterpart face by an extensive covering 
of blood capillaries, gas exchange occurring between air of 
the alveolar lumen and de-oxygenated blood of the capil- 
laries. A further parenchymal cell type of the lung is the 
type II pneumocyte. Phenotypically, these are distinct from 
type I pneumocytes by their rounded to pyramidal shape, 
and in contrast to type I cells (which are continuous due to 
tight cell-cell junctions), type I cells occur only sporadically 
around the alveolar perimeter (Figure 15). Their cytoplasm is 
typified by a specific organelle, the lamellar body, involved 
in the production of surfactant, required to reduce surface 
tension within the alveolus. 

It is important to note that the most common primary lung 
cancer is squamous carcinoma of the bronchus. In normal 
lung, the bronchus is not lined with squamous epithelium; 
thus, in this disease a discernable metaplastic change takes 
place before malignancy develops (see Respiratory Sys- 
tem). 

Of the primordial germ cells and gonads in the male, 
spermatozoa are produced in the seminiferous tubules of 
the testis, which have a complex epithelium. The tubule 
exterior is composed of a tunica propria, which envelops the 
epithelium, itself consisting of two types of cells, the Sertoli 
supportive cells and the spermatogenic germ cells. The first 
stage of spermatogenesis takes place towards the periphery 
of the tube where spermatogonia divide repeatedly by 
mitotic division to form numerous spermatocytes. These then 
undergo meiotic divisions to form the haploid spermatids. 
Spermatozoa are the motile gametes formed by successive 






Respiratory 
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Figure 14 Respiratory bronchiole, plus neighbouring alveoli. Alveoli 
(A) with thin attenuated type I and occasional type II pneumocytes 
neighbouring a respiratory bronchiole. The lining of the bronchiole is of 
columnar cells and cuboidal cells (C). Light micrograph, van Gieson stain, 
magnification x10 objective lens. 
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Figure 15 | Numerous alveoli, composed mainly of type I pneumocytes. 
Type I and type II pneumocytes compose alveolar walls (A), the whole being 
invested with blood capillaries (V). Respiratory bronchioles (B) conduct air 
to the sacs. Light micrograph, haematoxylin and eosin stained, magnification 
x4 objective lens. 


maturation steps from spermatids (Figure 16). Dysgenesis 
of the foetal testis can result in testicular cancers. In adult 
mouse, in vitro studies of spermatogonia have revealed that 
these cells can generate teratomas when transplanted into 
immunodeficient animals (Guan et al., 2006). 

The prostate gland is composed of four zones, the ante- 
rior fibromuscular stroma containing no glandular tissue, 
the peripheral zone comprising the bulk of the gland, the 
transitional area surrounding the prostatic urethra, and the 
central zone adjacent to the ejaculatory ducts. Fluid produced 
by and stored in the gland composes part of the transport 
medium for spermatozoa at ejaculation. Neoplasia is common 
in the prostate, accounting for approximately 12% of all male 
cancer-related deaths in the United States and the United 





Figure 16 Seminiferous tubules of the testis. Mitotically active spermato- 
gonia produce spermatocytes, which subsequent to meiotic division provide 
spermatids that become spermatozoa. Light micrograph, haematoxylin and 
eosin stained, magnification x10 objective lens. 


Kingdom (Jemal et al., 2006). Benign prostatic hyperplasia 
(which may, given time, precede malignancy) is discovered 
at autopsy in 90% of 80-year-old men (Rizzo et al., 2005), 
deceased from other causes. Most commonly prostate pri- 
mary malignant tumours are adenocarcinomas arising in the 
peripheral zone (see Male Genital Tract). 

In the female, the ovary has two functional layers, the 
medullary region of supporting structures and vasculature, 
and the cortex where ovarian follicles containing oocytes 
predominate. In the foetus, oogonia undergo several mitotic 
divisions resulting in a number of derivative cells, and in the 
third month of gestation, a proportion of them enter prophase 
of the first meiotic division in which they will remain until 
puberty. No further germ cell replication takes place and a 
baby girl is born with the full complement of oocytes for 
the rest of her life. Within each ovarian follicle, the oocyte 
lies surrounded by granulosa cells (Figure 17). Generally, 
one follicle matures per menstrual cycle and the stages 
in maturation of ovarian follicles are clearly recognizable 
histologically. 

Primary tumours of the ovary fall into three broad types, 
the germ cell tumours from the reproductive cells themselves, 
tumours of the supporting tissues, and tumours of the lining 
of the ovary. These types are still complex with a tendency 
towards considerable histological variety. 

The outer surface of uterus is covered by a serosal layer, 
with the myometrium lying interior to this. The endometrium 
is the inner lining, which has an epithelium of simple 
columnar cells that may be ciliated or secretory, and a 
lamina propria of simple tubular glands. The functionalis 
constitutes the portion of uterine lining that is sloughed off 
at menstruation and is then reconstituted during the next 
cycle. The basalis is the portion retained, whose cells then 
proliferate to provide the new epithelium and lamina propria. 
The uterine cervix differs in histological structure from the 
body of the uterus. The endocervical canal is lined by a 
single layer of columnar cells, but the ectocervix has a 
relatively thick stratified epithelium (Figure 18). The junction 





Figure 17 Ovarian cortex with follicles at different stages of development. 
During gestation, numerous oogonia develop in the ovarian cortex. How- 
ever, many are lost and only a comparatively small number survive until 
adulthood. Primordial follicles contain the oocyte (O) plus a single layer 
of flattened pre-granulosa cells (G). Light micrograph, haematoxylin and 
eosin stained, magnification x10 objective lens. 


14 THE MOLECULAR AND CELLULAR BASIS OF CANCER 





Figure 18 Stratified epithelium of the uterine ectocervix. Cells proliferate 
at the basal layer (B) of the epithelium, and through transit amplification 
stages (S) move towards the surface, losing organelles as they go. At the 
surface, the cells are very flattened with only a vestige of the nucleus. 
Beneath the epithelial layer are the supportive connective tissues (C). Light 
micrograph, haematoxylin and eosin stained, magnification x10 objective 
lens. 


between endocervical canal-type epithelium and the stratified 
epithelium of the ectocervix is abrupt. 

Endometrial cancer may be preceded by endometrial 
hyperplasia, which is related to oestrogen stimulation of the 
tissue. A more common malignancy of the female reproduc- 
tive system though is squamous carcinoma of the uterine 
cervix; the transition zone between the endocervix and the 
ectocervix is frequently the location of cervical intraepithelial 
neoplasia. Infection of the cells of the ectocervix by human 
papillomavirus is clearly implicated in premalignant changes 
in the epithelium (see Human DNA Tumour Viruses and 
Female Reproductive System). 

Mature vasculature consists of a closed circuit of con- 
ducting vessels through which, by the pumping action of the 
heart, oxygenated blood from the lungs is distributed to the 
tissues and organs of the body. Arteries are afferent to tis- 
sue capillary beds and veins are efferent from the beds. Also 
associated is the lymphatic system, ubiquitously conducting, 
draining, and circulating lymph. Common to all blood ves- 
sels and lymphatics is the lining tissue type, one-cell-deep 
endothelium (tunica intima), whose long spindle-shaped cells 
interdigitate with each other by complex tight junctions. Of 
the vasculature, capillaries have the simplest walls, consist- 
ing of the endothelial layer on the basement membrane only. 
Artery walls are complex and identifiable by their substan- 
tial central layer (the tunica media) with multiple layers of 
smooth muscle and elastin, all covered by robust adventi- 
tia. Vein walls are typified by the presence of a finer layer 
of smooth muscle and elastic fibres. Lymphatic vessels are 
not supported by muscle or elastin, but ramify through the 
body as simple, delicate channels of endothelium on the basal 
lamina, conducting tissue fluid and white blood cells only. 
The lymphoid organs, principally the lymph nodes and thy- 
mus are functional in the body’s immune response. With 
reference to malignancy, the lymphoid system is not only 
important for development of primary tumours there, but 
also for being common channels down which metastatic cells 
travel (see Invasion and Metastasis). 


In the adult, all blood cell types are derived by haemato- 
poiesis from progenitor cells in the bone marrow. There are 
three major functional cell types: erythrocytes, platelets, and 
leukocytes, the latter further subdivided into granulocytes, 
agranulocytes, and monocytes. A precursor multipotential 
blood stem cell is the common ancestor of all types, the 
different lineages being sequentially derived by successive 
differentiation of unipotential stem cells, each giving rise 
to one of the five lineages: erythrocytes are anucleate 
biconcave discs with an approximate diameter of 8 um, 
for the transport of oxygen loosely combined with their 
haemoglobin, differentiated from proerythroblasts; platelets 
are around 2 um in diameter and are cytoplasmic fragments 
of megakaryocyte precursors; three types of granulocytes 
(neutrophil, basophil, and eosinophil), around 15\m in 
diameter from myeloblasts; agranulocytes (a number of 
separate types of T and B lymphocytes), 10—12,m in 
diameter, from lymphoblasts; and monocytes, up to 20 um 
in diameter, from monoblast precursors. Myeloblast and 
monoblast precursors are in turn derived from a common 
granulocyte/monocyte stem cell type (Figure 19). 

The leukaemias are malignant neoplasias of cells of 
haematopoietic lineage — myeloid leukaemia from granulo- 
cyte cell precursors and lymphoid leukaemia from agran- 
ulocyte precursors. Malignant lymphomas are tumours of 
immune system cells and there are very many types. Tumours 
are categorized by the predominant differentiated cell type 
recognition (see Lymph Nodes and Blood and Bone Mar- 
row: Myeloid Leukaemias and Related Neoplasms). 

The CNS consists of the brain and spinal cord, the central 
lumina of which are continuous. The parenchymal cells of 
the CNS are the neurons with their often highly attenuated 
axons. In the cerebral cortex, for example, there are five 
types of neurons, pyramidal cells, stellate cells, cells of 
Martinotti, fusiform cells, and cells of Cajal. Characteristic of 
the CNS is the non-neural supportive tissue, the neuroglia, in 
which neurons and their processes are embedded, and from 
which neurons obtain both mechanical and physiological 
support. The principal types of neuroglia are astrocytes, 
the major component of interneural zones, regulating local 
homeostasis; oligodendrocytes, responsible for providing 
myelin sheaths of neurons; microglia, mesenchymal cells 
that can further differentiate into macrophage-like cells in 
response to CNS trauma; and ependymal cells that form the 
lining of the ventricles and spinal canal. 

The most common primary malignant tumours of the 
CNS are gliomas; neuronal cell tumours do occur, but are 
less common. Of the gliomas, it is not uncommon for the 
histology of a neoplasia to resemble more than one glial 
cell type (see Neuromuscular System and Models for CNS 
Malignancies). 

The epidermis is the outer layer of the skin, whose 
parenchymal cells form a stratified squamous epithelium 
(Figure 20). The basal cells contribute to and share a 
basement membrane with the dermis, which lies below. 
Across the epidermal/dermal basement membrane, there 
is focused interplay between epidermal keratinocytes and 
dermal fibroblasts, each contributing appropriate components 
to the basal lamina that separates them. There is expression 
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Figure 19 Plan of lineage development of blood cell types. Multipotent haematopoietic cells reside in the bone marrow. They cycle slowly, but in normal 
conditions via the lineage specific unipotential stem cells, transit-amplifying divisions take place to provide sufficient cells of the appropriate type. The 
outcome is erythrocytes, agranulocyte lymphocytes, granulocytes, the monocyte/macrophage line, and platelets. 





Figure 20 Keratinous stratified squamous epithelium of the skin. The 
epidermis is protective, and as the basal cells (BC) progress to the surface; 
they loose their content of organelles and develop hypersynthesis of keratins 
(K). Cells are lost from the surface, and are permanently resupplied from 
below. Epidermis has neither blood nor nerve supply, these functions being 
provided by the dermis (D). Light micrograph, haematoxylin and eosin 
stained, magnification x 10 objective lens. 


of three types of genes: by keratinocytes alone, laminin £ 
3; by both keratinocytes and dermal fibroblasts, collagen 
IV al, collagen VII œl, and tenascin; and by fibroblasts 
alone, collagen I wl, collagen I a1, nidogen, and fibrillin 
(Marionnet et al., 2006). In normal conditions, epidermis is 
shed symptomlessly from the surface of the body, being 
endlessly replenished by cell division and differentiation 
from below. 

Basal cell carcinoma, the most common variety of skin 
cancer, and squamous cell carcinoma, in fair complexioned 
people, are both associated with exposure to high levels of 
solar radiation. Both these tumour types tend to occur later in 


life, metastasize rarely if ever, and thus have good prognoses. 
Malignant melanoma occurs most commonly in the skin; 
however, it can arise in other organs. Since these tumours 
readily metastasize, the prognosis can be poor (see Skin). 

In the breast, luminally, the duct and the gland are lined 
by cuboidal epithelial cells which, like sweat glands, have a 
layer of myoepithelium on their obverse face. 

Basement membrane of the epithelium is found exte- 
rior to the myoepithelial layer, between it and the adipose 
and collagenous stroma of the breast ECM. However, the 
myoepithelial cells are discontinuous, and luminal epithe- 
lial cells also are able to be in contact with the basement 
membrane. This simultaneous configuration of a basement 
membrane to two sets of epithelial cells indicates a close 
relationship, and substantial crosstalk between them dur- 
ing maturation and function (Figure 21). Plasma membranes 
of the myoepithelial cells are typically pitted with numer- 
ous pinocytotic vesicles, and their cytoplasm is replete 
with caveolae; this indicates presence of a transport mech- 
anism across the cells’ interiors (reviewed by Gudjonsson 
et al., 2006). 

The most common variety of primary malignant tumour 
of the breast is ductal cell carcinoma. This particular type 
of cancer has a recognizable premalignant stage, the ductal 
carcinoma in situ (DCIS), and since these lesions can be 
palpably large, they provide the well-known basis of breast 
cancer screening (see Breast). 


STEM CELL NICHES 


There is speculation that due to plicature and tissue sys- 
temization during embryogenesis, it is possible that adult 
stem cells (therefore, possibly cancer-related stem cells) may 
have been left intact from prior to foetal differentiation, and 
might remain (usually in small numbers) in their original, 
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Figure 21 The breast, lactiferous ducts, and sinuses. Breast milk during 
lactation, is synthesized by lactiferous glands. The milk is conducted in 
channels, lactiferous ducts, to lactiferous sinuses which are located in 
proximity to the nipple. 


exquisitely suitable anatomical positions, their niches. This 
is called the embryonal rest hypothesis (reviewed by Sell, 
2004) of the stem cell niche. 

Anatomical location of most stem cell niches tend to be 
cryptic, with the result that properties of such a place are 
often difficult to describe or test. An appropriate niche should 
consist of a limited size or variety of environments in a tissue 
in which undifferentiated stem cells are able to thrive. In 
most cases, the niche would consist of the stem cells plus 
their supporting tissues that provide the optimal milieu in 
which they may survive. The cells are hypothesized either 
to be progressing through the cell cycle very slowly or to be 
spending most of their time in a resting phase, Go; thus the 
cell population number is constant, requiring no enlargement 
of the niche size. The stem cells might reside in place for a 
considerable period of time over a human life, yet their niche 
would need to provide every requisite for their continuing 
homeostatic function. These requirements would indicate that 
an adult stem cell niche would most likely be found in or near 
the appropriate adult tissue, ready to provide replacement for 
old or damaged cells of their common lineage. 

In the GI tract, it has been suggested that a crypt 
of Lieberkiihn stem cell niche might be maintained by 
the mesenchymal cell population of the underlying lamina 
propria (Brittan and Wright, 2004), while in the pancreas, 
existence of a common exocrine/endocrine cell precursor is 
still disputed (Herrera et al., 2002). In the liver, it has been 
suggested that potential liver/biliary stem cells could be from 
the lining of the canals of Hering (Alison et al., 2004; Paku 
et al., 2001), and pulmonary stem cells have been variously 
attributed to basal mucous secretory cells of the trachea and 
bronchi (Bishop, 2004), type II pneumocytes, and Clara cells 
(Boers et al., 1999). The primordial germ cell niche is the 
source plunderable for embryonic germ cells, favoured by 
some workers as experimental tissue, although the ethical 
pathway, here, is somewhat fraught. The bone marrow niche 
for haematopoietic and local mesenchymal stem cells is 
readily identifiable anatomically (reviewed by Moore and 


Lemischka, 2006), and this has been proposed to be able 
to nurture forebears of stem cells capable of differentiating 
into cells of different lineages (reviewed by Alison et al., 
2006). In the CNS, neuronal stem cells lie in touch with the 
neuroepithelial basement membrane, the result of asymmetric 
cell division in which the differentiating neuron proceeds 
by losing its contact with the basal lamina, the stem cell 
remaining. In the epidermis, there are two stem cell niches, 
which may (or may not) be interdependent — within the basal 
layer of the epidermis (Watt, 1998), and stem cells of the 
bulge region of the hair follicle (Alonso and Fuchs, 2003), 
while in the breast, small basal cells of the acini have been 
suggested as being the stem cell source (Clarke et al., 2003) 
(see Stem Cells and Tumourigenesis). 


MALIGNANT PHENOTYPE AND CANCER STEM 
CELLS 


In both solid malignant tumours and leukaemias and lym- 
phomas, the proliferative capacity of all cells present is not 
equal; only a minority of the total cell number has the abil- 
ity to proliferate inexhaustively to form tumours. It has been 
postulated that a malignant phenotype can be the result of a 
mutated stem cell genome, and cancer stem cells have been 
unequivocally identified in the haemopoietic system. Bonnet 
and Dick (1997) showed in acute human myeloid leukaemia, 
that tumour-initiating cells have a certain configuration of 
surface antigens CD34+CD38—) in common with normal 
haematopoietic stem cells. It has also been shown that solid 
malignancies, for example, of breast and lung, are driven by 
a small population of self-perpetuating cells (Al-Hajj et al., 
2003). A so-called cancer stem cell has a number of potential 
origins along the track of neoplasia, perhaps from damage to 
a true stem cell itself, or from genetic trauma to a transit- 
amplifying cell. After normal or abnormal cell proliferation, 
asymmetric cell division may confer differing proliferative 
advantages between two daughter cells (reviewed by Burk- 
ert et al., 2006). Among these phenotypes, continuity of cell 
proliferation is paramount. By definition, stem cells are long 
lived, and thus are strong potential victims of DNA damag- 
ing events and stem cells replicate, an obvious property of 
tumour cells. 

The Goldie—Coldman hypothesis, proposed more than 
20 years ago, suggested that a small percentage of cells in 
a tumour had intrinsic properties that made them resistant to 
treatment (Goldie and Coldman, 1979). It has been widely 
observed after apparently successful treatment that some 
patients suffer relapse owing to the activity of small groups of 
cells that are able to give rise to a whole new tumour, with a 
therapy-resistant phenotype (reviewed by Rizzo et al., 2005). 
Worldwide, haematopoietic and solid epithelial tumours are 
a major cause of death. Therapy targeted at a specific, 
relatively small, cancer stem cell population will benefit 
patients, not only by reducing time to successful recovery 
but also by relieving them of the often severe side-effects of 
anticancer treatment (see Stem Cells and Tumourigenesis). 
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CONCLUSIONS 


This chapter has looked at the cell and tissue organization 
of a selection of tissue types responsible for some of the 
most common cancers, namely, of the GI tract, pancreas, 
liver, lung, primordial germ cells, blood progenitors, CNS, 
epidermis, and breast. The theme has been the study of 
properties of the adult tissues and how they are derived 
from and through embryogenesis. Commonalities have been 
viewed, for example, complexity of tissue pattern formation, 
branching, and re-branching of tubular structures. It may well 
be stated that understanding the whole topic of development 
of malignant neoplasia can be related, from normal tissues 
to cancer stem cell phenotypes. 
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NORMAL ADULT STEM CELLS 


For many years it has been apparent that stem cells feature 
in processes as diverse aS wound healing, metaplasia, and 
cancer. Two-stage models of skin cancer in rodents carried 
out in the 1950s strongly suggested that cancers had their 
origins in long-lived epidermal stem cells, but the idea that 
cancers themselves might have malignant cancer stem cells 
(CSCs) is only just gaining widespread acceptance, despite 
the fact that Hamburger and Salmon (1977) using colony 
formation in soft agar as a surrogate stem cell assay, found 
that for many human tumours, only 1 in a 1000 to 1 in 5000 
cells was able to form a macroscopic colony (Figure 1). 

It was in the bone marrow that cells with the key 
properties of adult stem cells, namely indefinite self-renewal 
and multilineage potential, were first recognized. In fact, such 
cells were first described experimentally back in 1961 as 
cells that gave rise to multilineage haematopoietic colonies 
in the spleen (colony-forming units-spleen, CFU-S) (Till 
and McCulloch, 1961). Indeed, the ability of a single cell 
to give rise to a large family of descendants, containing 
all the lineages normally found in that cell’s tissue of 
origin is considered a reasonably robust proof of “stemness” 
(Figure 2). If cell migration occurs in a tissue, stem cells 
are at the beginning of the flux. Particularly where cell 
flux is unidirectional, for example, in the epidermis, stem 
cells are at the beginning of the cell flux in the basal 
layer, with cells being shed at the surface. To achieve self- 
renewal, on average each stem cell division gives rise to one 
replacement stem cell and one transit amplifying cell (TAC) 
by asymmetric cell division. Thus, the probability (p) of self- 
renewal is 0.5, and any upward shift in p will lead to a rapid 
escalation in stem cell numbers - a likely event in many 
cancers (Clevers, 2005). Indeed, disruption of asymmetric 
neuroblast cell division in Drosophila melanogaster leads 
to lethal, expansive, tumourlike lesions when such cells are 
transplanted to adult hosts (Caussinus and Gonzalez, 2005). 

Stem cells are located in restrictive environments called 
niches (French for recess), and in a tissue like the small 
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intestine, the niche is found close to the crypt base at 
the origin of the flux. Interactions with the niche cells are 
crucial to the self-renewal process and the controlling factors 
are rapidly being elucidated. In the gut, Wnt signalling is 
crucial to stem cell homeostasis (Sancho et al., 2004), and 
Wnt inhibitors such as Dikkopf-1 could become important 
anticancer agents (Clevers, 2004; K uhnert et al., 2004). 
Stem cells, though highly clonogenic, are proliferatively 
quiescent in comparison to TACs. Teleologically, it would 
seem prudent to limit stem cell replication due to the error 
prone nature of DNA synthesis. Owing to this infrequently 
dividing nature, the stem cells in animals that incorporate 
DNA synthesis labels such as tritiated thymidine or bromod- 
eoxyuridine (BrdU) tend to remain “labelled” for longer than 
TACs, whose more rapid cycling soon dilutes the label below 
detection levels. Thus, the identification of label-retaining 
cells (LRCs) is often used as a stem cell marker (Braun and 
Watt, 2004; Alison et al., 2006). Some stem cells appear to 
have devised a strategy for maintaining genome integrity; 
another cause of “label retention”. Termed the immortal 
strand hypothesis by John Cairns (1975), newly forming stem 
cells designate one of the two strands of DNA in each chro- 
mosome as a template strand, such that in each round of 
DNA synthesis while both strands of DNA are copied, only 
the template strand and its copy is allocated to the daughter 
cell that remains a stem cell (Figure 3). Thus, any errors in 
replication are readily transferred (within one generation) to 
TACs that are soon lost from the population. Such a mecha- 
nism will produce LRCs after injection of DNA labels when 
stem cells are being formed, but validation of the hypothesis 
requires the observation that LRCs go through further rounds 
of DNA synthesis, while still segregating the immortal DNA 
strands from sister chromatids into the daughter cells that 
remain as stem cells; this has been demonstrated in the small 
intestine and breast (Potten et al., 2002; Smith, 2005). 
Considerable effort is being expended in the search for 
“markers” of stem cells, with every expectation that many 
of the molecules expressed by normal stem cells will also 
be found in their malignant counterparts. Collectively these 
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Surrogate assay for tumour stem cells. In vitro clonogenic 
assays can be performed in soft agar- filled petri dishes under low (5%) 
oxygen tension. Plating efficiencies (PEs) of <1% are usually obtained 
for most human solid tumours, where PE% = number of macroscopic 
colonies/number of cells plated x 100. 


Figure 1 


molecules appear to be involved in maintaining “stem- 
ness” (transcription factors such as Oct-4), ensuring adhesion 
to the niche and being involved in cytoprotection (Alison 
et al., 2006). For example, in the human epidermis, supe- 
rior colony-forming ability has been found in cells selected 
on the basis of expression of the hemidesmosomal integrin 
a6, which partners 64 to attach cells to the basement mem- 
brane component, laminin V (Webb et al., 2004); Jones and 
Watt (1993) have noted enriched colony-forming ability in 
a selection of basal keratinocytes, based on high expres- 
sion of the 61 integrin. Perhaps a more recurrent theme 
is cytoprotection, ensuring survival of these valuable cells. 





y = Immortal 
strand 


Stem cell 
Paired DNA strands 


S phase 


Stem cell Ei i 
| JD 
S phase - en 
JÈ 


— 


J-N 
Tl ) 


a 





ETAN 
| | | } | ll 





Stereell Transit SOG cells 


Figure 3 The immortal strand hypothesis. Genomic integrity of stem cells 
can be preserved if newly synthesized strands of DNA are always allocated 
to TACs, and stem cells retain the immortal (template) strand. The template 
strand of each chromosome is established when stem cells are being created. 
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Figure 2 


In most renewing systems a cell hierarchy can be recognized in which a few self-renewing stem cells (p = probability of self-renewal) give rise 


to a limited number of committed progenitors, also called transit amplifying cells (TACs). TACs have limited proliferation potential and eventually give 
rise to reproductively sterile terminally differentiated cells. In vitro, stem cells, early TACs, and late TACs are thought to generate holoclones, meroclones, 
and paraclones respectively. 
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Figure 4 Experimental protocol used to demonstrate in mouse epidermis 
that initiation (a genotoxic event) was essentially irreversible, that is, must 
have occurred in a long-lived cell - an epidermal stem cell. Once permanent 
genetic damage has occurred, a course of “promotion”, however long 
delayed (*) after “initiation”, can still cause tumour formation. 
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For example, haematopoietic stem cells (HSCs) have high 
levels of aldehyde dehydrogenase (ALDH), a detoxifying 
enzyme that confers resistance to alkylating agents such 
as cyclophosphamide (Storms etal., 1999). In the bron- 
chiolar epithelium, stem cell function appears to be the 
property of rare pollutant-resistant cells linked to a defi- 
ciency in the phase | drug metabolizing enzyme CY P-450 
2F2 (Giangreco etal., 2004). In the liver too, progenitor 
cells can expand despite exposure to pyrrolizidine alkaloids 
because of a similar deficiency in cytochrome P-450 (Vig 
et al., 2006). Perhaps the most common defence mecha- 
nism adopted by stem cells relates to their high expression 
of members of the adenosine triphosphate- binding cassette 
(ABC) superfamily of membrane transporters. Such pro- 
teins are characterized by expression of an ABC region 
functioning to hydrolyse ATP to support energy-dependent 
substrate exportation against steep concentration gradients 
across membranes, principally from the intracellular cyto- 
plasm to the extracellular space. This fact was exploited by 
Goodell et al., (1996) who reported a new method for the 
isolation of HSCs based on their ability to efflux a fluo- 
rescent dye. Similar to the activity of the P-glycoprotein 
(encoded by the MDR1 gene), this activity was inhibited 
by verapamil. If cells are subjected to Hoechst 33342 dye 
staining and fluorescence-activated cell sorting (FACS) anal- 
ysis, then those that actively efflux the Hoechst dye appear 
as a distinct population of cells on the side of the profile; 
hence the name side population (SP) was given to these 
cells. Many studies suggest that the SP phenotype in rodent 
and humans tissues is largely determined by the expres- 
sion of a protein known as the ABCG2 transporter (ABC 
subfamily G member 2, also known as breast cancer resis- 
tance protein, BCRP1), and that the SP fraction more or 
less equates with the stem cell population in both normal 
tissues (Alison, 2003) and tumours (Hirschmann-] ax et al., 
2004, 2005). Moreover, not only do tumour SP have char- 
acteristics of CSCs, but additionally they may contribute to 
relapsed and drug-resistant cancers because of their drug- 
effluxing properties. 


THE CELLULAR ORIGIN OF CANCER 


Cancer could arise from the de-differentiation of mature cells 
that have retained the ability to divide, or it could result 
from the “maturation arrest” of immature stem cells (Sell and 
Pierce, 1994). Over the years, the idea of “blocked ontogeny” 
has gained acceptance, and now most observers accept that 
the arrested differentiation of tissue-based stem cells or their 
immediate progenitors is closely linked to the development 
of not only teratocarcinomas and haematological malignan- 
cies but also carcinomas. Some of the most frequent cancers 
occur in tissues with a high cell turnover such as the skin 
and the epithelial lining of the gastrointestinal tract. It is 
argued, not unreasonably in our view, that in these tissues 
the stem cells are the only cells with sufficient lifespan to 
acquire the requisite number of genetic abnormalities for 
malignant transformation. Additionally, with a self-renewal 
mechanism already in place, seemingly fewer alterations 
are required to change normal stem cells into CSCs. In 
the now classical two-stage model of mouse skin carcino- 
genesis (Figure 4), severely delaying the interval between 
7,12-dimethylbenz[a]anthracene (DM BA) initiation and the 
application of the phorbol ester promoter had no bearing on 
subsequent tumour yield - strongly suggestive of an origin 
in a long-lived cell, an epidermal stem cell (Berenblum and 
Shubik, 1949). 

In many haematological malignancies, an origin from nor- 
mal HSCs is indicated by the fact that one of the oncogenic 
alterations (presumably the earliest) can also be found in a 
variety of haematopoietic progenitor and differentiated cell 
types in patients in remission - again suggestive of an origin 
in a multipotential stem cell that subsequently accrues further 
mutations that lead to malignancy. This can be observed in 
acute myeloid leukaemia (AML) where the balanced translo- 
cation t(8;21) leads to the fusion transcript AML-ETO being 
found in many non-leukaemic cells (Miyamoto et al., 2000). 
Likewise, in chronic myeloid leukaemia (CML) where 95% 
of affected individuals have the Philadelphia chromosome, 
the BCR-ABL fusion transcript can also be found in otherwise 
normal mature blood cells (Cobaleda et al., 2000). 

A stem cell origin of cancer is often inferred from the loca- 
tion of the tumour or its dysplastic antecedents, but this does 
not preclude an origin from a more committed progenitor 
cell in the same location. For example, in the human brain, 
gliomas are frequently found in a periventricular location - 
an observation first made some 60 years ago; and experi- 
mental brain tumours induced by ethyl nitrosurea (ENU) are 
usually found in the subventricular zone - the major CNS 
stem cell area (reviewed by Sanai et al., 2005). The hetero- 
geneity of gliomas also points to an origin from a multipotent 
stem cell. In the mouse lung, the bronchioalveolar duct junc- 
tion (BADJ) is a major stem cell zone for the airway, and 
ras-induced adenocarcinomas arise in this area containing 
clusters of cells with the same stem cell characteristics (Kim 
et al., 2005). 

In the liver, the consensus view is that a variety of intra- 
hepatic stem cells can give rise to hepatocellular carcinoma 
(HCC) and cholangiocarcinoma (CC) (Alison and Lovell, 
2005). M any liver tumours arise in a cirrhotic setting at atime 


4 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


HBV 


N 


Aflatoxin B1 
—> 


Alcohol 


HCV 


N 


NASH 


TK 


Metabolic liver disease 





HPC activation 


Figure 5 A schematic model for the evolution of hepatocellular carcinoma (HCC) in human liver. There are many agents that cause liver cancer, in 
particular, hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol abuse, non-alcoholic steatohepatitis (NASH), metabolic liver disease, and aflatoxin B1 
(see Liver, Gallbladder, and Extrahepatic Bile Ducts). All these agents can cause chronic inflammation leading to cirrhosis, with hepatocyte senescence 
contributing to HPC activation. The target cell (TC) for tumour initiation could be an HPC or ahepatocyte, and mutations caused by viral integration (HBV), 
aflatoxins, or oxidative damage (chronic inflammation) can initiate the neoplastic process, giving rise to foci of small cell dysplasia (SCD), each cell with a 
single mutation (1). A further mutation that gives an affected cell (2) a “carcinogenic advantage” (e.g., increased proliferative rate or insensitivity to apoptosis 
signals) will result in clonal expansion to give rise to premalignant lesions with progressively more critical mutations such as “low-grade dysplastic nodules” 
(LGDNs) and “high-grade dysplastic nodules” (HGDNs) before HCC develops. Chronic inflammation may not only initiate the carcinogenic process but 
may also be important for subsequent progression via inflammatory cytokines such as TNFa that through NF-«B signalling cause (i) more oxidative cell 
damage (iNOS), (ii) promotion of cell growth (COX -2), and (iii) suppression of apoptosis (BCL-X, and IAPs). 


when hepatocyte senescence triggers a reserve stem cell com- 
partment to give rise to bipotential hepatic progenitor cells 
(HPCs); the fact that many liver tumours have features of 
both HCC and CC, combined with the presence of numerous 
HPCs is not inconsistent with an origin from HPCs or their 
antecedents (Figure 5). Indeed, gene expression profiling has 
identified a subset of HCCs with a very poor prognosis that 
had a profile consistent with an origin from HPCs (Leeet al., 
2006). In the cornea, tumours appear to arise at the periph- 
ery which is the limbal stem cell zone, again suggestive of 
a stem cell origin (Waring et al., 1984). 

The cells that line the gastrointestinal tract are amongst 
the most rapidly proliferating cells in the body with differ- 
entiated cells undergoing continual replacement. The rapid 
turnover of the gastrointestinal epithelium means that differ- 
entiating cells are shed into the lumen and replaced every 
few days, and thus do not have a sufficient lifespan to 
gather the multiple genetic defects required for malignant 
transformation. Therefore, the perpetual stem cell has long 
been considered the target of carcinogenic mutations. In the 
colon, inspection of the very earliest dysplastic lesions sug- 
gests an origin from a mutated basally situated stem cell 
that “hitch-hikes” its way to clonal dominance in a crypt 
of multiple stem cells through a process known as niche 
succession (Calabrese et al., 2004) to form a monocryptal 


adenoma (Figure 6). Though it is a widely held view that 
tumours are clonal populations, studies of early familial ade- 
nomas both in patients with familial adenomatous polyposis 
(FAP) and those in the mouse model (Apc™'"/+) suggest that 
the majority of nascent tumours are in fact polyclonal, requir- 
ing short-range interactions between adjacent initiated crypts; 
“collision” tumours as a cause of this apparent polyclonal- 
ity were ruled out by genetically manipulating the Apc™!"/+ 
mouse to have far fewer tumours than normal (Thliveris 
et al., 2005). Park et al. (1995) used ENU to induce muta- 
tions in the X -linked gene for glucose-6-phosphate dehydro- 
genase (G6PD) to demonstrate the expansion of a mutated 
clone within the crypt. G6PD gene mutation resulted in loss 
of enzyme activity in affected cells. After ENU treatment, 
they initially observed crypts that were only partially positive 
for G6PD, which eventually disappeared with the contem- 
poraneous emergence of fully mutated crypts (monoclonal 
conversion or crypt purification); these eventually gave rise 
to patches of crypts that failed to express G6PD. More 
recently, Taylor et al. (2003) used mitochondrial deoxyri- 
bonucleic acid (mtDNA) mutations in colonic crypt cells 
to demonstrate the presence of partially mutated crypts in 
the human colon. They observed that human colonic crypt 
cells accumulate sufficient mtDNA mutations with age to 
cause a biochemical defect in the mtDNA coded subunits of 
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Figure 6 A model for the development of early colorectal cancer (CRC). Mutation occurs in a stem cell located near the base of the crypt and mutated 
cell progeny occupy part of the crypt. Through a stochastic process (called niche succession or monoclonal conversion) the affected crypt becomes wholly 
occupied by dysplastic cells - the monocryptal adenoma. Further expansion can occur by the dysplastic crypt undergoing crypt fission and budding leading 
to an oligocryptal adenoma (aberrant crypt focus). Key: normal colonocytes are brown, mutated colonocytes are blue (see also Lower Gastrointestinal 


Tract). 


cytochrome c oxidase (COX). Normal colonic tissue showed 
numerous, completely COX -deficient crypts, but also a few 
partially stained crypts. Serial sections of these partial crypts 
allowed them to reconstruct three-dimensional images of the 
crypt revealing a ribbon of COX-negative cells extending 
from the base of the crypt to the top. Each ribbon of mutated, 
COX -negative cells appears to be the progeny of one of the 
small number of stem cells in the niche, and the partially 
negative crypts are likely to be intermediate steps in the 
expansion of the mutated clone with eventual formation of a 
completely clonal COX -deficient crypt. 

If niche succession is a way by which a single stem 
cell line can “hitch-hike” it’s way to clonal dominance in 
a single crypt, but then how does a mutated stem cell line 
expand into adjacent tissue? As described above, clonality 
experiments in both mice and humans have shown clustering 
of mutated, phenotypically similar crypts together in patches. 
It is thought that a process called crypt fission, whereby 
crypts undergo basal bifurcation followed by longitudinal 
division, with the ultimate formation of two daughter crypts, 
is responsible for the clustering of apparently related crypts 
and is undoubtedly the mechanism by which dysplastic 
crypts multiply to form microadenomas or dysplastic aberrant 
crypt foci (ACF) (Wasan etal., 1998, see Figure 6). ACF 
are morphologically and genetically distinct lesions that 
are the precursors of adenomas and cancers (Takayama 
et al., 1998). 

However, the expansion of a mutated clone from a single 
cell to form a small adenoma is contentious, with two main 
theories - the top-down and bottom-up models (Figure 7). 
The top-down model is based on the frequent observation 
of dysplastic cells solely at the luminal surface of the 
crypts (Shih et al., 2001), along with apparent retrograde 
migration of adenomatous cells from the surface to the 
base of the crypt. Only these upper crypt cells showed 
prominent proliferative activity and nuclear localization of 
f-catenin. These observations are not easily reconciled with 
the conventional view of the stem cell origin of cancer, 
and the authors proposed two possible explanations for their 
findings. Firstly, they considered a relocation of the stem cell 
area to the intercryptal zone and secondly, they suggested 
that a mutated stem cell migrates from the base of the 
crypt to the luminal surface before expanding laterally and 


Top down 


Bottom up 





Figure 7 Top-down or bottom-up growth of colorectal adenomas? Bottom 
up - the stem cell, located in the crypt base undergoes APC mutation (a). 
The mutated cell proliferates (b) and spreads to the top of a crypt to form 
a monocryptal adenoma (c). Initial further expansion is by crypt fission 
(Based on Preston et al., 2003). Top down - the initial transformation event 
occurs in a cell in the intercryptal zone (a) and then spreads laterally and 
downwards (b) eventually filling the whole crypt (c). (Adapted from Shih 
et al., 2001.) 
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Figure 8 A new paradigm of epithelial cancer development (using small intestine as an example). Continued tissue damage leads to loss of the indigenous 
stem cell compartment and its replacement by bone marrow - derived cells (BM DCs), whose progeny subsequently repopulate the whole crypt. Mutation 
in a BMDC engrafted as a stem cell can then lead to adenoma formation as described in Figure 6. Key: indigenous normal epithelial cells are brown, 
indigenous stem cells are green, BMDCs are red, and mutated BM DCs are blue. 


downwards. The bottom-up model involves the recognition 
of the earliest lesion in tumour development, the monocryptal 
adenoma, where the dysplastic cells occupy an entire single 
crypt. Analysis of tiny (<3mm) adenomas in FAP patients 
showed increased proliferative activity and nuclear -catenin 
translocation in morphologically dysplastic cells from the 
crypt base to the luminal surface (Preston etal., 2003). 
Additionally, there was a sharp cut-off between the dysplastic 
surface epithelium with nuclear B-catenin expression and 
the normal mucosa in a neighbouring unaffected crypt. The 
observation of an increased, asymmetrical crypt fission index 
in adenomatous tissue led the researchers to propose the 
bottom-up model - an abnormal stem cell clone with a 
growth advantage expands from the stem cell niche at the 
crypt base, to fill an entire crypt. Thereafter, initial spread 
is by crypt fission to form an ACF, with top-down spread 
undoubtedly occurring in slightly larger lesions (Preston 
et al., 2003). 

Over the past 5 years, a body of evidence has accumulated 
to suggest that bone marrow - derived cells (BMDCs) can, 
under certain circumstances, cross their normal lineage 
boundaries and differentiate into non-haematopoietic tissue, 
including epithelia - so-called stem cell plasticity. Although 
an interesting observation, the relatively low levels of 
conversion of BM DCs to epithelia did not suggest an axis of 
regeneration of any great therapeutic or clinical significance. 
However, Houghton et al. (2004) have made the profound 
observation that, under special circumstances, BMDCs might 
be the founder cells for gastrointestinal cancer. They showed 
in a murine model of gastric cancer that BMDCs home to 
and repopulate the gastric mucosa and over time contribute 
to metaplasia, dysplasia, and cancer in response to chronic 
infection with Helicobacter felis. BM -derived gastric glands 
were first seen 20 weeks after chronic infection commenced, 
leading to a final replacement of 90% of the gastric mucosa 
with BMDCs after one year. Upon progression to epithelial 
dysplasia and gastric adenocarcinoma, the majority of the 
dysplastic glands were of BM origin, most likely from 
mesenchymal stem cells (MSCs). The key to this observation 
was that chronic inflammation probably ablated the stem cell 
niches of the indigenous gastric glands, and the vacant niches 


were then occupied by BM DCs that subsequently behaved as 
gastric gland stem cells (Figure 8). 

Although it seems likely that most CSCs originate from 
transformed normal stem cells, they could also have their 
origins from more committed cells caused through, for exam- 
ple, reactivation of self-renewal mechanisms. Enabling stem 
cell-like features in more mature cells may permit a CSC to 
emerge from a cell not originally a tissue stem cell (Passegue 
et al., 2003). For example, when HSCs and myeloid progen- 
itor cells were transduced with a leukaemogenic MLL-ENL 
fusion gene and the cells transplanted in vivo, AML arose 
from both populations with the same latency (Cozzio et al., 
2003). Moreover, their immunophenotype and gene expres- 
sion profiles suggested maturation arrest at identical stages of 
the differentiation pathway. Likewise, the MOZ-TIF2 onco- 
gene can confer leukaemic stem cell properties (could be 
continuously propagated in liquid culture and result in AML 
after transplantation) on granulocyte-monocyte progenitors 
(Huntly et al., 2004). Interestingly, the BCR-ABL oncogene 
was not able to do this, indicating a hierarchy of leukaemia- 
associated proto-oncogenes. The stem cell profile may also 
change during the course of a disease; in patients with CML 
in blast crisis, granulocyte-monocyte progenitors can become 
self-renewing CSCs, a change associated with Wnt pathway 
activation (Jamieson et al., 2004). 


CANCER STEM CELLS 


It is widely accepted that not all cells within a tumour 
are equally able to form tumours. Rather, the tumourigenic 
capability seems to be exclusive to a small minority of 
tumour cells, the CSCs, that exhibit stem cell characteris- 
tics, particularly the ability to self-renew and to give rise 
to a hierarchy of progenitor and differentiated cells, albeit 
in a disorganized manner that gives rise to more CSCs 
(Figure 9). The first connection between tissue development 
and tumour formation was made in 1855 by Rudolph Vir- 
chow. On the basis of histological similarities between the 
developing foetus and cancers such as teratocarcinoma, he 
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Figure 9 The generation of cellular heterogeneity in a tumour. Dysregulation of asymmetrical cell division in a malignant stem cell (mSC) leads to 
increasing numbers of mSCs, and haphazard combinations of symmetric and asymmetric divisions will produce malignant transit amplifying cells (mTA Cs) 
with limited proliferative potential and malignant terminally differentiated cells (TDs) with no proliferative potential. 


suggested his “embryonal-rest hypothesis” of cancer believ- 
ing that tumours resulted from the activation of dormant 
residual embryonic tissue (Virchow, 1855). This hypothe- 
sis is supported by the fact that in certain cancers, clusters 
of abnormal retained embryonic cells and cancer-associated 
mutations can be detected prenatally or at birth (Beckwith 
et al., 1990; Wiemels, 1999). 

In an ethically controversial experiment, where only a few 
tumour cells from patients with disseminated malignancies 
showed tumour-initiating capacity when injected back into 
the same patients, Brunschwig et al. (1965) demonstrated for 
the first time, that tumour cells seemed to be hierarchically 
organized. Other evidence for a hierarchical organization 
within a tumour came from the observation that only 1- 4% 
of lymphoma cells were able to form colonies in vitro or 
generate spleen colonies, when transplanted in vivo (Bruce 
and van der Gaag, 1963). Likewise, studies of human 
tumours revealed clonogenic potentials in the range of 
0.0001- 1% in vitro (Hamburger and Salmon, 1977). 

With the development of non-obese diabetic/severe com- 
bined immunodeficient (NOD/SCID) mice for the xenograft- 
ing of human tumours came the first good in vivo evidence 
for the existence of CSCs (Bonnet and Dick, 1997). They 
showed that only a small subset of AML cells was capable of 
producing leukaemic progenitors and leukaemic blasts upon 
transplantation into immunodeficient mice, resulting in a dis- 
ease phenotype identical to the donor: the putative CSCs had 
the same phenotype, CD34* CD38~, as described for prim- 
itive HSCs. Since the first account of CSCs in leukaemia, 
they have also been demonstrated in various solid tumours. 
In the breast, the existence of stem cells was inferred by 
the clonogenicity (ability to form mammospheres) and mul- 
tipotentiality of a subpopulation of murine mammary cells 
(Dontu etal., 2003; Al-Hajj etal., 2003). Then in breast 
cancer, a subpopulation of cells with the surface antigen 
expression pattern of ESA + CD44+ CD24-/'™ was shown to 


be capable of tumour formation when implanted in limiting 
dilution into immunodeficient mice and of self-renewal as 
shown by serial transplantation (Al-Hajj et al., 2003). These 
same tumour-initiating cells have been shown to be capable 
of mammosphere generation in vitro (Ponti et al., 2005). 

In brain cancer, clonogenicity (neurosphere forming) and 
self-renewal is exclusive to a minor subpopulation of tumour 
cells expressing the human neural stem cell markers CD 133 
(also Known as prominin-1 or AC 133) and nestin, regardless 
of the tumour phenotype (Singh etal., 2003). These cells 
not only had the capacity to differentiate into cells with 
neural and glial phenotypes in vitro in proportions resembling 
the original tumour but their proliferative capacity was also 
proportional to the aggressiveness of the original tumour. 
The intracranial injection of as few as 100 CD133* cells 
from medulloblastomas was able to produce tumours in 
NOD/SCID mice that could be serially transplanted, and 
these brain tumours were identical to the patient’s original 
tumour (Singh etal., 2004). Islands of CD133* cells were 
present within tumours, indicating that CD133* cells must 
be generating both CD133* and CD133~ tumour cells; 
injections of up to 10° CD133-negative cells failed to 
produce tumours. However, itis worth noting that up to 33% 
of cells in glioblastomas were CD133 positive, suggesting 
that not all CD 133-positive cells are stem cells. Surprisingly, 
even in glioblastoma multiforme, the most malignant adult 
human CNS tumour, only a small fraction of cells is capable 
of neurosphere generation and multipotential differentiation, 
with as few as 5000 of these cells able to form tumours in 
nude mice (Galli et al., 2004; Yuan et al., 2004). In common 
with many tumours, CNS tumours may have an SP fraction 
likely to be enriched for CSCs. SP cells have been found 
in the rat C6 glioma cell line (Kondo et al., 2004), and in 
a great variety of human primary tumours (Hirschmann-] ax 
et al., 2004, 2005). In two human liver tumour cell lines, a 
small (<1%) SP fraction exists, and transplantation of as few 
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Figure 10 Schematic representation of a protocol commonly adopted for examining the tumourigenic potential of human tumour SP cells. After Hoechst 
staining, the cells are passed through a flow cytometer and the SP cells are characterized by a high blue:red fluorescence. If the SP fraction is enriched for 
CSCs, then far fewer SP cells in comparison to non-SP cells will consistently form tumours when xenotransplanted into immunodeficient mice. 


as 1000 of these cells was able to generate xenograft tumours 
in NOD/SCID mice (Chiba et al., 2006; see Figure 10). M ost 
gastrointestinal cell lines also contain a small SP fraction 
that can self-renew, possibly being the CSCs (Haraguchi 
etal., 2006). Table 1 illustrates the phenotypes that have 
been described for normal stem cells and their malignant 
counterparts. 


Table 1 Some proposed markers of normal human stem cells and their 
malignant counterparts. 
Cancer stem cells? 


Tissue/disease Normal tissue stem cells? 


Brain/medulloblastoma CD133* nestin* CD133+ 
GFAP+ 
A2B5* 
M usashil 
SSEA-1 
Breast a6* CK19* ESAt ESA* CD44* 
MUC1- CALLA- CD24-/!ow 
Haematopoietic/CM L CD34* CD38- CD34* 
CD38- 
CD133* 
ALDHt 
SP 
Gastrointestinal M usashil SP - found at 
low frequency 
(0.3- 2%) in 
15/16 cell 
lines 
Hes-1 


Nuclear 6-catenin 


(Taken from Alison et al. (2006); see text). 

GFAP - glial fibrillary acidic protein; SSEA-1 - stage-specific embryonic antigen-1; 
ESA - epithelial surface antigen; CALLA - common acute lymphoblastic leukaemia 
antigen; ALDH - aldehyde dehydrogenase. 

*Normal stem cells have been much more thoroughly investigated than CSCs and a 
number of markers have been proposed for each, here is just a sample. 

Able to propagate the tumour in immunocompromised mice when relatively few cells 
have been transplanted. 


Finally, there is the question of whether all CSCs within 
an individual tumour are the same. The answer is probably 
no, if the evidence from AML that CSCs are heterogeneous 
in their renewal kinetics is applicable to other tumour types 
(Hope et al., 2004). The kinetics of renewal of AML cells 
was studied by examining their repopulation of NOD/SCID 
mice, with each initial transplanted cell bearing a unique 
“signature” from its retroviral insertion site. Some CSCs 
provided only short-term engraftment, not appearing in mice 
secondarily transplanted, while others appeared to renew 
abundantly, being found in primary, secondary, and tertiary 
transplanted recipients of “marked” leukaemic cells. On the 
other hand, some cells only appeared belatedly in secondary 
or even tertiary transplants, suggesting a much slower rate 
of renewal. 


THE MOLECULAR REGULATION OF NORMAL 
STEM CELLS AND CSCs 


A molecular link between CSCs and normal stem cells seems 
logical since neoplastic proliferation appears to be caused 
by mutations that dysregulate normal self-renewal pathways 
and are thus affecting proliferation (Reya etal., 2003). 
Proliferation of CSCs is likely due to a dysregulation of the 
pathways involved in normal stem cell self-renewal such as 
the Wnt/B-catenin, PTEN, Notch, and Hedgehog pathways, 
as well as the products of the Bmil and other polycomb 
genes. It seems that in leukaemia, mutations frequently tip 
the proliferative balance of normal HSCs towards an increase 
in proliferation and reduction in differentiation. 

The Wnt/f-catenin pathway (see Wnt Signal Transduc- 
tion), as well as being pivotal in embryogenesis, is involved 
in all of the stem cell- defining characteristics: self-renewal, 
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proliferation, and differentiation. The signalling cascade is 
initiated when extracellular Wnt molecules bind to Frizzleds, 
their receptors on the cell membrane. This causes an inhibi- 
tion of the B-catenin destruction complex and consequently 
an accumulation of £-catenin, which then translocates to the 
nucleus where it activates the transcription of proliferation- 
promoting genes via binding to LEF/TCF transcription fac- 
tors. In vitro cultures of HSCs overexpressing stabilized 
-catenin proliferate with a 100-fold increase (Reya etal., 
2003) and addition of purified Wnt3a protein renders in 
vitro cultures of HSCs sixfold more likely to proliferate and 
reconstitute the haematopoietic system of irradiated mice, but 
less likely to differentiate and express differentiation mark- 
ers (Willert et al., 2003). The essential role of Wnt signalling 
in vivo is confirmed by the fact that mice lacking Wnt3a or 
-catenin are not viable. The importance of W nts in prolifer- 
ation and migration of epithelial stem cells in the normal gut 
has also been documented by the absence of intestinal stem 
cells in transgenic mice that lack the Tcf4 transcription factor 
(K orinek et al., 1998). Moreover, ectopic expression of axin, 
an inhibitor of Wnt signalling, leads to inhibition of prolif- 
eration and increased death of HSCs in vitro and reduced 
reconstitution in vivo (Reya etal., 2003). In humans, dys- 
regulation of the Wnt signalling cascade has been implicated 
in cancers of the colon, prostate, and ovary. Wnt signalling 
can be inhibited by bone morphogenetic proteins (BM Ps), 
which in the gut are produced by pericryptal mesenchymal 
cells (He et al., 2004); disruption of BM P signalling resulted 
in an expansion of the stem and progenitor cell compartment 
leading to a juvenile-polyposis-like state. 

In the CNS and haematopoietic system, key regulators of 
stem cell renewal appear to be members of the Polycomb 
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Figure 11 Simplified cartoon of Hedgehog signalling that can help main- 
tain the stem cell state - see text for further details. 





group protein family of transcriptional repressors (Bmil, 
Rae28, Mel-18). Bmil targets genes such as p16/"**4 and 
p144%* preventing stem cell senescence by respectively 
maintaining cyclin D/Cdk4 signalling and M dm2 destruction 
of p53 (Park et al., 2004). Bmil isin fact a downstream target 
of the morphogen sonic hedgehog (SHH) through the latter’s 
activation of the Gli family of latent transcription factors 
(Figure 11). SHH acts on the receptor complex of Patched 
(PTCH) and Smoothened (SM O), blocking the restraining 
influence of PTCH on SMO, resulting in SMO signalling 
activating the Gli family of transcription factors and so 
activating target genes like Bmil. Inhibiting the action of 
SMO with the antagonist cyclopamine is a highly effective 
strategy against a wide range of foregut cancers (Berman 
et al., 2003). In the skin, mutations in PTCH characterize 
human naevoid basal cell carcinoma (BCC) syndrome (also 
known as Gorlin’s syndrome), and clearly SHH signalling in 
follicular outer root sheath cells leads to BCC, a tumour 
characterized by a marked lack of features of terminal 
differentiation (Owens and Watt, 2003). 

The Notch family of receptors is also critical for stem 
cell self-renewal, for example, in HSCs (K aranu et al., 2000) 
and in mammary epithelial stem cells (Dontu et al., 2004). 
Notch signalling also directs the differentiation of progenitor 
cells down particular pathways. Engagement of ligands of 
the Delta and Jagged families causes cleavage, mediated 
by the y-secretase protease complex, of the intracellular 
portion of Notch and its translocation to the nucleus where 
it binds to the transcription factor CSL, changing it from a 
transcriptional repressor to an activator (Figure 12). The use 
of y-secretase inhibitors may have utility in cancers where 
Notch signalling is inappropriately activated (van Es and 
Clevers, 2005). Table 2 illustrates some of the abnormalities 
of the self-renewal machinery of stem cells found in human 
tumours. 


INDIRECT ROLES FOR BONE MARROW-DERIVED 
CELLS (BMDCs) IN TUMOURIGENESIS 


BMDCs may indirectly influence tumour behaviour by con- 
tributing to the desmoplastic response and to the tumour 
vasculature (Figure 13). Endothelial progenitor cells (EPCs) 
constitute a unique population of peripheral blood mononu- 
clear cells derived from bone marrow that are involved 
in post-natal angiogenesis during wound healing, limb 
ischaemia, postmyocardial infarction, atherosclerosis, and 
tumour vascularization. HSCs and EPCs are derived from 
a common precursor called an haemangioblast (K hakoo and 
Finkel, 2005). Circulating EPCs are mobilized endogenously 
in response to tissue ischaemia or exogenously by cytokine 
therapy to augment neovascularization. The development of 
a vascular supply to a tumour is a prerequisite for tumour 
survival - allowing for the provision of oxygen and nutri- 
ents as well as the disposal of waste products. N ew vessel 
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Figure 12 Simplified cartoon of the N otch signalling system that can maintain stem cell self-renewal. (a) In the absence of Notch ligands the DNA-binding 
protein CSL acts as a transcriptional repressor. (b) Upon ligand binding, proteolytic cleavage of the intracellular domain of Notch (icN) occurs followed by 
its translocation to the nucleus where it converts CSL to a transcriptional activator. Downstream targets include the repressor Hes1, which in turn represses 
differentiation-inducing genes such as Mathl. The m-Numb protein binds icN, probably targeting it for degradation. The RNA-binding protein M usashi1 
(putative stem cell marker) represses the translation of m-Numb RNA, thus potentiating Notch signalling. 


Myofibroblasts 
(tumour stroma) 





Figure 13 In the context of tumours, the myofibroblasts and fibroblasts 
comprising the tumour stroma can be derived from the bone marrow as 
can many of the endothelial cells of the neovasculature (vasculogenesis). 
Gastric carcinomas in mice have been found to arise from BM Cs engrafted 
in the gastric epithelium. Whether many human carcinomas have a similar 
origin is unknown, but it will be difficult to ascertain. 


formation is also required for tumour metastasis. Previously, 
tumour vasculature was thought to develop exclusively via 
endothelial cell migration and proliferation - angiogenesis. 
However, the creation of new blood vessels by EPCs is 
known as vasculogenesis, and such a process is a significant 
event in tumourigenesis. 

The reported extent of the BM contribution to tumours 
has been highly variable; in “inhibitor of differentiation” 
(Id)-mutant mice, where there is impaired tumour vas- 
culogenesis through a failure of EPCs to mobilize in 
response to tumour-secreted VEGF, transplantation with 


Rosa 26 BM cells resulted in the tumour endothelial pop- 
ulation being almost 100% LacZ* (Lyden etal., 2001). 
On the other hand, in murine mammary tumours, despite 
quite long periods (several months to >lyear) after BM 
transplant and mammary tumour development, never was 
the contribution of BM to the CD31* endothelial pop- 
ulation >1.9%, with a mean of 1.3% (Dwenger etal., 
2004). In other murine studies, the contribution of BM to 
tumour vasculature has been <1% or non-existent (Lar- 
rivee etal., 2005; Shinde Patil etal., 2005), though both 
studies sacrificed the animals within 2 weeks of tumour 
cell transplantation; a study of murine liver and pancreatic 
tumours has suggested that only advanced tumours recruit 
BM cells into the developing vasculature (Hammerling and 
Ganss, 2006). 

There is little data on the contribution of BM to human 
tumour vasculature, but in the rare clinical setting of tumours 
developing in female patients who have previously had a 
male BM transplant, BM was found to contribute to tumour 
endothelium, albeit at a low level (average 4.9%) (Peters 
et al., 2005). 

BM also contributes to myofibroblast populations in 
tumour stroma. Direkze et al. (2004, 2006) showed that BM 
could contribute to myofibroblasts and fibroblasts in the 
tumour stroma in a mouse model of pancreatic insulinoma. 
Rat insulin promoter large T antigen (RIPTag) mice develop 
A-cell tumours of the pancreas, and here female RIPTag mice 
were transplanted with male BM . Male, alpha-smooth muscle 
actin (a-SMA)-positive cells, that is, donor-derived myofi- 
broblasts, were found to comprise almost 25% of the total 
myofibroblast population. The source of these BM -derived 
myofibroblasts is likely to have been blood-borne fibrocytes, 
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Table 2 Examples of signalling pathways involved in normal stem cell renewal that appear to be dysregulated in human tumours. 


(a) Wnts and related molecules. 





Disease Alteration 


Consequence 





FAP 

Sporadic CRC 

Endometrial carcinoma 

M edulloblastoma 

HCC, CRC, medulloblastoma 
Adenoid cystic carcinoma 
Lung carcinoma 

JPS 


APC mutation 
-Catenin mutation 


Overexpression of dishevelled 
M utations in SMAD-4 and BM PR1A Loss of restraint on Wnt signalling 


Activation of -catenin signalling 
Activation of -catenin signalling 


Loss of function mutations in axin Activation of -catenin signalling 


Activation of -catenin signalling 





(From Reya and Clevers, 2005; Zurawel et al., 1998; M oon et al., 2004; Salahshor and Woodgett, 2005; Logan and Nusse, 2004.) 








FAP - familial adenomatous polyposis; APC - adenomatous polyposis coli; CRC - colorectal cancer; HCC - hepatocellular carcinoma; JPS - juvenile polyposis 


syndrome; BM PRIA - bone morphogenetic protein receptor-1A . 





(b) Hedgehogs (Hh) and related molecules. (Gorlin, 2004; High and Zedan, 2005; M arino, 2005; Watkins and Peacock, 2004; K asper et al., 2006; Gil 


et al., 2005; Valk-Lingbeek et al., 2004). 





Naevoid BCC syndrome (BCC, 
medulloblastoma, primitive neuroectodermal 
tumours). Sporadic medulloblastoma and 
others. 


BCC, SCLC, tumours of cerebellum, skeletal 
muscle, pancreas, upper GIT, prostate 

M edulloblastoma, non-SCLC, haematological 
malignancies 


PTCH mutations 


components of Hh pathway 


example, Bmi1 


Overexpression of PTCH ligands or other 


Overexpression of Polycomb group proteins, for 


Constitutive overexpression of Hh pathway 


Constitutive overexpression of Hh pathway 


Continued cell proliferation and maintenance of the 
“stem cell state” 





BCC - basal cell carcinoma; SCLC - small cell lung cancer; GIT - gastrointestinal tract. 





(c) Notch receptors and their ligands (K anemura et al., 2001; Pece et al., 2004; Sjolund et al., 2005; Reedijk et al., 2005). 





Gliomas 
of Notch inhibitor m-Numb 


Breast cancer 
T-cell acute lymphoblastic leukaemia 


Overexpression of M usashil represses translation 


Enhanced m-Numb degradation 
Translocation or point mutation of Notch1 


Enhanced Notch signalling 


Enhanced Notch signalling 
Constitutive Notch signalling 


receptor gene; expression of truncated icN 


independent of Notch ligands 


Overexpression of Notch and/or ligands and 
other proteins of Notch cascade 


Breast cancer, medulloblastoma, renal cell 
carcinoma, Hodgkin's disease, pancreatic and 
prostate cancer 


icN - intracellular Notch. 


cells that make up 0.1-0.5% of non-erythrocytic cells in 
the peripheral blood (Metz, 2003); these cells are CD34*, 
expressing collagen |. 

A more surprising role of BM cells in the tumourigenic 
process has been as emissaries, “preparing the ground” for 
metastatic colonization (Steeg, 2005). Kaplan et al. (2005) 
found that Lewis lung carcinoma cells and B16 melanoma 
cells cause VEGFR-1 (Flt-1*), VLA-4* (@461 integrin) 
BM cells to set up premetastatic niches in the lung; more- 
over tumour-specific growth factors upregulated fibronectin 
(a VLA-4 ligand), providing a “docking site” for the circu- 
lating BM cells. 

BM transplantation is successfully used in the treatment 
of haematological malignancy, but the contribution of BM to 
tumour stroma and vasculature provides potentially new por- 
tals for the application of anticancer therapies. For example, 
with regard to tumour fibroblasts, Studeny and colleagues 
have used BM -derived mesenchymal stem cells as vehicles 


Enhanced Notch signalling 


for interferon (IFN) delivery into tumours. They found that 
mesenchymal stem cells with forced expression of IFN-, 
inhibited the growth of a variety of xenografted tumours 
including malignant melanoma, breast cancer, and intracra- 
nial gliomas (Studeny etal., 2002, 2004; Nakamizo et al., 
2005). Concerning the input of BM to tumour vascula- 
ture, Davidoff etal. (2001) transduced murine BM with 
a soluble truncated form of VEGFR-2 to mop up VEGF, 
and then transplanted them into recipient mice with neu- 
roblastomas. The mice with the modified bone marrow 
transplants had significantly reduced tumour growth indi- 
cating the potential of BM as a vehicle for transporting 
anti-angiogenesis molecules directly to the tumour vascu- 
lar bed. On the other hand, De Palma etal. (2005) have 
indicated a profound antitumour effect through the abla- 
tion of BM-derived Tie-2-expressing mononuclear (TEM ) 
cells. This group has found no evidence that any BM 
cells integrate into the tumour vasculature, but rather that 
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Figure 14 Successful tumour therapy eradicates the cancer stem cells (CSCs). 


BM -derived TIE-2 (angiopoietin receptor tyrosine kinase) 
expressing cells, a population of proangiogenic monocytes, 
closely associate with the tumour vasculature and have a 
very significant effect through the paracrine release of the 
likes of bFGF. Selective ablation of this specific BM popu- 
lation by expression of thymidine kinase under the control 
of the transcriptional regulatory elements of the TIE-2 gene 
and subsequent ganciclovir treatment (suicide gene therapy), 
lead to a very significant impedance in the growth of various 
tumours. 


FUTURE DIRECTIONS 


It is beyond reasonable doubt that CSCs do exist in most 
tumours; the next issue to be addressed must be the char- 
acterization of CSCs in order to specifically target them for 
therapeutic purposes (Figure 14). The renaissance in stem 
cell biology for regenerative medicine is likely to bring divi- 
dends to the quest of understanding CSCs. We are beginning 
to understand the molecular pathways of normal stem cell 
self-renewal and these are frequently dysregulated in many 
human cancers: targeting these pathways of self-renewal in 
CSCs seems a particularly promising therapeutic strategy. 
The contribution of the bone marrow to tumour stroma and, 
thus tumour behaviour, is a significant factor with obvious 
therapeutic implications. Moreover, a direct role of bone 
marrow - derived stem cells in the histogenesis of carcino- 
mas, if found to be a common occurrence, would represent 
a paradigm shift in carcinogenesis theory. 
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DNA DAMAGE AND CELL CYCLE CHECKPOINTS 


Eukaryotic cells are continuously exposed to a plethora of 
endogenous or exogenous agents that damage the genomic 
DNA. To preserve the integrity of genomic material, cells 
have evolved a network of molecular mechanisms that con- 
tinuously monitor the genome and direct repair of any 
unreplicated or aberrant DNA lesions potentially harmful at 
cellular and organism levels. These so-called DNA dam- 
age response (DDR) checkpoint pathways that sense the 
presence of different types of DNA lesions or unreplicated 
DNA structures and initiate the activation of a kinase cas- 
cade that amplifies the damage signal coordinate the several 
processes mediating DNA repair, cell cycle arrest and pro- 
gression, transcriptional induction, chromatin remodelling, 
and cell death (Shiloh, 2003; Kastan and Bartek, 2004) 
(Figure 1). 

At the heart of the human DDR are two related 
phosphoinositol-3 kinase-like protein kinases (PIKKs), 
ataxia-telangiectasia mutated (ATM ) and ataxia-telangiectasia 
and Rad3-related (ATR) gene products, that activate two 
parallel pathways in relation to different types of genotoxic 
lesions generated in a variety of ways. ATM is the 
product of the gene mutated in the human autosomal 
recessive disorder ataxia telangiectasia (A -T ), a chromosomal 
instability syndrome characterized by progressive neural 
degeneration, immunodeficiency, gonadal atrophy, radiation 
sensitivity, premature ageing, and cancer susceptibility. M ost 
A-T patients lack detectable ATM protein, underscoring its 
nonessential role for survival. Cells from A-T patients show 
hypersensitivity and defective cell cycle checkpoint arrest 
after ionizing radiation (IR)-induced DNA double-strand 
breaks (DSBs), short-term apoptotic resistance but decreased 
long-term survival. Their normal response to ultraviolet (UV) 
radiation and inhibitors of DNA replication links the A-T 
phenotype to defects in DSB responses. 
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ATR is encoded by the gene mutated in the human Seckel 
(ATR-Seckel) syndrome, characterized by severe growth 
retardation, dwarfism, and microcephaly with skeletal and 
brain abnormalities. Seckel cells show impaired phosphory- 
lation of ATR-dependent substrates, defective G2/M_ check- 
point arrest, and elevated micronucleus formation after UV 
radiation. Unlike ATM, ATR is an essential gene for both 
embryonic development and somatic cell growth, and com- 
patible with this, Seckel cells show reduced but not abrogated 
levels of ATR. 

A functional distinction between ATM and ATR exists with 
regard to lesion- and cell cycle- phase specificities. ATM 
specifically responds to DNA DSBs that can arise when 
replication forks pass through nicked DNA or through certain 
recombination intermediates, in response to IR and other 
radiomimetic drugs, whereas ATR is crucial in the response 
to single strand DNA (ssDNA) lesions arising from stalled 
replication forks or processing of chromosomal lesions, or 
in response to UV radiation. Moreover, while ATM plays a 
role in multiple cell cycle- phase checkpoints, ATR is the 
primary S-phase checkpoint. 

In undamaged cells, ATM is present as an inactive dimer, 
but upon sensing a DSB rapidly undergoes autophospho- 
rylation on serine residues 1981, 367, and 1983 concomi- 
tant with dimer dissociation and increase in kinase activity 
(Bakkenist et al., 2003; Lavin et al., 2006). Activated ATM 
is then recruited to sites of DSBs through physical interac- 
tion with the C-terminus motif of Nbs1 (Falck et al., 2005), 
a component of the Mrell-Rad50-Nbs1 (MRN) complex. 
The MRN complex, which plays a central role in sensing 
DSBs, possesses a 3’-to-5’ exonuclease activity required for 
DNA processing prior to repair by homologous recombina- 
tion and functions both upstream and downstream of ATM 
since it enhances the catalytic activity of ATM while being 
phosphorylated and activated by ATM itself. The interdepen- 
dence between MRN complex and ATM is highlighted by the 
defective autophosphorylation of ATM Ser1981 in cells with 
hypomorphic mutations of MRE11 and NBS1. Mutations in 


2 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


DNA damage 
+ 





Sensors 
5lobal damage Mediators 
response 
Transducers 
E ffectors 
senescence 4 7 ‘Toletaiice 
DNA repair 





Figure 1 Schematic diagram depicting the biological responses to DNA 
damage. The DDR is organized as a signal transduction machinery 
consisting of proteins that sense the presence of DNA lesions, signal 
modifiers or mediators, transducers and effectors, with mutually integrated 
roles in the activation of DNA repair, transient cell cycle arrest at the G1/S, 
S-phase, and G2/M transitions (indicated by the stop signals, to allow time 
for DNA repair), senescence, apoptosis, and gene regulation. 


MRE11 and NBS1 result in the radiosensitivity disorders 
ataxia-telangiectasia-like disorder (A-TLD) and Nijmegen 
breakage syndrome (NBS), respectively, the clinical and cel- 
lular phenotypes of which considerably overlap with A-T. 
Precisely how ATM switches from an inactive to a catalyti- 
cally active state is unclear, but besides the MRN complex, 
this modification requires other components, including the 
adaptor 53BP1, a protein that senses chromatin structure 
changes (Zgheib et al., 2005), protein phosphatases PP2A 
and PP5, histone acetyltransferase MOF, and acetylation of 
ATM by Tip60 (Sun etal., 2005). It should also be noticed 
that Ser1981 phosphorylation is an essential step for the acti- 
vation of ATM, but insufficient to render ATM catalytically 
active towards its downstream substrates (Goldstine et al., 
2006). Once activated, ATM phosphorylates more than 30 
substrates on a TQ/SQ consensus residue (Figure 2). 

One of the earliest events in DDR is the phosphorylation 
by ATM/ATR of histone H2AX on Ser139 to create y- 
H2AX. Within minutes of damage, y-H2AX appears at 
discrete nuclear foci (Figure 3) along chromatin regions 
surrounding DNA breaks to provide a binding site for 
numerous factors and mediators, including components of 


the MRN complex, ATM/ATR, 53BP1, MDC1, and Brcal. 
M ulti-protein complexes in y-H2AX foci are assembled in a 
temporal hierarchical order to provide cell cycle checkpoint 
responses, recruitment and activation of repair proteins, and 
to prevent dissociation of broken DNA ends in the context 
of chromosomal DSBs (Bassing and Alt, 2004). 

ATR in undamaged cells forms a heterodimeric complex 
with ATR-interacting protein (ATRIP), which in response to 
stalled DNA replication or other types of damage is rapidly 
recruited at sites of RPA-coated ssDNA (Falck et al., 2005). 
A critical role for ATR activation is played by TopBP1, which 
through specific dynamic interaction with ATR in an ATRIP- 
dependent manner markedly stimulates ATR (K umagai et al., 
2006). Active ATR phosphorylates several targets, including 
the chromatin-bound Chk1 kinase. In an undamaged con- 
text, ATM and ATR signalling pathways appear to regulate, 
through a feedback mechanism, the rate of DNA replica- 
tion in unperturbed cells, as recently revealed in studies with 
Xenopus egg extracts (Shechter et al., 2004). 

Downstream targets of ATM and ATR are the structurally 
unrelated effector Serine/T hreonine kinases Chk1 and Chk2, 
which in turn phosphorylate partially overlapping residues 
in other proteins to induce cell cycle arrest and facilitate 
repair (Figure 4). However, while ATR is required for Chk1 
phosphorylation at Ser317 and Ser345 and activation in 
response to stalled replication forks and agents that block 
DNA replication, ATM is required for Chk2 phosphorylation 
at Thr68 and activation in response to DSBs. Furthermore, 
the optimal activation of Chk1 requires proteins like Rad9- 
Radl-Husl complex (referred to as 9-1-1), Brcal, and 
Claspin, while Chk2 requires 53BP1, Mdcl, and the M RN 
complex. The phosphorylation of Chk1 by ATR causes its 
activation and release from chromatin, thereby facilitating 
the transmission of the damage signalling for intra-S and 
G2/M phase checkpoint arrest (Smits et al., 2006). It should 
be noticed that Chk1 is also stimulated by DSBs, but 
this response, which involves the ATM/MRN-dependent 
activation of ATR, is restricted to the S and G2/M cell 
cycle phases and requires CDK kinase activity (Jazayeri 
et al., 2006). 

Activated Chk1 and Chk2 target the key effector phos- 
phatases Cdc25A and Cdc25C, which normally dephos- 
phorylate and activate the cyclin-dependent kinases Cdk2 
and Cdc2, respectively, thus promoting cell cycle progres- 
sion. The phosphorylation of Cdc25A by Chk1 and Chk2 
at multiple overlapping sites (Bartek et al., 2004) and of 
Cdc25C-Ser216 by Chk2 leads to degradation of Cdc25A 
and cytoplasmic segregation of Cdc25C, thus impeding the 
activation of Cdk2 and Cdc2, imposing a checkpoint arrest 
in G1, S-phase, or G2 phases (Figure 4). 

It is generally assumed that while Chk1 is most impor- 
tant for DNA damage- induced checkpoints, Chk2 is more 
effective for DNA damage-induced apoptosis, playing in 
the former context a cooperative role. In accordance with 
this, Chk1, but not Chk2, is essential for embryogene- 
sis and for the physiological turnover of Cdc25A, and 
thereby for normal cell cycle transition. Chk1 inhibition 
enhances the initiation of DNA replication accompanied 
by increased formation of ssDNA and induction of DNA 
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Figure 2 Molecular substrates of ATM kinase. The indicated residues are those directly phosphorylated by ATM kinase in response to DSBs. Most of 
these target proteins are effectors of the response to DNA DSBs and some are implicated in more than one biological process (e.g., cell cycle checkpoint 


arrest and apoptosis). 


strand breaks (Syljuasen etal., 2005). Moreover, tissues 
from Chk2=⁄ mice (e.g., thymus, central nervous sys- 
tem, epidermis, hair follicles, fibroblasts) show minor cell 
cycle checkpoint defects but increased resistance to IR- 
induced p53-mediated apoptosis (Hirao etal., 2002; Jack 
et al., 2002). 

Depending on the nature and yield of DNA lesions, the 
G1/S block previously initiated by Cdc25A degradation 
can be maintained for several hours through the concerted 
action of the cyclin E-CDK2 inhibitor p21”¢/1, which is 
transcriptionally induced by p53 (Bartek and Lukas, 2001). 
Likewise, the inhibitory activity of p21”%/1 on cyclin B- 
Cdc2 kinase contributes to sustain the G2/M block. The 
transcriptional activation of p53 by DNA damage is finely 
regulated through post-translational modifications on p53 
itself as well as on its negative regulators Mdm2 and 
Mdmx. In particular, the process involves phosphorylation 
of p53-Serl5 and -Ser20 by ATM/ATR and Chk1/Chk2, 
respectively, phosphorylation of Mdm2-Ser395 by ATM, and 
phosphorylation of Mdmx-Ser403 and -Ser367 by ATM and 
Chk2, respectively. Phosphorylation of Mdm2 and Mdmx 
causes degradation of these proteins and promotes the 
accumulation and transcriptional activation of p53. 

Cells experiencing genotoxic lesions during DNA replica- 
tion activate S-phase checkpoints that transiently slow down 
DNA synthesis to allow time for repair. The S-phase check- 
points are believed to play a more crucial role than G1/S or 
G2/M checkpoints in preventing genetic instability mainly 
because lesions in S phase are repaired by the error-free 
homologous recombination system, due to the presence of 
sister chromatids. Three types of S-phase checkpoints appear 


to exist, none of them requiring p53 (reviewed in Bartek 
et al., 2004). Of these, the replication checkpoint is acti- 
vated by stalled replication forks consequent to depletion of 
dNTP pools or collision of replication forks with damaged 
DNA. This checkpoint inhibits the firing of late replication 
forks by targeting the cyclin-CDK and Cdc7/Dbf4 kinases, 
and allows recovery of cell cycle progression after DNA 
repair. Components of the replication checkpoint include 
RPA, ATR, and 9-1-1 complex. The S-M checkpoint pre- 
vents cells from entering mitosis before their genome is 
faithfully replicated, and operates by targeting the cyclin B- 
CDK 1 complex. The intra-S checkpoint is activated by DSBs 
generated at loci outside the active replicons, and is therefore 
replication-independent. Defects in the intra-S phase check- 
point are manifested by the inability of cells to slow down 
the rate of DNA replication when irradiated, a phenomenon 
called radioresistant deoxyribonucleic acid synthesis (RDS), 
typically observed in cells with defects of ATM or other com- 
ponents of the pathway. Several proteins, including ATM, 
ATR, MRN complex, Smc1, FANCD2, Chk1, Chk2, MDC1, 
and 53BP1 play a role in the intra-S phase checkpoint, acting 
in at least two parallel branches (K astan and Bartek, 2004). 
One effector branch involves the ATM-MRN-MDC1-SMC1 
pathway, with the likely contribution of FANCD2, BRCA1, 
and 53BP1, given the RDS phenotype associated with dys- 
function of these genes. The other effector branch of the 
intra-S checkpoint involves the ATM -dependent degradation 
of Cdc25A, leading to the inhibition of cyclin E/A-Cdk2 
kinase complex, which in turn prevents loading of CDC45 
initiation factor and therefore firing of replication origins 
(Bartek et al., 2004). 
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Figure 3 Formation of nuclear foci after DNA damage. y-H2AX foci (a) appear very rapidly (5min) after DNA damage and their number increases with 
the dose of IR (and consequently with the number of DSBs): the occurrence of DNA repair is attested by the reduction or disappearance of foci with time 


(60min). ATM -pSer1981 and MDC1 nuclear foci are shown in (b). 


DDR, APOPTOSIS, AND SURVIVAL 


A crucial decision between survival and death must be made 
any time a cell is faced with potentially harmful genetic 
lesions that might lead to neoplastic transformation. In 
response to DNA damage, cells simultaneously induce pro- 
and anti-apoptotic signals (Rashi-Elkeles et al., 2006) but the 
molecular signals that govern the final cell fate, survival or 
death, are not yet understood. It is also unclear how the 
cells integrate information from survival and death pathways 
leading to opposing outcomes, although it is emerging that 
certain proteins can act as switches for this decision-making 
process. 

Undoubtedly, the ATM-Chk2-p53 arm of the DDR is a 
major determinant in the induction of apoptosis by genotoxic 
agents. After damage, both ATM and Chk2 directly phos- 
phorylate adjacent residues in the transactivation domain of 
p53, at Ser15 and Ser20 respectively, setting in motion addi- 
tional post-translational modifications, including acetylation, 
which enhance p53 transcriptional activity and induction of 
several p53-responsive proapoptotic molecules like Bax and 
the BH3-only proteins Puma or N oxa (Michalak et al., 2005), 
each of which contributes to apoptosis in specific cell types. 
The ATM pathway, in addition, fine-tunes p53’s response 
to DNA damage by affecting the p53 regulators Mdm2 and 


M dmx, through a mechanism involving the direct phosphory- 
lation of M dm2 at Ser395 by ATM (M aya et al., 2001) and of 
M dmX at Ser403 and Ser367/342 by ATM and Chk2, respec- 
tively (Okamoto et al., 2005; Chen etal., 2005a), resulting 
in decreased expression of these proteins. 

Upregulation of proapoptotic genes is not just the effect 
of p53 on the Bcl-2 family members, but also of E2F-1 
(Hershko and Ginsberg, 2004), a transcription factor that can 
induce apoptosis both dependent and independent of p53. 
In damaged cells, ATM and Chk2 phosphorylate E2F-1 at 
Ser31 and Ser364, respectively, and modification of these 
residues promotes E2F-1 stabilization and accumulation (Lin 
et al., 2001). This, in turn, facilitates the cooperation between 
E2F1 and p53, inducing the transcription of the proapoptotic 
cofactors of p53 ASPP1, ASPP2, JMY, and TP53INP1 
(Hershko et al., 2005). 

Promyelocytic leukaemia (PML) is involved in multiple 
apoptotic pathways. Interestingly, after DNA damage Chk2 
physically interacts with PML and phosphorylates it on 
Serl17, thus enabling PML tumour-suppressor protein to 
promote apoptosis in a p53-independent manner (Y ang et al., 
2002). A PML*%1!74 mutant fails to sensitize cells to IR- 
induced cell death, underscoring the functional importance 
of Ser117 phosphorylation by Chk2. 

BID is a BH3-only member protein that upon cleavage by 
caspase-8 activates mitochondrial Bax, causing the release 
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Figure 4 Major molecular determinants and interactions involved in G1/S, S-phase, and G2/M cell cycle checkpoints in response to different types of 
DNA lesions. ATM activity plays a key role in response to DSBs (e.g., IR-induced) throughout the three cell cycle phases. ATR-Chk1 activities are 
crucial in response to drugs that directly or indirectly induce SSBs (e.g., UV) and replication fork stalls (HU, Hydroxyurea) for the S-phase and G2/M 
checkpoints. Arrest at G1/S and G2/M checkpoints is rapidly enforced through the inactivation of Cdc25A or Cdc25C, respectively, and sustained through 


the p53-dependent induction of p21”¢/?, 


of cytochrome c and induction of the apoptotic cascade. An 
unanticipated role for this proapoptotic molecule in S-phase 
checkpoint arrest and genomic stability has recently emerged 
from studies showing that after DNA damage, BID undergoes 
nuclear relocalization and phosphorylation on Ser61 and 
Ser78 by ATM /ATR (Zinkel et al., 2005; K amer et al., 2005). 
Moreover, BID~/~ cells complemented with BID%14/s784 
mutants are more sensitive to apoptosis and less prone to 
S-phase arrest than cells complemented with wild-type BID. 
It is currently thought that BID stands at a crossroads in 
the DNA-damage pathway, possibly translating low doses of 
damage into cell cycle arrest/repair and high doses of damage 
into apoptosis. 


TRANSCRIPTIONAL RESPONSES TO DNA 
DAMAGE 


Transcriptional regulation of gene expression is a major 
component of the DDR, according to the wide number of 
genes implicated in biological processes like DNA repair, 
cell cycle arrest, and proliferation that are responsive to 
genotoxic agents in various cell types, tissues, and organs. 
Expression profiles generated from the microarray anal- 
ysis of RNA from IR-treated normal cells have identi- 
fied distinctive changes in gene categories involved in cell 
cycle control (induction of CDKN1A/p21"@", cyclin G1, 
E2-EPF; repression of cyclin B, Cdc25C, WEE1), mito- 
sis (repression of Plk1, CENPE; MAD2, Aurora2), and 
DNA repair (induction of PCNA, GADD45, p53R2, DDB2, 
XPC) (Tusher etal., 2001; Crawford etal., 2001; Hein- 
loth etal., 2003; Tsai etal., 2006), many of which are 
regulated in an ATM/p53 dependent manner. Recently, 
more than 1000 genes responsive to IR-induced DNA 
damage have been clustered according to their expres- 
sion pattern into six major functional categories involved 
in cell cycle (eg., p21"@, TGF-62, CDK4, GADD45, 


DUSP1), apoptosis (e.g., Apafl, Bax, Birc2), inflamma- 
tory and cytokine response, and electron transport (Rashi- 
Elkeles et al., 2006). The latter cluster is transiently induced 
by IR and occurs only in ATM-null cells. Computational 
promoter analysis has additionally evidenced an enrich- 
ment for genes regulated in an ATM-dependent manner 
by nuclear factor-«B (NF-«B), p53, Spl, and Statl (Rashi- 
Elkeles etal., 2006), with the ATM/NF-«fB and ATM/p53 
arms mediating and balancing most of the damage-induced 
pro-survival and pro-apoptotic responses, respectively (Elkon 
et al., 2005). 

Inactivation of ATM has an impact on the basal tran- 
scriptional profile of undamaged cells, resulting in elevated 
expression of interferon-regulated genes (e.g., IF127, IF 16- 
16, IRF 7), cell cycle regulatory genes (CDKN1A, DUSP4), 
and genes coding for cell adhesion and extracellular matrix 
proteins (Chen et al., 2004). Interestingly, microarray anal- 
yses of p53-mutant, ATM, and p53/ATM wild-type B-cell 
chronic lymphocytic leukaemias (B-CLLs) have allowed 
the identification of gene sets that distinguish these cat- 
egories of leukaemias after IR (Stankovic etal., 2004). 
Moreover, these studies have highlighted a cooperative role 
for ATM and p53 in inducing proapoptotic genes after 
DNA damage, but an opposing role in inducing survival 
responses, the latter reflecting an ATM -dependent and p53- 
independent induction of pro-survival and growth-supporting 
genes, including several members of the NF-«é family 
(Stankovic et al., 2004). 


SENESCENCE AS A PERMANENTLY MAINTAINED 
DDR STATE 


Senescence is a program activated in normal cells in response 
to a variety of physiologic stresses, acting as a natural bar- 
rier to cellular proliferation. Studies in recent years have shed 
light on the mechanisms and molecular pathways implicated 
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in both replicative senescence (irreversible cell cycle arrest 
following extended proliferation) and stress-induced prema- 
ture senescence (Senescence triggered by extrinsic stress). In 
particular, the finding that telomere-initiated replicative cel- 
lular senescence is accompanied by the formation of DNA 
damage foci that contain y-H2A X supports the view that the 
senescent phenotype arises from the activation of aDDR trig- 
gered by critically short and unprotected telomeres that are 
recognized as DNA breaks. As such, the senescent response 
might be envisioned as a DDR to dysfunctional telomeres, 
evolved to preserve the integrity of the genome and func- 
tioning as a tumour suppressor. 

When human fibroblasts undergo replicative senescence 
upon serial passage in culture, they experience the activation 
of ATM kinase and phosphorylation of its substrates (e.g., 
y-H2AX, SMC1, Chk2), and concomitant formation of 
nuclear foci that contain DNA repair factors like the MRN 
complex, 53BP1, and MDC1, that are indistinguishable 
from those induced by DSBs (d’Adda di Fagagna et al., 
2003). Moreover, an accumulation of y-H2AX foci that 
colocalize with DSB repair factors (and which may reflect 
unrepairable DNA lesions) is seen in senescing human cell 
cultures and in ageing mice (Sedelnikova etal., 2004). 
Interestingly, the ectopic expression of telomerase in late- 
passage cells abrogates the activation of ATM and formation 
of y-H2AX foci, suggesting that these molecular responses 
are the consequence of telomere dysfunction (Bakkenist 
etal., 2004). Moreover, acute telomere damage, created 
by inactivation of proteins that protect the chromosome 
ends (eg., achieved by a dominant negative telomeric 
repeat binding factor 2, TRF2), initiates an ATM -dependent 
response involving the activation of Chk2 and rise in p53 
similar to what is seen in replicative senescence (Jacobs 
and de Lange, 2005). It should be noticed that senescent 
cells in vivo displaying ATM -dependent DNA damage foci, 
including the colocalization of 53BP1 with telomeric DNA, 
which increase exponentially with age, have been recently 
demonstrated in skin biopsies of baboons (Herbig etal., 
2006), emphasizing the physiological role of the DDR in 
replicative senescence in vivo. 

Several conditions in vitro induce a telomere-independent 
senescent-like phenotype, particularly in response to DNA 
damaging stresses like IR, oxygen species, and oncogene 
activation (eg., ras, raf). This stress-induced premature 
senescence bears significantly overlapping phenotypic fea- 
tures with telomere-dependent replicative senescence, again 
emphasizing the role of DNA damage in driving senes- 
cence. An essential component for senescence-associated 
growth arrest in response to both telomere erosion and 
DNA damage is Chk2 kinase. Accordingly, the activity 
of Chk2 is enhanced by enforced telomere shortening and 
repressed by telomerase expression, and furthermore, inacti- 
vation of Chk2 markedly prolongs the proliferative lifespan 
of fibroblasts (Gire et al., 2004). In addition, Chk2 over- 
expression induces a p53-independent response that leads 
to p21 induction and senescence (Chen etal., 2005b; 
A liouat-D enis et al., 2005), which may contribute to tumour 
suppression. 


DDR PATHWAY AS A TARGET FOR 
CHEMO/RADIO-SENSITIZATION 


Cell killing by radiotherapy and chemotherapeutic drugs that 
target the DNA, for example, cisplatin or etoposide, plays an 
important part in the management of most patients with can- 
cer. Furthermore, radiotherapy delivered concurrently with 
anticancer drugs, referred as chemotherapy-enhanced radi- 
ation therapy, can markedly improve prognosis. However, 
intrinsic or acquired resistance to these agents provides a 
serious barrier to effective cancer treatment. On the basis of 
the initial evidence that inhibitors of the G2/M phase not 
only override the arrest but also potentiate the killing activ- 
ity of anticancer agents, the DDR pathway has emerged as 
an important player in modulating the cytotoxic activity of 
DNA-damaging chemotherapeutic agents, and components 
of this pathway, like ATM, Chk1, and Chk2 kinases have 
been proposed as attractive targets for pharmacologic inacti- 
vation to enhance the therapeutic potential of chemoradiation 
protocols (Zhou and Bartek, 2004). 

A small-molecule inhibitor of ATM, KU-55933, has been 
shown to radiosensitize and reduce by 13-fold the clonogenic 
survival of breast carcinoma cells at concentrations of 10 uM 
(Cowell et al., 2005). The effect is associated with reduced 
clearance of y-H2AX nuclear foci, supporting the view 
that this ATM inhibitor radiosensitizes through the induction 
of a DNA repair defect. In other preclinical models, KU- 
55933 markedly increases the cytotoxicity to IR, bleomycin, 
etoposide, and doxorubicin (Hickson etal., 2004). These 
findings clearly warrant clinical trials to determine the effi- 
cacy of KU-55933, in combination with either radiotherapy 
or chemotherapy, in the treatment of solid tumours. 

The effector kinase Chk1 is a major regulator of cell 
cycle checkpoints. Chk1 is active and required during unper- 
turbed S phase, slowing down the rate of DNA replication 
by blocking origin firing. When cells are treated with 7- 
hydroxystaurosporine (UCN -01), a protein kinase C inhibitor 
that also inhibits Chkl, the S phase, and G2-M check- 
points are abrogated. In addition, UCN-01 potentiates the 
cytotoxicity of tumour cells, including those with p53 defi- 
ciencies, to a broad spectrum of DNA damaging agents like 
cisplatin, camptothecin, and IR. Phase II clinical trials in 
patients with advanced ovarian cancer, metastatic melanoma, 
large cell lymphoma, and small cell lung cancer are ongo- 
ing to determine its antitumour activity or its potentiating 
activity in combination with topotecan. The indocarbazole 
G06976 potently inhibits Chk1 and Chk2 and abrogates S 
and G2/M arrest even in the presence of human serum, and 
enhances the cytotoxicity of the topoisomerase | inhibitor 
SN38 only in p53-defective cells (Kohn et al., 2003). CEP- 
3891 is a new highly specific inhibitor of Chk1, shown 
to efficiently abrogate IR-induced S and G2 checkpoints, 
increasing the radiosensitivity of human tumour cells and 
accelerating the onset of nuclear fragmentation of cells 
prematurely progressing through mitosis (Syljuasen et al., 
2004). An additional class of novel potent inhibitors of Chk1 
is the dipyrrolocarbazole derivatives (Henon etal., 2006). 
One of these, compound 28 potently inhibits Chk1 kinase 
activity at nanomolar concentrations and is highly cytotoxic 
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Figure 5 Expression of DDR activation markers in human urinary bladder tumours evaluated by immunohistochemistry. Normal uroepithelium, 
early superficial lesions (Ta), early invasive (T1), and advanced (T2-4) carcinomas. In contrast to the wide expression of Chk2 and ATM, the 
phosphorylated/activated form of these molecules (Chk2-pT68 and ATM-pS1981) as well as y-H2AX are seen only in infiltrating tumours, with Ta 
and T1 lesions being strongly positive and advanced T2- 4 lesions moderately positive. (Reprinted by permission from Macmillan Publishers Ltd: Nature, 


Bartkova, J., et al. 434, 864-870, copyright (2005a).) 


in vitro against human tumour cell lines (IC50 1-4puM). 
A novel class of benzimidazole-based ATP-competitive 
Chk2 inhibitors has been recently described (Arienti et al., 
2005). Of these, compound 2h was shown to suppress IR- 
induced human T-cell apoptosis, but whether it potentiates 
the anticancer activity of genotoxic agent remains to be 
established. 

These preclinical findings underscore the potentiality of 
small-molecule inhibitors of the DDR pathway to augment 
the activity of DNA-damaging anticancer agents and provide 
support for clinical trials in cancer patients to evaluate their 
therapeutic efficacy. 


THE DDR PATHWAY: A BARRIER TO MALIGNANT 
PROGRESSION 


The development of new tools to monitor the activation of 
the ATM -dependent pathway in clinical specimens is provid- 
ing exciting new insights on the DDR pathway and its role in 
the multi-step process of tumour development. Immunohis- 
tochemistry analysis of surgically resected specimens from 


patients with untreated breast, lung, colon, and bladder 
melanomas have shown a strong activation of the DNA dam- 
age checkpoints in precancerous lesions (Figure 5). A ccord- 
ingly, dysplastic lesions, but not normal tissues, stain positive 
for the active forms of Chk2 phosphorylated on Thr68 and 
ATM phosphorylated on Ser1981, as well as for the ATM 
substrates P53 and histone H2AX (phosphorylated on Ser15 
and Ser139, respectively), but the expression of these phos- 
phorylation markers is less frequent, if not absent, in more 
advanced or invasive lesions (Bartkova et al., 2005a,b; Gor- 
goulis et al., 2005). The constitutive activation of the ATM - 
Chk2 pathway in preneoplastic cells, which precedes the 
occurrence of P53 mutations and development of genomic 
instability, is apparently driven by cancer-promoting onco- 
genic stimuli (e.g., unscheduled expression of cyclin E, 
aberrant growth-promoting stimuli, RB impairments), which 
deregulate the DNA replication machinery generating exces- 
sive amounts of intermediates such ssDNA and DSBs. This is 
consistent with findings from cell culture experiments show- 
ing that oncogenic factors, such as E2F1, cyclin E, and 
MY C, stimulate the phosphorylation of P53 and other targets 
of ATM (Bartkova et al., 2005a; Gorgoulis et al., 2005). In 
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this respect, the DDR pathway would act as a tumour sup- 
pressor by raising a barrier to oncogene-driven uncontrolled 
proliferation through the induction of a cell senescence or 
apoptosis program, thereby limiting cancer progression. As 
for oncogene-induced senescence, the occurrence of this 
event has been recently confirmed in vivo in several pre- 
cancerous lesions of human and mouse origin (Chen et al., 
2005b; M ichaloglou et al., 2005). However, cells may even- 
tually evade the constraint to deregulated DNA replication 
through a selection pressure for inactivating mutations of 
the DNA damage machinery, cell cycle arrest, and senes- 
cence. Besides, the replication stress in preneoplastic lesions 
determines allelic imbalances (chromosomal translocations, 
deletions, LOH) at common fragile sites through the for- 
mation of DSBs and defective DNA repair (Bartkova et al., 
2005a; Gorgoulis et al., 2005), thus enhancing genome insta- 
bility and accelerating tumour progression. 

The activation of the DDR pathway in precancerous 
lesions and the selective pressure for it to be suppressed 
during progression offers an explanation as to why inherited 
mutations inactivating this pathway, potentially lowering 
the barrier to deregulated DNA replication, may predispose 
individuals to cancer. 


ATM AND OXIDATIVE STRESS IN STEM CELLS 


Reactive oxygen species (ROS) are produced under cellular 
physiological conditions mainly from mitochondrial oxida- 
tive respiration, and defence mechanisms have evolved to 
protect cells from these highly reactive compounds. Strong 
epidemiological and laboratory evidence implicate ROS and 
the corresponding response to oxidative stress as key fac- 
tors in the pathogenesis of several diseases, including neu- 
rodegenerative disorders and cancer. The carcinogenicity of 
oxidative stress is primarily attributable to ROS-induced 
oxidative DNA damage, although the tumour-promoting 
activity of ROS can also be ascribed to events that do not 
involve DNA damage. 

Besides its role in DDR, ATM seems involved in sensing 
and modulating the cellular response to ROS or oxidative 
damage. Patients with A-T show significantly reduced levels 
of total antioxidant capacity and increased oxidative stress, 
and cells derived from A-T show signs of persistent oxida- 
tive stress being more sensitive to oxidant than normal cells. 
Furthermore, brains from Atm-deficient mice show increased 
production of ROS (Barzilai et al., 2002), while astrocytes 
from these animals exhibit increased markers of oxidative 
stress, for example Hsp70, Mn-SOD, Cu/Zn-SOD, malondi- 
aldehyde (M DA) - protein adducts, as well as raised phospho- 
rylation/activation of the redox-sensitive kinases Erk1/2 (Liu 
et al., 2005). Interestingly, the potent antioxidant and cancer 
chemopreventive agent N-acetyl-cysteine (NAC) markedly 
suppresses Erk signalling and protects Purkinje cells from 
oxidative stress-induced degeneration. Importantly, DNA 
isolated from Atm-deficient mice exhibit mutational signa- 
tures suggestive of oxidative stress, and dietary supplemen- 
tation of NAC reduces the levels of 8-OH deoxyguanosine, 


a marker of oxidative DNA damage, and the frequency of 
DNA deletions in these animals (Reliene et al., 2004). ATM 
has recently emerged as having an essential role in maintain- 
ing the self-renewing capacity of haematopoietic stem cells 
under conditions of stress. Transplantation experiments have 
in fact shown a progressive failure of ATM-deficient bone 
marrow to reconstitute haematopoiesis in irradiated recipi- 
ent animals (Ito et al., 2004). The major reason for the loss 
of ATM-deficient haematopoietic stem cells is the failure to 
protect from ROS, far higher in these cells than in wild-type 
counterparts, and this condition is exacerbated by growth- 
promoting cytokines. Interestingly, NAC can recover the 
self-renewal capacity of ATM-deficient haematopoietic stem 
cells in vivo and in vitro. The underlying mechanism of how 
oxidative damage reduces ATM -deficient stem cell longevity 
seems related to the increased expression of p16/"** and 
activation of the p16/"*4¢-retinoblastoma pathway. 

Studies of the mechanisms of radiation damage to tissues 
have recently shown an important IR dose-response rela- 
tionship between ATM and ceramide synthase, the enzyme 
responsible for the generation of the proapoptotic sphin- 
golipid ceramide. These studies have shown that the intestinal 
crypt stem cells of mice treated with IR doses above 17 
Gy undergo apoptosis via activation of ceramide synthase, 
whereas in response to doses below 17 Gy ceramide synthase 
is maintained repressed, enabling crypt stem cells to survive 
radiation (Ch’ang et al., 2005). Interestingly, the intracellular 
repression of ceramide synthase requires a signalling path- 
way involving ATM, as best seen in Atm-deficient mice or 
wild-type littermates treated with antisense oligonucleotides 
to Atm, in which the derepression of ceramide synthase due 
to loss of Atm markedly increases (>3-fold) crypt stem cell 
radiosensitivity. These findings may have therapeutic impor- 
tance for the control and modulation of tissue responses 
to IR. 


INHERITED AND SOMATIC MUTATIONS OF DDR 
GENES IN CANCER 


A growing body of evidence indicates that inherited ATM 
mutations confer increased susceptibility to cancer. In A- 
T patients, who carry germ-line homozygous mutations of 
ATM, a well-recognized clinical feature is the increased 
risk of childhood malignancies, primarily lymphoid tumours. 
Moreover, a strong association between heterozygous muta- 
tions of ATM and tumour susceptibility exists, illustrated 
by the elevated rates of breast cancer (estimated relative 
risk between 3.9 and 5.5 times) among female carrier rel- 
atives of A-T patients (Taylor and Byrd, 2005; Hall, 2005). 
Some rare cases of paediatric Hodgkin's disease (HD) have 
been found to carry germ-line heterozygous missense vari- 
ants of the ATM gene, which alter the ATM response to DNA 
damage, thus implicating ATM as the predisposing factor 
in certain childhood HD (Takagi et al., 2004).ATM variants 
can also be associated with prostate cancer risk, and one such 
study has shown that the 3161C > G (P1054R) variant allele 
significantly increases the risk of developing prostate can- 
cer (Angele et al., 2004). Genetic polymorphisms at multiple 
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ATM sites, particularly the NN(AT) haplotype also confer a 
significantly increased risk of lung cancer (Kim et al., 2006). 

Concordant with the essential role of the MRN com- 
plex in the maintenance of genome stability, mutations 
of this complex can predispose to cancer, as in the case 
of NBS, an inherited syndrome characterized by biallelic 
hypomorphic mutations of NBS1 and cancer predisposi- 
tion, particularly lymphomas and leukaemias. NBS1 gene 
heterozygosity, however, may not be a major risk factor 
for lymphoid malignancies in childhood and adolescence 
in a population of Polish paediatric patients studied for the 
occurrence of the founder mutation 657del5 (Chrzanowska 
et al., 2006). Studies of Finnish breast cancer family car- 
riers of RAD50 (687delT and IVS3-1G >A) and NBS1 
(Leu150Phe) mutations suggest that these alleles contribute 
in hereditary susceptibility to breast cancer. Interestingly, the 
blood lymphocytes of these carriers present elevated sponta- 
neous chromosomal abnormalities, implicating RAD50 and 
NBS1 haploinsufficiency in genomic integrity and in predis- 
position to cancer (Heikkinen et al., 2006). 

The CHEK2 1100delC sequence variant, which has a fre- 
quency between 0.5 and 1.3% among North Europeans, has 
been identified in multiple studies as low-penetrance breast 
cancer susceptibility, doubling the risk in unselected women 
and probably conferring a similar risk for prostate cancer 
in men. This risk substantially increases among first-degree 
female relatives of bilateral breast cancer patients carrying 
the 1100deIC allele (Johnson etal., 2005). Tumours from 
1100delC mutation carriers show reduced or absent Chk2 
protein expression and are of higher grade than those of non- 
carriers, yet no significant correlation exists between CHEK2 
status and hormone receptor status, histology, lymph node 
status, or overall survival (Kilpivaara etal., 2005). In a 
large population-based study, CHEK 2 1100delC carrier sta- 
tus among female breast cancer cases was recently found 
strongly associated with previous exposure to IR (chest X 
rays) (Bernstein et al., 2006), supporting the biological rel- 
evance of CHEK2 in breast carcinogenesis. It should be 
noticed that CHEK2 1100delC mutation is not a clinically 
important high-risk gene for hereditary prostate cancer sus- 
ceptibility in southern Sweden (Wagenius et al., 2006), or 
for hereditary colorectal cancer. 

Mutations in the ATM gene may also play a role in the 
development of sporadic tumours, such as T-cell prolympho- 
cytic leukaemia, B-CLL, and mantle cell lymphoma (MCL). 
In a study of >150 B-CLLs, ATM mutations were found in 
about 12% of cases and these mutations, which are present 
in the early stages of leukaemia ontogeny and only partially 
correlate with loss of the ATM allele through deletion of 11q 
(location of the ATM gene), result in defective in vitro DDRs 
and apoptosis (Austen et al., 2005). Interestingly, the ATM 
mutations are a prognostic factor in B-CLL as they associate 
with a poorer overall and treatment-free survival (A usten 
et al., 2005). Recent studies reveal that a large proportion 
of MCL cases carry ATM mutations affecting the kinase 
domain or leading to truncations of the ATM. In addition, 
ATM inactivation occurs in both classical and variant MCL, 
accompanied with a high number of chromosomal translo- 
cations, suggesting that ATM deficiency may represent an 


early event predisposing to chromosomal instability in these 
tumours (Fernandez et al., 2005).ATM mutations have been 
observed in a subset of HD, with loss of ATM heterozy- 
gosity and absence of ATM detected at the single-cell level 
in some cases (Lespinet et al., 2005). Moreover, aberrant 
methylation of the ATM proximal promoter, accompanied 
by reduced ATM transcription has been found in >70% spo- 
radic breast cancer (stage I] or greater) (Vo etal., 2004). 
Chk1 may also be involved in the pathogenesis of a sub- 
set of aggressive diffuse large B-cell lymphomas in which 
the low or negative expression of Chk1 mRNA and pro- 
tein have been found, in the absence of gene mutations, 
deletions, or hypermethylation of the promoter region (Tort 
et al., 2005). 
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INTRODUCTION 


For every cell, there comes a time when it must die. The type 
of cell death that ensues will depend on whether the cell is 
dying because it has reached the end of its natural life span 
or as a result of a premature cause of death. A finely tuned 
complex network of molecular interactions and signalling 
pathways exists to control the life/death decisions in each 
cell. This homeostatic balance has to account for the diverse 
and dynamic needs of the individual cells within their own 
unique environmental conditions. Accordingly, the lifespan 
of cells differs dramatically, from high turnover epithelial 
cells of the gut and skin to long-lived cells such as cardiac 
myocytes. 

There are broadly two categories of premature cell death, 
necrosis and apoptosis. Necrosis, which is always associated 
with pathological conditions, is characterized by massive cell 
death following sustained/severe cellular injury. The dead 
cells usually elicit an inflammatory reaction. Microscopic 
examination reveals cellular swelling, membrane disruption, 
protein coagulation, and the disappearance of cellular details 
and organelles. In contrast, apoptosis involves the death 
of single cells or small groups of cells. Depending on 
the initiating stimulus, apoptosis can be a consequence of 
physiology or pathology. The cells undergoing apoptosis 
are not surrounded by an inflammatory reaction and they 
are often not easily recognized because of their transient 
nature. They appear as shrunken cells with cytoplasmic 
blebbing or as “apoptotic bodies”, which are recognized by 
the neighbouring cells and macrophages for engulfment and 
degradation (Figure 1). 

The term apoptosis is derived from the Greek word used 
to describe the “falling off” as of leaves from a tree. In 
1972, Kerr, Wyllie, and Currie were the first to use the 
term apoptosis to describe the sequential morphological 
characteristics associated with cell death (Kerr et al., 1972). 
This was followed in the 1980s by Horvitz who identified 
specific genes involved in cell death in the roundworm 
Caenorhabditis elegans. It was not long before the human 
homologues of these genes were identified. During the 
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1990s key proteins involved in the induction, regulation, 
and inhibition of apoptosis were identified and although 
knowledge of the mechanisms involved in this complex 
process remain incomplete, the understanding of its workings 
and role both in normal physiology and in disease has 
increased exponentially. 

Physiological apoptosis is an energy-dependent process 
that is vital for the maintenance of normal cellular homeosta- 
sis. It occurs during embryogenesis as well as in post-natal 
life. The term programmed cell death usually refers to apop- 
tosis, which plays an important role in normal physiology 
and in embryological development through autonomously 
regulated elimination of cells. It maintains homeostasis in 
compliance with programmed regulations with respect to the 
shape and cell number of specific organs. The first observed 
and documented form of programmed cell death was in 1842 
when Carl Vogt noted that cell death was an important part 
of animal development in amphibian metamorphosis. During 
the growth of frogspawn into fully-grown frogs the immature 
tail undergoes apoptosis. Apoptosis is involved in the elimi- 
nation of cells between the digits, the hollowing out of solid 
structures to create lumina, removal of excess neurons and 
oligodendrocytes, and deleting structures that are required 
in one sex, but not the other, for example, the Wolffian or 
M ullerian ducts. In the normal adult, post-natal physiological 
apoptosis is evident in the intestinal crypt, where it reduces 
the excessive number of proliferating cells and hence controls 
villous length. It also plays arole in differentiating spermato- 
gonia to control sperm numbers and in the regression of the 
lactating breast acini after weaning to ensure that the breast 
returns to the non-lactating size. 

Pathological apoptosis is responsible for the removal 
of defective, infected, mutated, non-functional, or DNA- 
damaged cells. Developmentally defective T lymphocytes, 
whose receptors cannot recognize major histocompatability 
(MHC) complex glycoproteins on other cells during anti- 
gen presentation, and self-reactive T cells are removed by 
apoptosis. Cytotoxic T lymphocytes (CTLs) eliminate virally 
infected cells by inducing apoptosis. Atrophy occurs via 
pathological apoptosis in hormone-dependent organs after 
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Figure 1 Chromatin fragmentation and apoptotic bodies in late apoptotic 
cells (centre) in comparison to the nucleus of the non-apoptotic cell (top). 


pathological hormonal cessation, for example, prostate or 
breast atrophy after testicular or ovarian castration. Cells 
with damaged DNA that cannot be repaired must be elimi- 
nated through apoptosis or otherwise these mutated cells will 
proliferate to form a tumour mass. 


APOPTOSIS/SURVIVAL BALANCE 


Every cell is dynamically regulated by death and survival 
signals. The balance in each cell will tip towards apopto- 
sis when there is a cessation of survival signals or initiation 
of a death signal. Conversely, the life of the cell may be 
prolonged if increased survival signals are received or if 
there is an absence of death signals. It therefore follows 
that failure of appropriate control of apoptosis may result in 
disease states. Indeed, apoptosis inhibition underlies many 
carcinogenic processes including growth in the absence of 
normal growth signals or in the presence of growth inhibitory 
factors, metastasis (see Invasion and M etastasis), chemore- 
sistance, and promotion of angiogenesis (see Angiogenesis). 
Owing to their inherent apoptotic resistance, cancer cells 
can thrive in environments which would trigger apoptosis 
in normal cells, for example hypoxia. Similarly, metastasis 
is assisted by inhibition of a type of apoptosis referred to as 
anoikis, which would normally preclude the survival of cells 
detached from the extracellular matrix (Figure 2). Resistance 
to chemotherapy and radiotherapy are also attributable to 
inhibition of apoptosis. Importantly, apoptosis is the mecha- 
nism of cell kill following chemotherapy. On the other hand, 
many other diseases are associated with excessive apopto- 
sis with the subsequent loss of valuable cells, for example, 
loss of CD4+ T helper cells induced by HIV results in 
AIDS; loss of vital neurons in neurodegenerative diseases 
leads to Alzheimer’s and Parkinson’s disease; and exces- 
sive killing of virally infected hepatocytes by CTLs causes 
hepatitis. 





Figure 2 Anoikis, a specific form of apoptosis, occurs when a cell 
undergoes apoptosis (centre) after being detached from the surrounding 
intact groups of cells. 


GENETIC CONTROL OF APOPTOSIS 


Apoptosis is tightly regulated by several genes. Therefore, 
disturbance of apoptosis-regulating genes plays a critical 
role in carcinogenesis. Genes that control apoptosis can be 
classified into genes that control the apoptosis stimulus, genes 
that control the cell sensitivity to apoptosis, and genes that 
control the apoptotic process (Figure 3). 

One of the key genes in apoptosis is p53 (see p53 Family 
Pathway in Cancer) which can not only transactivate 
multiple pro-apoptotic targets that reside at or close to the 
mitochondria but can also, through its DNA-binding domain, 
bind to the anti-apoptotic proteins Bcl-2 and Bcl-x, and 
inhibit their function (Tomita et al., 2006) (Figure 4). p53 
is mutated or inactivated in the majority of tumours and 
therefore its role in triggering apoptosis in response to DNA 
damage is compromised and the mutated cells often become 
immortalized. 


APOPTOTIC PATHWAYS 


Most apoptosis is believed to progress through one of 
four pathways. The death receptor- mediated pathway is 
referred to as the extrinsic pathway. The mitochondrial path- 
way or intrinsic pathway is engaged in response to growth 
factor deprivation, ultraviolet (UV) irradiation, chemical 
treatments such as staurosporin, genotoxic injury, hypoxia, 
reactive oxygen species (ROS), and other insults detailed 
in Figure 3. ROS, including H202, O3, and OH~, have 
higher reactivity than ground state molecular oxygen. When 
ROS are produced in excess they cannot be titrated by 
the ROS catabolic machinery and they become damaging 
to both nuclear and mitochondrial DNA. A third path- 
way, engaged through interaction between activated CTL 
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Figure 3 Apoptosis is genetically controlled. Diverse genes are responsible for the initial stimulus, which can arise through the generation of reactive 
oxygen species (ROS), interaction with cytotoxic lymphocytes (CTLs), DNA damage, or in response to the environmental conditions. Sensitivity to this 
signal can be enhanced or inhibited by pro- and anti-apoptotic genes. Once the cell is committed to apoptosis, a third group of genes are responsible for 


the demolition of the cell. 


receptors and MHC-class | molecules, induces pore for- 
mation in the membrane of the target cell. Recently, a 
fourth novel apoptotic pathway, “integrin-mediated death”, 
has been elucidated. In normal cells, unligated or antago- 
nized integrins undergo apoptosis mediated directly through 
caspase 8 activation independently of death receptors. This 
mechanism ensures that when the receptor is not ligated 
apoptosis ensues which prevents growth in the absence of 
growth factors. Loss of caspase 8 or integrin is associ- 
ated with development of a metastatic phenotype (Stupack 
et al., 2006). 

Although all these pathways may function independently, 
there is considerable crosstalk between them and they 
usually, but not always, converge downstream with the 
activation of the proteinase executioner caspases. 


THE DEATH RECEPTOR PATHWAY 


The large number of receptors and ligands that make 
up the tumour necrosis factor (TNF) family are capable 
of a variety of pleiotropic functions including the reg- 
ulation of cell growth, apoptosis, the immune response, 
bone metabolism, and cancer “immune surveillance”. The 
receptors exist as transmembrane proteins with conserved 
cysteine-rich extracellular domains. The variation in struc- 
ture of the intracellular domains accounts for the diverse 
biological functions of these receptors. The outcome follow- 
ing ligation of the different TNF receptors is dependent on 
which receptor is triggered and also on the microenviron- 
mental context. 


DEATH RECEPTORS AND THEIR LIGANDS 


Six members of the TNF family can function as mem- 
brane death receptors through their ability to transmit apop- 
totic signals intracellularly via a cytoplasmic death domain. 
These are Fas (alternatively known as APO-1 or CD95), 
tumour necrosis factor receptor 1 (TNFR1), DR3 (alterna- 
tively known as TRAMP), tumour necrosis factor- related 
apoptosis-inducing ligand-receptor 1 (TRAIL-R1, alterna- 
tively known as DR4), TRAIL-R2 (alternatively known as 
DR5), and DR6. 

The classical view of death receptor signalling is typified 
by Fas. The Fas receptor is normally expressed on a wide 
variety of tissues including liver, lung, heart, thymus, and 
ovary. Fas is also expressed by activated T and B cells of the 
immune system where it is thought to facilitate the induction 
of apoptosis in these cells after they have carried out their 
required function. 

Regulation of Fas protein expression is under the control 
of internal and external signals. Internally, wild-type p53 can 
transcriptionally activate Fas and increase export of Fas to the 
cell membrane following DNA damage. Externally, IFN-y, 
a pleiotropic cytokine (see Signalling by Cytokines) that 
plays a central role in promoting immune responses directed 
against virus-infected or malignant transformed cells can 
induce Fas protein expression independently of p53 (Petak 
et al., 2000). IFN-y has also been shown to induce apoptosis 
in a synergistic fashion with TNFa, Fas ligand (Fas-L), and 
TRAIL. 

Fas-L is a 40kDa transmembrane protein, which can be 
cleaved to form a bioactive soluble trimer. Like Fas, Fas- 
L can be induced by several transcription factors including 
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Figure 4 Crosstalk exists between apoptotic pathways. Fas ligation, downstream of caspase 8, can proceed through either mitochondrial-dependent (arrow 
as long dashes) or mitochondrial-independent (arrow as dots) apoptotic pathways. TNFR1 ligation leads to recruitment of TNFR1-associated death domain 
(TRADD) followed by binding of TRAF-2 and RIP. Usually this results in cell survival mediated through NF-«B. When the NF-«B pathway is inhibited 
apoptosis can proceed through JNK. CTLs and natural killer (NK) cells both utilize perforin to gain entry into the cytoplasm of the target cell where 
they release granzymes. The intrinsic or mitochondrial apoptotic pathway can be triggered by multiple stimuli including p53, UV radiation, steroids, 
and withdrawal of cytokines. For simplicity not all stimuli are illustrated. Caspase-independent apoptosis can be mediated by factors, including AIF and 


ENDO G, released from the mitochondria following its permeabilization. 


nuclear factor kappa B (NF-«B). In addition, DNA damage 
as a result of treatment with cytotoxic agents or UV radiation 
has been shown to result in transcription of Fas-L. 

Ligand binding induces a conformational change within 
the targeted receptor leading to formation of a trimer of 
receptor molecules. This rearrangement facilitates binding of 
an adaptor molecule, Fas-associated death domain (FADD), 
to the intracellular domain of the receptor. The two molecules 
interact via their common death domains (DDs). Finally, the 
third component of the death-inducing signalling complex 
(DISC), pro-caspase 8 or FLICE, is recruited and interacts 
with FADD through a common death effecter domain (DED) 
(Figure 4). Pro-caspase 8 is then autocatalytically cleaved, 
resulting in the generation of active caspase 8. Following 
proteolytic activation of this initiator caspase at the DISC, 
apoptosis downstream of the DISC usually proceeds indepen- 
dently of the mitochondria, through the executioner caspases. 
Cells that proceed via this route are referred to as type 1 cells. 
In a less common pathway, type 2 cells produce only small 
quantities of DISC following ligand binding. In these cells 


the small amount of caspase- 8 generated cleaves the Bcl-2 
protein family member, Bid. The truncated Bid (tBid) recruits 
Bax, another pro-apoptotic member of the Bcl-2 family. Bax, 
itself, forms pores in the mitochondrial membrane, which 
results in the leakage of mitochondrial proteins (Figure 4). 


TUMOURS CAN HIJACK THE DEATH RECEPTOR 
PATHWAY 


A number of regulatory mechanisms can modulate the 
signalling and functioning of death receptor pathways in 
normal cells and are thought to exist to control inadvertent 
pathway activation. However, cancer cell populations have 
exploited these safety mechanisms and use them to promote 
their immortality. 

The most basic requirement for functioning of the death 
receptor pathways is that the receptor is expressed on the 
tumour cell surface to allow receptor- ligand interaction. In 
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the normal situation continuous “immune surveillance” by 
cytotoxic cells of the immune system is thought to elimi- 
nate cells which are recognized as being neoplastic. A cti- 
vated CTLs which express Fas or Fas-L stimulate apoptosis 
through ligation of Fas or Fas-L on the target tumour cell. 
Alternatively, pore formation can be mediated by MHC- 
class | molecules (Figure 4). It is possible that MHC-class | 
molecules are downregulated on tumour cells, rendering them 
resistant to CTL-mediated killing. It is believed that Fas-L- 
expressing cancer cells become prevalent owing to a selec- 
tive pressure that favours apoptotic death in Fas-expressing 
tumour cells. These Fas-L tumour cells can eliminate Fas- 
expressing tumour-infiltrating lymphocytes thereby evading 
normal tumour immune surveillance. As many as 95% of 
T cells in cancer patients express Fas and in situ studies 
have reported that significant numbers of T cells undergo 
apoptosis at the tumour site. Loss of Fas protein expres- 
sion has been reported in many tumour types and this could 
be attributable to an absence of transcriptional activation 
by p53 or through genetic or epigenetic alterations of the 
FAS gene itself. The FAS gene has been localized to the 
long arm of chromosome 10 (10q23) and is composed of 9 
exons interspersed with 8 introns (Figure 5). DNA methy- 
lation, the most common epigenetic modification (see The 
Role of Epigenetic Alterations in Cancer), occurs when 
a methyl group is added to a cytosine within CpG dinu- 
cleotides. The promoter region of the FAS gene is GC rich 
and contains a large number of CpG dinucleotides (Figure 5). 
DNA hypermethylation, methylation in normally unmethy- 
lated gene sequences at promoter regions of certain genes, 
is known to silence gene transcription and thereby acts as a 
carcinogenic event. 

A number of decoy receptors (DcRs) and soluble decoys 
have been described for both the Fas and TRAIL pathways. 
DcR1-3 have functional extracellular domains but, their 
DDs are absent or truncated, which means that they are 
unable to transmit a death signal. These receptors are thought 
to be released by cells to act as competitive inhibitors for the 
membrane bound receptors. DcR1 and DcR2 are activated 
by TRAIL. DcR3, which is often present in malignancy, is 
a soluble protein that can bind specifically to FAS-L and 
thus compete with FAS for FAS-L binding. sFAS is most 
commonly formed as a result of an alternative splicing that 
leads to deletion of exon 6, a region that encodes for the 





transmembrane anchorage domain (Figure 5). sFAS acts as 
a competitive inhibitor for FAS-L both locally in the tumour 
microenvironment and, as evidenced by its presence in the 
serum, systemically. Osteoprotegerin acts as a soluble DcR 
for TRAIL. 

cFLIP is the human homologue of vFLIP a protein first 
identified in viruses, which was capable of blocking FAS- 
mediated apoptosis. cFLIP is expressed as long (cFLIP_) 
or short (cFLIPs) splice variants. cFLIP, is processed to 
a truncated p43 form by caspase 8 and inhibits complete 
processing of caspase 8 to its active subunits. cFLIPs 
directly inhibits caspase activation at the DISC. Expression 
of cFLIP in certain tumours has been associated with 
advanced stage and grade and resistance to therapy (Zhang 
et al., 2004). 


Bcl-2 FAMILY PROTEINS CONTROL 
MITOCHONDRIAL PERMEABILITY 


The intrinsic apoptosis pathway is initiated when the integrity 
of the mitochondria is lost in response to cellular stress, such 
as DNA damage. Loss of mitochondrial potential (Aym) 
or mitochondrial swelling, as a consequence of opening 
either the channels on the outer membrane and/or the pores 
on the inner membrane respectively, leads to release of 
cytochrome c, apoptosis activating factor-1 (A PA F-1), apop- 
tosis inducing factor (AIF), Smac/Diablo, and Omi/HtrA2 
from the intermembrane space. U pon its release cytochrome 
c binds APAF-1 and pro-caspase 9 is recruited to form 
the apoptosome complex. Pro-caspase 9 is activated within 
the apoptosome and it in turn activates the executioner 
caspases, which in turn orchestrate the demolition of the 
Cell. 

The mechanisms involved in the release of cytochrome 
c from the mitochondria have been intensively studied, 
but there are many enigmas. Although dogma would sug- 
gest that caspase activation occurs downstream of mito- 
chondrial permeabilization, the sequence of events in the 
apoptotic pathway may be more complex. Feedback acti- 
vation loops involving caspases may mean that sometimes 
caspase activation may precede loss of Awm (Lakhani 
et al., 2006). 
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Figure 5 The FAS gene is on the long arm of chromosome 10 (10q23) and is composed of 9 exons interspersed with 8 introns. 
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Figure 6 The Bcl-2 family of proteins controls the balance between life 
and death of a cell. When the anti-apoptotic Bcl-2 proteins (“arbitrators”) 
are in excess the cell will survive. When Bax or Bak are present as “killers” 
an excess of BH3-only proteins will push the cell into apoptosis. 


The Bcl-2 family of proteins, which contain up to four 
Bcl-2 homology (BH) domains 1- 4, regulates the mitochon- 
drial apoptotic pathway through alterations of the mitochon- 
drial potential (Awm). These proteins can be grouped into 
“triggers”, “arbitrators”, and “killers”. BH3-only members 
Bid, Bik, Bmf, Puma, Noxa, Bad, and Bim are triggers, which 
act upstream of the killer proteins, Bax and Bak (Cheng 
et al., 2001). Bax and Bak display sequence conservation 
throughout BH1- 3. The anti-apoptotic proteins Bcl-2, Bcl- 
X, Bcl-w, Mcl-1, and A 1 are the arbitrators which, if present 
in excess, can tip the life/death balance towards survival. 
The ratio between pro- and anti-apoptotic Bcl-2 members 
determines the sensitivity of the cells to apoptotic signals 
(Figure 6). 


Bcl-2 “TRIGGER” PROTEINS 


The BH3-only proteins are a subgroup of the Bcl-2 family 
that act as triggers of apoptosis and this function has lead 
to the suggestion that these proteins may have a role as 
tumour suppressors (Egle etal., 2004). The effect of all 
the BH3 proteins on apoptosis is entirely dependent on the 
presence of functional Bax and Bak. In non-apoptotic cells 
BH3-only proteins are often bound to structural proteins or 
functional proteins to keep them in the inactive state. Some 
are bound to the cytoskeleton, others to 14-3-3. 14-3-3 is 
a family of proteins of which 14-3-30 is a member. 14- 
3-30 is regulated by p53 and is involved in cell cycle 
control and prevents the accumulation of chromosomal 
damage. 

BH 3-only proteins are individually activated in response to 
specific apoptotic stimuli. For example, oncogenes, telomere 
erosion, DNA damage, or hypoxia upregulate p53, which 
in turn transactivates Noxa and Puma (Figure 4). Puma can 
also be activated by steroids, staurosporin, or cytokines. 
Cytokines also activate Bad and Bim. When activated, Puma, 
Bim, and tBid interact with all five anti-apoptotic family 
members, while Noxa binds to Mcl-1 and Al, and Bad 
interacts with Bcl-2, Bcl-x,, and Bcl-w. BH3 proteins that 


bind to all pro-survival Bcl-2 family members are more 
potent triggers. 

Bid and Bim directly activate Bax and Bak. Bim, a major 
regulator of apoptosis in the lymphoid system, is hyperphos- 
phorylated following apoptotic stimuli and dissociates from 
the microtubule-associated dynein motor complex where it is 
normally sequestered. Hyperphosphorylation of Bim can be 
promoted by c-jun N-terminal protein kinase (JNK), but is 
not exclusively JNK dependent (Papadakis et al., 2006). The 
activation of Bid can occur through its cleavage by caspase 
8 and the generation of the death-promoting fragment tBid. 
Alternatively, TNFa ligation, which activates JNK, mediates 
the generation of a distinct Bid cleavage product, jBid, which 
in turn promotes release of Smac/Diablo (Deng et al., 2003) 
(Figure 4). 


Bcl-2 “ARBITRATOR” PROTEINS 


The anti-apoptotic members are found in the membranes of 
mitochondria, endoplasmic reticulum, or the nucleus. The 
survival function of Bcl-2 was first observed when it rescued 
IL-3 dependent cells following IL-3 withdrawal (Vaux et al., 
1988). The role of Bcl-2 as an oncogene is reflected by its 
overexpression in B-cell lymphomas, which arises because 
of a translocation of the Bcl-2 locus on chromosome 18 to 
chromosome 14 where it comes under the control of the 
highly active enhancer region of the immunoglobulin-heavy 
chain gene. Bcl-2 was found to be partly homologous to 
the programmed cell-death inhibitor Ced-9 in C. elegans, 
and is capable of inhibiting programmed cell death in the 
organism, signifying its influential role in controlling cell 
survival. It is known that cells following the type 2 pathway 
following death receptor ligation can be inhibited by Bcl-2 
or through the binding of Mcl-1 to tBid (Clohessy etal., 
2006) (Figure 4). Mcl-1 also functions upstream of and 
together with Bcl-x, in preventing UV -irradiation-induced 
cytochrome c release. 

Bcl-2 is also believed to stimulate mutagenesis by inhibit- 
ing DNA repair after exposure of cells to DNA dam- 
aging agents. Bcl-2 has been shown to suppress mis- 
match repair activity (see Genomic Instability and DNA 
Repair) through enhancement of the hypophosphorylation of 
retinoblastoma (RB). RB (see The Retinoblastoma Tumour 
Suppressor) is a tumour-suppressor gene, which when 
hypophosphorylated controls cell cycle progression deci- 
sions at the G1/S-phase checkpoint (see Regulation of the 
Cell Cycle, Cell Cycle Checkpoints, and Cancer) through 
the binding of E2F transcription factors. Phosphorylation 
of RB releases E2F, which can then bind to the promoter 
region of repair genes and promote their transcription (Youn 
et al., 2005). 

Bcl-2 and Bcl-x, are the closest homologues in the Bcl- 
2 family. Although they have many similar anti-apoptotic 
functions at the mitochondria, overexpression of one often 
represses the other and they exhibit some biological dif- 
ferences. Bcl-2 overexpression is associated with cell cycle 


APOPTOSIS 7 


arrest in G1 and cellular senescence while Bcl-x, overex- 
pression suppresses TRAIL-induced apoptosis. 


Bcl-2 “KILLER” PROTEINS 


The pro-apoptotic intrinsically cytolytic “killer” proteins, 
Bax, which resides in the cytosol, and Bak, which is 
found at the mitochondrial membrane, are the key pro- 
apoptotic proteins. The deleterious effects of these multi- 
domain proteins are affected by the presence of anti-apoptotic 
proteins with which they bind through the association of 
their BH3 a-helix and a large hydrophobic pocket within the 
anti-apoptotic proteins. Bax activation results in exposure of 
its N-terminal epitope followed by its translocation to the 
mitochondrial membrane where it oligomerizes with Bak. 
Bak is normally sequestered specifically to Mcl-1 and Bcl- 
xı and not to Bcl-2, Bcl-w, or Al (Willis etal., 2005). 
Bax and Bak have a degree of redundancy, as demonstrated 
in mice where the simultaneous knockout of both genes 
results in a phenotype that is very resistant to apoptosis. 
In contrast, the single knockout mice retain a degree of 
apoptotic susceptibility. 


CASPASES — THE CELLULAR DEMOLITION SQUAD 


The majority of apoptotic signals converge in the activation 
of intracellular caspases. To date, at least 14 members of the 
caspase family have been identified, but not all these caspases 


are involved in apoptosis. Caspases are synthesized in the 
cell as inactive zymogens that require proteolytic cleavage 
at aspartic acid residues for their activation. Activation 
occurs through cleavage by proteolytic enzymes or through 
autoactivation by other caspases. Both the proteolysis of the 
interdomain linker and the removal of the prodomain are 
essential for activation. The active enzyme is a heterotetramer 
composed of two large (~20 kDa) and two small subunits 
(~10 kDa) and two active sites (Figure 7). 

The caspases involved in cell death can be subdivided into 
two groups, initiator caspases and executioner caspases. The 
initiator caspases, which include caspases 2, 8, 9, and 10, 
possess long N-terminal non-enzymatic domains, which can 
be activated following either internal stress signals via the 
mitochondria or interaction with cell surface death receptors. 
Pro-caspase 9 is activated following mitochondrial perme- 
abilization when its caspase recruitment domain (CARD) 
interacts with the adaptor protein, APAF-1, in the special- 
ized protein complex, the apoptosome. Similarly, following 
death receptor ligation, caspase 8 and caspase 10 prodomains 
containing DED domains interact with an adaptor protein, 
FADD, in another specialized protein complex, DISC. The 
CARD and DED structures allow exposure of large protein 
interaction domains for binding to the appropriate protein 
components within the complexes. The recruitment of adap- 
tor proteins and downstream caspases results in close prox- 
imity autocatalysation of the downstream signal. Because the 
executioner caspases 3, 6, and 7 have a short prodomain, they 
are not capable of autoactivation and thus require proteolytic 
processing by active initiator caspases. However, this cleav- 
age is insufficient for complete activation of the enzyme, 
which is still inhibited by the presence of the prodomain, 
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Figure 7 Caspases are present in the cytoplasm as proteolytically inactive proenzymes. The conversion of the proenzyme to the catalytically active protease 
represents a crucial step in the initiation of apoptosis. Activated caspases have long (L) and short (S) catalytic domains. The initiator caspases 8, 9, and 
10 contain long N-terminal prodomains (P) which can interact within specialized protein complexes known as the DISC or the apoptosome. Pro-caspases 
8 and 10 are activated in the DISC and pro-caspase 9 is activated in the apoptosome. Upon activation these initiator caspases activate the executioner 
caspases 3, 6, and 7. Activated executioner caspases feedback to maintain activation of the initiator caspases. IA Ps inhibit the activation of the executioner 


caspases. Smac/Diablo inhibits IAP binding to caspases. 
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which must be cleaved. Smac/Diablo binding to caspase 3 
facilitates the second proteolytic step and its full activation 
(Figure 7). As a counterbalance this second step or auto- 
catalytic process can be inhibited by inhibitor of apoptosis 
proteins (IAPs). In addition, to their direct proteolytic activ- 
ity, executioner caspases can also cleave and activate initiator 
caspases causing amplification of the original signal. 

The targets of executioner caspases include DNA 
repair proteins, for example, poly-A DP-ribose-polymerase- 
1 (PARP-1); DNA-dependent protein kinases, for example, 
AKT-1 which is crucial for cell division; cell death 
antagonists, for example, BCL-2 and X-linked inhibitor of 
apoptosis (XIAP); regulators of the cell cycle progression, 
for example, RB, PKC, and MDM2; structural proteins, 
for example, lamins, actin, fodrin, and gelsonin; and 
deoxyribonucleic acid- fragmentation factor (DFF), which 
mediates internucleosomal cleavage of DNA. DFF is a 
heterodimeric protein composed of DFF40 (40kDa) and 
DFF45 (45 kDa) subunits. DFF 40 is also known as caspase- 
activated DNase (CAD) and DFF45 is also known as 
inhibitor of caspase-activated DNase (ICAD ) because it acts 
as both a chaperone and an inhibitor of DFF40. 


CASPASE — INDEPENDENT APOPTOSIS 


Certain cells may undergo apoptosis without the involvement 
of caspases. Endo G and AIF both contribute to DNA degra- 
dation. Subsequent to their release from the mitochondrial 
intermembrane space they migrate to the nucleus. Omi/HtrA 2 
can sequester IA Ps in a manner similar to Smac/Diablo and 
hence promote apoptosis through caspase activation. How- 
ever, Omi/HtrA2 can also cleave targets independently of 
caspases because of its intrinsic serine protease activity. 
Other serine proteases, including cathepsin B, have also been 
reported to induce apoptosis through caspase independent 
pathways. 


INHIBITOR OF APOPTOSIS PROTEINS (IAPs) 


The IAP family of proteins was first discovered in bac- 
uloviruses where they were found to suppress apoptosis 
induced by the aforementioned viruses. IAPs block both 
extrinsic and intrinsic apoptosis pathways primarily by bind- 
ing with and inactivating the common executioner caspases. 
Additionally, many IAPs also possess E3 ligase activity and 
can catalyse the attachment of ubiquitin to substrates, such as 
caspases, caspase regulators, or signal transduction proteins 
involved in the activation of NF-«B or JNK. All IAPs are 
characterized by a common domain termed the baculoviral 
inhibitor of apoptosis protein repeat (BIR) of 70 amino acids. 
Some members contain multiple BIR domains, for example, 
human XIAP, cellular inhibitor of apoptosis protein (clAP) 1, 
and clAP2 all contain BIR1, BIR2, and BIR3 domains. Indi- 
vidual IA Ps have distinct functions, subcellular locations, and 


can interact with different proteins through binding at specific 
BIR domains. 

The human clAP1 and clAP2 proteins are highly homolo- 
gous, contain a CARD domain located between the BIR and 
RING domains, and have the ability to form complexes with 
tumour necrosis factor receptor- associated factor (TRAF)-1 
family adaptor proteins via their BIR1 domains to induce 
TRAF-2 ubiquitination and proteasome-dependent degrada- 
tion (Figure 4). clAP1 and clAP2 can also interact with 
caspases 3, 7, and 9, Omi/HtrA2, IKKy, and receptor 
interacting protein (RIP). In addition, clAP1 and clAP2, 
together with XIAP, have the ability to bind to Smac/Diablo. 
Smac/Diablo, a known inhibitor of IAPs, and Omi/HtrA2 
are both released from the mitochondria at the same time 
as cytochrome c. In XIAP, the most potent IAP family 
member, the Smac/Diablo binding site has been mapped to 
BIR3 where it competes for binding to caspase 9 (Samuel 
et al., 2006). 


PROTEINS WITH MULTIPLE FUNCTIONS 


TNFa and NF-«B are examples of proteins which have dif- 
ferent functions in different situations. TNFa can induce 
cell death, cell proliferation, or inflammation (Figure 8). 
Upon ligation by TNFa, the TNFR1 molecule recruits 
tumour necrosis factor receptor 1- associated death domain 
(TRADD), a docking platform for TRAF - 2, which signals 
cell survival through activation of NF-«B. Only if the NF- 
«B pathway is blocked can a second complex downstream 
of TRADD be invoked, which leads to a cell-death path- 
way through JNK (Figure 4). The TRAF adaptor proteins 
TRAF-1, TRAF-2, and TRAF-6 are involved in signal- 
transduction pathways triggered by TNFR1 and IL-1R, which 
activate NF-«B. Therefore, the downregulation of these 
proteins may enhance the pro-apoptotic pathway through 
JNK. 

NF-«B provides the classical link between chronic inflam- 
mation and cancer because it functions, on the one hand, to 
stimulate both innate immunity and inflammation while, on 
the other hand, it has a role in the induction of anti-apoptotic 
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Figure 8 Some proteins have multiple functions. Depending on the envi- 
ronmental conditions TNFa can act to promote life, death, or inflammation. 
Similarly, NF-«B can cause inflammation or proliferation. 
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proteins, clA P1, clAP2, Al, BCL-x,, and cFLIP (Figure 8). 
Chronic inflammation provides an environment in which 
inflammatory cells are constantly producing growth factors 
such as TNFa and IL-6, which stimulate cell proliferation 
and hence can contribute to tumour formation. The activity of 
NF-«B is tightly regulated by its interaction with regulatory 
I<B proteins and in this state NF-«B is localized in the cyto- 
plasm. Following exposure to ROS, bacterial and viral toxins, 
UV light, or inflammatory cytokines including IL-1, IxB is 
completely degraded and the unmasked NF-«B translocates 
to the nucleus where it binds to the enhancer or promoter 
regions of target genes and regulates their transcription. 


THERAPIES BASED ON APOPTOSIS 


Therapeutic strategies induce apoptosis in tumour cells 
through diverse mechanisms (Reed and Pellecchia, 2005). 
Irradiation induces apoptosis through DNA strand breaks 
and free radical formation. Chemotherapeutic reagents stim- 
ulate apoptosis through varied mechanisms including DNA 
crosslinks, toxic effects, or death receptor upregulation. 
Many novel therapeutics are directed against genes and 
proteins with anti-apoptotic functions utilizing ribozymes, 
siRNA, and antisense oligonucleotide (ASO) approaches. 
Malignant cells contain higher numbers of mitochondria and 
have higher plasma and mitochondrial membrane potentials 
and therefore certain toxins selectively accumulate in the 
mitochondrial matrix of cancer cells. One of these com- 
pounds, MK T-077, is currently being tested in phase | clin- 
ical trials in solid tumours. 

However, there are still many unasked questions and the 
simplistic idea that we can revert cells back to their default 
apoptotic state requires caution. Total reversion of genotype 
is almost impossible because the total crosstalk and links 
between genes are not yet well characterized and the genetic 
changes in cancer are multiple. Carcinogenesis necessitates 
multiple sequential hits and therefore reversion to a normal 
cell, that is, cure would logically have to proceed backwards 
through all the steps. Selective treatment of the tumour 
cell genotype requires a precise and localized treatment or 
a highly selective way to target the malignant cells only, 
to prevent hazardous genetic changes in the normal cells. 
Genetic manipulation may be risky and can produce many 
side effects as one gene may have different products and 
because one gene may have many interactions with other 
genes. The relationship between genes may not be always 
reversible, that is, downregulation of X gene can affect Y 
gene, but decrease in Y gene may not affect the level of 
X gene. 

Some authors even question whether apoptosis is involved 
at all during the tumour response to chemotherapy as 
often there are not consistent findings between what is 
seen in vitro by cells treated with a particular chemother- 
apeutic agent to what is seen in the mirrored in vivo 
response. 

Therefore it is not surprising that there are many drugs 
that invoke apoptosis through uncharacterized pathways. 


Table 1 There are many compounds currently under investigation as 
apoptotic therapeutic targets. A selection of drugs and their targets are 
presented as examples to illustrate the breadth of potential chemotherapeutic 
strategies. 





Drug Target 

CCDO FLIP 

PRIMA-1 M utant p53 

Embelin IAPs 

Genasense Bcl-2 

Gossypol Bcl-2 

HGS-ERT1 TRAIL 

BH3 mimetics Anti-apoptotic proteins 


Bortezomib (VELCADE) 26S proteasome 
MKT-007 Mitochondria 
IRESSA Growth factor receptor 


Conversely, there are many therapeutic agents with well- 
defined mechanisms of apoptosis induction that involve 
targeting death receptors, anti-apoptotic proteins, and/or cell 
survival elements (Table 1). 


DEATH RECEPTOR TARGETS 


Interestingly, itis TRAIL that has received the most attention 
as a potential therapeutic agent that could be used to activate 
the death receptor pathways. TRAIL has two important 
advantages. Firstly, TRAIL induces apoptosis independently 
of p53 and is therefore a feasible strategy even when p53 
is inactivated. Secondly, TRAIL demonstrates preferential 
apoptosis induction in tumour cells while sparing most 
normal cells. Zinc is critical for the structure and function 
of recombinant tumour necrosis factor- related apoptosis- 
inducing ligand (rTRAIL) and when this is considered, 
rTRAIL appears to lack the severe side effects seen with 
recombinant Fas-L therapy. Indeed rTRAIL has been shown 
to be relatively safe when administered to non-human 
primates. 

In addition to administration of r TRAIL, another approach 
has involved the development of monoclonal antibodies 
to TRAIL receptors DR4 and DR5. These antibodies are 
thought to be more specific and hence avoid the competitive 
interactions with DcRs seen with rT RAIL. Although there are 
a large number of phase 1 trials of TRAIL receptor targeting, 
most approaches are not yet clinically relevant. Currently, 
the only death ligand- based treatment in clinical practice is 
recombinant TNF, which is administered regionally for the 
treatment of limb sarcoma. 

The majority of chemotherapeutic agents act through DNA 
damage pathways via the intrinsic apoptotic pathway. If the 
death receptor pathway could be activated simultaneously 
there would be the potential for a synergistic toxic effect 
on the tumour cells. Increasing the expression of Fas on 
the surface of tumour cells means that cytotoxic immune 
cells can more efficiently target and kill them. A variety of 
chemotherapeutic agents have been shown in vitro to effect 
an increase in Fas expression in tumour cells. This increase 
in Fas expression is possibly attributable to activation and 
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binding of the p53 protein to putative binding sites within 
the promoter and first intron of the FAS gene (Figure 5). 
In addition, to increased expression of the FAS receptor, 
many studies have demonstrated an induction of FAS-L 
expression following chemotherapy treatment which may 
induce apoptosis in a paracrine or autocrine manner. 

Paclitaxel, which damages the microtubules and induces 
apoptosis through the Fas/Fas-L pathway, can be inhibited by 
Bcl-2 overexpression. Bcl-2 prevents F as-L transcription and 
expression by preventing the dephosphorylation and nuclear 
translocation of nuclear factor of activated T lymphocytes 
(NFAT), a transcription factor activated by microtubule 
damage. NFAT translocation to the nucleus is crucial for 
Fas-L gene transcription. 

The administration of recombinant Fas-L or agonistic mon- 
oclonal antibody has been demonstrated to induce apoptosis 
in tumour cells. The initial excitement following this dis- 
covery, however, was tempered as, unfortunately, systemic 
administration of Fas-L was shown to induce severe liver 
toxicity in rats limiting its introduction into clinical trials. 
In an attempt to circumvent the problem of systemic and 
hepato-toxicity, a variety of strategies have been devised. 
One therapy involves the use of adenovirus with tissue- 
specific promoters to ensure that Fas-L will only be expressed 
in targeted tumour cells circumventing the problems associ- 
ated with systemic toxicity. Direct intratumoural injection of 
Fas-L has also been used to overcome systemic toxicity in a 
dog-based model of melanoma. 


TARGETING THE ANTI-APOPTOTIC PROTEINS 


It is important to consider that efforts to induce the apoptotic 
pathway by directly activating the death receptors expressed 
on tumour cells may prove to be futile or ineffective in 
the presence of mutant p53 or overexpressed downstream 
apoptotic inhibitors, such as cFLIP, survivin, and the Bcl-2 
and IAP proteins. 

At least 50% of tumours have mutated p53 concomitant 
with a chemo-resistant phenotype. PRIM A-1 has been shown 
to induce wt p53 epitopes in cells with mutant p53 and 
to restore transcriptional transactivation function to mutant 
p53 (Bykov et al., 2002). This compound is currently under 
evaluation in clinical trials. 

cFLIP, the Fas pathway inhibitor, is a potential target for 
therapeutic ubiquitination and subsequent degradation. The 
compound CCDO does not directly bind to FLIP, but does 
reduce its expression (Reed and Pellecchia, 2005). 

There is an important distinction between the Bcl-2 and 
IAP families, in that, Bcl-2 only blocks the intrinsic pathway 
while IAPs can inhibit both the intrinsic and extrinsic 
pathways. For this reason, IAP antagonists can be used 
effectively to sensitize tumour cells to both chemotherapeutic 
drugs and death receptors. Indeed, siRNA molecules to 
IAPs such as XIAP have also been used effectively in 
tumours and a number have already entered phase | trials. 
Neutralization of the IAPs has been shown to trigger 
detachment of cells from the extracellular matrix which 


results in anoikis (Figure 2). Anoikis has been observed in 
many tumour genotypes, including those carrying oncogenic 
ras. In intestinal epithelial cells it has been shown that 
anoikis is triggered by inhibition of Bcl-x,., release of 
Omi/HtrA 2, and induction of p38 MAP kinase followed by 
overexpression of Fas-L (Liu et al., 2006). Bim is induced 
during anoikis as a result of activation of JNK or inactivation 
of Ras/MAP kinases, extracellular signal-activated kinases, 
or phosphatidylinositol 3-kinase/A kt signalling. 

Many of the members of the evolutionarily conserved 
Bcl-2 family have become key targets for therapeutic inter- 
vention because of the pivotal role exerted by Bcl-2 family 
members in the regulation of mitochondrial integrity and 
apoptosis. One therapeutic approach has employed gene 
therapy - based delivery of Bax, but this has the disadvan- 
tage of killing normal healthy cells. The use of nucle- 
ase resistant ASOs targeting Bcl-2 has reached phase III 
trails in acute myeloid leukaemia, melanoma, myeloma, and 
chronic lymphatic leukaemia. There is an ongoing debate 
in the literature as to whether the beneficial effects of 
ASOs are specific, that is, due to specific downregulation 
of Bcl-2, or non-specific, due to immune sensitization that 
has resulted from the base sequence of the synthesized 
oligonucleotide. Bcl-2 downregulation may not be appro- 
priate for all cancers. In breast and small cell lung cancer 
patients, Bcl-2 has been associated with a favourable out- 
come, which may be attributable to the effects of Bcl-2 
on the cell cycle. In addition, post-translational modifica- 
tions can convert Bcl-2 or Bcl-x, into potent pro-apoptotic 
proteins. 

Nonetheless, there has been an extraordinary effort to 
develop BH3 mimetics. Some BH3 mimetics may function as 
death agonists directly mimicking the activity of tBid. Others 
have been synthesized on the premise that they will inhibit 
the anti-apoptotic function of Bcl-2 and Bcl-x,. Indeed, a 
certain number of successful peptides have been synthesized. 
Some of these compounds bind to albumin, which has 
caused significant delays to their transfer to the clinical 
arena. Further questions remain unanswered. Although these 
synthetic peptides can occupy and essentially block the 
hydrophobic pocket in Bcl-2 and Bcl-x, thus preventing 
sequestration of pro-apoptotic proteins, it is not known how 
or whether these peptides activate Bax or Bak. 


TARGETING CELL SURVIVAL ELEMENTS 


Some anticancer agents apply their action by targeting 
cell survival. Cell survival is dependent on many factors 
including the cell growth axis, which is initiated when 
growth factors bind to their corresponding receptors, which 
stimulates the signal transducer Ras. Through a series of 
protein kinases, Ras stimulates the nuclear transcription fac- 
tors that are responsible for cell cycle progression. Tar- 
geting any point of such a growth axis may deprive the 
cell of the essential survival elements and commit the cell 
to apoptosis. Many growth factor receptor protein kinase 
inhibitors are in clinical trials. IRESSA, which targets a 
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growth factor receptor, has been approved for use in lung 
cancer. 

Normal Ras is a small GTPase that can be activated 
by numerous mitogenic stimuli. Ras cycles between an 
active (GTP-bound) and an inactive (GDP-bound) state in 
normal cells. The switching on and off of Ras happens 
in seconds and is considered one of the fastest signalling 
pathways in the cell when compared to chemical, neural, or 
intercellular signalling through molecules. Once the signal 
is transduced to the nucleus, Ras switches off due to its 
intrinsic GTPase activity which hydrolyses GTP to GDP 
returning Ras to its resting state (see Signalling by Ras 
and Rho GTPases). Unfortunately mutations in ras lead 
to its constitutive activation, that is, the Ras signalling 
pathway is no longer a transient response to a mitogenic 
signal. Oncogenic Ras promotes promiscuous growth and 
is involved in many carcinogenic processes including the 
downregulation of Bak and decreasing the capacity of p53 
to induce apoptosis. 

To date no potent specific inhibitors have been identified 
for NF-«B. Inhibition of NF-«B has been attempted directly 
or through the use of proteasome inhibitors to block IxB 
degradation. 

Bortezomib exhibits synergistic effects when administered 
with placlitaxel because it targets the 26S proteasome and 
works partly through inhibition of NF-«B. Bortezomib, in 
addition, has been shown to restore paclitaxel sensitivity 
to Ras-transformed cells by rescuing the BH3-only protein, 
Bim, from proteasomal degradation. 


CONSIDERATIONS PRIOR TO ASSESSMENT 
OF APOPTOSIS 


The most reliable way to assess apoptosis, as a surrogate 
marker of the efficacy of a given drug, would be to undertake 
continuous sampling from the target tumour. This is uneth- 
ical except in unique situations, for example, the bladder 
where dynamic sampling of cells shed into urine or blad- 
der washings is feasible. However, even if one can sample 
at multiple time points, we still do not know the answers 
to key questions. Is 10% induction of apoptosis at three 
time points better than 50% induction of apoptosis at one 
time point? Furthermore, differential concentration gradients 
of the drug exist in clinical tumour samples and so mea- 
surements in tissue sections (Save etal., 2004) may not 
be representative of the whole tumour. Pleomorphism and 
heterogeneity in clinical samples complicate interpretation 
of data. There is a need to choose denominators carefully 
otherwise apoptotic and mitotic indices can be flawed. The 
baseline levels of apoptosis and proliferative activity vary 
from tissue to tissue and from tumour to tumour. Preliminary 
studies must be undertaken to determine baseline parameters 
including the untreated apoptotic and mitotic indices. There- 
fore, proportionate measures rather than absolute measures 
are optimal. 

There are, surprisingly, many obstacles in the assessment 
of apoptosis in vitro where theoretically everything can be 


controlled. Even carefully synchronized cell populations do 
not all die simultaneously. W hat time points should be chosen 
for assessment? There is always the chance to sample at 
too late a time point and miss the burst of apoptosis. Cells 
can undergo apoptosis and disappear before the assessment 
time. This can be partially addressed in vitro by the inclusion 
of cell count differentials between untreated and treated 
samples at given time points. Equally there is the problem 
of sampling too early and assuming that the drug has had 
sufficient time to induce apoptosis. Some drugs when used 
at very low concentrations take several days to induce 
apoptosis. 

The greatest consideration to make when choosing an 
assay to measure apoptosis is the context in which the 
measurement is being made. The interpretation of apoptotic 
assay results is complex. Therefore, it is wise to use a 
combination of assays each based on different morphological, 
structural, or biochemical changes that occur at different 
points within the apoptotic pathway. 

Differences in apoptosis sensitivity that may be physio- 
logically very relevant can be missed if careful titrations 
of the death-inducing stimuli are not investigated. In some 
situations cells may be very sensitive to a given apoptotic 
stimulus and therefore very small amounts will successfully 
initiate the process. Alternatively, some cells will have to 
overcome low expression of initiators together with high 
expression of inhibitors and these cells require a range of 
higher concentrations of apoptotic stimuli. A given cell may 
be preferentially very sensitive to Fas-induced apoptosis 
and only moderately sensitive to TRAIL-induced apopto- 
sis. Sometimes receptor ligation may translate into lesser 
or greater amounts of executioner caspases, which may or 
may not be able to overcome the inhibitory effects of IAPs, 
illustrating that threshold concentrations may be important at 
multiple levels. 


METHODS OF ASSESSMENT OF APOPTOSIS 


A poptotic cells can be identified on the basis of their morpho- 
logical characteristics in routinely stained haematoxylin and 
eosin tissue sections and can be easily observed in Giemsa- 
or Papanicolaou-stained preparations. Morphology remains 
the gold standard method for apoptosis identification. How- 
ever, itis an extremely laborious method when employed to 
investigate subtle changes in the incidence of apoptosis. An 
apoptotic index (Al) is the fraction of apoptotic cells multi- 
plied by 100. A high Al may reflect a high turnover of cells 
and by implication more aggressive disease, but Al is not 
always a pre-treatment indicator of response to chemother- 
apy. Changes in Al following treatment are usually more 
significant than isolated Al measurements. 

For the most part, cells undergoing apoptosis follow a 
well-recognized sequence of morphological patterns. This 
morphological appearance is directly related to and can be 
explained by key intracellular molecular events that take 
place within the cell during apoptosis. The process begins 
with gradual shrinking of cell size together with formation 
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Figure 9 Apoptotic cells in the early stages of apoptosis are shrunken in 
comparison to the surrounding non-apoptotic cells. 


of a condensed hyperchromatic granular nucleus (Figure 9). 
This is accompanied by breakdown of desmosomal junc- 
tions and loss of specialized cell-surface elements causing 
cells to lose contact with their neighbours. The loss of 
mitochondrial membrane potential results in the release of 
calcium ions into the cytoplasm. Cross-linking of proteins 
by transglutamase enzymes stabilizes the apoptotic cell by 
creating a protein net, which envelopes the contents of the 
cell, preventing leakage of its contents into the extracellu- 
lar space. This limits the subsequent inflammatory response. 
Calcium- and magnesium-dependent endonucleases become 
active and cleave DNA at internucleosomal sites. F ragmenta- 
tion of DNA is thought to prevent the transfer of potentially 
active genes from a dying cell to viable neighbouring cell 
nuclei. There is then condensation and segregation of chro- 
matin at the nuclear membrane leading to formation of 
crescents. The cellular membrane becomes increasingly con- 
voluted with multiple protuberances and membrane blebbing, 
a process known as zeiosis. At this stage the membrane is still 
intact. A part from swelling of the endoplasmic reticulum and 
mitochondria, the shrunken cytoplasm looks grossly normal. 
Following induction of megapores in the mitochondria and 
subsequent release of its contents into the cytoplasm, there is 
separation of distinct organelles into membrane-bound vesi- 
cles. This packaging prevents the leakage of cell contents 
into the extracellular space, which would otherwise stimulate 
an inflammatory reaction. At late stages of apoptosis, owing 
to the active proteolysis of the cytoplasm and nucleus by a 
family of caspases, the cell undergoes fragmentation into a 
number of apoptotic bodies all of which remain surrounded 
by an intact membrane. Engulfment of apoptotic bodies 
(Figure 10) is carried out by adjacent cells or by phago- 
cytic cells of the immune system, which recognize anionic 
phospholipids and phosphatidylserine residues, which appear 
on the apoptotic cell membrane during apoptosis. DNase 
Il resides in macrophages and cleaves phagocytosed DNA. 
The contents of the apoptotic bodies are rapidly degraded by 
lysosomes. The entire apoptotic process is completed within 
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Figure 10 Phagocytic vacuoles form around apoptotic bodies prior to their 
lysosomal digestion and complete disappearance. 


hours. The morphologically distinguishable apoptotic cells, 
which are in the execution phase, are visible for less than 1 
hour. For this reason it was originally believed that apoptosis 
was a rare event and was not important! 

The cytoskeleton consists of a network of filaments and 
microtubules that attaches to and lines the cell membrane 
and extends throughout the cytoplasm. The main filaments 
are actin filaments and intermediate filaments, which include 
vimentin, cytokeratins, desmin, nuclear lamins, and neuro- 
filaments. M icrotubules (tubulin) play an important role in 
organelle transport and cell division. There are proteins that 
link different filaments together to act as network support 
(see Cell and Tissue Organization). All cytoskeletal pro- 
teins contribute to the changes that occur in apoptosis-like 
blebbing, shrinkage, and the formation of apoptotic bodies. 
In apoptosis, early transient polymerization and later depoly- 
merization of F-actin occurs. These changes are associated 
with significant changes in microfilament organization. 

During early apoptosis the plasma membrane phospho- 
lipid, phosphatidylserine, becomes translocated from the 
inner cell membrane to become exposed on the outer 
cell membrane. The exposure of phosphatidylserine also 
occurs in necrotic cells, but apoptotic cells maintain cell 
membrane integrity initially, while necrotic cells do not. 
Annexin V is a calcium-dependent phospholipid-binding 
protein with high affinity for phosphatidylserine. Fluo- 
rescein isothiocyanate-labelled Annexin V (green fluores- 
cence) can be used in combination with the DNA-staining 
agent propidium iodide (PI) (red fluorescence) to iden- 
tify apoptotic cells. Using this assay, early apoptotic cells 
are identified by virtue of their exposed phosphatidylser- 
ine (green fluorescence) and their ability to exclude PI 
(absence of red fluorescence). This technique has the obvi- 
ous limitation that once apoptotic cell membrane integrity 
is lost apoptotic cells will be labelled similar to necrotic 
cells. 

DNA strand breaks that occur during apoptosis can 
be detected by binding of labelled nucleotide to 
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exposed terminal hydroxyl groups. The TUNEL (terminal 
deoxynucleotidyl! transferase-mediated dUTP-biotin nick-end 
labelling) method involves labelling of the 3’-OH termini of 
DNA strand breaks with modified nucleotides. The major 
disadvantages are that tissues often require elaborate and 
rapid handling to prevent both false-positive and false- 
negative results. In addition, TUNEL will also detect DNA 
strand breaks creating larger DNA fragments, which are 
found in association with necrotic cells, thereby reducing 
its specificity. 

DNA flow cytometry can provide information about the 
proportions of cells within each phase of the cell cycle and 
can objectively rank cell populations with respect to lev- 
els of induced apoptosis post-chemotherapy. The apoptotic 
process results in endonuclease-induced cleavage of DNA 
resulting in transcellular loss of low-molecular-weight DNA 
fragments, especially when cells have been permeabilized or 
fixed in alcohol. A DNA -staining agent, such as PI, can gain 
entry to all cells. There will be less DNA available for bind- 
ing in the apoptotic cell population. PI intercalates with DNA 
stoichiometrically, that is, the proportion of DNA present in 
each cell is directly related to the amount of PI staining 
(Figure 11). Cells in the G1 or GO (resting cells) phase of 
the cell cycle contain half the amount of DNA that is present 
in cells just prior to mitosis, in the G2/M phase, of the cycle 
(see Regulation of the Cell Cycle, C ell Cycle Checkpoints, 
and Cancer). Post-chemotherapy, a G2/M arrest is often 
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Figure 11 A flow cytometry DNA histogram. The proportion of cells 
within each phase of the cell cycle can be determined following propid- 
ium iodide staining, which intercalates stochiometrically with the DNA. 
Therefore, the amount of fluorescent stain detected is directly proportional 
to the amount of cellular DNA. Cells in G2/M phase of the cell cycle con- 
tain twice as much DNA as G1 cells. DNA histograms can also indicate the 
proportion of cells that are undergoing apoptosis. These are located in the 
sub-G1 region due to a reduction in DNA content through the leakage of 
fragmented DNA from the permeable membranes of apoptotic cells. When 
apoptotic cells fragment into apoptotic bodies, these bodies will also appear 
in the sub-G1 region. 


induced prior to apoptosis and this is reflected in increased 
proportions of cells in the G2/M region of aDNA histogram. 
The extent of apoptosis can be determined from the number 
of events occurring in the sub-G1 region. Other DNA -binding 
dyes, such as 4,6-diadoamidino-2-phenylindole (DAPI), and 
Hoechst 33342 will also allow identification of apoptotic 
cells. 
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INTRODUCTION 


The observation that cancers can run in families has been 
made repeatedly for at least 100 years. Although such his- 
torical evidence is largely anecdotal, several families have 
been described that were impressively large and/or had 
an unusual and well-defined tumour phenotype (for exam- 
ple, see Figure 1). For most of the relatively brief time 
during which cancer genetics has been a recognized dis- 
cipline, these sorts of families have formed the mainstay 
of the research effort. In particular, families in which 
the phenotype is unusual and readily distinguished from 
common-or-garden cancers have been successful subjects 
for study. These families might have cancer at a particu- 
larly early age, or have multiple tumours, or have particular 
combinations of tumours, or other clinical features. For 
example, in von Hippel- Lindau (VHL) syndrome, affected 
individuals may develop the otherwise very rare tumours, 
cerebellar haemangioblastoma or phaeochromocytoma, but 
may also develop clear cell renal carcinoma, which is 
suffered by 0.5-1% of the general population. By con- 
trast, in neurofibromatosis (NF), patients may develop hun- 
dreds of benign nerve cell tumours, but malignancy is not 
common. 

The realization that many of the common cancers might 
have some genetic basis has been gradual. Occasionally, 
these cancers present in large families and inheritance is 
Mendelian. Breast and ovarian cancers caused by BRCA1 
or BRCA2 mutations and colorectal cancers caused by mis- 
match repair gene mutations are two examples. Such fam- 
ilies tend to present with distinguishing features - such 
as low age or presentation, multigenerational inheritance, 
and characteristic tumour histology - but cannot always 
be distinguished from familial disease resulting primarily 
from chance. There is, however, evidence from genetic epi- 
demiology (Peto and Houlston, 2001) to suggest that the 
relatives of patients with otherwise unremarkable cancers 
are often at increased risk of the disease themselves. The 
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magnitude of this increased risk, and of the genetic con- 
tribution to it, remains controversial, as will be discussed 
subsequently. 


CARETAKERS, GATEKEEPERS, AND LANDSCAPERS 


Although some Mendelian cancer susceptibility genes are 
involved in tumour initiation, others probably act at later 
stages of tumourigenesis. These susceptibility genes can be 
classified in several ways (Table 1). 

The first classification involves mode of inheritance. 
M ost M endelian susceptibility genes are tumour suppressors. 
These cause dominantly inherited disease, but act as cellular 
recessives; the protein products of these genes are inactivated 
by a “second hit” - often loss of heterozygosity (LOH) - 
in a somatic progenitor cell. Other predisposition genes are 
recessive, usually acting by increasing the mutation rate 
in some way. A small number of oncogenes, which act 
dominantly at both the organism and the cell levels, act as 
tumour predisposition loci (Table 1). Examples include RET 
and MET. A priori it seems unlikely that these oncogenes 
are sufficient to initiate tumourigenesis on their own, but 
they may act during the progression of precursor lesions. 

A second classification subdivides the susceptibility genes 
according to function or pathway. As might be expected, 
many different pathways are involved in tumour predisposi- 
tion. Although few tumour predisposition proteins have been 
fully characterized, it is known that they can be involved in 
diverse cellular processes, including DNA repair, cell cycle 
progression, apoptosis, the hypoxia response, chromosome 
segregation, and cell adhesion. 

A third classification divides the genes into gatekeep- 
ers (genes that regulate essential cellular functions such as 
growth or apoptosis control), caretakers (genes that main- 
tain genomic integrity), and landscapers (genes that restrain 
tumourigenesis by providing a suitable cellular microenvi- 
ronment) (Kinzler and Vogelstein, 1998). In reality, many 
genes may actin several pathways, or act as both gatekeepers 





and caretakers, especially for large, multifunctional pro- 
teins such as adenomatous polyposis coli (APC) and 
BRCA1/2. 


IDENTIFICATION OF MENDELIAN CANCER 
SUSCEPTIBILITY GENES 


From the observation of cancer-prone families, linkage 
analysis followed by positional cloning has been the chief 
method used to identify dominant Mendelian cancer pre- 
disposition genes. Here, by following anonymous, polymor- 
phic DNA markers through families, and testing for co- 
segregation with disease, the locations of the cancer genes 
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Family SM96 
Figure 1 Pedigree of a large family with hereditary mixed polyposis syndrome (see Table 1). 


can be detected. That location can subsequently be refined 
through further linkage searches based on a finer-scale map 
of polymorphic markers and by allied techniques, such 
as the identification of large-scale germ-line changes like 
cytogenetically visible deletions. Ultimately, a large panel of 
genes within a particular genomic region usually needs to be 
screened for germ-line mutations before the culprit is iden- 
tified. Cancer predisposition genes identified in this fashion 
are shown in Table 1. In many cases, particularly when the 
phenotype was not highly unusual, a single, relatively large 
family provided the crucial localization data. 

A relatively recent example of tumour predisposition 
gene identification is that of succinate dehydrogenase sub- 
unit D (SDHD) mutations as the cause of early-onset or 


Table 1 


Disease? 


Mendelian tumour susceptibility genes. 


Gene symbol” 


Tumour spectrum‘ 


GENETIC SUSCEPTIBILITY TO CANCER 


Classification? 


Notes 





Ataxia telangiectasia 


Hereditary pituitary 
adenoma 


Familial adenomatous 
polyposis 


Bloom syndrome 


Hereditary breast/ovarian 
carcinoma 


Hereditary diffuse gastric 


carcinoma 
Familial melanoma 


Hereditary mixed polyposis 
Cylindromatosis; 


Brooke- Spiegler syndrome 
Fanconi anaemia 


Hereditary leiomyomatosis 
and renal cell carcinoma 


Birt- Hogg Dube syndrome 


Peutz- J eghers syndrome 


Multiple endocrine 
neoplasia type | 


Hereditary papillary renal 
cell carcinoma 


Hereditary non-polyposis 
colon carcinoma 


MY H-associated polyposis 


ATM 


AIP 


APC 


BLM 


BRCA1 
BRCA2 


CDH1 


CDKN2A/TP 16 


CRAC1 


CYLD1 


FANCA 
FANCB 
FANCC 
BRCA2 
FANCD2 
FANCE 
FANCF 
FANCG 
BRIP1 
FANCL/PHF9 
FANCM 


FH 


FLCN 


LKBI/STK11 


MENIN/MEN1 


MET/HGFR 


MSH2 
MLH1 
MSH6 
PMS2 


MYH /MUTYH 


Leukaemia, generally increased 
risk of malignancy 


Pituitary adenoma 


Intestinal adenomas and 
carcinomas, desmoids, thyroid 
carcinomas, hepatoblastomas, 
adrenal tumours, brain tumours 
Generally increased risk of 
malignancy, especially 
haematological 

Breast carcinoma, ovarian 
carcinoma, pancreatic cancer, 
prostate cancer 


Diffuse gastric carcinoma; ?lobular 


breast carcinoma 


Cutaneous melanoma; pancreatic 
carcinoma 


Colorectal hyperplastic polyps, 
adenomas, and carcinomas 


Turban tumours/trichoepitheliomas 


Leukaemia, generally increased 
risk of malignancy 


Uterine and cutaneous leiomyomas, 


type II papillary renal cell 
carcinoma, uterine 
leiomyosarcoma; Leydig cell 
testicular tumour 
Fibrofolliculomas, trichodiscomas, 
acrochordons, renal carcinoma 
(mostly chromophobe and 
oncocytoma) 

Intestinal hamartomas, increased 


risk of colorectal and several other 


carcinomas 


Pancreatic endocrine tumours, 
parathyroid adenoma, pituitary 
adenoma, adrenocortical adenoma 


Papillary renal carcinomas 


Carcinomas of the colorectum, 


endometrium, stomach, urothelium, 
and skin (Sebaceous), and possibly 


other sites; brain tumours 


Intestinal adenomas and 
carcinomas 


Tumour suppressor; 
caretaker 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
caretaker 


Tumour suppressor; ?both 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


Not known 
Tumour suppressor; 


gatekeeper 


Tumour suppressor; 
caretaker 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


Not known 


Tumour suppressor; 
gatekeeper 


Oncogene; gatekeeper 


Tumour suppressor; 
caretaker 


Tumour suppressor; 
caretaker 


Predisposed to DNA 
double-strand breaks; 
heterozygotes have increased 
breast carcinoma risk 
Possible somatotropinoma 
excess 


Also attenuated disease variant 


Increased mitotic recombination 


Also known as familial atypical 
multiple mole 

melanoma- pancreatic 
carcinoma (FAM MPC) 
syndrome 


Gene not yet cloned 


Predisposed to DNA 
double-strand breaks 


Possible tumour suppressor 


MLH3 and PM S1 also 
previously suggested; 
carcinomas show microsatellite 
instability 

Base excision repair deficiency 


(continued overleaf ) 
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Disease? 
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Gene symbol? 


Tumour spectrum‘ 


Classification? 


Notes 





N eurofibromatosis type | 


Neurofibromatosis type II 


Nijmegen breakage 
syndrome 


Carney complex 


Gorlin syndrome 


Cowden syndrome; 
Lhermitte Duclos disease; 
Bannayan- Ruvalcaba- 
Riley syndrome 


Hereditary retinoblastoma 
Werner syndrome 


Rothmund- Thomson 
syndrome 


Multiple endocrine 
neoplasia type II 


Inherited AML 


Hereditary 
phaeochromocytomas and 
paragangliomas 


Juvenile polyposis 


Tylosis 
Li-Fraumeni syndrome 


M osaic variegated 
aneuploidy 


Tuberous sclerosis 


von Hippel - Lindau 
syndrome 


NF1 


NF2 


NIBRIN 


PRKARIA 
MYH8 


PTCH1 


PTEN 


RB1 
RECQL2 
RECQL4 


RET 


RUNXI/CBFA2 


SDHB 
SDHC 
SDHD 


SMAD4/MADH4/DPC4 
BM PRIA/ALK3 
TOC 


TP53 
CHEK2 


BUBR1 
TSC1 


TSC2 


VHL 


Multiple neurofibromas, neuromas 
of other sites, meningioma, 
hypothalamic tumour, 
neurofibrosarcoma, 
rhabdomyosarcoma, parathyroid 
adenoma, phaeochromocytoma 


VIII cranial nerve tumours, 
meningiomas, schwannomas of 
spinal cord, sometimes other 
neuromas or neurofibromas 


Probable generally increased risk 
of malignancy, especially 
haematological 


Atrial myxoma, endocrine tumours, 
psammomatous melanotic 
schwannomas 


Basal cell naevi and carcinomas 


Multiple hamartomas, including 
epithelial trichilemmomas, papules, 
keratoses, and verrucous lesions, 
benign and malignant breast 
tumours, multiple lipomas, thyroid 
carcinoma, endometrial carcinoma, 
cerebellar dysplastic 
gangliocytoma, intestinal 
hamartomas 


Retinoblastoma, osteosarcoma 


Generally increased risk of 
malignancy, especially sarcoma 


Osteosarcoma; possibly generally 
increased risk of malignancy 


Pheochromocytoma, medullary 
thyroid carcinoma, parathyroid 
adenoma, carcinoid, 
ganglioneuroma 


Acute myeloid leukaemia 


Paraganglioma (including carotid 
body tumour), 
phaeochromocytomas 


Intestinal polyps, colorectal 
carcinoma, upper-gastrointestinal 
carcinoma 


Carcinoma of oesophagus 


Rhabdomyosarcoma, soft tissue 
sarcomas, osteosarcoma, breast 
carcinoma, brain tumour, 
adrenocortical carcinoma 


Rhabdomyosarcoma, Wilms 
tumour, leukaemia 


Multiple renal angiomyolipoma, 
cardiac rhabdomyoma, 
ependymoma, renal carcinoma, 
astrocytoma 


Multiple angiomas, cerebellar 
haemangioblastoma, 
phaeochromocytoma, clear cell 
renal cell carcinoma, pancreatic 
carcinoma 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
caretaker 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 
Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
caretaker 


Tumour suppressor; 
caretaker 


Oncogene; gatekeeper 


Oncogene?; caretaker 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


Not known 
Tumour suppressor; 


Tumour suppressor; 
caretaker 


Tumour suppressor; 
gatekeeper 


Tumour suppressor; 
gatekeeper 


?both 


MY H8 mutations in variant 
disease 


Considerable, largely 
unexplained, phenotypic 
heterogeneity 


May also be risk of clear cell 
renal cell carcinoma 


Landscaper suggested for 
SMAD4 


Gene not yet cloned 

CHEK 2 also a low-penetrance 
susceptibility gene for breast 
and other cancers 


continued overleaf ) 
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Table 1 (continued) 
Wilms tumour WT1 Nephroblastoma Tumour suppressor; Associated with Wilms 
gatekeeper tumour - aniridia- genitourinary 
anomalies- mental retardation 
syndrome and 
Beckwith- Wiedemann 
syndrome 
X eroderma pigmentosum XPA All types of skin carcinoma Tumour suppressor; Nucleotide excision repair 
ERCC3 caretaker deficiencies 
XPC 
ERCC2 
DDB2 
ERCC4 
ERCC5 
POLH 


aM ost commonly used name. 
“Official” and some unofficial names in common use. 


€M ost commonly reported neoplastic lesions; other characteristic lesions are not shown. 


d(i) Tumour suppressor or oncogene and (ii) gatekeeper, caretaker, landscaper, or both categories are shown. 


multiple paragangliomas and phaeochromocytomas (M PGL) 
(Baysal etal., 2000). Ascertainment and careful curation 
of families segregating paragangliomas (particularly carotid 
body tumours) and phaeochromocytomas has shown that this 
condition was likely to be inherited as M endelian dominant 
with incomplete, variable penetrance. A genome-wide link- 
age screen with highly polymorphic markers mapped the 
gene to chromosome 11q23.1, this location being refined by 
the use of 16 novel, simple, tandem, repeat polymorphisms, 
generated by the researchers themselves. Genes within the 
region were identified using available physical maps and 
additional mapping data, for example, from the construc- 
tion of bacterial and yeast artificial chromosome contigs. 
Screening of candidate genes revealed that affected indi- 
viduals harboured protein-inactivating mutations in SDHD. 
That linkage searches can be successful despite reduced pen- 
etrance has more recently been shown by the successful 
identification of germ-line aryl hydrocarbon receptor inter- 
acting protein (AIP) mutations in pituitary tumour families 
(Vierimaa et al., 2006). Here, a single very large family was 
used to map a susceptibility locus based on 16 individuals 
affected by somatotropinoma or mixed adenoma, who were 
separated by tens of meioses and many relatives without evi- 
dence of tumour. 

Increasingly, linkage analysis and positional cloning have 
been supplemented by other techniques. When a Mendelian 
disease is genetically heterogeneous, screening of sequence 
or functional homologues has provided an alternative method 
or a short cut to the gene (see Table 1 for details). After 
SDHD was identified as the cause of HPGL, for exam- 
ple, the other components of the SDH heterotetramer were 
screened in families with similar phenotypes, and muta- 
tions were identified in SDHB and SDHC (Astuti etal., 
2001; Niemann and Muller, 2000). The identification of 
LKB1/STK11 as the gene for Peutz- J eghers syndrome relied 
on linkage analysis that was targeted to the short arm 
of chromosome 19 by the discovery of deletions of this 
region in polyps from Peutz-Jeghers patients (Hemminki 
et al., 1997). Furthermore, the discovery of AIP mutations 
was aided by the decreased expression of this gene in 
patients with pituitary adenoma predisposition, subsequent 


to determining the region of candidate genes by linkage 
analysis. 

Several other M endelian tumour syndromes can be caused 
by mutations in more than one gene, each of which encodes 
a functionally related protein. In many of these cases, the 
connection between the genes has become apparent only 
after positional cloning identified the susceptibility loci. 
In tuberous sclerosis, for example, the proteins hamartin 
and tuberin were found to have decreased expression after 
linkage analysis demonstrated that there were two genes 
implicated, one at chromosome 9q34 and one at chromosome 
16p13.3. The genes turned out to be TSC1 and TSC2 
respectively and a mutation in either gene results in a 
similar phenotype. Both proteins act as tumour suppressors 
and interact with each other to form a heterodimer that 
acts within the PI3K/AKT/mTOR signalling pathway. Other 
examples are provided by the condition of gastrointestinal 
juvenile polyposis, for which the susceptibility genes lie in 
the TGF 8/BMP signalling pathway; and neurofibromatosis, 
where type 2 is caused by mutations in the protein merlin, 
which is involved in regulation of the RAS/RAC signalling 
pathway, and type 1 by mutations in neurofibromin, which 
contains a RAS GTPase activating protein domain and 
negatively regulates RAS. 

The contribution of multiple bioscientific disciplines to 
disease gene identification is illustrated by the case of 
the DNA mismatch repair (MMR) genes in the hereditary 
non-polyposis colon cancer (HNPCC) syndrome. Linkage 
analysis was intrinsically difficult in this disease, because the 
phenotype may be indistinguishable from sporadic colorectal 
cancer. Gene identification was, however, clinched by a 
combination of evidence sources: linkage analysis in large 
colorectal cancer families (Lindblom et al., 1993); replication 
errors in familial and sporadic cancers that were reminiscent 
of similar changes in mismatch repair-deficient yeast (lonov 
et al., 1993); and the identification of germ- line mutations 
in MMR genes in HNPCC patients (Leach etal., 1993). 
This approach was taken a step further by the discovery 
of MYH/MUTYH mutations as the cause of a recessively 
inherited form of colorectal polyposis. Here no linkage 
analysis or positional cloning was undertaken, and the 
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original study was focussed not on MYH but on the APC 
gene (Al-Tassan etal., 2002). However, when examining 
polyps from a family with multiple colorectal adenomas, 
the gene was identified on the basis of a strikingly unusual 
spectrum of somatic mutations in the APC gene The 
preponderance of G>T changes within APC suggested that 
oxidative damage to DNA was not being efficiently repaired, 
perhaps as a result of an underlying defect in base excision 
repair (BER). This was subsequently confirmed by the 
finding of bi-allelic mutations in the gene encoding the 
MY H glycosylase, an enzyme that removes adenine residues 
that have wrongly paired with the oxidized base 8-oxo-7,8- 
dihydroxy-2’-deoxyguanosine. 


UNIDENTIFIED MENDELIAN CANCER 
SUSCEPTIBILITY GENES 


Linkage analysis, positional cloning, and allied methods can- 
not, however, solve gene identification for all Mendelian 
tumour syndromes, the chief problems being genetic het- 
erogeneity and the presence of phenocopies within families. 
Candidate gene screening and searches for mutational signa- 
tures (such as in MY M -associated polyposis and HNPCC) 
are not always successful. Therefore, while most M endelian 
cancer genes have been identified, there almost certainly 
remains a small, but important group of patients who have a 
single-gene disorder, but whose underlying genetic problems 
have not been found. This contention remains true even if a 
generous allowance is made for the imperfections of mutation 
detection methods when screening known genes. 

In the absence of a single large kindred (or perhaps, two 
or three slightly smaller kindreds) that on its own provides 
power for linkage analysis - aminimum of about 10 affected 
individuals for a dominant condition - these genes may never 
be identified until, by good fortune, a candidate gene search is 
successful or “something turns up” à la MY H. It is true that 
there exists a stubborn minority of patients with phenotypes 
that appear genetic a priori and that resemble those of 
patients with identified germ-line mutations. Some of these 
individuals probably have germ-line mutations in known 
genes that will not be found using systematic searches. 


GERM-LINE EPIMUTATIONS 


In the soma, some genes can be inactivated by promoter 
methylation rather than mutation, but it had generally been 
thought that stable methylation could not be transmitted 
through the germ line. This reasoning did not, however, 
exclude acquisition of methylation early enough during 
development for it to affect sufficient cells to mimic a 
de novo mutation. This phenomenon, although apparently 
uncommon, has been reported for the DNA mismatch repair 
gene MLH1, which may acquire promoter methylation rel- 
atively easily (Suter etal., 2004); the epimutation caused 
an HNPCC phenotype. There was also evidence that stable 


methylation might be transmitted through the germ line in 
some unknown fashion. 


A HETEROZYGOTE PHENOTYPE IN MENDELIAN 
RECESSIVE TUMOUR SYNDROMES? 


For recessive tumour predisposition genes, the combined fre- 
quency of disease alleles may be >1%. At this level, the issue 
of disease risks in heterozygotes potentially becomes impor- 
tant. The mechanism for these effects might, for example, 
be mild haploinsufficiency or somatic loss of the wild-type 
allele in tumours. The most long-standing example of such 
an effect comes from heterozygotes for ataxia telangiectasia 
(ATM ) mutations. First-degree relatives of ataxia telangiec- 
tasia patients have been reported to be at an increased risk 
of breast cancer (Swift, 1997), and recent molecular studies 
suggest that women with one mutant copy of ATM have, 
approximately, a twofold increased risk of this cancer (Ren- 
wick et al., 2006). Some other heterozygote effects continue 
to be more controversial. In some studies, carriers of single 
Bloom syndrome (BLM ) mutations, especially the relatively 
common Ashkenazi change, a frameshift mutation in exon 
10, have been found to be at an increased risk of colorec- 
tal cancer (Gruber et al., 2002), but others have found no 
such effect. There is, similarly, an ongoing debate as to the 
colorectal cancer risk in carriers of single MYH mutations; 
very few studies have found significantly increased risks, 
but several have found small, non-significantly raised risks 
(Croitoru etal., 2004; Tenesa etal., 2005). M eta-analyses 
have not resolved this issue to date. Excluding a small risk 
when mutation carriers are uncommon is extremely difficult 
and the case of MYH illustrates this problem well. 


SOME CANCER GENES ARE INVOLVED IN BOTH 
DOMINANT AND RECESSIVE SYNDROMES 


For a number of Mendelian dominant cancer predisposition 
syndromes, there is now clear evidence of an additional, 
recessive phenotype. BRCA2 mutant homozygotes or com- 
pound heterozygotes have Fanconi anaemia (Howlett et al., 
2002); and individuals with bi-allelic MMR mutations have 
neurofibromatosis, childhood lymphoid malignancies, and 
brain tumours (De Vos et al., 2006; Gallinger et al., 2004). 
Interestingly, even though somatic loss of the wild-type 
allele underlies the dominant versions of these syndromes, 
the tumour spectrum is not identical to that of the reces- 
sive syndrome. For the MMR mutants, for example, perhaps 
the brain tumours or neurofibromas require multiple addi- 
tional events that occur only rarely, subsequent to allelic 
loss in mutant/wild-type heterozygotes, but additional postu- 
lates are required to explain why the mutant homozygotes do 
not develop very early-onset bowel tumours. In some cases, 
the homozygote syndrome is not associated with tumours 
at all: individuals with heterozygous fumarate hydratase 
(FH ) mutations develop leiomyomas and renal cell cancer 
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(HLRCC), but homozygotes die early in life from non- 
specific global developmental delay, hypotonia, and acidosis 
(Tomlinson et al., 2002). 


PHENOTYPIC VARIATION, PENETRANCE, AND 
RARE CANCERS IN MENDELIAN SYNDROMES 


The M endelian cancer syndromes vary greatly in the number, 
aggressiveness, and tissue spectrum of tumours that develop 
(Table 1). In several syndromes, it is common for mutation 
carriers to reach old age without being affected, whereas 
others are affected exceptionally early in life. It is not easy 
to explain these variations, but animal models suggest that 
modifying genetic loci may sometimes play a role, as, of 
course, might environmental exposures. 

Genotype- phenotype associations also occur in M endelian 
syndromes. The APC gene in familial adenomatous polypo- 
sis (FAP) provides an excellent example of such an asso- 
ciation (Fearnhead et al., 2001). Some mutations, especially 
around codon 1309, cause thousands of colorectal adenomas, 
probably because these tumours can acquire their “second 
hits” by LOH, this phenomenon being related to the tumours 
needing an optimal level of Wnt signalling that is caused by 
the mutation combination (Lamlum et al., 1999). M ost other 
FAP patients have a few hundred adenomas, and their polyps 
have “second hits” by protein-truncating mutation, but a few 
so-called “attenuated FA P” patients-have fewer than 100 ade- 
nomas and sometimes none at all. These AFAP cases have 
germ-line mutations in the first four exons of APC, or the sec- 
ond half of the last exon, or in the alternatively spliced exon 
9. It seems that many polyps from AFAP patients require 
“three hits” at APC, including loss or additional mutation 
of the germ-line mutant allele (Spirio et al., 1998). Again, 
it is likely that a requirement for optimal Wnt signalling is 
the reason. 

Similar genotype- phenotype associations exist for other 
diseases, including conditions resulting from germ-line muta- 
tions in two or more different genes. In some cases, an expla- 
nation is at hand. There are, for example, suggestions that 
splice-site MMR mutations have a “weak” phenotype, and it 
is plausibly argued that this is because they produce some 
functional protein and hence have less effect on the mutation 
rate. In other cases, however, the cause of the association is 
not fully understood. VHL disease (Table 1), for example, 
is often clinically divided into type 1 (without phaeochro- 
mocytoma) and type 2 (with phaeochromocytoma). It can be 
further subdivided into type 2A (with phaeochromocytoma), 
type 2B (with phaeochromocytoma and renal cell carcinoma), 
and type 2C (with isolated phaeochromocytoma without hae- 
mangioblastoma or renal cell carcinoma). Protein-truncating 
mutations are more common in type 1 disease, whereas mis- 
sense changes predominate in type 2, suggesting that the 
latter encodes proteins that retain some function(s). Intrigu- 
ingly, type 2C mutations, for example, may encode proteins 
that retain the ability to downregulate hypoxia-inducible fac- 
tor æ subunit (Hoffman etal., 2001), often thought to be 
critical in the pathogenesis of VHL tumours. 


While such considerations can help explain variation 
among individuals with the same disease, variation between 
diseases generally requires different explanations. Why are 
there so many polyps in FAP and neurofibromas in NF, yet so 
few lesions in, for example, carriers of E-cadherin mutations? 
Why do mutations in ubiquitously expressed genes only 
cause cancer in certain tissue types? Some possible causes 
for the variation between different tumour syndromes (Sieber 
et al., 2005) are the following: 


our failure to recognize or identify precursor lesions 

the stage of tumourigenesis at which mutation acts (earlier 
causing more tumours) 

e the cell turnover of target organ/tissue/cell 

the importance of the gene at different stages of develop- 
ment or for a particular specialized cell function 
probabilistic effects, such as the likelihood of cell death 
unless next mutation in the pathogenetic pathway happens 
within a particular time window 

the critical role of a gene, perhaps in relation to the 
environmental stress acting on the target organ/tissue/cell. 


Perhaps even more difficult to explain is the similarity in 
some phenotypes, such as MYH-associated polyposis, and 
FAP that are caused by mutations in apparently unrelated 
proteins. 

A related phenomenon, that is increasingly described, is 
the small absolute risks (although sometimes large relative 
risks) of certain cancer types in some of the Mendelian 
syndromes. Examples are shown in Table 1. They include 
modestly increased risks of prostate cancer in carriers of 
BRCA2 mutations (Van Asperen et al., 2005) and of solid 
malignancies in those affected by several of the syndromes 
caused by DNA breakage that had previously been strongly 
associated with haematological malignancies. 


PREDISPOSITION ALLELES SPECIFIC TO ETHNIC 
GROUPS 


Increasingly, cancer susceptibility mutations that are spe- 
cific to particular ethnic groups have been identified. The 
Ashkenazi population is probably the best studied of these 
groups, and specific alleles have been identified in genes 
such as BLM (nt2281delATCTGA, insTAGATTC), BRCA1 
(185delAG, 5382insC), BRCA2 (6174delT), APC (11307K), 
and MSH2 (A636P). For MYH, particular mutations are over- 
represented in the Pakistani (Y 90X), Indian (E466X), and 
M editerranean (nt1395-7delGGA) populations. Several other 
examples exist and must be borne in mind when undertaking 
mutation screening in clinical practice. 


FROM THE GERM LINE TO THE SOMATIC: NOT 
STRAIGHTFORWARD 


This chapter deals with germ-line variation and cancer 
predisposition. Many tumour susceptibility genes are rarely, 
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if ever, altered somatically in “sporadic” tumours. Such genes 
might, for example, only have a tumourigenic effect when 
mutated during development, or in the case of genomic 
integrity genes, have too weak a functional effect in the soma, 
especially in comparison with mutations that directly lead to 
tumour growth. Other predisposition genes are, however, also 
altered somatically in sporadic cancers. Examples include 
APC, VHL, CDH1, MET, and PTCH. However, even where 
this is the case, the tumour spectrum often differs between 
the germ line and soma (for example, p53 is mutated in a 
majority of carcinomas and many other malignancies, but 
when mutant in the germ line apparently only predisposes 
to a restricted tumour spectrum, see Table 1). In other cases, 
somatic inactivation of a gene or its protein does not involve 
mutation (for example, MLH1 is mutated in the germ line of 
HNPCC patients, but in sporadic cancers, there is silencing 
of MLH1 by promoter methylation). 

W hat is well demonstrated is that the nature of the germ- 
line susceptibility gene or allele can determine the somatic 
tumourigenic pathway that tumours follow. Breast cancers 
with germ-line BRCA1/2 mutations, for example, generally 
have ductal morphology, high-grade and specific somatic 
molecular changes (the so-called “basal” phenotype (Turner 
et al., 2004)). HNPCC colorectal cancers are often found 
in the proximal colon and acquire changes, such as beta- 
catenin and KRAS2 mutations, which are very rarely found 
in their sporadic counterparts that have acquired somatic 
silencing of MLH1. Intriguingly, it has also been shown 
that genetic pathways of tumourigenesis may vary among 
ethnic groups, perhaps caused by their different genetic 
backgrounds (Ashktorab et al., 2003). 


NON-MENDELIAN GENETIC CANCER 
SUSCEPTIBILITY 


For most of the common tumours, there is evidence that first- 
degree relatives of cases are at a small (typically two-fold) 
increased risk of developing the same disease. There is also a 
smaller increased risk of developing cancer in general. These 
risks are usually higher where the proband has early-onset 
disease or the family history is more extensive. While some 
of this risk might be the result of shared environment, twin 
studies and segregation analyses have shown that genetic 
factors are highly likely to account for much of the increased 
risk (Lichtenstein et al., 2000). 

The nature of the genetic risk of the “common cancers” 
remains unknown, although the relative risks associated with 
the known pathogenic variants in the M endelian cancer genes 
are too high to explain the risks observed in the general pop- 
ulation. Genes with moderate (say, five-fold) effects on risk 
may exist, particularly for the more “genetic” cancers, such 
as those of the colorectum, breast, and prostate. However, 
most efforts are currently focussed on alleles that have rela- 
tively small effects on risk (or, in other words, have low pen- 
etrance). In all cases, these alleles may “interact” with other 
alleles (at the same or different loci) or with the environment, 
such that risks are much higher (or lower) if an individual 


has several of them. There are essentially three major, non- 
exclusive models for the genetic contribution to common 
cancers. In the first model - the “common variant- common 
disease” hypothesis - a relatively small number of frequent 
polymorphic alleles is supposed to increase disease risk. The 
second “rare variant” model assumes that the predisposing 
alleles are generally uncommon (typically <2% frequency) 
and might even take the form of multiple different variants 
within the same gene. The third “polygenic” model assumes 
that many, many variants contribute to disease, each confer- 
ring a very small risk. 

It is arguable that the third model will be extremely 
difficult to show, except by exclusion of the other models, 
since the relative risks conferred by each allele (and even 
by a combination of several alleles) will be too low to 
detect other than by huge studies. The third model may also 
encompass what might be regarded as normal variants that 
are under genetic control and associated with cancer risk, 
such as body mass, skin pigmentation, breast density, and 
hormone levels. 

Efforts to demonstrate model one are currently focussed 
on case-control (association) studies involving thousands of 
patients. The disease-causing variation is generally assumed 
to take the form of single nucleotide polymorphisms (SNPs). 
Platforms are now available to genotype thousands of coding 
SNPs or millions of non-coding SNPs genome-wide. Even 
within those who favour the “common variant- common 
disease” model, there is a divergence of opinion as to the 
best method of detecting causal variation, with one group 
favouring a screen based on known functional variation 
(Terwilliger and Hiekkalinna, 2006) and the other, on linkage 
disequilibrium (using so-called haplotype tagged SNPs from 
efforts such as the HapM ap study (Figure 2) (Couzin, 2006)). 
In the latter case especially, even when a disease-associated 
allele has been identified and verified by several studies, 
it may prove particularly difficult to pin down the causal 
variant given the linkage disequilibrium-based SNP selection 
involved. 

Although the results of genome-wide SNP screens are 
imminent, currently there are only a few SNPs that have 
been reported consistently to be associated with increased 
cancer risk. For colorectal cancer, for example, the MTHFR 
Ala677Val allele is associated with an approximately 1.5-fold 
risk of disease in meta-analyses (Houlston and Tomlinson, 
2001), but there is considerable variation among studies. 
Similar quality and quantity of evidence exists for other 
cancer types. 

Intriguingly, there is good recent evidence for the second 
model, the “rare variant” hypothesis. Its proponents argue 
that variants with all but very small functional effects are 
unlikely to exist at allele frequencies higher than 1-5%, 
because natural selection will tend to eliminate them from 
the population, as long as they cause some cancers to 
develop before reproductive age, or if they have deleterious 
effects unrelated to cancer. In general, surveys have shown 
that alleles predicted in silico to have deleterious effects 
do tend to be rarer, although it is difficult to apply this 
reasoning a priori to cancer. Rare variants might, moreover, 
confer higher relative risks than common variants, while 
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Figure 2 Display from the website of the HapM ap SNP discovery and analysis programme (http://www.hapmap.org/), showing (red/blue circles) SNPs 
in and around the P53 gene and allele frequencies in different ethnic groups (CEU - European, CHB - Han Chinese, JPT - Japanese, YRI - Yoruba 
Nigerian). The exon-intron structure of the P53 gene is shown beneath the SNPs and, at the bottom, is shown the relatively modest level of pairwise 


linkage disequilibrium within the region in the CEU population samples. 


not violating the observed, population-based relative risk 
constraints. (Similar arguments can be applied to the effects 
of recessively acting SNP alleles.) The twin difficulties of 
identifying rare, disease-associated, variants are, however, 
discovering them and empowering analysis sufficiently to 
detect a genuine association (the latter again also applicable 
to recessive alleles). Despite these great problems, there are 
a few potential solutions. Large numbers of rare variants 
now exist owing to HapMap and related SNP discovery 
programmes, and selection of cases by age of onset and/or 
family history can greatly increase the power of association- 
based analyses. The CHEK2 1100delC allele is a case in 
point. This allele, which has a population frequency of 
~1%, was originally proposed to be the cause of some 
Li-Fraumeni syndrome families (see Table 1). Although 
subsequently shown not that this was unlikely to be the case, 
the role of CHEK2 - like BRCA1/2 - in the double-strand 
break repair pathway caused the variant to be tested in a set 
of familial breast cancer cases. It was estimated that carriers 
of the variant are at a two-fold increased risk of breast 
cancer (M eijers-H eijboer et al., 2002). Carriers of other rare 
CHEK2 variants may also be at increased breast cancer risk, 


and perhaps at raised risk of other cancers too, although 
the latter remains controversial. It is not clear whether the 
examples of CHEK2 - and of other genes such as ATM 
(see preceding text) - can be applied generally, in the sense 
that candidate genes can be selected on the basis of current 
knowledge of molecular pathways in which susceptibility 
genes act. Irrespective of whether MYH mutant/wild-type 
heterozygotes do have a raised risk of colorectal cancer, 
a candidate gene approach for bowel cancer would have 
focussed on genes involved in MMR or the WNT pathway, 
and MYH would have been low on the list of priorities for 
screening. 


CONCLUDING REMARKS 


Many cancers and benign tumours probably have an inher- 
ited component. Mendelian (single gene) disorders that are 
associated with a high lifetime tumour risk are currently 
the best characterized. There is great heterogeneity in these 
conditions in terms of the genes involved, tumour site, 
multiplicity of tumours, molecular pathways involved, and 
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underlying mechanisms of tumourigenesis. M ost M endelian 
tumour-susceptibility genes are dominantly inherited tumour 
suppressors that normally restrain cell proliferation in some 
way, or recessively inherited DNA repair or genome integrity 
alleles. Mendelian syndromes probably account for 1- 2% of 
all human malignancies and they are best classified on a 
molecular, rather than a clinical, basis. 

The remaining genetic contribution to cancer is “com- 
plex”, but may explain up to one-third of all cases. The 
alleles involved are likely to have low penetrance - perhaps 
<<10% - but their successful identification depends on the 
size of their effects, on their frequencies, and on multiple 
replication studies. Eventually, however, it may be possible 
to offer genetic testing for multiple cancers to the general 
population, based on panels of polymorphisms and/or rarer 
variants. Some of these alleles may provide a general can- 
cer predisposition, whereas others will be site specific. It 
will then be possible to offer preventive measures to those at 
higher genetic risk. In addition, it may be possible to identify 
germ-line determinants of tumour aggressiveness or response 
to treatment (including pharmacogenetics) and of prognosis. 

The potential financial burden of population-level genetic 
testing will be great. It is, therefore, important to target 
this testing wherever possible, principally to alleles with 
relatively large effects on disease risk and to cancers for 
which effective, selective prophylaxis is possible. There is 
otherwise a danger that the existing and predicted gains of 
cancer genetics will not be applied equitably and efficiently. 
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The term cancer comprises a variety of malignancies that 
result from a series of alterations of function in key tumour- 
suppressor genes and oncogenes. M ost of the research efforts 
in the cancer field had been invested under the premise 
that genetic alterations occur at genes with a key role in 
different cellular processes, including cell proliferation and 
differentiation, apoptosis, adhesion, and so on. However, an 
increasingly strong line of evidence indicates that not only 
genetic changes are responsible for the aberrant behaviour of 
those cellular functions but also other types of mechanisms 
could explain the abnormal loss or gain of function. This 
second group of changes are epigenetic. Whereas genetic 
alterations leave a permanent print in the genome, epigenetic 
alterations are reversible and the enzymes responsible for 
their maintenance are the potential targets for a number of 
compounds. 

Epigenetic modifications constitute the basis for establish- 
ing the profiles of gene expression and nuclear organization 
for given genomic information. This information determines 
the cell type identity. Basically, cells encode their epige- 
netic information in two different groups of molecules: DNA 
and histones. In DNA, methylation of the 5-position of the 
cytosine in CpG dinucleotides is the most common epige- 
netic modification (Miller et al., 1974). CpGs are unevenly 
distributed throughout the vertebrate genome, where this din- 
ucleotide is relatively uncommon and has a tendency to clus- 
ter in regions known as CpG islands (Gardiner-Garden and 
Frommer, 1987), many of which are coincident with the pro- 
moter of protein-coding genes. Most dispersed CpGs in the 
genome are methylated, unlike in CpG islands, where methy- 
lation occurs rarely in normal cells (Gardiner-Garden and 
Frommer, 1987; Aissani and Bernardi, 1991) and results in 
transcriptional repression (K eshet et al., 1986). This situation 
is restricted to a small number of genes, including imprinted 
genes (Reik etal., 1987), whose expression is determined 
by the parent who contributed them, X-chromosome genes 
in women (Wolf and M igeon, 1982), and a few tissue-specific 
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genes (Shen and Maniatis, 1980) whose expression is only 
required for a short period. 

On the other hand, histones store epigenetic information 
through a complex set of post-translational modifications 
(Allfrey, 1966). There is evidence that histone modifica- 
tions help determine higher-order chromatin structure, which 
may in turn influence the transcriptional status (for instance, 
see Nakayama et al., 2001; Espada et al., 2004). A ddition- 
ally, it has been proposed that histone modifications may 
constitute a platform for specific interactions with nuclear 
factors. This model is known as the “histone code” hypoth- 
esis, and has only just begun to be understood (Wang et al., 
2004). In brief, reversible acetylation of histone lysines is 
generally associated with transcriptional activation (Chahal 
etal., 1980), although the acetylated site modulates the 
state (Rundlett et al., 1998). Methylation of histones can 
occur in lysine and arginine residues and the functional 
consequences depend on the type of residue and the spe- 
cific site that it modifies (Santos-Rosa et al., 2002; Lachner 
etal., 2001; Schotta etal., 2004). For instance, methyla- 
tion of H3 at K 4 (Santos-Rosa et al., 2002) and R17 (Bauer 
et al., 2002) is closely linked to transcriptional competence, 
whereas methylation of H3 at K9 or H4 at K 20 is associated 
with transcriptional repression (Lachner et al., 2001; Schotta 
et al., 2004). 

Besides a direct effect on nuclear processes such as tran- 
scriptional activity, DNA methylation and histone modifica- 
tions also play a key role in organizing nuclear architecture 
(Espada et al., 2004; Esteller and Almouzni, 2005a), which 
in turn is also involved in regulating transcription and other 
nuclear processes. Therefore, epigenetic modifications are 
essential for defining the cellular transcriptome at several 
levels. Aberrant changes in the pattern of epigenetic modifi- 
cations would result in altered nuclear activity, and thereby 
an altered transcriptome, which would transform the identity 
of the cell. 
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DNA HYPO- AND HYPERMETHYLATION 
IN CANCER 


The first recognized epigenetic alteration in cancer cells was 
the finding of loss of DNA methylation at CpG dinucleotides 
(Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983). At 
that time, analysis of the role of methylation using tissue- 
specific genes introduced into mammalian cells had led to 
a general consensus that DNA methylation results in the 
formation of nuclease-resistant chromatin and subsequent 
repression of gene activity (Keshet et al., 1986). Initially, 
global hypomethylation was thought to be the only significant 
methylation change in cancer and it was believed that it 
might lead to the massive overexpression of oncogenes. 
Although there is a global decrease of 5-methylcytosine 
content, hypomethylation mainly occurs in isolated CpGs 
scattered throughout the genome. 

Currently, it is accepted that hypomethylation of repeti- 
tive and parasitic DNA sequences correlates with a num- 
ber of adverse outcomes in cancer. For example, decreased 
methylation of repetitive sequences in the satellite DNA of 
the pericentric region of chromosomes is associated with 
increased chromosomal rearrangements, a hallmark of can- 
cer. For instance, the finding that DNMT3b (DNA methyl- 
transferase 3B ) mutations, which occur in immunodeficiency, 
centromeric region instability, and facial anomalies (ICF) 
syndrome, cause centromeric instability is indicative of how 
global demethylation destabilizes the overall chromatin orga- 
nization. Furthermore, decreased methylation of proviral 
sequences can lead to reactivation and increased infectiv- 
ity. In fact, one primary function of DNA methylation is the 
suppression of transcription and expansion of parasitic ele- 
ments such as transposons (e.g., SINES and LINES) (Y oder 
et al., 1997). In fact, the vast majority of methylated CpGs 
in normal cells reside within repetitive elements; global 
demethylation contributes to the reactivation of these par- 
asitic sequences by transcription and movement. 

Hypomethylation is not the only way in which methylation 
can contribute to cancer. That the hypermethylation of CpG 
islands of tumour-suppressor genes acts as a mechanism of 
gene inactivation in cancer was proposed in 1994 (Herman 
et al., 1994) when methylation-dependent silencing of the 
von Hippel-Lindau (VHL) gene was demonstrated to be 
a mechanism of gene inactivation in renal carcinoma. In 
the following years, parallel studies in the laboratories of 
Dr Stephen Baylin and Dr Peter J ones established that CpG 
island hypermethylation is a common mechanism of gene 
inactivation in cancer. More recently, we demonstrated that 
the profile of CpG island hypermethylation is specific to the 
type of tumour (Esteller et al., 2001a). The analysis of a few 
selected hypermethylated CpG islands can be so powerful 
as to enable the classification of tumours of unknown origin 
(Paz et al., 2003a). CpG island hypermethylation of tumour- 
suppressor genes, which leads to their inactivation, is now 
considered the major epigenetic alteration in cancer (Esteller, 
2002). It has been proposed that epigenetic inactivation of 
tumour-suppressor genes by hypermethylation plays a key 
role by complementing genetic changes in the transformation 
from normal to malignant cells (Chen et al., 1998; Esteller 


etal., 2000b; Xu etal., 1999). The tumour-type-specific 
profile of CpG island hypermethylation is reflected, for 
instance, by the exclusivity of BRCA1 hypermethylation 
for breast and ovarian neoplasias (Esteller et al., 2001b) or 
MLH1 hypermethylation for colon, endometrial, and gastric 
cancer (Herman etal., 1998; Esteller etal., 1998, 1999; 
Fleisher et al., 1999). 

The identification of CpG islands that become methylated 
in cancer has relied primarily on a candidate-gene approach. 
For this purpose, tumour-suppressor genes whose mutations 
have been associated with cancer have provided a useful 
source of candidates. This type of approach has served to 
identify many methylated genes in cancer for which key roles 
in tumourigenesis had previously been demonstrated. 

The availability of genomic information since the near 
completion of the human genome sequencing projects has 
facilitated the development of new strategies intended to 
identify novel genes that become methylated in cancer. 
These genome-wide approaches include the use of microar- 
rays (Suzuki etal., 2002), methylation-sensitive restriction 
enzymes, and two-dimensional gels (Costello et al., 2002), 
amplification of intermethylated sites (Paz etal., 2003b), 
and the combination of chromatin immunoprecipitation 
with genomic microarrays (Ballestar et al., 2003). Recently, 
a novel technique based on the immunoprecipitation of 
5-methylcytosine combined with hybridization in genomic 
microarrays has become available (Weber et al., 2005). This 
technique appears to be a powerful tool to obtain a precise 
profile of hypermethylation in cancer cells. 

There are several lines of evidence that imply an active 
role of hypermethylation of tumour-suppressor genes in the 
development of cancer. In the first place, hypermethylation 
is an early event in cancer. This is the case with p16!NK42 | 
p144"F and MGMT (Esteller et al., 2000a,b) in colorectal 
adenomas and hMLH1 in endometrial hyperplasias (Esteller 
et al., 1999) and gastric adenomas (Fleisher et al., 2001). On 
the other hand, the comprehensive analysis of methylation in 
many different tumour types and gene promoters is evidence 
of the existence the aforementioned tumour-type-specific 
profile. In theory, CpG islands should be the most “attractive” 
substrate for DNA methylation, since, by definition, they 
contain a high concentration of CpG-rich sequences. It 
has been speculated that there must be some factors that 
prevent unscheduled methylation at CpG islands. M any other 
questions arise: Why do CpG islands become methylated 
in cancer? Why do certain CpG islands become methylated 
while others do not? Is aberrant hypermethylation a targeted 
or a random process? 

However, one of the most important steps for conferring 
CpG island hypermethylation a critical role in the origin and 
progression of a tumour is the demonstration of biological 
consequences of the inactivation of that particular gene. 

Another clue conferring on CpG island methylation its 
true value is the fact that it should occur in the absence of 
gene mutations. Both events (genetic and epigenetic) abol- 
ish normal gene function and their coincidence in the same 
allele would be redundant from an evolutionary standpoint. 
The selective advantage of promoter hypermethylation in 
this context is provided by multiple examples but three are 
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worth mentioning. First, the cell cycle inhibitor p16!N*4? in 
one allele of the HCT-116 colorectal cancer cell line has 
a genetic mutation while the other is wild-type: p16'N** 
hypermethylation occurs only on the wild-type allele, while 
the mutated allele is kept unmethylated (M yohanen et al., 
1998). The same selectivity of p16!NX4? hypermethylation 
for the wild-type allele, keeping the mutant allele unmethy- 
lated, has also been observed in a bladder transitional cell 
carcinoma cell line (Y eager et al., 1998). A second example 
is that of adenomatous polyposis coli (APC), the gatekeeper 
of colorectal cancer that is mutated in the vast majority of 
colon tumours. When APC methylation occurs in that type, 
it is clustered in the APC wild-type cases (Esteller et al., 
2000c). And finally we have recently demonstrated that in 
colorectal and breast tumours from families that harbour a 
germ-line mutation in the tumour-suppressor genes hMLH1, 
BRCA1, or LKB1/STK11, only those tumours that still retain 
one wild-type allele undergo CpG island hypermethylation 
(Esteller et al., 2001b). These results put CpG island hyper- 
methylation on par with gene mutation for accomplishing 
selective gene inactivation. 


PROFILING HISTONE MODIFICATION 
IN CANCER 


As in the earlier introduction, histone post-translational 
modifications constitute the second group of epigenetic modi- 
fications. During the past 10 years, increasing reports have 
evidenced the tight connections between DNA methylation 
and histone modifications. These occur through different 
nuclear machineries including DNMTs, which have been 
reported to recruit both histone deacetylases (Fuks et al., 
2001; Robertson et al., 2000) and histone methyltransferases 
that modify lysine 9 of histone H3 (Fuks etal., 2003). 
In addition, there are at least two groups of proteins that 
bind methylated DNA and also recruit histone-modifying 
enzymes. These include methyl-CpG binding domain pro- 
teins (Hendrich and Bird, 1998; Ballestar and Wolffe, 2001) 
and the K aiso family of proteins (Prokhortchouk et al., 2001; 
Filion et al., 2006). 

Initially, aberrations in post-translational modifications of 
histones were only shown to occur in cancer cells at individ- 
ual promoters. These changes were reported to be associated 
with the presence of methyl-CpG binding domain (MBD) 
proteins (M agdinier and Wolffe, 2001; Ballestar et al., 2003). 
In this context, hypermethylation of the promoter CpG 
islands of tumour-suppressor genes was thought to be mech- 
anistically linked to gene silencing through the recruitment 
of such methylated DNA-binding activities, which would be 
followed by a change in the pattern of histone modifica- 
tions that would lead to a change in the chromatin structure 
compatible with gene inactivation. 

Recently, we characterized post-translational modifications 
of histone H4 at a global level in a comprehensive panel 
of normal tissues, cancer cell lines, and primary tumours 
(Fraga etal., 2005). In this study, we found that cancer 
cells exhibit a loss of monoacetylated and trimethylated 


forms of histone H4. Interestingly, these changes appeared 
early and accumulated during the tumourigenic process, as 
shown in a mouse model of multi-stage skin carcinogenesis 
(Fraga et al., 2005). By using mass spectrometry, these losses 
were shown to occur predominantly at the acetylated Lys16 
and trimethylated Lys20 residues of histone H4 and were 
associated with the well-characterized hypomethylation of 
DNA repetitive sequences. These data suggested that the 
global loss of monoacetylation and trimethylation of histone 
H4 is acommon hallmark of human tumour cells. 

It has also been shown that changes in global levels of 
individual histone modifications are predictive of clinical 
outcome of prostate cancer (Seligson et al., 2005). Through 
immunohistochemical staining of primary prostatectomy tis- 
sue samples, Seligson and colleagues identified two disease 
subtypes with distinct risks of tumour recurrence in patients 
with low-grade prostate cancer based on the differential 
staining for the histone acetylation and dimethylation of 
five residues in histones H3 and H4. These histone mod- 
ification patterns were considered to be predictors of out- 
come that were independent of tumour stage, preoperative 
prostate-specific antigen levels, and capsule invasion. Thus, 
widespread changes in specific histone modifications indi- 
cate molecular heterogeneity not previously described in 
prostate cancer and might underlie the broad range of clinical 
behaviour in cancer patients. 

The identification of changes in the histone modification 
profile of cancer cells relies on the availability of techniques 
to study those changes. Mass spectrometry and specific 
antibodies raised against different histone modifications are 
the most powerful tools at present. M ass spectrometry allows 
the identification of novel modifications. On the other hand, 
antibodies allow not only the determination of global changes 
but can also, in the context of chromatin immunoprecipitation 
assays, be used to identify specific changes at defined 
sequences. The recent availability of genomic microarrays 
of different types (tiling arrays, promoter sequences) allows 
a genome-wide screening of histone modifications as well 
as the identification of the association of dedicated histone- 
modifying activities. It can be anticipated that great advances 
will be achieved in the next few years with the application 
of these novel technologies. 


TARGETED OR RANDOM EPIGENETIC CHANGES 
IN CANCER? 


One of the million-dollar questions in the cancer epigenetics 
field is whether epigenetic changes in cancer cells occur in a 
random or a targeted manner. Both scenarios are compatible 
with the observation of the specificity in the profiles of 
epigenetic alterations, which seems to be the result of the 
selection of clones with a clear advantage in terms of 
proliferation and dispersion. 

It has been proposed that the mechanisms that prevent CpG 
islands from methylation are no longer able to maintain this 
process in cancer cells. 
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However, other lines of evidence suggest that, at least 
in certain contexts, target-driven mechanisms account for 
epigenetic alterations. Acute leukaemia, for instance, has 
been a rich source of information about the targeted dis- 
ruption of histone modifications in cancer. Leukaemias - 
in contrast to solid tumours - are well characterized for 
non-random chromosomal translocations disrupting genes 
residing in the break point region of translocation (see, for 
instance, Pui et al. (2004)). Genes residing at these break 
point regions are often master regulators of haematopoietic 
cell differentiation, apoptosis, or proliferation. Many of the 
chromosomal translocations associated with acute leukaemia 
disrupt genes that either encode histone-modifying factors or 
express transcription factors that recruit histone-modifying 
enzymes. Although many of these enzymes show remark- 
able specificity, histone-modifying enzymes can also modify 
non-histone proteins, including other transcription factors, 
making it difficult to pinpoint the action of histone-modifying 
enzymes in leukaemogenesis. Nevertheless, these chromoso- 
mal translocations indicate how disruptions of the function 
of the enzymes that control chromatin structure can cause 
alterations in the histone modification profile in a target- 
specific fashion, resulting in an altered chromatin structure 
that has an impact in gene expression at specific loci, even- 
tually causing cellular transformation. A typical example is 
mixed-lineage leukaemia (MLL), a histone H3 Lys4 specific 
methyltransferase that is a positive regulator of HOX expres- 
sion. MLL rearrangements and amplification are common in 
acute lymphoid and myeloid leukaemias and myelodysplas- 
tic disorders and are associated with abnormal upregulation 
of HOX gene expression (Hess, 2004). At any rate, these 
chromosomal translocations indicate how disruptions of the 
function of the enzymes that control chromatin structure can 
cause alterations of the histone code and chromatin structure 
to alter gene expression at specific loci, eventually causing 
cellular transformation. 

Another excellent example is provided by the Myc tran- 
scription factor, an essential mediator of cell growth and 
proliferation through its ability to both positively and nega- 
tively regulate transcription. It has been recently shown that 
M yc binds the co-repressor Dnmt3a and associates with DNA 
methyltransferase activity in vivo (Brenner etal., 2005). 
These authors found that cells with reduced Dnmt3a lev- 
els exhibit specific reactivation of the M yc-repressed p21°'>! 
gene, whereas the expression of Myc-activated E-boxes 
genes is unchanged. In addition, selective binding of M yc and 
targeting of Dnmt3a to the promoter of p21°'?! was observed. 
M yc is known to be recruited to the p21°'! promoter by the 
DNA-binding factor M iz-1. Consistent with this, Brenner and 
colleagues observed that Myc and Dnmt3a form a ternary 
complex with M iz-1 and that this complex can co-repress the 
p21°'! promoter in a DNA methylation- dependent manner. 
These findings were among the first evidences suggesting that 
targeting of DNA methyltransferases by transcription factors 
could be a wide and general mechanism for the generation 
of specific DNA methylation patterns within a cell. 

It is likely that both general deregulation of the physio- 
logical processes that direct DNA methyltransferases to their 
normal targets and direct mistargeting of histone-modifying 


enzymes - through chromosomal rearrangements - take 
place in cancer cells (see Figure 1). 


EPIGENETIC THERAPY FOR CANCER TREATMENT 


The “holy grail” of current research in cancer therapy 
is the design of specific drugs against molecular alter- 
ations found only in the transformed cell, such as muta- 
tions in oncogenes. Epigenetics can offer many new tar- 
gets for this approach. However, only two types of epige- 
netic drugs, neither of which is very specific, have a real 
impact at present: DNA-demethylating agents and histone 
deacetylase inhibitors (HDACis) (Villar-Garea and Esteller, 
2004; Esteller, 2005b). Novel epigenetic compounds with 
potential interest in a clinical context as therapeutic drugs 
include histone acetyltransferase inhibitors, such as anac- 
ardic acid, curcumin, and peptide CoA conjugates, in addi- 
tion to histone methyltransferase inhibitors (Greiner et al., 
2005) or those HDACis that are specific for SIRT1 (class 
III histone deacetylase (HDAC)), such as nicotinamide and 
splitomycin. 

Of the class of DNA-demethylating agents, the first drug 
used to inhibit DNA methylation was 5-azacytidine (Vidaza). 
This substance causes covalent arrest of DNMTs, result- 
ing in cytotoxicity. 5-Azacytidine was tested for its use- 
fulness as an anti-leukaemic drug before its demethylating 
activity was known (Esteller, 2005b). The analogue 5-aza- 
2’-deoxycytidine (Decitabine) is one of the most commonly 
used demethylating drugs in assays with cultured cells. Zebu- 
larine is another recently developed cytidine analogue (Y o0 
et al., 2004). It forms a covalent complex with DNA methyl- 
transferases (Yoo et al., 2004). Furthermore, zebularine has 
also shown promising antitumoural effects in xenografts (Y o0 
et al., 2004) and thymic lymphomas (Herranz et al., 2005) 
in mice. Perhaps the most interesting features of this DNA- 
demethylating agent are that it is chemically stable and of low 
toxicity (Yoo et al., 2004; Herranz et al., 2005) and can be 
taken orally. It is in the field of haematological malignancies 
that DNA-demethylating agents have had their greatest suc- 
cess so far, especially in high-risk myelodysplastic syndrome 
using 5-aza-2-deoxycytidine (Esteller, 2005b). In 2004, the 
Food and Drug Administration (FDA) approved the use of 
5-azacytidine (Vidaza) for the treatment of all myelodysplas- 
tic syndrome subtypes. 

On the other hand, naturally occurring and synthetic 
HDACis are also the focus of interest because of their great 
potential utility against cancer. Overall, HDACis manifest 
a wide range of activities against all HDACs. These com- 
pounds can be classified into the following groups according 
to their chemical nature: hydroxamic acids, such as tricho- 
statin A, SAHA, PXD101, and NVP-LAQ-824; carboxylic 
acids, such as sodium valproate and butyrate; benzamides, 
such as MS-272 and others, including trapoxins and FK 228 
(Villar-Garea and Esteller, 2004). It is believed that the anti- 
cancer effects of HDACis are mediated by the reactivation 
of the expression of tumour-suppressor genes. However, the 
treatment of cancer cell lines with HDACis has pleiotropic 
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Figure 1 Two examples of different mechanisms that account for epigenetic deregulation in cancer. In both cases, an array of nucleosomes is shown. 
Histone octamers are represented by grey circles. DNA is represented as a red line in which only methylated CpG dinucleotides are shown (as red circles). 
Acetylated histone tails are lines protruding from octamers, whereas deacetylated histone tails are not shown. (a) DNA methylation-dependent silencing 
of a tumour-suppressor gene. In the normal cell (top), CpG islands at the promoter of tumour-suppressor genes are unmethylated and these genes are 
transcriptionally active. In cancer cells, many tumour-suppressor genes undergo aberrant hypermethylation at their CpG islands and many different elements 
can be recruited: M BD proteins involved in transcriptional repression recruit histone deacetylases (HDAC) and/or histone methyltranferases (HMT), binding 
to both methyl-CpG-rich and methyl-C pG -poor sequences, as well as modulation of the binding by post-translational modification. Changes in the chromatin 
of these genes lead to transcriptional silencing. (b) Chromosomal rearrangements generate fusion proteins that can have different functional effects, for 
instance, failure in the right recruitment of histone-modifying enzymes (left panel) or mistargeting to alternative target sites (right panel). TF, transcription 
factor; HAT, histone acetyltransferase; M BD, methyl-CpG binding domain; F1, factor 1; F2, factor 2. 


effects inducing differentiation, cell cycle arrest, and apop- 
tosis. In this regard, the observation that cancer cells have 
lost monoacetylated lysine 16 histone H4 (Fraga et al., 2005) 
implies a new molecular pathway that may explain the ben- 
eficial effects of HDACis because these compounds may 
promote the restoration of normal histone H 4 acetylation lev- 
els in the whole cell, restoring the normal chromatin status 
of repetitive DNA sequences (Fraga et al., 2005). It is clear 
from in vitro, preclinical studies and ongoing clinical trials 
that HDA Cis have enormous potential as anticancer drugs. In 
this regard, SAHA may soon be approved for the treatment 
of cutaneous lymphoma. 
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INTRODUCTION 


Cancer is a disease related to ageing. Depletion of the cellular 
resources that maintain proliferation capacity and/or accumu- 
lation of DNA damage lead to the emergence of neoplasia. 
Neoplasia per se, is a biological paradox. Enormous multi- 
plication rates are achieved from the most exhausted cells of 
the body that suffer from telomere erosion and devastating 
inherited or somatic mutations (Hackett and Greider, 2002; 
de Lange, 2005). The other part of the same paradox is that 
most mammalian cancers are monoclonal in origin (Boveri, 
1914; Nowell, 1976). In tumourigenesis, it is just one single 
cell between millions of co-suffering tissue partners that will 
eventually gain sufficient and enough genomic alterations to 
proceed to malignancy. The descendants of that particular 
cell have the potential for uncontrolled continuous prolifera- 
tion. Eventually they will prevail over coexisting normal and 
abnormal cell populations, metastasize, and lead to morbidity 
and mortality. 

From the first mitotic division of a successful progenitor 
malignant cell, all about cancer is chaotic evolution of 
an already abnormal genome. It is now well established 
that most tumours follow a multi-step process towards 
malignancy (Nowell, 1976; Hanahan and Weinberg, 2000). 
Initial genetic differences between cancer cells of the same 
origin are thought to arise from random mutations due to 
defects in DNA repair and telomere dysfunction (Jasin, 
2000; de Lange, 2002). In Darwin’s theory of evolution, 
the environment determines on what grounds selection takes 
place and which characteristics are necessary for better 
adaptation. In tumour evolution, selective pressure during 
continuous growth and metastasis leads to amplification of 
oncogenic and deletion of oncosuppressor pathways (Cahill 
et al., 1999). 

Intratumour genomic heterogeneity is a major problem 
of all current and future anticancer therapeutic strategies. 
Organisms have evolved biological mechanisms that main- 
tain genomic integrity by inducing cell cycle arrest in 
response to DNA damage (M otoyama and Naka, 2004). Cell 
cycle checkpoints (see Regulation of the Cell Cycle, Cell 
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Cycle Checkpoints, and Cancer) monitor the status of the 
genome and allow transition to the next step only when the 
damage is repaired. If DNA damage is too extensive, normal 
cells undergo apoptosis or cellular senescence (Hanahan and 
Weinberg, 2000). Defective checkpoint responses result in 
genomic instability and allow neoplastic transformation. In 
neoplasia, in continuous immortalized growth in vitro, and 
in animal models, defects in DNA repair, mitotic spindle 
abnormalities, illegitimate chromosomal recombination, and 
epigenetic modifications deteriorate the precise mitotic dis- 
tribution of the genomic content and provide the grounds for 
genomic instability (Lengauer et al., 1998). 

Three distinct classes of genomic instability can be rec- 
ognized. The tendency towards instability at the nucleotide 
sequence level has been termed microsatellite instabil- 
ity in neoplasia (MIN) (Thibodeau etal., 1993; Lengauer 
et al., 1998). Microsatellites are repetitive sequences of 
one to four nucleotides scattered all over the human 
genome. Their repetitive structure is prone to replica- 
tion errors. Mismatch repair (MMR) has a central role 
in maintaining genomic stability by repairing DNA repli- 
cation errors and inhibiting recombination between non- 
homologous sequences (M odrich, 1994). Defects in MMR 
have been linked to several histopathological types of human 
cancers, including hereditary non-polyposis colorectal cancer 
(HNPCC), several types of sporadic tumours, and ulcerative 
colitis (Loeb and Loeb, 1999; Loeb et al., 2003). MMR in 
humans is operated by at least six highly conserved pro- 
teins hM LH1, hM SH2, hPM S1, hPM S2, hM SH6, and hM H3 
(Loeb et al., 2003). 

Randomly distributed epigenetic modifications in a neo- 
plastic population might also contribute to tumour het- 
erogeneity. There is growing evidence that concurrent 
over-methylation or hypo-acetylation of large genomic seg- 
ments acts as an “epigenetic signature” in some human 
cancers (see The Role of Epigenetic Alterations in Can- 
cer). This still-unexplained process is characterized by exces- 
sive methylation changes of CpG-rich DNA sequences. 
Earlier studies have shown links between DNA methy- 
lation and gene expression (Boyes and Bird, 1992). In 
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gene imprinting, where one of the two parental genes is 
silenced, the CpG island containing the promoter for the 
silent gene is methylated, whereas the CpG island asso- 
ciated with the active gene is unmethylated (Razin and 
Cedar, 1994). 

Chromosomal instability in neoplasia (CIN) is considered 
to be the major contributor of genomic instability in neopla- 
sia. Nuclear and mitotic abnormalities in cancer biopsies have 
been described from the work of the pioneer pathologists 
by the end of the nineteenth century (Heim and M itelman, 
1995). Abnormalities of chromosome number and structure 
are present in the vast majority of human tumours and 
haematological malignancies (Heim and Mitelman, 1995). 
In vitro cell immortalization and continuous growth are also 
related to chromosome mutations (Roschke etal., 2002). 
MIN tumours have diploid karyotypes, express low chro- 
mosomal instability, and show increased rates of hyperme- 
thylation (Lengauer et al., 1998). CIN tumours do not show 
microsatellite instability. They are characterized by frequent 
aneuploidy, loss of heterozygosity (LOH), and undermethy- 
lation of large genomic segments (Lengauer etal., 1998; 
Thiagalingam etal., 2001). Chromosomal lesions generate 
tremendous genomic imbalances that drive the function of 
the whole genome towards continuous growth. In this chap- 
ter, we focus on the biological mechanisms that generate 
numerical or structural chromosomal abnormalities in solid 
tumours. 


Identification of Chromosomal Instability 
in Neoplasia (CIN) 


CIN is an ongoing process of hyper-mutability of cancer 
cells, characterized by accelerated rate of gains and losses 
of whole or large portions of chromosomes (Rajagopalan 
et al., 2003). The major consequences of CIN are exten- 
sive LOH and the simultaneous growth of diverse tumour 
subpopulations. Chromosomal aberrations in an organism, or 
in immortalized cells in vitro, could be either persistent or 
continuously evolving. The majority of the congenital cyto- 
genetic rearrangements are usually identically shared by all 
the cells of the body, and the karyotype is homogeneous. 
Exceptions are some rare cases of unstable dicentric or ring 
chromosomes and somatic mosaicism. In these situations, an 
organism carries two or more karyotypically distinct sub- 
populations (Thompson et al., 1996). In humans, most of 
the common aneuploidies, such as trisomy 21, 13, and X, 
are occasionally found in a mosaic state (Fran Lynch et al., 
2004). Independent of the type of chromosome mutations, 
mosaic cells that belong to the same lineage retain the same 
karyotype and maintain a relatively stable proportion into 
the tissue (Thompson et al., 1996). K aryotypic instability is a 
very common manifestation of most rare autosomal recessive 
disorders that predispose to cancer, such as ataxia telangiec- 
tasia (AT), Fanconi’s anaemia (FA), and Bloom syndrome 
(BS) (see Genetic Susceptibility to C ancer). 

Molecular cytogenetics is the ultimate tool to study 
genetic heterogeneity of a CIN cancer specimen. Novel 
technologies such as multicolor/SKY and multiband FISH 


provide more objective results than classical G-B anding that 
is based mainly on the analyst's skills and experience (Trask, 
2002). The monoclonal origin of a tumour specimen can 
be defined when all karyotyped cells share at least one 
identical recombinant chromosome or a particular aneusomy. 
Polyclonality is rare in tumourigenesis and can be identified 
by the presence of cytogenetically unrelated populations 
(Teixeira et al., 2001). 

CIN tumours are expected to express various degrees of 
intra-sample genomic heterogeneity. The wide application of 
comparative genomic hybridization on microarrays (aCGH) 
has been proposed for high-resolution detection of unbal- 
anced chromosomal content in the tumour genomes (Pinkel 
et al., 1998; Albertson and Pinkel, 2003). However, total 
DNA extraction of a non-uniform specimen composed of dif- 
ferent unbalanced genomes can provide only rough informa- 
tion on the median amount of the overall genomic imbalance. 
A heterogeneous karyotypic constitution in a monoclonal 
cell population is a strong indication for CIN. Classical and 
molecular karyotyping can evaluate the degree of heterogene- 
ity in a given specimen and has, in parallel, the potential to 
identify certain structural chromosomal abnormalities (Trask, 
2002) (Figure 1). Another great advantage of the karyotypic 
approaches over the methods that imply whole specimen 
extraction is that their information can be used to design 
suitable interphase-fluorescence in situ hybridization (FISH) 
tests with locus- or satellite-specific probes. These assays can 
be applied in non-cultured material to provide a customized 
high-throughput analysis of tumour dynamics that is closer 
to the situation in vivo (Trask, 2002). 

According to chromosomal stability, mammalian tumours 
can be categorized into five major groups: (i) normal diploid, 
(ii) polyploid, (iii) chromosomally abnormal/karyotypically 
stable, (iv) heteroploid, and (v) karyotypically unstable. 
The first two categories represent a small proportion of 
human cancers. They probably include tumours defective 
in MMR or neoplasias deriving from stem cells or other 
cells that retained some residual telomerase activity (Collins 
and Mitchell, 2002) (see Stem Cells and Tumourigen- 
esis and Telomerase). The role of MMR proteins is to 
inhibit homologous recombination (HR) between imperfectly 
matched sequences (Elliott and Jasin, 2001). Mutant MMR 
genes allow HR between diverged sequences and ongoing 
genomic instability. In the early steps of MMR tumourige- 
nesis, MIN reactivates the silenced telomerase, leading to 
continuous growth of neoplastic cells without major CIN 
(Lengauer et al., 1998). 

The generation of polyploid cells in vivo is caused by natu- 
ral ageing and a variety of cellular stressors such as oxidative 
stress (reviewed by Storchova and Pellman, 2004) (see The 
Formation of DNA Adducts). Cytogenetic studies on age- 
ing liver and wound healing showed increased percentages of 
tetraploid nuclei (K udryavtsev et al., 1993; Oberringer et al., 
1999). In principle, polyploidy is less detrimental than ane- 
uploidy and can even be considered as a natural cellular 
response against chromosomal losses and non-disjunctions 
(Shi and King, 2005). In polyploidization, the whole genome 
is uniformly amplified (Figure 2). In aneuploidy, the genome 
is imbalanced. Heteroploidy is the simultaneous existence 





Figure 1 


Molecular cytogenetics is the “gold standard” to study CIN. (a) SKY -painted metaphase shows increased aneuploidy and several structural 


rearrangements in a mitotic spread from a cell of the human breast cancer cell line M CF-7. (b) Telomere-specific PNA FISH is the ultimate tool to measure 
telomeric lengths of individual chromosomes. (C) Multiband karyotyping reveals that the break point of the rearranged chromosome 17 (right) is located 


in the centromeric region. 


of cell populations with different ploidy indexes. M any 
tumours develop extended heteroploidy and keep this phe- 
notype throughout their progression from pre-neoplastic to 
highly malignant stages (Jallepalli and Lengauer, 2001). 
CIN tumours can be simultaneously aneuploid, polyploid, or 
heteroploid. However, tumours belonging to these three cat- 
egories are not necessarily unstable. Some cancers express 
CIN during an undetermined period of their natural history, 
but are then stabilized, probably because they reach an opti- 
mum combination of imbalances that confer both continuous 
proliferation and genomic stability (Roschke et al., 2002). 


Genetics of Chromosomal Instability 


High fidelity of mitotic chromosomal transmission is ensured 
by several tightly regulated biological pathways (Watanabe 
and Nurse, 1999). There are more than 100 genes that are 
capable of causing chromosomal instability when mutated 
in eukaryotic cells (Table 1). This continuously expanding 
list includes genes that are involved in DNA repair, telom- 
ere metabolism, cell cycle checkpoints, chromatid cohe- 
sion, microtubule assembly, and separation of kinetochores 
(J allepalli and Lengauer, 2001). 


The first mutations associated with defects in mitotic 
chromosome condensation were described in the yeast 
Structural Maintenance of Chromosomes (SMC) proteins 
(Hirano, 1999). In Tetrahymena thermophila, phosphory- 
lation of histone H3 is required for proper chromosome 
condensation and segregation (Wei etal., 1999). Cohesin 
is a tetramer required for sister-chromatid cohesion both 
in mitosis and meiosis (Gruber etal., 2003). This pro- 
tein complex consists of two proteins, SMC1 and SMC3, 
and two regulatory subunits, SCC1/RAD21 and SCC3. In 
mammals, cohesins are responsible for the primary con- 
striction that holds sister chromatids at centromeres. Pro- 
teolysis of cohesin by its SCC1/RAD21 subunit triggers 
chromatid separation at anaphase (reviewed by Nasmyth, 
2001). REC8 complexes enriched at the pericentromeric 
regions are crucial for preserving centromeric cohesion 
through meiosis (Kitajima etal., 2003). In fission yeast, 
centromeric cohesion during meiosis is also protected by 
the action of the conserved kinetochore proteins SGO1 
and SGO2 named shugoshins. Mutations of SGO2 ame- 
liorate faithful mitotic chromosome segregation (Kitajima 
et al., 2004). 

Chromosome dynamics during mitosis and meiosis are reg- 
ulated by the RNA interference machinery (Hall et al., 2003). 
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Figure 2 Mitotic chromosomal anomalies: Accurate chromosome segregation at mitosis is ensured by the operation of checkpoints that monitor 
chromosome-microtubule attachment. W hen unattached kinetochores are present, anaphase is delayed and the time available for chromosome-microtubule 
capture increases. Chromosomal non-disjunction leads to cell progeny with chromosome loss or duplication (aneuploidy). Whole- or half-genome 
non-disjunction is a root to polyploidy. Telomere dysfunction can cause a series of events driven from end-to-end chromatid or chromosome fusions. 
Breakage/fusion/bridge cycles generate numerical and structural chromosome instability. 


Defects in genes such as the Argonaute, Dicer, and the RNA- 
dependent RNA polymerases lead to inaccurate segregation 
of meiotic or mitotic chromosomes. Mutants show loss of 
cohesin at the centromeres and defective meiotic telomere 
clustering both leading to disjunction anomalies and numer- 
ical chromosomal instability. 

The kinetochore-binding proteins MAD, BUB, and the 
securins are the key components of the large multi-protein 
cascade known as the anaphase-promoting complex that 
plays an important role in safeguarding chromosomal sta- 
bility (Prasad etal., 2001; Jallepalli and Lengauer, 2001). 
M AD2-deficient cells undergo premature entry into anaphase 
and frequent chromosomal losses. Securin-depleted cells 
show defects in sister-chromatid separation and increased 
rates of non-disjunctions (Jallepalli etal., 2001). Disrup- 
tion of the Mad2 gene in karyotypically stable contin- 
uous cell lines leads to CIN and aneuploidy (Michel 
et al., 2001). 

DNA helicases play an important role in DNA repair, 
replication, and recombination. M utations in the genes BLM, 
WRN, and RECQ4 of the RECQ family of helicases give 
rise to Bloom’s (BS), Werner’s (WS), and Rothmund- 
Thomson (RTS) syndromes, respectively (see Genetic Sus- 
ceptibility to Cancer). These disorders are associated with 
cancer predisposition and premature ageing and exhibit 
various types of chromosomal instability including ele- 
vated frequencies of sister-chromatid exchanges (SCEs) 
(M ohaghegh and Hickson, 2002; K hakhar et al., 2003). The 


SCE assay is performed on metaphase preparations to detect 
mitotic recombination between sister chromatids (Rudiger 
et al., 1980). 

The pathway responsible for double-strand breakage 
(DSB) DNA repair has a central role in the prevention 
of illegitimate chromosomal recombination (Ferguson and 
Alt, 2001). DSB repair in eukaryotic cells is operated 
by non-homologous end joining (NHEJ) and HR (Haber, 
2000). These two distinct mechanisms are also utilized in 
physiologically specialized recombination procedures that 
require the induction of DSB. NHEJ is utilized from 
lymphocytes in V(D)J recombination, whereas HR catal- 
yses meiotic recombination. NHEJ is prone to deletions 
of DNA segments, whereas HR could generate rearrange- 
ments between paralogous segments on non-homologous 
chromosomes (Haber, 2000). Random chromosomal translo- 
cations develop spontaneously in NHE]-deficient fibroblasts 
(Difilippantonio etal., 2000). DNA DSBs induce histone 
H2AX phosphorylation and the recruitment of repair fac- 
tors to the DNA lesions. Embryonic fibroblasts from H2A X 
null mice showed elevated frequencies of chromatid breaks 
and dicentric chromosomes. Spectral karyotyping (SKY ) in 
H 2A X -deficient cells revealed high levels of random translo- 
cations and complex chromosomal rearrangements (Celeste 
et al., 2002). 
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Table 1 Genes causing chromosomal instability in humans. 
Gene Function Chromosome phenotype References 
APC -Catenin regulator in Wnt signal Abnormal chromosomal segregation Green and Kaplan (2003) 
transduction pathway. Modulates microtubule mitotic spindle defects 
plus-end attachments during mitosis 
ATM Ataxia telangiectasia mutated. Structural anomalies Celli and de Lange (2005) 
Serine-threonine kinase. DNA repair, telomere 
damage response and checkpoint control 
ATR Ataxia-telangiectasia and Rad3-related Increased chromosome breakage and Casper et al. (2004) 
protein. Seckel syndrome (SCKL) instability at common fragile sites 
AURKA Aurora kinase A Chromosome instability and centrosome Zhu et al. (2005). 
abnormality 
BARD1 Heterodimer of BRCA1. Transcriptional Increased aneuploidy McCarthy et al. (2003) 
regulation, chromatin remodelling, DNA 
repair, and cell cycle checkpoint control 
BLM RecQ helicase involved in Bloom syndrome Structural instability. Frequent Mohaghegh and Hickson (2002) 
sister-chromatid exchanges 
BRCA1 Maintenance of genomic integrity and DNA Abnormal centrosome function. Narod and Foulkes (2004) 
repair. Ubiquitination. Associates with M ultipolar mitoses. A neuploidy 
RAD51 
BRCA2 Involved in homologous recombination. ncreased frequency of chromosome Narod and Foulkes (2004) 
Associates with RAD51 breaks 
BUB Spindle checkpoint ensures faithful nsufficient congression of sister Meraldi and Sorger (2005) 
chromosome segregation. Establishment of chromatids to the metaphase plate 
bipolar kinetochore- microtubule attachment 
BUBRI K inetochore-specific Aurora kinase substrate. Loss or gain of whole chromosomes Lampson and K apoor (2005) 
Chromosome-spindle attachment. 
Phosphorylation of CEN P-A 
C/EBP ô CCAAT/enhancer-binding protein delta Centrosome amplifications Huang et al. (2004) 
transcription factor 
cDC4 E3 ubiquitin ligase, involved in regulating the Micronuclei formation and chromosomal Rajagopalan et al. (2004) 
G1-S cell cycle checkpoint instability 
CHFR G(2)/M checkpoint interacts with polo-like Delaying chromosome condensation in Erson and Petty (2004) 
Kinase 1 (PLK 1) response to a mitotic stress 
c-MYC Remodelling of the organization of telomeres B/F/B cycles Louis et al. (2005) 
DFF/CAD DNA fragmentation factor caspase-activated Gene amplifications and chromosomal Yan et al. (2006) 
DNase instability 
DNMT3B DNA methyltransferase involved in ICF Chromosome gaps, breaks and deletions, | Hansen et al. (1999) 
syndrome isochromosomes, multibranched 
chromosomal structures 
FANCC Replication of damaged DNA Extreme sensitivity to DNA cross-linking. Niedzwiedz et al. (2004) 
Structural anomalies 
FoxM1 Forkhead transcription factor of CENP-F Chromosome mis-segregation and Laoukili et al. (2005) 
frequent failure of cytokinesis 
LMNA Lamin A, involved in Hutchinson- Gilford General features of chromosomal Corso et al. (2005) 
progeria syndrome instability 
MAD1 Mitotic spindle assembly checkpoint. Gross aneuploidy Kienitz et al. (2005) 
K inetochore-based activator of M ad2 
MAD2 Mitotic spindle assembly checkpoint Premature sister-chromatid separation Kienitz et al. (2005) 
NBS1 Telomere maintenance. DNA repair and cell © Breakage/fusion/bridge cycles Bai and Murnane (2003) 
cycle regulation in response to DNA damage. 
Nijmegen breakage syndrome 
P53 DNA repair, cell cycle regulation and Premature anaphase entry. Chromosome Burds et al. (2005) 
apoptosis mis-segregation 
PIM1 Oncogenic serine/threonine kinase Chromosomal mis-segregation and Roh et al. (2005) 
polyploidy 
PIN1 Prolyl-isomerase Centrosome anomalies Suizu et al. (2006) 
Defective centrosome duplication 
Polo-like Regulation of centrosome duplication or Aneuploidy Takai et al. (2005) 
kinases maturation 
RAD51 Homologous recombination Interchromosome telomeric fusions and Tarsounas et al. (2004) 


complex structural aberrations 


(continued overleaf ) 


6 THE MOLECULAR AND CELLULAR BASIS OF CANCER 





Table 1 (continued). 

Gene Function Chromosome phenotype References 

SNF5 Mitotic checkpoint Polyploidization Vries et al. (2005) 

STK15 (Aurora-A ) serine/threonine kinase 15 Centrosomal amplification, numerical K atayama et al. (2004) 

instability 

Synuclein- y Neuronal protein. Inhibition of the normal CIN Inaba et al. (2005) 
function of BubR1 

YB-1 Stress-responsive, cell cycle- regulated Mitotic failure and centrosome Bergmann et al. (2005) 


transcription factor amplification 


The APC protein has been shown to associate with kine- 
tochore microtubules (M ogensen et al., 2002). M utations in 
the adenomatous polyposis coli (APC ) gene are very com- 
mon in colorectal cancers, sporadic adenomas, and in familial 
adenomatous polyposis (FAP) (Sieber et al., 2002). Mouse 
embryonic stem cells defective in APC develop numerical 
and structural chromosome aberrations owing to the disorga- 
nization of the mitotic spindle (Green and K aplan, 2003). The 
BRCA1 and BRCA2 proteins (see Genetic Susceptibility to 
Cancer) that take part in DNA repair, cell cycle checkpoint 
control, protein ubiquitination, and chromatin remodelling 
have been considered as caretakers of chromosomal stability 
because when mutated they predispose to cancer because 
of accelerated rates of CIN (Narod and Foulkes, 2004). 
Murine lymphocytes with homozygous mutations of Brca2 
frequently develop multiple cytogenetic anomalies including 
chromosomal fragmentation and random translocations (Yu 
et al., 2000). Loss of Bard1, the heterodimeric partner of the 
Brcal, results in early embryonic lethality and chromosomal 
instability (McCarthy et al., 2003). 

Mutations in several genes implicated in the nucleotide 
excision repair (NER) of DNA damage, cause FA, another 
rare autosomal recessive disease, that also predisposes to can- 
cer. Cells derived from FA patients show increased sensitivity 
to alkylating agents, such as mitomycin-C, and similar pat- 
terns of chromosomal instability observed in the lymphocyte 
cultures derived from Brca2 null mice (Fearon, 1997). The 
prominent tumour suppressor protein p53 (see p53 Family 
Pathway in Cancer) is directly implicated in CIN. p53-null 
mice develop tumours with increased rates of aneuploidy 
(Liu et al., 2004). 

Alterations in the patterns of DNA methylation, such 
as genome-wide hypomethylation and site-specific hyper- 
methylation, are common in human tumours (Jones and 
Baylin, 2002). Hypomethylated cells show significantly 
higher frequency of whole chromosome losses and LOH 
in double knockout mice for the neurofibromatosis 1 (Nf1) 
and p53 tumour suppressor genes (Eden et al., 2003). Hypo- 
methylation also affects the stability of human centromeres. 
Mutations in the DNA methyltransferase gene DNMT3B are 
responsible for the rare autosomal recessive immunodefi- 
ciency, centromeric instability, and facial anomalies (ICF) 
syndrome (Hansen etal., 1999). Lymphocytes from ICF 
patients exhibit increased hypomethylation, frequent chro- 
mosome and chromatid gaps, breaks and deletions, formation 
of isochromosomes, multibranched chromosomal structures, 
and multiradial figures (M araschio et al., 1988). 


Structural Chromosomal Aberrations and 
Non-Disjunctions 


During tumour evolution, the selection of karyotypes with 
unbalanced chromosomal content is generally driven by a 
stochastic manner (Nowell, 1976). However, certain struc- 
tural alterations of cancer chromosomes can trigger evolu- 
tionary adaptive numerical instability. Translocations are the 
most common structural cytogenetic abnormalities encoun- 
tered in solid tumours (Heim and Mitelman, 1995). They 
are recombinant chromosomes comprising genetic material 
derived from two or more different chromosomes. Indepen- 
dently of type, or location, most translocations imply at least 
two DNA DSBs and the activation of a complex protein 
machinery (Pfeiffer et al., 2000). The products of chromoso- 
mal translocations are maintained during continuous growth 
only if they retain a functional centromere and sufficient 
telomere capping (Basu and Willard, 2005; de Lange, 2005). 
In yeast, chromosomes with depleted telomeres have the 
propensity to be lost (Sandell and Zakian, 1993). Chro- 
mosomes with more than one functional centromere and/or 
depleted telomeres undergo frequent breakage/fusion/bridge 
(B/F/B) cycles that generate further chromosomal instability 
(McClintock, 1941; Gisselsson et al., 2000). 

Homologous mitotic recombination is a major mecha- 
nism of carcinogenesis (Bishop and Schiestl, 2001). Ille 
gitimate crossovers between paralogous repeat sequences 
play an important role in the generation of congenital 
microduplication/-deletion syndromes (Stankiewicz and L up- 
ski, 2002). Similar genomic “hot spots” may also be respon- 
sible for the formation of recombinant chromosomes in 
carcinogenesis. In haematological malignancies and sarco- 
mas, translocations play a crucial role in the initiation of 
the disease by the formation of neomorphic or hypermorphic 
fusion genes (Deininger et al., 2000). Several of these chi- 
maeric genes are flanked by paralogous segmental genomic 
duplications (K olomietz et al., 2002; Zhang et al., 2004). 

Most chromosomal translocations occurring during the 
primary stages of carcinogenesis are expected to be recip- 
rocal. The generation of partial aneusomy is a process of 
tumour evolution and requires whole chromosome losses 
and/or non-disjunctions. Therefore, the frequent imbalanced 
translocations in human cancers derive from transient CIN 
events. Independently of specific mutations, it seems that 
structural alterations of the cancer chromosomes can trigger 
evolutionary adaptive numerical instability. However, insta- 
bility of chromosome structure increases exponentially with 
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the deviation of ploidy from the normal diploid and tetraploid 
balances (Fabarius et al., 2003). 

Pancreatic carcinomas and osteosarcomas are character- 
ized by extensive chromosomal aberrations. Gisselsson et al. 
(2001) studied chromosomal break point profiles in a large 
series of these two tumour types. Cases with few chromo- 
some anomalies showed a preferential clustering of break 
points at the terminal bands, whereas tumours with many 
rearrangements showed primarily interstitial and centromeric 
break points. Terminal break point frequency was negatively 
correlated to telomeric length but telomerase expression did 
not stabilize the chromosomal complement. CGH studies in 
renal cell carcinomas associated elevated telomerase activity 
with fewer genomic changes as compared to tumours with 
low or no telomerase activity, which had many genomic aber- 
rations (Izumi et al., 2002). 


Telomere Dysfunction and Genomic Instability 


The integrity of eukaryotic chromosomes depends on the 
architecture of their telomeres (M cClintock, 1941). Telom- 
eres are nucleoprotein complexes located at the ends of all 
linear chromosomes (see Telomerase). In mammals, telom- 
eres are composed of double- and single-stranded stretches 
of concurrent repeats of the hexanucleotide TTAGGG and 
several associating proteins. The average length of double- 
stranded human telomere ranges between 4 and 15kb. The 
single-stranded distal part of every human telomere is termed 
the 3’ overhang. It is composed of 100- 150 nucleotides that 
form a structure termed the t-loop (Hackett and Greider, 
2002). Telomeres protect chromosomal ends from illegiti- 
mate recombination, exonucleolytic degradation, and gradual 
attrition due to Olovnikov’s insufficiency of DNA replica- 
tion (de Lange, 2005). The “telomeric hypothesis of cellular 
aging” was elaborated by Harley and Greider in the early 
1990s. DNA polymerases cannot replicate completely the 
5’ end of the linear chromosome. In every cell division, 
human fibroblasts lose 50-200 bp of terminal TTAGGG 
repeats (Harley et al., 1990). Telomeric DNA is synthesized 
by telomerase, a highly conserved ribonucleoprotein complex 
(Greider and Blackburn, 1985) (see Telomerase). Telom- 
erase contains two essential subunits, the telomerase reverse 
transcriptase (TERT), and a telomere-templating ribonucleic 
acid component (TERC) (Chen et al., 2000). Over the past 
two decades, various types of proteins associated with telom- 
eres and telomerases have been identified. The ever shorter 
telomeres (EST) class (Lundblad and Szostak, 1989) is 
a group of proteins that takes part in the activation of 
telomerase, chromosome end capping and telomere elon- 
gation in yeast (Snow etal., 2003). The two subunits of 
the Ku heterodimer implicated in NHEJ associate directly 
with the telomerase RNA component to facilitate telomere 
neosynthesis and chromosome capping (Stellwagen et al., 
2003). The TRF1, TRF2, and RAP1 proteins bind along 
the double-stranded telomeric DNA, regulating the length 
and integrity of the telomeric tract (Smogorzewska et al., 
2000; reviewed by Harrington, 2004). Telomerase is also 
regulated by telomeric length. Longer telomeres bind more 


TRF1 and TRF2 factors and a negative feedback for telom- 
erase activity is activated (Hemann et al., 2001). Zou et al. 
(2004) have shown that telomeric replication timing is influ- 
enced by telomere length. In Saccharomyces cerevisiae, the 
telomerase-dependent telomere elongation was found to be 
increased in chromosomes carrying shorter telomeres (Teix- 
eira et al., 2004). 

The activity of telomerase in humans is mainly confined 
to the germ-line where it can maintain a telomere length 
of about 15 kb (Harley et al., 1990). However, some residual 
activity was found in proliferating epithelial cells, endothelial 
cells, and fibroblasts (Masutomi etal., 2003). Cells from 
elderly people and from individuals with premature aging 
syndromes show reduced telomeric length and proliferative 
capacity in vitro (Ahmed and Tollefsbol, 2001). 

Normal cells have a limited proliferative lifespan in cul- 
ture, often termed the Hayflick limit. After 50-100 pop- 
ulation doublings (PDs) in vitro, most of the cells enter 
a static phase termed replicative senescence or crisis (see 
Telomerase). In this stage, an overall reduction in the mean 
telomeric length is observed (Harley, 1991; Hayflick, 1997). 
The DNA repair machinery recognizes uncapped chromo- 
some ends as DSBs, checkpoints are activated, and the cell 
cycle is arrested (Bailey etal., 1999; Xin and Broccoli, 
2004). Loss of functional P53 protein increases the in vitro 
lifespan of primary fibroblasts (Shay etal., 1991). In cells 
with deficient checkpoints, critical telomere erosion leads to 
severe cytogenetic damage and the initiation of B/F/B cycles 
(Hande et al., 1999; Artandi et al., 2000; Gisselsson et al., 
2000). Chromosome aberrations resulting from telomere dys- 
function during the pre-crisis period are usually deleterious 
for the carrier cell. Therefore, crisis can be a barrier to tumour 
development and may also constitute a selection step, since 
it is occasionally followed by the emergence of rare cells 
that have acquired a mechanism for telomere maintenance 
(Artandi et al., 2000; Hackett and Greider, 2002). 

The telomeric hypothesis of cancer was elaborated by 
de Lange in 1994. Telomere repeat amplification protocol 
(TRAP) assays have shown that the developmentally regu- 
lated suppression of telomerase activity is reversed in the 
majority of human tumours (de Lange, 1994; Kim etal., 
1994). Currently, it is well established that activation of 
telomerase is the most characteristic protein alteration in 
human cancer (Harrington, 2004). Mutations in telomerase, 
the TERC component, and the telomere-related proteins 
cause excessive telomere shortening, limited cell prolifer- 
ation, and chromosome instability. Single-stranded telom- 
ere DNA-binding proteins such as POT1 in humans and 
CDC13 in yeast, when mutated, cause premature senescence 
and covalent end-to-end chromosome fusions (Baumann and 
Cech, 2001). Mutations of hTERC were found in a rare form 
of dyskeratosis congenita. Patients with this disease have 
lymphocytes with shorter telomeres and frequently develop 
haematological neoplasms (Vulliamy etal., 2001). Disrup- 
tion of the DNA-binding ability of TRF2 leads to loss of 
the 3’-overhang, telomere- telomere fusions, and anaphase 
bridges (de Lange, 2002). AT is a rare autosomal recessive 
disorder predisposing to cancer (see Genetic Susceptibility 
to Cancer). Cells from AT patients show accelerated rates of 
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telomere loss and elevated frequencies of spontaneous chro- 
mosomal aberrations, including end-to-end associations and 
fusions (Pandita et al., 1995). ATM, the protein responsible 
for AT, has been reported to interact and phosphorylate TRF1 
(Kishi et al., 2001). 

Telomerase knockout mice have normal development. 
Reduced fertility and degenerative defects in highly prolifer- 
ating tissues emerge only after three generations. The pheno- 
type is more pronounced in the sixth generation with severe 
congenital malformations, male sterility, and an increase 
in the incidence of spontaneous lymphomas and carcino- 
mas (Blasco et al., 1997; Blasco, 2005). Tumour cells from 
late-generation double knockout mice, null for mTerc and 
p53, showed elevated frequencies of chromosome fusions, 
anaphase bridges, and non-reciprocal translocations (Rudolph 
et al., 1999). Similar cytogenetic anomalies were observed 
in cells of p53~/~ mice, lacking normal Trf2 function and, 
therefore, telomere protection (Smogorzewska and de Lange, 
2002. A direct link between the transcription of Tert and at 
least three tumour suppressor pathways has been established 
in mice. The Madi, the TGF-£ acting through Sip1, and 
the Menin pathways are considered to be negative regula- 
tors of telomerase (Lin and Elledge, 2003) (see Signalling 
by Tyrosine Kinases and Transforming Growth Factor-£ 
and Cancer). Disruption of a single M ad2 allele can result in 
a modest increase in chromosomal instability (Michel et al., 
2001). Another helicase-like regulator of telomere length 
Rtel, causes accelerated telomere loss, chromosome breaks, 
and fusions in embryonic stem cells derived from lethal 
Rtel~/~ knockout mice (Ding et al., 2004). 


Alternative Telomere Maintenance 
and Recombination 


A small proportion of mammalian tumours and immortal- 
ized cell cultures, utilize alternative recombination- mediated 
pathways (alternative recombination-mediated pathways of 
telomere maintenance (ALT) pathways) that can sustain 
telomeric length in the absence of telomerase (Bryan et al., 
1995). Extreme telomeric length heterogeneity, presence of 
promyelocytic leukaemia (PML) protein bodies and high fre- 
quency of telomeric SCEs are the hallmarks of ALT (M untoni 
and Reddel, 2005). These trends indicate an active process 
of telomeric recombination. 

ALT-associated promyelocytic leukaemia bodies (A PBs) 
are sub-nuclear compartments encountered in various num- 
bers and proportions of ALT nuclei (Yeager et al., 1999). In 
addition to PML, these inclusions contain telomeric DNA 
and binding proteins, helicases, as well as DNA repair and 
recombination factors (M untoni and R eddel, 2005). Although 
APBs are not always essential for the ALT-mediated telom- 
ere maintenance (Fasching et al., 2005), there is evidence 
that they represent nuclear foci of increased recombinatorial 
activity related to the ALT pathway. Insufficiency of the APB 
components RAD51 and the MRE11/RAD50/NBS1 complex 
ameliorates continuous growth in mammalian ALT cell lines 
(Tarsounas et al., 2004; Henson et al., 2002). RAD51D asso- 
ciates with telomeres in both telomerase-positive and nega- 
tive human mitotic cells and is also found in the “bouquet” 


formations of meiotic chromosomes. Depletion of RAD51D 
disrupts recombinatorial telomere maintenance, causing pre- 
mature telomere shortening and subsequent chromosomal 
instability in the form of interchromosome telomeric fusions 
and complex structural aberrations (Tarsounas et al., 2004). 

Various recombinatorial mechanisms have been suggested 
for the ALT pathway. Intratelomeric unequal crossovers, 
interchromosome telomere exchanges, sister-chromatid 
telomeric exchanges, and extrachromosomal telomeric circles 
(t-circles) have been proposed as potential elongators of 
telomeric tracts (Bryan etal., 1997; Varley etal., 2002; 
Londono-Vallejo et al., 2004). Intertelomeric recombination 
was reported in the linear mtDNA of Tetrahymena (M orin 
and Cech, 1986). In Drosophila and other dipterans, 
telomeres are elongated by retrotransposons and HR (Cenci 
et al., 2005). 

From yeast to mammals, telomere maintenance in the 
absence of telomerase is accompanied by chromosomal 
instability (Harrington, 2004). Mammalian ALT chromo- 
somes show extreme telomeric length heterogeneity. This 
phenomenon resembles the yeast rapid telomere deletion 
phenotype which was attributed to telomeric recombination 
(Murnane etal., 1994). Complete telomere uncapping of 
chromosome arms dramatically increases the rates of random 
chromosomal anomalies (Hande etal., 1999). ALT telom- 
ere dysfunction has been associated with the initiation of 
B/F/B cycles that generate dicentric chromosomes, chromatid 
fusions, and clonal recombinant chromosomes (Gisselsson 
et al., 2000). B/F/B derivative chromosomes are expected to 
carry inverted or duplicated segments and to undergo fre- 
quent anaphase bridges. However, non-condensed chromo- 
somes, dicentrics, inverted translocations, or tandem dupli- 
cations are encountered in both types of telomere restoration 
(Gisselsson et al., 2001). These findings suggest that at least 
some proportion of CIN in human cancer is triggered by 
telomere dysfunction. 

Ectopic expression of telomerase in several types of human 
cells reconstituted reverse transcriptase activity, extended 
telomeric length, and expanded the in vitro finite lifespan 
to immortalized continuous growth. Furthermore, reactiva- 
tion of hTERT in cytogenetically normal cells sustains nor- 
mal karyotypes with no detectable structural or numerical 
chromosomal instability (Morales etal., 1999). The ALT 
pathway is exclusively utilized by a small proportion of 
human neoplasias, whereas the vast majority of human solid 
tumours suffer from CIN. Molecular cytogenetic studies 
have shown that dynamic genomic mutations occur inde- 
pendently of the action of telomerase (Scheel et al., 2001; 
Maser and DePinho, 2002). Evidently, hTERT can stabilize 
the genome of normal human diploid fibroblasts, but has 
a limited effect on established neoplasia. It is possible that 
telomeric dysfunction and chromosomal instability develop 
before the activation of telomerase. Therefore, they might 
be considered as causal events of tumourigenesis. Studies 
on early stages of various human epithelial cancers showed 
that chromosomal instability occurs before the emergence of 
mutations in critical oncosuppressor genes such as APC, a 
gene proposed as a potential “master” initiator of CIN in 
colon cancer (Vogelstein and Kinzler, 2004). Direct in situ 
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telomere length assays in formalin-fixed human tissue spec- 
imens suggested that telomeric dysfunction is one of the 
earliest and most prevalent genetic alterations acquired in 
the multi-step process of malignant transformation (M eeker 
et al., 2004). 

Inhibition of telomerase in tumour cell lines induces 
telomere shortening and growth arrest (Hahn et al., 1999). 
From the early years of telomere studies in human can- 
cer, telomerase was recognized as a potential target for 
anti-neoplastic drugs (de Lange, 1994). However, there is 
increasing evidence that both telomere replenishment path- 
ways can coexist in cancer (Cerone etal., 2001; Bechter 
et al., 2004). Mouse embryonic fibroblasts derived from 
late-generation mTerc-/~ Ink4a/Arf~/~ mice represent a 
model to explore telomere crisis in the evolution of the cancer 
genome (Chang et al., 2003). Tumours grown in the absence 
of telomerase encompass the ALT pathway when xenotrans- 
planted in immunocompromised mice. In the same study, 
reconstitution of telomerase activity through induction of 
mTerc accelerated tumour progression and metastasis. The 
introduction of human TERT immortalized diploid Indian 
muntjac fibroblasts in vitro, but did not alter SCE frequen- 
cies as compared to wild type, suggesting that reactivation of 
telomerase does not affect the recombination pathway (Zou 
et al., 2002). MMR-defective telomerase-positive yeast cell 
lines can sustain sufficient telomeric length in the absence of 
telomerase utilizing the ALT pathway immediately (Rizki 
and Lundblad, 2001). Resistance to anti-telomerase ther- 
apy by the induction of the ALT pathway was also shown 
in a telomerase-positive, M M R-deficient, continuous human 
cell line (Bechter et al., 2004). Therefore, any future anti- 
telomerase therapy must comprise the means to also suppress 
the ALT pathway. 

Emerging technologies such as peptide nucleic acid 
(PNA), quantitative-FISH, and telomeric chromatid orien- 
tation (CO)-FISH, combined with a rapidly growing arse- 
nal of knockout and transgenic mice, have yielded a great 
deal of new information concerning the alternative pathways 
involved in telomere metabolism and chromosomal insta- 
bility (Poon and Lansdorp, 2001; Bailey etal., 2004). In 
ageing primary cultures of Indian muntjac fibroblasts, end-to- 
end fusions occurred more frequently between chromosomes 
with depleted telomeres (Zou et al., 2002). Telomere length 
of specific human chromosome arms is directly related to 
structural integrity (der-Sarkissian etal., 2004). Chromo- 
some arms carrying shorter telomeres were found to take 
part sooner in telomere fusions, leading to B/F/B cycles. 


Biological Consequences of CIN 


Unfortunate segregation of balanced constitutional chromo- 
somal rearrangements in gametogenesis produces syndromic 
partial aneusomies because of duplications and/or deletions 
of small chromosomal segments (Lupski et al., 1996). The 
phenotype of these patients reflects the clinical compo- 
nents of their isolated partial aneusomies, but at the same 
time consists of a unique combination phenotype (Lukusa 
et al., 2003). Similarly, in cancer, simultaneous genomic 


imbalances can strengthen or ameliorate each other, or act in 
a combination to affect the whole genome. Large genomic 
alterations disturb cellular nuclear metabolism by the ampli- 
fication and/or elimination of large chromosomal segments. 
Chromosome dosage imbalances have the potential to alter 
the transcription profiles of many other genes that are per- 
fectly balanced, all over the genome. Increased or decreased 
availability of certain transcription factors, RNAi genes, or 
non-genic functional elements can interfere with tightly reg- 
ulated pathways and activate or inactivate genes without 
profound mutations (Dermitzakis et al., 2002). The impact 
of various combinations of large genomic imbalances on 
the overall expression pattern of the cancer genome is illus- 
trated by transcriptome analysis of syndromic trisomies. In 
the Ts65Dn mouse model of human trisomy 21, dosage 
imbalance of a genomic segment that includes only 124 
genes alters the expression of thousands of genes to create 
a variable trisomic transcriptome (Saran et al., 2003; Lyle 
et al., 2004). 

Large constitutional genomic imbalances are devastating 
for cellular homeostasis and they are incompatible with life 
(Lupski et al., 1996). Genetic heterogeneity in the major- 
ity of human solid tumours is generated by the coexistence 
of cytogenetically related cell populations that share severe 
chromosomal imbalances and, in parallel, exhibit unique 
characteristics (Heim and Mitelman, 1995). The plethora of 
different genotypes leading to the “general” immortal pheno- 
type suggests an enormous plasticity of the cancer genome. 
M ost of the anomalies of cancer chromosomes, even if they 
were isolated, could never produce a viable zygote. The char- 
acteristic massive aneuploidy and heteroploidy of tumour 
populations suggests that the cancer genome is capable of 
a compensation towards dosage insufficiency or amplifica- 
tion. In the context of ongoing genomic instability, epigenetic 
modifications (see The Role of Epigenetic Alterations in 
Cancer), such as hyper- or hypomethylation of unstable 
genomic regions, might prove to be key components for the 
maintenance of a basic housekeeping genotype of continuous 
growth. The impact of abnormal genomes on the cancer tran- 
scriptome and proteome is currently under thorough inves- 
tigation (Segal etal., 2005). cDNA microarrays, proteomic 
mathematical models (see M athematical M odels of C ancer 
Growth and Development), and bioinformatics applied on 
different types of cancer specimens are expected to provide 
important knowledge not only for defeating cancer but also 
for understanding the physiology of the normal genome. 
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INTRODUCTION 


Fifty years ago, the molecular biology revolution began with 
the discovery of the double-helical structure of DNA. This 
discovery outlined a genetic pathway from DNA to RNA 
to protein that established the “central dogma” of molecular 
biology. The recent discoveries of non-coding RNAs have 
challenged the simplicity of this model. This is exempli- 
fied by the discovery of micro-ribonucleic acids (miRNAs), 
which are small non-coding RNAs that regulate gene expres- 
sion. Originally discovered in the nematode C aenorhabdi- 
tis elegans, miRNAs have been found extensively in most 
eukaryotic genomes. Recent work has implicated miRNAs 
as important regulators of a wide range of cellular pathways. 
This has culminated with the functional connection between 
miRNAs and cancer. This chapter will present an overview 
of miRNA biology and discuss the connection of this gene- 
regulatory pathway to cancer. 

The discovery of the first miRNA, lin-4, occurred over 
20 years ago (Chalfie et al., 1981). It was discovered inaC. 
elegans genetic screen as a mutant that displayed aberrant 
cell lineages during development. Groundbreaking work by 
Victor Ambros and colleagues revealed that the lin-4 gene 
did not contain an open reading frame and thus could not 
generate a protein (Lee et al., 1993). In fact, the only gene 
products of lin-4 were short RNA transcripts of 61 and 
22 nucleotides (nt). We now know these RNAs represent 
the precursor and mature species, respectively, of the lin- 
4 miRNA. In parallel work, Gary Ruvkun’s group was 
studying lin-14, a gene that was negatively regulated by lin- 
4. Essential regulatory sequences in lin-14 were contained 
within the 3’ untranslated region of the mRNA (3’ UTR) 
(Wightman et al., 1993). Surprisingly, these sequences were 
complementary to the 21-nt lin-4 RNA; this data led the 
authors to propose a model whereby lin-4 RNA hybridized 
to the lin-14 mRNA and repressed translation of lin-14. 
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These initial studies uncovered a novel paradigm for gene 
regulation. 

Interest in this small RNA was elevated with the discovery 
of a second small RNA in C. elegans, let-7 (Reinhart et al., 
2000). This miRNA was subsequently shown to be conserved 
across the animal kingdom (Pasquinelli et al., 2000). This 
led to a tour de force search in many organisms for novel 
miRNAs (see (Bartel, 2004) for a review). A database at 
the Sanger institute (miR Base; http://microrna.sanger.ac.uk) 
currently lists 3908 miRNA genes in 45 species (Griffiths- 
Jones etal., 2006). In the human genome, 462 miRNAs 
have been found. Many of these miRNAs are conserved 
across vertebrate species, though 62 miRNA genes are 
conserved only within primates, and 3 are human specific. 
Furthermore, it is clear that many miRNA genes remain to 
be discovered. Bioinformatic efforts have identified hundreds 
of candidate miRNAs in humans alone (Bentwich, 2005). 
The total number of human miRNA genes may reach 1000. 
The recent discovery of related small RNAs, the Piwi- 
associated ribonucleic acids (piRNAs), adds many thousands 
to the list (Kim, 2006). The large number of miRNA genes, 
in combination with the extensive set of predicted mRNA 
targets, suggests that this pathway has a major impact on 
gene expression. 

Biochemical studies on the miRNA pathway accelerated 
with the independent discovery of ribonucleic acid inter- 
ference (RNAi). Andrew Fire, Craig Mello, and colleagues 
discovered that the introduction of dsRNA into C. elegans 
led to specific, highly potent suppression of the expression of 
genes homologous to the dsRNA (Fire etal., 1998). RNAi 
gene silencing differs from miRNA-mediated gene repres- 
sion in that the trigger is along dsRNA or a short interfering 
ribonucleic acid (siRNA) that is artificially introduced into 
the cell or organism. miRNA gene repression, alternatively, is 
initiated by RNAs transcribed from the genome. These RNAS 
have a characteristic stem-loop structure that acts as a trigger 
of the pathway. We now know that the miRNA and RNAi 
pathways share many common biochemical components and 
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Figure 1 The miRNA biochemical pathway is shown. miRNAs are transcribed as a long, pri-miRNA. Sequential nucleolytic processing by the enzymes 
Drosha and Dicer yields the mature miRNA, shown after nuclear export. The mature miRNA is incorporated into the multi-protein complex RISC, where it 
directs translational suppression of mRNA targets. The RISC component A go-2 is shown. Other components are not well defined. Translational suppression 
may occur in P-bodies, as shown, or may occur via a different mechanism. Release of suppression by HuR is shown. See the text for further details. 


are part of a superfamily of homology-dependent gene- 
silencing pathways. 


MICRO-RNA BIOGENESIS AND EFFECTOR 
PATHWAYS 


miRNA Biogenesis 


miRNA-mediated gene repression begins with the transcrip- 
tion of a primary transcript, termed the pri-miRNA (see 


Figure 1). This transcript is a product of RNA polymerase Il 
and features a 7mG cap and a poly-A tail (Kim, 2005). The 
miRNA stem-loop itself can be located within an intron or an 
exon of the transcript. Approximately 25% of miRNAs are 
located within an intron of a protein-coding gene (Rodriguez 
et al., 2004). In this example, the intron is spliced out of 
the pre-mRNA. The lariat intron structure, which contains 
the miRNA, is further processed by the miRNA machin- 
ery, while the spliced mRNA is exported for translation. The 
protein product and the miRNA may function in similar bio- 
logical pathways, though the miRNA does not necessarily 
target the mRNA it is derived from. 
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The remaining 75% of miRNAs are located in introns 
or exons of non-coding RNA genes; that is, there is no 
open reading frame in the RNA sequence, thus it does 
not code for a protein. The sole function of these non- 
coding RNAs is for expression of the miRNA. There is 
no known connection between intron-exon location of 
miRNAs and their biological function or differences in 
expression. 

Following transcription, the pri-miRNA is processed 
sequentially by two ribonuclease II] (RNase III!) enzymes; 
see Kim (2005) for a review. The first enzyme, Drosha, 
excises the stem-loop structure from the pri-miRNA (see 
Figure 1). The dsRNA -binding protein DGCR8 assists the 
reaction. Other protein cofactors may participate in this event 
as this step is highly regulated (Thomson et al., 2006). The 
stem-loop, termed the precursor or pre-miRNA, is exported 
to the cytoplasm, where it is a substrate for the RNase III 
enzyme, Dicer. The product of this reaction is a double- 
stranded RNA, approximately 22 nucleotides long, with the 
characteristic 3’ overhangs of RNase III products. 


miRNA Effector Pathways 


At this point the miRNA is considered “mature”. In a 
concerted reaction with Dicer and the dsRNA -binding protein 
TRBP, one or both strands of the mature miRNA are 
loaded into the ribonucleic acid- induced silencing complex 
(RISC) (Du and Zamore, 2005; M aniataki and M ourelatos, 
2005; Gregory etal., 2005). Although a number of putative 
protein components of the RISC have been identified, the 
exact composition of this complex is not understood. An 
essential protein component is a member of the Argonaute 
family (Tabara etal., 1999; Hammond etal., 2001; Liu 
et al., 2004b). This protein binds the single-stranded, mature 
miRNA and locates mRNA sequence elements that are 
complementary to the miRNA. If the miRNA-mRNA base 
pairing is perfect in the central region of the miRNA, 
the MRNA is endonucleolytically cleaved by Argonaute 
(Liu etal., 2004b). The resultant mRNA fragments are 
rapidly degraded, leading to efficient gene repression. If the 
miRNA -mRNA base pairing is imperfect, the mRNA is not 
cleaved; rather, the translational efficiency of the mRNA is 
reduced. 

The exact mechanism of translational suppression is not 
clear, aS several competing models have been proposed 
(Pillai etal., 2005; Humphreys et al., 2005; Petersen et al., 
2006; Liu etal., 2005; Sen and Blau, 2005). These include 
inhibition at the initiation step of translation, inefficient 
elongation, or sequestration of the mRNA target at sites 
of RNA processing (P-bodies). There is also data that the 
targeted MRNA is degraded (Bagga et al., 2005; Wu et al., 
2006). It is not clear what the cause-and-effect relationships 
are for many of these models, however. For example, the 
RNA may be localized to P-bodies due to inhibition of 
translation, or the localization itself may be the primary cause 
of inhibition. Similarly, degradation of the target mRNA may 
be the cause or the effect of translational inhibition. 


In most cases studied to date miRNA-mediated gene 
repression is irreversible. Recent data, however, has sug- 
gested that this may be an oversimplification. A specific 
miR-122 target, Cationic amino acid transporter-1 (CAT-1), 
can re-enter translation owing to the action of an RNA- 
binding protein, HuR (Bhattacharyya et al., 2006). In this 
example, the mRNA target is not degraded but is stably 
stored in P-bodies. HuR binding to the mRNA results in 
release from P-bodies and resumption of translation (see 
Figure 1). Interestingly, the miRNA remains associated with 
the target mRNA. This data assimilates miRNA -mediated 
gene regulation with more established post-transcriptional 
regulatory processes and increases the potential for sophisti- 
cated control of gene expression. 


MICRO-RNA TARGETS 


The earliest miRNA targets were identified by classical 
genetics. In fact, before it was known that lin-4 was an 
miRNA, it was known that several genes, including lin- 
14 and lin-28, were downstream targets of lin-4 expression 
(Liu and Ambros, 1989). Genetic targets for let-7 and the 
Drosophila miRNAs bantam and miR-14 have been identi- 
fied (Brennecke et al., 2003; Xu et al., 2003). Such genes are 
still the only miRNA targets with true biological validation. 
Unfortunately, this approach is problematic in organisms 
such as humans and mice that are not genetically tractable. 
Target identification in these organisms has relied on com- 
putational predictions. 


Computational Prediction of Targets 


miRNAs bind to their target mRNAs by base pairing; 
however, not all nucleotide positions are equivalent for 
efficient pairing. Early work demonstrated that nucleotides in 
the 5’ region of the miRNA are more critical for base pairing, 
specifically nucleotides 2-8 (Doench etal., 2003; Jackson 
et al., 2003). This has been referred to as the seed region of 
the miRNA. The 3’ region of the miRNA is less critical 
for binding. In fact, some target-identification algorithms 
consider seed pairing alone (Lewis et al., 2005). Studies with 
artificial targets, however, have shown that 3’ pairing can 
compensate for mismatches in the seed region (Brennecke 
et al., 2005). 

Solely on the basis of sequence requirements, an unreason- 
able number of miRNA targets would exist. Computational 
predictions, therefore, rely heavily on species conservation. 
Thousands of miRNAs have been identified in multiple 
eukaryotic genomes, many of which are conserved from 
worms to humans. The fact that many miRNAs have been 
conserved over such an extended period of time suggests that 
their biological targets have maintained a selective pressure 
to respond to their association. Various computational mod- 
els have been employed utilizing different pairing rules and 
conservation requirements and suggest that nearly one-third 
of mammalian genes are under miRNA regulation. Several 
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databases exist for the prediction of miRNA targets and some 
are listed below: 


http://genes.mit.edu/targetscan/ 

http://w ww.microrna.org/ 
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/ 
http://w ww.psi.toronto.edu/~G enM iR 

http://w ww.diana.pcbi.upenn.edu/tarbase. html 
http://microrna.sanger.ac.uk/targets/v1/ 
http://pictar.bio.nyu.edu/ 


Current predictions suggest that individual mRNAs can be 
bound by multiple miRNAs. Unfortunately, target predictions 
do not take into account the spatial and temporal expression 
patterns of mRNA targets, making it difficult to evaluate 
the biological implications. However, ubiquitously expressed 
housekeeping genes appear to avoid miRNA regulation 
(Farh et al., 2005; Stark et al., 2005). Alternatively, selective 
pressure may result in a large set of genes to be targeted in 
a given cell type or developmental transition. This is best 
exemplified by the maternal to zygotic transition in Danio 
reiro (zebra fish), where maternally deposited mRNAs are 
targeted by a single miRNA family, the miR-430 family 
(Giraldez etal., 2006). The importance of this family is 
reflected by the fact that zebra fish contain over 200 
loci to miR-430 ensuring a rapid clearing of the maternal 
RNA contribution. This type of global mRNA clearing 
is probably not limited to zebra fish, as the seed region 
of miR-430 belongs to a superfamily of early expressed 
miRNAs that can be found in nearly all multicellular 
eukaryotes. 


Target Validation 


Experimental validation of miRNA targets relies on reporter 
gene analysis. This is typically done by fusion of the puta- 
tive target site downstream of the stop codon of luciferase 
or another reporter gene (Lewis etal., 2003). Transfection 
of the reporter into cells with and without the miRNA fol- 
lowed by measurement of reporter-gene expression provides 
an approximation of the efficacy of the target sequence. 
Although this method does provide experimental validation 
of the target, it does not necessarily indicate the effect of the 
miRNA /target interaction on the biology of the cell. 


BIOLOGICAL FUNCTIONS OF MICRO-RNAs 


miRNA Expression Patterns 


In the early stages of the field a large number of miRNA 
genes were identified; however, there was little func- 
tional data about biological pathways. Expression stud- 
ies provided much of the early information. Work by 
a number of labs has outlined a general trend during 
mammalian development (Thomson etal., 2004; Sempere 
et al., 2004; Mansfield et al., 2004; K richevsky et al., 2003; 
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Figure 2 miRNA expression parallels in embryonic development versus 
cancer. The temporal expression levels of three signature miRNA families 
are shown. Many of the expression patterns of embryonic development 
mirror patterns observed in cancer. This may promote a less differentiated 
state that is a hallmark of cancer. 


Miska etal., 2004; Suh etal., 2004; Houbaviy etal., 
2003). In early mouse development a small number of 
miRNAs are expressed. These include two clusters of embry- 
onic miRNAs, miR-290~295 and miR-302b~367, and the 
more widely expressed clusters, miR-17~92 (OncomiR- 
1) and miR-106b~25. During mid-embryonic develop- 
ment, the embryonic miRNAs are shut down and a large 
number of miRNAs are induced (see Figure 2). Some 
of the induced miRNAs are widely expressed, such as 
the miR-23~27 clusters and the various members of 
the let-7 family. Expression of these miRNAs increases 
through adulthood. Tissue-restricted miRNAs such as the 
neuron-specific miR-124 and liver-specific miR-122 are also 
induced. 

The biological functions of most of these miRNAs are not 
known; however, predictions can be made on the basis of 
expression patterns. miR-290~295 and miR-302b~367 are 
likely involved in maintaining an undifferentiated “stem” 
state in the early embryo. They may promote a high 
proliferation rate or block differentiation. Tissue-restricted 
miRNAs would be expected to be involved in promoting or 
maintaining cell fate along specific lineages. M ore broadly 
expressed miRNAs, such as the let-7 family, would be 
predicted to promote differentiation non-specifically and 
to reduce proliferation. For a small number of miRNAs, 
these predictions have been proved with functional tests, as 
described in the subsequent text. For many miRNAs there 
remains no established biological function. 
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Established Functional Roles 


Despite the large number of mammalian miRNA genes, 
few have been directly linked to specific cellular pathways. 
The first mammalian miRNA that was assigned a cellular 
function was miR-181. This miRNA is highly expressed in B- 
lymphocytes, and ectopic expression in haematopoietic stem 
cells leads to an expansion of cells in the B-lineage (Chen 
et al., 2004). The specific mRNA targets that mediate this 
lineage switch have not been defined. 

This report started a precedent of identifying miRNAs 
that are expressed in restricted cell types and validating 
their role by ectopic expression or inhibition. For example, 
miR-1 and miR-133 are expressed exclusively in muscle. 
Several reports have outlined the role of these miRNAs in 
muscle-specific differentiation and proliferation (Chen et al., 
2006; Zhao et al., 2005; Sokol and Ambros, 2005). Validated 
targets include the transcription factors, Hand2 and serum 
response factor (SRF), which are known to regulate myocyte 
differentiation and proliferation. In addition, these miRNAs 
are transcriptionally regulated by MyoD and M yogenin, 
placing them within known myogenic signalling networks 
(Rao et al., 2006). 

miRNAs have also been established in neuronal develop- 
ment. Total loss of miRNA function in zebra fish leads to 
defects in multiple developmental pathways including brain 
morphogenesis (Giraldez et al., 2005). In mammals, the tran- 
scription repressor RE1 silencing transcription factor (REST) 
is expressed in non-neuronal cells and promotes their lin- 
eage by repressing neuronal genes (Conaco etal., 2006). 
miR-124 has the reciprocal role. It is expressed in neurons 
and represses non-neuronal genes. In this way a conven- 
tional transcription factor and an miRNA work together to 
maintain the correct cell fate. In fact, miR-124 itself is a 
target of REST, further maintaining their reciprocal expres- 
sion patterns. An unrelated miRNA, miR-134, has also been 
implicated in neuronal function (Schratt et al., 2006). It is 
localized in dendrites and regulates local protein synthesis in 
response to stimuli. 

In addition, miRNAs have been linked to granulocyte 
differentiation, limb development, and insulin regulation 
(Fazi et al., 2005; Harfe et al., 2005; Poy et al., 2004). The 
connection of miRNAs to cell growth and apoptosis has been 
established and is discussed in later sections. 


MICRO-RNA ALTERATIONS IN CANCER 


Break points 


The first hint that miRNAs were involved in human cancer 
came from the observation that many genes of miRNAs were 
found to be located in regions of the human genome that are 
frequently associated with genetic lesions, such as loss in 
heterozygosity, amplifications, and break points (Calin et al., 
2004b). For example, the region at chromosome 13q14 is 
deleted in a large fraction of B-cell chronic lymphocytic 
leukaemia (B-CLL) samples. The causative gene eluded 


researchers for years. Detailed mapping of the region pointed 
to miR-15a~16 as the gene that correlated with disease. The 
connection of these miRNAs with leukaemia was bolstered 
by the discovery that one of the targets is the anti-apoptotic 
gene BCL2 (Calin et al., 2002; Cimmino et al., 2005). 

In addition to miR-15a~16, almost 50% of known miR- 
NAs are located near break points in the genome, raising 
the possibility that many miRNAs are associated with dis- 
ease (Calin etal., 2004b). This includes the miR-17~92 
cluster, which has been established as an oncogene in 
vivo (OncomiR-1, see subsequent text). A more compre- 
hensive study that utilized array-based comparative genomic 
hybridization (aCGH) found that 41 miRNA genes had 
copy-number alterations across three different tumour types 
(Zhang et al., 2006). The differences in genomic copy num- 
ber were shown to correlate with expression of the miRNA. 


miRNA Expression Differences 


The short nature of mature miRNAs, combined with the 
sequence similarity of many gene family members, presents 
difficulties for detection. Early studies used a modified N orth- 
ern blot method to measure the expression of miRNAs in 
normal tissues compared to tumours. An analysis of lung 
cancer samples linked downregulation of let-7 family mem- 
bers with tumourigenesis (Takamizawa et al., 2004). A sim- 
ilar analysis of colonic adenocarcinomas revealed reduced 
expression of miRNAs, miR-143 and miR-145 (Michael 
et al., 2003). Alternatively, miR-155 and miR-17~92 were 
shown to be overexpressed in tumours, compared to normal 
tissues (Kluiver et al., 2005; Eis etal., 2005; Tagawa and 
Seto, 2005). Although these studies suggested that miRNA 
expression was altered in cancer, the full picture required 
normalized global expression analysis. 

The first high-throughput monitoring method employed the 
use of nylon-based membrane arrays to assess the devel- 
opmental expression of miRNAs in the embryonic brain 
development of mice (K richevsky et al., 2003). With recent 
advances in one- and two-colour fluorescent microarrays 
and, more recently, a flow-cytometric bead-based profiling 
method, high-throughput analysis has been achieved (Babak 
et al., 2004; Baskerville and Bartel, 2005; Calin et al., 2004a; 
Liang et al., 2005; Liu et al., 2004a; Lu et al., 2005; Thom- 
son et al., 2004). The methods have been complemented by 
real time Reverse transcription-PCR (RT-PCR) and in situ 
hybridization (Wienholds et al., 2005; Shi and Chiang, 2005, 
Chen et al., 2005). 

Global expression analyses of tumours have now been 
reported for many classes of cancer. The data establishes 
that widespread miRNA alterations are present in cancer. 
For example, expression patterns in chronic lymphocytic 
leukaemia (CLL) have been reported and a clear cancer 
signature is apparent (Calin et al., 2005; Calin et al., 2004a). 
Similarly, a number of studies on specific carcinomas and 
glioblastomas have revealed specific miRNA alterations 
associated with disease (Pallante etal., 2006; Yanaihara 
et al., 2006; Ciafre et al., 2005; He et al., 2005a; lorio et al., 
2005; Murakami etal., 2006). Expression analysis of lung 
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cancer revealed an miRNA signature that correlated with 
disease severity (Yanaihara et al., 2006). Interestingly, one 
of the strongest correlations was a let-7 family member. 
This was originally noted in early studies using Northern 
blot analysis (See preceding text). 

Several comprehensive expression studies that examined a 
wide range of cancers have been published. One such study 
profiled 540 samples across 6 tumour types (Volinia et al., 
2006). A group of miRNAs, including members of the onco- 
genic cluster miR-17~92, were consistently overexpressed 
in all tumour types. An alternative strategy using flow- 
cytometric (L uminex) analysis was used to profile a similarly 
large panel of tumour samples (Lu et al., 2005). This strategy 
provides better specificity than oligonucleotide microarrays. 
In addition, this study did not use a global median center- 
ing method for normalization. This was important, because 
the authors found that miRNA levels are globally reduced in 
most tumour types. 


Parallels with Embryonic Development 


As discussed previously, a hallmark of mammalian embry- 
onic development is the induction of large numbers of 
miRNA genes. These miRNAs are predicted to be impor- 
tant for promoting cellular differentiation along appropriate 
lineages and suppressing cell proliferation in terminally dif- 
ferentiated cells. The downregulation of these same miRNAs 
in cancer would, therefore, promote a loss of differentiation 
and an increase in cell proliferation (see Figure 2). This is 
supported by the fact that the least differentiated tumours had 
the lowest overall expression of miRNAs (Lu etal., 2005). 
According to this model, carcinogenesis is driven in part by 
widespread downregulation of miRNA expression. Interest- 
ingly, an analysis of miRNA biogenesis in development and 
in cancer suggests that this widespread downregulation is 
not due to decreased transcription of the miRNA, but due 
to a block in processing at the Drosha step (Thomson et al., 
2006). The nature of this block is not known; however, the 
signalling pathways that lead to this block would have major 
implications for tumourigenesis. 


miRNAs as a Diagnostic Tool 


The expression studies described previously provide 
principal proof that miRNA expression signatures can be 
diagnostic for cancer. In fact, one study found better 
tumour classifiers in miRNA expression data than in mRNA 
expression data from the same tumour samples (Lu et al., 
2005). This included poorly differentiated tumours that 
elude routine classification. The greater stability of miRNAs 
compared to mRNAs increases their value in diagnostic 
procedures (Nelson et al., 2006). 


MICRO-RNAs AS TUMOUR SUPPRESSORS 


The previously described expression studies have implicated 
a large number of miRNAs in cancer progression. The most 


dramatic observation is the widespread downregulation of 
miRNA expression in cancer. M any of these downregulated 
miRNAs are likely to have a tumour-suppressor function. 
Several functionally validated tumour-suppressor miRNAs 
are discussed later. 


let-7 


let-7 has a well-established role in development in C. 
elegans. Cells lacking let-7 fail to terminally differentiate 
during larval development and continue to proliferate. Recent 
work has shown that the C. elegans homologue of the 
oncogene ras is a downstream target of let-7 family miRNAs 
(Johnson etal., 2005). Loss of let-7 leads to excessive 
Ras activity, which is partially responsible for the lack of 
proper differentiation. As described previously, reduction 
of let-7 in lung cancers was associated with shortened 
postoperative survival and enforced expression of let-7 in the 
adenocarcinoma cell A549 resulted in reduced foci formation 
(Takamizawa et al., 2004). An analysis of the UTR sequences 
of the three human RAS family members revealed let-7 
target sites in all three. This provides a compelling model 
for let-7 function in mammals. let-7 is induced during 
embryonic development, leading to reduced cell proliferation 
and promoting differentiation. Loss of let-7 in cancer would 
result in elevated Ras activity and increased cell proliferation. 
In support of this model, Ras protein levels were inversely 
related to let-7 expression in a range of lung cancer samples 
(Johnson et al., 2005). 


miR-15a~16 


The human genome has two loci for the miR-15~16 cluster. 
The chromosome 13 locus maps to a break point that is com- 
mon in CLL. In addition, a patient with CLL had a germ-line 
point mutation in the primary transcript of miR-15~16, which 
lead to reduced expression. This implicates these miRNAs 
in tumour suppression, but what are the molecular pathways 
they repress? Recent data has demonstrated that the anti- 
apoptotic protein BCL2 is a target of both miRNAs. High 
BCL2 expression is an essential event in lymphomagenesis, 
and this may be a result of miR-15~16 deletion in CLL. 


Other Potential Tumour-Suppressor miRNAs 


As described previously, many miRNAs are repressed in 
cancer. It is likely that some of these are functional tumour 
suppressors. For example, miR-124 expression is restricted 
to neurons and is induced during development. It is believed 
to promote neuronal identity by suppression of non-neuronal 
genes. Loss of expression of this miRNA might, therefore, 
lead to loss of differentiation in this lineage, leading to the 
development of neuronal malignancies. 
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MICRO-RNAs AS ONCOGENES 
miR-155 


Several miRNAs are overexpressed in tumours and tumour 
cell lines and can function as oncogenes. One such miRNA, 
miR-155, was shown to have increased precursor levels 
in patients with Burkitt's and Hodgkin’s lymphoma and 
diffuse large B-cell lymphomas (Eis etal., 2005; Kluiver 
etal., 2005; Metzler etal., 2004). miR-155 is transcribed 
in its precursor BIC, a non-coding RNA identified as a 
common retroviral integration site in avian leukosis virus 
(ALV )-induced B-cell lymphomas (Clurman and Hayward, 
1989). Overexpression of the last exon of BIC, containing 
miR-155, was found to accelerate lymphomagenesis and 
leukomogenesis in cooperation with the oncogene c-myc 
(Tam etal., 2002). Enforced expression of miR-155 alone 
leads to a pre-leukaemic state due to overproliferation of 
progenitor B-cells (Costinean et al., 2006). The role of miR- 
155 in solid tumours is unknown. 


miR-17~ 92; OncomiR-1 


The 13q31-q32 region of the human genome was identified 
as a region amplified in various haematopoietic malig- 
nancies, such as follicular lymphoma, mantle cell lym- 
phoma, and diffuse large B-cell lymphoma (Monni et al., 
1998; Neat etal., 2001; Rao etal., 1998). An attempt 
to identify the relevant cancer susceptibility gene of the 
13q31-q32 amplification revealed a novel gene C13orf25 
(chromosome 13 open reading frame 25) (Ota etal., 
2004). Interestingly, this gene does not appear to code 
for protein but is the primary transcript for a cluster of 
seven miRNAs, miR-17~92, also known as OncomiR-1. 
While studying these micro-RNAs, two independent groups 
came to the conclusion that this highly conserved poly- 
cistronic miRNA cluster was the genetic lesion associated 
with several cancer subtypes (He etal., 2005b; O'Donnell 
et al., 2005). 

The functional connection of OncomiR-1 was demon- 
strated in a mouse model for Burkitt's lymphoma. Ectopic 
expression of the conserved region of the cluster, in cooper- 
ation with the oncogene c-MYC, led to B-cell lymphoma 
(He etal., 2005b). The molecular pathways modulated 
by these miRNAs are not well understood. Histological 
examination of the lymphomas revealed reduced apoptosis 
in tumours expressing OncomiR-1. This is in contrast to 
tumours expressing c-MYC only. It is known that prolif- 
eration signals generated by c-MYC lead to P53-induced 
apoptosis. Two of the miRNAs in the OncomiR-1 clus- 
ter were shown to repress the transcription factor E2F1 
(O’Donnell et al., 2005). This would be expected to dampen 
the apoptotic signal from c-MYC expression. 

Recently, a second cancer model has been linked to 
OncomiR-1 (Dews etal., 2006). Primary colonocytes are 
transformed by the oncogene ras, but these cells do not 
effectively form tumours when transplanted into mice due 


to inadequate angiogenesis. Additional expression of c- 
myc leads to a robust angiogenic response and a highly 
tumourigenic cell line. This response is partially due to 
induction of OncomiR-1 by c-myc. miRNAs within the 
OncomiR-1 cluster target the known anti-angiogenic factors 
thrombospondin-1 (Tsp-1) and connective tissue growth 
factor (CTGF). A separate study has shown increased cell 
proliferation in association with OncomiR-1 overexpression 
(Hayashita et al., 2005). These distinct model systems have 
outlined a broad role for OncomiR-1 in tumourigenesis. 


miR-371~373 


In an effort to identify oncogenic miRNAs, one research 
group devised a functional screen using an miRNA over- 
expression library (Voorhoeve et al., 2006). This lead to the 
identification of a second oncogenic miRNA cluster, miR- 
371~373. These miRNAs are the human orthologue of the 
mouse cluster miR-290~295, which is highly expressed in 
early development (see Figure 2). miR-371~373 were shown 
to cooperate with Ras in the transformation of primary human 
cells. Surprisingly, this was in the presence of wild-type 
P53. These miRNAs promoted tumourigenesis in part by 
blocking P53 cell cycle checkpoint function. A validated tar- 
get of miR-373 is the LATS2 tumour suppressor, a known 
component of this checkpoint. The role of this miRNA clus- 
ter in somatic human cancers is not clear, because their 
expression has not been detected outside the germ-cell com- 
partment. 


THERAPEUTIC STRATEGIES 


With the mounting evidence for a role of miRNAs in 
cancer there has been significant interest in therapeutics 
directed against these small RNAs. One could imagine that 
inhibitors of OncomiR-1 would be an effective therapy 
against tumours that depend on high-level expression of 
these miRNAs. Several “anti-miR” or “antagomiR” strate- 
gies are being developed. The first of which, 2’-O-methyl- 
modified antisense RNAs, were shown to block miRNA 
association with their mRNA target sequence through strong 
association with cognate miRNAs, resulting in a sequence- 
specific inhibitor of individual miRNAs (Meister etal., 
2004; Hutvagner et al., 2004). Initial experiments relied on 
transfection; however, the addition of a cholesterol moi- 
ety, termed “antagomiR”, has greatly enhanced their uptake 
in vivo (Krutzfeldt etal., 2005). Another strategy relies 
on a different cyclic ribose modification, termed locked 
nucleic acid (LNA). This is a 2’-C,4’-C-oxymethylene linker 
in the ribose sugar, which induces an N-type (3’-endo) 
conformation mimicking an A-type duplex known to pre- 
dominate for DNA:RNA duplexes (Orom etal., 2006). 
This results in a high hybridization energy and, there- 
fore, a high affinity for its target miRNA. Both strategies 
have the potential to usher in a new era of anticancer 
therapy. 
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CONCLUDING REMARKS 


Work in the last few years has uncovered miRNAs as new 
molecular players in tumourigenesis. Several oncogenic and 
tumour-suppressor miRNA families have been described and 
have been integrated into known molecular pathways of 
cancer. Currently, work is underway to test the therapeutic 
potential of these novel small RNAs. In addition, the 
identification of these small RNAs has forced us to reconsider 
the definition of “gene”. Several known genomic alterations, 
such as the 13q14 deletion in CLL, eluded characterization 
until the miRNA pathway was discovered. How many 
additional unknown classes of genes are present in the human 
genome? 
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INTRODUCTION 


The malignant transformation of cells involves multiple qual- 
itative and quantitative changes in gene expression, arising 
as a result of inherited or somatic mutations or as a con- 
sequence of infection with a tumour virus. Although there 
are of course many instances where such changes are the 
result of alterations in gene expression at the transcriptional 
level, there is no mechanistic reason why numerous other 
post-transcriptional events cannot also contribute to the phe- 
notypic changes that characterize cancer cells. Important 
regulated steps that come to mind include the 3’ polyadeny- 
lation of newly synthesized pre-mRNAs, alternative splicing 
of primary transcripts, export of mRNAs from nucleus to 
cytoplasm, the stability of specific mRNAs and, of course, 
the process of translation of mRNAs into proteins. In recent 
years, we have learned a great deal about the factors that 
influence the last of these processes, including both the influ- 
ence of mRNA structure on translation and the mechanisms 
of regulation of polypeptide chain initiation factor function 
(e.g., by protein phosphorylation and proteolytic cleavage). 
As a result it has become clear that there is plenty of scope 
for aberrant events at these levels that could lead to malig- 
nant transformation. This chapter proposes to summarize the 
evidence for dysregulation of translation in cancer and to 
consider the pathways and mechanisms that may be involved. 
The article ends with a brief consideration of how this knowl- 
edge may be applied in the future in novel forms of cancer 
therapy. 

Earlier literature relevant to these topics has been described 
in several excellent reviews (eg., Watkins and Norbury, 
2002; Holland, 2004; Holland et al., 2004; Rosenwald, 2004; 
Bjornsti and Houghton, 2004a; Clemens, 2004) and the 
majority of the publications cited here are from the last 
5 years only. 
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MECHANISMS FOR REGULATION OF 
TRANSLATION 


Protein synthesis is a highly complex process involving a 
large number of components (Merrick, 2004; Abbott and 
Proud, 2004; Sonenberg and Dever, 2003). In principle, 
regulation could occur at several different points in the 
pathway but the rate-limiting step in most situations is 
polypeptide chain initiation. This is made up of a complicated 
series of events that can be divided into several distinct steps 
(summarized in Figure 1). During the chain initiation process 
the reactions that are most commonly subject to physiological 
regulation are (i) the availability of initiation factor elF2 
for formation of the ternary [elF2.GT P.M et-tR N A ¢] complex 
and (ii) the formation of the elF 4F heterotrimeric complex, 
comprising elF4E, elF4G, and elF4A. The consequences 
of changes in the levels of these complexes for translation 
are in turn dependent on the structure of the mRNA to be 
translated. 

Initiation factor elF2 is responsible for bringing the 
initiator M et-tRNA¢ to the 40S ribosomal subunit (Figure 1). 
To do this elF2 needs to be activated by binding to a molecule 
of guanosine triphosphate (GTP). During subsequent steps 
of the initiation pathway (viz., at the 40S-60S subunit 
joining stage) this GTP becomes hydrolysed to guanosine 
diphosphate (GDP) and the elF2 is released from the 
ribosome as an [elF2.GDP] complex. Regeneration of active 
elF2 requires a GTP-GDP exchange reaction, catalysed 
by the guanine nucleotide exchange factor elF2B (Proud, 
2005a) (Figure 1). The smallest (œ) subunit of elF2 is 
subject to phosphorylation at position Ser51 by any one of 
a small family of protein kinases (comprising the interferon- 
inducible enzyme protein kinase R (PKR), the endoplasmic 
reticulum stress-regulated enzyme pancreatic endoplasmic 
reticulum kinase (PERK), the amino acid- sensitive kinase 
mGCN2 and the heme-regulated protein kinase HRI). These 
enzymes can be activated by various different physiological 
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Steps in polypeptide chain initiation. Initiation factor elF2 forms a ternary complex with GTP and methionyl-tRNA + (step 1). This binds to the 


smaller (40S) ribosomal subunit, which carries elF3 and other factors (not shown), to form a 43S pre-initiation complex (step 2). M essenger RNA (mRNA) 
joins this complex in a process that requires the heterotrimeric complex elF4F (comprising the initiation factors elF4E, elF4G, and elF4A) (step 3). EIF 4E 
recognizes the 5’ cap on the mRNA, elF4G interacts with elF3 on the ribosomal subunit and elF4A has RNA helicase activity. The 48S pre-initiation 
complex thus formed then binds the larger (60S) ribosomal subunit to form an 80S initiation complex (step 4), accompanied by hydrolysis of the GTP 
molecule to GDP and inorganic phosphate. This is followed by ribosomal scanning and recognition of the initiating AUG codon by the Met-tRNAs (see 
Figure 3). When initiation factors elF2 and elF3 are released from the ribosome the elF2 remains associated with the GDP, which must be exchanged for 
another molecule of GTP before the elF2 can participate in a further round of initiation. This reaction is catalysed by the guanine nucleotide exchange 
factor elF2B (step 5). The initiation factors implicated in cancer are indicated in red. Other factors with important roles in polypeptide chain initiation are 
not shown here; for full details of the pathway see M errick (2004), Abbott and Proud (2004), and Sonenberg and Dever (2003). 





stresses and the resulting phosphorylation of elF 2a leads to a 
partial shutdown of protein synthesis (Proud, 2005a). This is 
because of the inhibition of the guanine nucleotide exchange 
activity of elF2B by the phosphorylated form of elF2. The 
phosphorylation of elF2q@ is also associated with enhanced 
rates of apoptosis in a number of systems (Vorburger et al., 
2002; Clemens, 2001). Failure of any of the stress-regulated 
kinases to respond to the appropriate stimulus, changes in 
expression of elF2 or elF2B or mutation of elF2a to a non- 
phosphorylatable form could all, in principle, result in loss of 
regulation of the rate of protein synthesis. This, in turn, may 
affect the ability of cells to increase in mass and progress 
through the cell cycle, to differentiate or to die. 

Another very important and regulated event in polypeptide 
chain initiation is the association of the mRNA 5’ cap-binding 
factor elF4E with either of two isoforms of the large scaffold 
protein elF4G. The association of these two proteins is criti- 
cal for the synthesis of all cellular proteins that are translated 
via the 7-methyl guanosine mRNA cap-dependent initiation 
process. This is because elF 4E has a direct cap-binding func- 
tion, whereas elF 4G interacts with the 40S ribosomal subunit 
(via another large, multi-subunit factor, elF3) (K orneeva 
et al., 2000). Thus, the formation of the elF4F complex (also 
containing the factor elF 4A ) brings together the mRNA with 
the ribosome (Figure 1). It is questionable whether the rate- 
limiting component in this process is elF 4E or elF 4G, but the 


argument scarcely matters because the ability of the two ini- 
tiation factors to interact is in fact regulated by another set of 
players, the 4E binding protein (4E-BP) family. The key fac- 
tors here are 4E-BP1 and 4E-BP2 (there is also a 4E-BP3 but 
less is understood about the role of this protein). The 4E-B Ps 
compete with elF4G for binding to elF4E (Figure 2), thus 
restricting the formation of the elF4F heterotrimeric com- 
plex. The ability of 4E-BP1 and 4E-BP2 to bind to elF4E 
is regulated by multi-site phosphorylation of the 4E-BPs, 
catalysed by the rapamycin-sensitive kinase mammalian tar- 
get of rapamycin (mTOR) and probably by other protein 
kinases as well. Hypophosphorylated forms of the 4E-BPs 
bind tightly to elF 4E, resulting in decreased rates of protein 
synthesis. In contrast, the more highly phosphorylated forms 
dissociate from the cap-binding protein, permitting increased 
association of the latter with elF4G and promoting higher 
rates of translation. As will be described in the following 
text, overexpression of elF4E is very clearly associated with 
the malignant phenotype and has anti-apoptotic effects. Con- 
versely, increased levels and decreased phosphorylation of 
4E-BP1 can promote apoptosis and are tumour suppressive. 

The relative contributions of elF 2a phosphorylation versus 
4E-BP dephosphorylation to the inhibition of protein syn- 
thesis and to changes in cellular phenotype remain unclear. 
One possibility is that the former mechanism alters the 
rate of initiation of translation of all mRNAs in the cell 
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Figure 2 Regulation of cap-dependent translation by the elF4E binding proteins. In order to participate in the initiation of protein synthesis initiation factor 
elF4E (green sphere) has to bind to the large scaffold protein elF4G (blue rectangle). Together with elF4A (not shown here) these factors constitute the 
elF4F complex (see Figure 1). The ability of elF4E and elF4G to interact is regulated by members of the 4E binding protein family (4E-BP1 is illustrated 
here - red sphere); 4E-BP2 may have a similar role). The 4E-BPs compete with elF4G for binding to elF4E, thus restricting the formation of the elF 4F 
complex. The ability of 4E-BP1 and 4E-BP2 to bind to elF4E is regulated by multi-site phosphorylation of the 4E-BPs, catalysed by mTOR and other 
protein kinases. Hypophosphorylated forms of the 4E-BPs bind tightly to elF4E (reaction 1), whereas more highly phosphorylated forms dissociate from the 
cap-binding protein (reaction 2), permitting increased association of the latter with elF4G (reaction 3). The phosphorylation of the 4E-BPs can be reversed 


by the action of protein phosphatases such as PP2A (reaction 4). 


(although perhaps to varying degrees), whereas regulation 
of the elF4E/4E-BP system is more important for changing 
the types of mRNA that are translated. This could follow 
from the likelihood that an mRNA that is bound to elF4E in 
an active elF4F complex is available for translation, whereas 
a capped mRNA that is either not bound to elF4E or bound 
to an inactive [elF4E.4E-BP] complex cannot be translated 
at all (Figure 3a). 

Overlaid on top of these considerations is the fact that 
different mRNAs have very different structures. In this 
respect the nature of the 5’ and 3’ untranslated regions 
(UTRs) of an mRNA may be critical as these regions can 
determine the efficiency with which the mRNA interacts with 
the initiation machinery and is translated. Thus, for example, 
mRNAs with long and highly structured 5’ UTRs probably 
require higher concentrations of elF4F to be translated 
efficiently. The elF4A component of elF4F has RNA helicase 
activity that unwinds mRNA secondary structure during the 
process of ribosomal scanning from the 5’ end. The presence 
or absence of upstream open reading frames within the 5’ 
leader region of an mRNA can also have a profound effect 
on the efficiency with which the main downstream coding 
region is translated. In addition, the polyadenylated 3’ UTR 
has an influence on the initiation of translation, not least 
because this region of the mRNA can interact with the 5’ end 
through the ability of the poly(A )-binding protein to bind to 
both the poly(A) tail and elF4G simultaneously (Sachs and 
Varani, 2000). 

There is increasing evidence that some cellular mRNAs 
escape the requirement for elF4E for their translation by 
virtue of possessing internal ribosome entry sites (IRESs) 


(Stoneley and Willis, 2004). Such regions allow an mRNA 
to function in a cap-independent manner by facilitating the 
direct internal binding of ribosomal initiation complexes 
close to the start of the coding region, without the need 
for scanning from the 5’ end (Figure 3). It follows that the 
translation of these mRNAs should be largely independent 
of changes in the availability of the elF4F complex and 
should not be inhibited by conditions that promote the 
dephosphorylation of the 4E-B Ps. 

For a cell to undergo malignant transformation there must 
be more than merely quantitative changes in rates of pro- 
tein synthesis. Altered patterns of gene expression, resulting 
in upregulation of proteins that favour cell proliferation 
or inhibit apoptosis (see Apoptosis) or downregulation of 
tumour-suppressors and pro-apoptotic factors, can result from 
the mechanisms described in the previous text. A principal 
aim of this area of cell biology is therefore to understand 
how alterations of initiation factor phosphorylation or abun- 
dance can interact with elements of mRNA structure to bring 
about such changes at the level of translation. 


POLYPEPTIDE CHAIN INITIATION FACTORS AND 
CANCER 


Because of the multi-step nature of the events required for 
protein synthesis, changes in the levels of many translation 
factors may potentially lead to dysregulation of gene expres- 
sion, cell proliferation, or apoptosis in a way that contributes 
to malignancy (Table 1). As indicated in the previous text, 
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Figure 3 Alternative modes of initiation on cellular mRNAs and their 
differential sensitivity to inhibition by the 4E-BPs. (a) The majority of 
cellular mRNAs are translated by the 5’ cap-dependent scanning mechanism 
in which the ribosome binds to the cap in a process that depends on 
elF4E and elF4G (as well as other canonical factors) (see Figures 1 and 2). 
When the interaction of elF4E with elF4G is inhibited by the presence of 
hypophosphorylated 4E-BP1 (see Figure 2) this cap-mediated mechanism 
is impaired. Messenger RNAs with complex secondary structures at their 5’ 
ends may be more sensitive to this regulatory mechanism than those with 
unstructured 5’ regions, thus conveying differential sensitivity to regulation 
by the 4E-BPs (see the text). (b) Certain cellular mRNAs can be translated 
by an alternative mechanism involving direct binding of the ribosome to an 
internal ribosome entry site (IRES), bypassing the need for cap recognition 
by elF4E. This should render these mRNAs resistant to inhibition of their 
translation by the 4E-BPs. Several proteins with important regulatory roles 
in cell proliferation and/or apoptosis are encoded by such mRNAs (Stoneley 
and Willis, 2004). 





important points of regulation occur at the level of the elF 2- 
mediated binding of Met-tRNA; and the elF4E-dependent 
binding of mRNA to the small ribosomal subunit during the 
initiation of polypeptide synthesis. Not surprisingly, loss of 
control of these stages of the initiation pathway has been 
implicated in tumourigenesis in various systems. The role of 
elF4E in malignant transformation will be discussed in detail 
in the following section, while the potential contributions of 
other polypeptide chain initiation factors are described here. 

Expression of the w subunit of elF2 has been reported to 
be elevated in oncogene-transformed cells (Rosenwald et al., 
2003) and experimental overexpression of this protein can be 
tumourigenic under some circumstances (Donzé et al., 1995; 
Perkins and Barber, 2004). However, some benign tumours 
derived from melanocytes and colonic epithelial cells also 
show elevated elF2a expression (Rosenwald etal., 2003). 
This suggests that this change alone, while potentially con- 
tributing to tumour initiation/progression, is not sufficient for 
the establishment of full malignancy. Because the phospho- 
rylation of elF2œ inhibits protein synthesis and might be 
expected to impair cell growth, reduced levels of phosphory- 
lation of the factor may be crucial to malignant progression. 
Consistent with this notion, a non-phosphorylatable mutant 
of elF2a, in which the Ser"? site is changed to Ala, has been 
shown to cooperate with the SV 40 virus large T antigen and 


the telomerase component human telomerase reverse tran- 
scriptase (hTERT) in transforming primary human kidney 
cells (Perkins and Barber, 2004). 

Another initiation factor that has been linked to malig- 
nant transformation of mammalian cells is elF3. This is a 
large, multi-subunit protein and two of its subunits in par- 
ticular have been implicated. The elF3e (p48) protein, when 
expressed in a truncated form, increases focus formation, 
accelerates anchorage-independent growth of cells in culture, 
reduces the extent of contact inhibition and inhibits apop- 
tosis of mammary epithelial cells or fibroblasts (Rasmussen 
et al., 2001; M ayeur and Hershey, 2002). This behaviour may 
account for the tumourigenic effects of the mouse mammary 
tumour virus since this agent often integrates in vivo into the 
Int6 gene, which encodes elF3e, resulting in expression of 
a shortened form of the protein. Interestingly, expression of 
full-length elF3e does not cause these changes in cell phe- 
notype (M ayeur and Hershey, 2002). In addition, the largest 
subunit of elF3 (subunit a or p170) is present at elevated 
levels in some tumours and inhibition of its expression in 
lung and mammary tumour cell lines reverses the malignant 
properties of these cells (Dong etal., 2004). It is not yet 
clear, however, whether elF 3a and elF 3e influence cellular 
behaviour through altering the activity of the elF3 complex 
as a whole or whether these proteins can have independent 
modes of action when overexpressed or mutated. 

As well as elF3 and elF4E (see following text), other 
proteins involved in MRNA binding to the ribosome may 
also play a role in tumourigenesis. The RNA helicase elF4A 
is overexpressed in both hepatomas and melanomas, relative 
to the levels in the equivalent normal cells (Shuda et al., 
2000; Eberle etal., 1997, 2002). This protein is a likely 
target for interaction with other partners, such as that Pdcd4 
tumour-suppressor protein (Yang etal., 2003) and NOM1, 
a protein encoded by a gene that is disrupted in some 
cases of paediatric acute myeloid leukaemia (Simmons et al., 
2005). Initiation factor elF4G has also been implicated in 
transformation (Fukuchi-Shimogori et al., 1997; Bauer et al., 
2002). Because both elF4A and elF4G assemble with elF 4E 
to form the mRNA cap-binding complex elF4F (Figure 1), 
changes in the levels of any of these proteins may, in 
principle, promote higher concentrations of this complex in 
vivo. In turn this may result in the selective enhancement of 
translation of mRNAs that encode growth-promoting, anti- 
apoptotic, or metastatic factors (see following text). 

Interestingly, an independent approach to the study of 
the malignant phenotype and its reversal, using powerful 
new techniques of proteomic analysis, has implicated several 
of the above factors. Treatment of acute promyelocytic 
leukaemia cells with the anticancer agent all-trans-retinoic 
acid significantly downregulated the expression of elF4Al 
and elF4GI, as well as some other polypeptide initiation and 
elongation factors (Harris et al., 2004). The effect on elF 4G| 
was particularly marked (over 80% decrease after 4 days, 
without any change in the mRNA for this protein). These 
data do not distinguish between such changes as causes or 
effects of the reversion to a less malignant phenotype, but 
they do indicate that the levels of expression of translation 
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Table 1 Protein synthesis factors implicated in cancer. 


Factor 


Links to malignancy 





elF2 


o 


F3 (a subunit) 
F3 (e subunit) 


o 


elF4A 





factors can be associated with the tumourigenic potential of 
cells. 


INITIATION FACTOR elF4E AND THE 4E BINDING 
PROTEINS IN MALIGNANCY 


The most extensively studied polypeptide chain initiation 
factor in relation to cell transformation and malignancy is 
elF4E. The evidence linking this protein with cancer has 
been frequently reviewed over the last few years (e.g., 
Zimmer et al., 2000; De Benedetti and Graff, 2004; M amane 
et al., 2004) and only the most recent publications will be 
considered here. Transgenic mouse studies have established 
that elF4E can function as an oncogene (Ruggero etal., 
2004), and many naturally occurring tumours show enhanced 
levels, relative to those in normal tissues, of this MRNA cap- 
binding factor. During the last two years there have been 
reports on the upregulation of elF4E expression in high- 
grade astrocytic tumours (Gu etal., 2005), node-positive 
breast cancer (McClusky et al., 2005), and cervical neoplasia 
(Lee et al., 2005). There appears to be a positive correlation 
between the level of elF4E expression and risk of tumour 
recurrence and mortality, suggesting that elF4E not only 
influences the transformation process but can also contribute 
to tumour progression. As discussed in the following text, 
the ability of the factor to impair apoptosis (see Apoptosis) 
may be important in the latter respect. 

The mechanism by which elF 4E gives rise to a transformed 
phenotype remains to be fully established. However, there 
are growing indications of how this may be achieved. 
One report (Topisirovic etal., 2004) has suggested that 
the phosphorylation of elF4E (on Ser209) enhances the 
transforming activity of the protein. Interestingly, such 


a subunit elevated in oncogene-transformed cells; overexpression of a 
subunit can be tumourigenic 

Non-phosphorylatable mutant of œ subunit cooperates with SV 40 large T and 
hTERT in cell transformation 

Elevated in some tumours 

Truncated form induces many aspects of transformed phenotype 

Gene is site of integration of mouse mammary tumour virus 
Overexpressed in hepatomas and melanomas; interacts with some 
tumour-suppressor proteins 

Enhanced expression in many tumour types; expression correlates with 
tumour progression 

Enhances expression of cell cycle regulatory proteins 

Inhibits apoptosis and induces resistance to therapeutic agents 

Cooperates with c-Myc in cell transformation 

Blocks cell differentiation 

Inhibits cell proliferation; induces apoptosis; blocks cell transformation when 
overexpressed 

Negatively regulated by mTOR-dependent phosphorylation 
Overexpressed in squamous cell lung and breast carcinomas; experimental 
overexpression associated with cell transformation 

Overexpressed in many tumour types 

Target for a farnesyltransferase inhibitor with antitumour activity 

mRNA overexpressed in intestinal type gastric carcinomas 


phosphorylation does not seem to be required for the activity 
of elF4E in initiation of protein synthesis (M cK endrick et al., 
2001; Morley and Naegele, 2002), but it may stimulate 
another activity of the factor, namely, its ability to promote 
nucleocytoplasmic transport of selected mR NAs, such as that 
encoding cyclin D1 (Topisirovic et al., 2004). This could 
imply that itis the latter activity that is the critical one for cell 
transformation. The oncogenic activity of elF4E does appear 
to need its mRNA cap-binding ability as both properties of 
the factor are abrogated by the guanosine analogue ribavirin 
(K entsis et al., 2004). Whichever mRNAs are most affected 
in terms of nucleocytoplasmic transport or translation by 
elevated levels of elF4E, it is likely that they encode 
proteins involved in the regulation of cell proliferation and 
apoptosis. 

It has been demonstrated that cells with high lev- 
els of elF4E are resistant to the induction of apoptosis 
(see Apoptosis) by a variety of stimuli. It is of partic- 
ular interest that the pro-apoptotic activity of the proto- 
oncogene c-myc is inhibited by elF4E (Tan etal., 2000; 
Li etal., 2003), and again the expression of cyclin D1 
is critical for this; moreover, c-Myc abrogates a cellu- 
lar senescence-inducing effect of the initiation factor. Not 
Surprisingly, in view of these mutual interactions, elF4E 
cooperates with c-myc in promoting B-cell lymphomage- 
nesis (Ruggero etal., 2004). Initiation factor elF4E also 
blocks the apoptosis that is normally induced by growth 
factor withdrawal (see Apoptosis) and impairs the endo- 
plasmic reticulum-mediated pro-apoptotic effects of agents 
such as tunicamycin and the Ca*+ ionophore A23187 (Li 
etal., 2004). Cells expressing high levels of elF4E are 
also resistant to cytotoxic DNA-damaging agents. On the 
other hand, endogenous elF 4E gene expression is repressed 
by the DNA damage-responsive tumour-suppressor protein 
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p53 (Zhu etal., 2005). It is therefore possible that over- 
production of elF4E could play a role in the resistance 
of p53-negative tumours to chemotherapy or radiotherapy- 
induced DNA damage. In addition, because elF4E activ- 
ity is regulated by the protein kinase Akt (see following 
text), the ability of the initiation factor to block apopto- 
sis may constitute one facet of the mechanism by which 
Akt exerts its pro-survival and therapy-resistance effects 
(Wendel et al., 2004). EIF4E also renders cells resistant to 
differentiation, at least in the erythroid lineage (Blazquez- 
Domingo et al., 2005). Conversely, when cells are exposed 
to sodium arsenite, which enhances proteasome-mediated 
degradation of elF4E, or when they are treated with short 
interfering ribonucleic acids (siRNAs) against elF4E, cyto- 
toxic responses and responsiveness to the DNA-damaging 
agent cisplatin are restored (Othumpangat et al., 2005; Ori- 
date et al., 2005). 

These findings raise interesting possibilities for novel can- 
cer therapies based on the inhibition of elF4E expression or 
activity. Possible strategies include use of ribavirin (K entsis 
et al., 2004) or the targeting of elF4E with siRNAs (see RNA 
Interference) (with or without conventional cytotoxic drug 
therapy, as indicated in the previous text). In addition, a 
new approach involving expression of a construct encod- 
ing a “suicide gene” such as thymidine kinase linked to 
a 5’ UTR that requires high-level activity of elF4E for its 
translation has been suggested to provide a tumour-specific 
killing mechanism. When incorporated into a lentiviral vec- 
tor (see Gene and Viral Therapy) such a construct can 
be used to infect and kill tumour cells in the presence of 
the nucleoside analogue ganciclovir (Yu etal., 2006). The 
killing mechanism can be made even more tumour type 
specific by including different promoter sequences in the 
construct. 

In view of the fact that the 4E-B Ps antagonize the function 
of elF4E in translation by competing with elF4G for bind- 
ing (Figure 2), it is not surprising that these small proteins 
have opposite effects to the cap-binding factor on cellular 
behaviour. As long ago as 1996 it was established that the 
4E-BPs could be negative regulators of cell growth and could 
revert the transformed phenotype of cells expressing high 
levels of elF4E (Rousseau et al., 1996a). Transformation by 
the v-src oncogene was also impaired. More recent stud- 
ies have demonstrated arrest of cell cycle progression by 
4E-BP1 in MCF-7 breast cancer cells (Jiang et al., 2003). 
Interestingly, changes in the levels of specific cell cycle regu- 
latory proteins (see Regulation of the C ell C ycle, Cell Cycle 
Checkpoints, and Cancer) were observed (downregulation 
of cyclin D1 and upregulation of the cyclin-dependent kinase 
(cdk) inhibitor p27*'?!), without major decreases in overall 
protein synthesis. This suggests mRNA-specific effects of 
alterations in the availability of elF4E for nucleocytoplasmic 
transport and/or initiation complex formation. The selective 
effect on cell cycle regulatory proteins provides an explana- 
tion for the finding that 4E-BP1 can prevent progression of 
cells from the G1 phase into DNA synthesis but does not 
inhibit the increase in cell mass and protein content asso- 
ciated with passage through G1 (Lynch etal., 2004). The 


former effect is sufficient to block cell transformation by the 
c-myc oncogene. 

Evidence has been obtained that increased elF4F for- 
mation is necessary for the expression of the malignant 
phenotype in breast carcinoma. In this cell type the trans- 
formed state is often associated with elevated expression 
of elF4GI and hyperphosphorylation of 4E-BP1 (which 
inactivates its ability to block elF4E-elF4G association - 
Figure 2). In keeping with the latter observation, expression 
of non-phosphorylatable forms of 4E-BP1 suppresses the 
tumourigenicity of breast cancer cell lines (Avdulov et al., 
2004). Moreover, spontaneous reversion to a more trans- 
formed phenotype was associated with loss of the ectopically 
expressed 4E-BP1 mutants, indicating a direct causal link 
between the actions of these proteins and the behaviour of 
the cells. 

The current view of the mode of action of 4E-BP1 
against tumour cells is that the protein induces apoptosis 
(see Apoptosis) (thus, countering the anti-apoptotic effects 
of elF4E) (Proud, 2005b). A gain the state of phosphorylation 
of 4E-BP1 is critical for this function (Li etal., 2002). 
However, the pro-apoptotic effect of 4E-BP1 is not simply 
related to the ability of the factor to repress overall protein 
synthesis and indeed too much repression may paradoxically 
impair apoptosis (presumably because the balance between 
the rates of synthesis of pro- and anti-apoptotic proteins 
changes as translation is progressively more inhibited). 
Interestingly, malignant cells may have a greater requirement 
for mRNA cap-dependent translation than normal cells (Li 
et al., 2002). If this is a general phenomenon, the greater 
requirement for elF 4F function might be exploitable to target 
tumour cells to undergo apoptosis preferentially. 


OTHER POINTS OF REGULATION 


In view of the complexity of the mechanism of translation 
and the diversity of protein and RNA components involved, 
it is likely that dysregulation of other factors may also 
contribute to the transformed phenotype. Prominent among 
the suspects here is polypeptide chain elongation factor 
eEF1A. Several earlier reports (reviewed in Clemens and 
Bommer, 1999) have linked this protein with cancer since it 
is overexpressed in a wide range of tumour types. Indeed a 
survey of the expression levels of MRNAS encoding several 
protein synthesis factors in a range of tumour cell lines and 
naturally occurring tumours identified eEF1A as the most 
commonly upregulated sequence (Joseph etal., 2004). In 
some cases expression was elevated over 100-fold compared 
with the equivalent normal tissues. The significance of this 
remains to be established. In particular, it needs to be 
determined whether eEF1A overexpression contributes to 
malignant transformation or is a consequence of it. It is 
also unclear whether the protein has an additional role in 
cells that is unrelated to its function in polypeptide chain 
elongation (Lamberti et al., 2004). One recent suggestion 
(Chen and Madura, 2005) is that eEF1A is important for 
the ubiquitin/proteasome-mediated degradation of nascent 
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damaged proteins, and that the rate of formation of such 
proteins is elevated in transformed cells. Certainly it would 
seem unlikely that the dramatic elevation of eEF1A levels 
is necessary only to sustain the increased rates of protein 
synthesis in tumour cells, since these are likely to be only 
moderately higher than the rates in normal cells. 

Another protein synthesis factor associated with the trans- 
formed phenotype is the elongation factor eEF2. In this case 
it appears to be the phosphorylation of this protein, rather 
than the expression level, that is elevated, at least in gliomas 
compared with normal glial cells (Bagaglio etal., 1993; 
Bagaglio and Hait, 1994). However, since the phosphory- 
lation of eEF2 inhibits the activity of this factor (Browne 
and Proud, 2002) it is difficult to reconcile these observa- 
tions with possible enhancement of overall translation rates 
in gliomas. One recent report has suggested that a farne- 
syltransferase inhibitor that has therapeutic action against 
tumours induces the phosphorylation of eEF2 and inhibits 
protein synthesis (Ren et al., 2005). 

Polypeptide chain termination factors may also play a 
role in disrupting normal cellular events in malignancy. 
The release factor eRF3 is overexpressed at the mRNA 
level in a significant proportion of intestinal type gastric 
carcinomas (M alta-Vacas et al., 2005). The authors of this 
study suggested that this may influence the translation rates 
of specific proteins, rather than having a global effect on 
protein synthesis, but again a non-translational role is also 
possible. 


SIGNAL TRANSDUCTION PATHWAYS THAT 
CONTROL TRANSLATION 


Several signalling pathways are involved in the control 
of translation at the level of polypeptide chain initiation, 
and loss of correct control of one or more of these may 
contribute to the dysregulation of initiation factor function 
that characterizes malignant cells. Phosphorylation of elF2a 
by the protein kinases PKR, PERK, mGCN2, and HRI 
occurs in response to a variety of physiological stresses, 
and may result not only in the downregulation of over- 
all protein synthesis but possible mRNA -specific effects 
as well. This may be important for the survival of cells 
under adverse conditions (Lu etal., 2004; McEwen et al., 
2005) and in the case of tumour cells may contribute to 
malignant progression. An example of this is seen in the 
case of tumour hypoxia, where endoplasmic reticulum stress 
activates the unfolded protein response (UPR) (Feldman 
etal., 2005). Activation of PERK is an important com- 
ponent of the UPR. Although some aspects of the UPR 
can promote apoptosis (see Apoptosis) (e.g., through tran- 
scriptional induction of genes such as CHOP; Jiang and 
Wek, 2005), recent evidence suggests that the UPR can 
also have a protective effect towards tumour cells (Feld- 
man et al., 2005). The roles of elF 2a-specific protein kinases 
such as PKR and PERK in pro- and anti-apoptotic signalling 
need to be further elucidated before a clear picture will 
emerge. 


Rather more is known of the role of cell survival 
and anti-apoptotic pathways in the regulation of the 
elF4E/4E-BP1 system. Phosphorylation of 4E-BP1 requires 
the activity of mTOR, although other protein kinases are 
undoubtedly also involved. In turn, mTOR is regulated by 
the phosphatidylinositol-3-kinase (PI3k) and AKT (protein 
kinase B) pathway (Ruggero and Sonenberg, 2005). Loss of 
regulation of PI3k or AKT activity is frequently observed 
in tumour cells (often as a result of mutation of the 
phosphatase and tensin (PTEN) homologue, a tumour- 
suppressor gene), and these enzymes have major roles in 
promoting cell survival. There is increasing evidence that 
PI3k and AKT (and their equivalent retroviral oncogenic 
forms) have important functions in controlling translation and 
that at least some of the effects of these proteins are mediated 
by mTOR (Aoki and Vogt, 2004; Ruggero and Sonenberg, 
2005). Thus, for example, constitutive activation of PI3k 
and AKT favours survival of Hodgkin's lymphoma cells 
by a mechanism involving mTOR. This is associated with 
hyperphosphorylation of 4E-BP1 (as well as other protein 
kinase substrates) (Dutton et al., 2005). Inhibition of mTOR 
with rapamycin, particularly when combined with treatment 
with a DNA-damaging agent, reduces survival of Hodgkin’s 
lymphoma cells. 

Pathways impinging on translational control also con- 
tribute to malignant transformation by the ras oncogene 
(see Signalling by Ras and Rho GTPases), and coop- 
eration with Akt activity is often observed (Parsa and 
Holland, 2004). Microarray analysis shows that substan- 
tial changes in the recruitment of specific mRNAs into 
polysomes occur in response to alterations in Ras and Akt 
signalling (Rajasekhar et al., 2003). Earlier studies indicated 
that the effects of hyperactive Ras on tumourigenesis could 
be reversed by downregulating the expression of elF4E 
(Rinker-Schaeffer et al., 1993; Graff et al., 1995) and this 
may reflect the anti-apoptotic effect of elF4E. Again the 
combination of rapamycin and a cytostatic drug was able 
to increase the susceptibility of Ras-transformed cells to 
apoptosis (see Apoptosis), as did the ectopic expression 
of 4E-BP1 (Polunovsky etal., 2000). This clearly impli- 
cates the loss of ability of 4E-BP1 to sequester elF4E as 
a basis for transformation by oncogenic ras (see Signalling 
by Ras and Rho GTPases). The molecular basis for the 
regulation of 4E-BP1 phosphorylation by Ras most likely 
involves activation of PI3k and Akt (Shao etal., 2004). 
The ras oncogene may also influence other pathways that 
regulate initiation. For example, a recent report (Shi et al., 
2005) suggests that activity of the RAF/MEF/ERK mitogen- 
activated kinase cascade (which is under the control of 
Ras) is required for translation of some mRNAs that uti- 
lize an internal ribosome entry mechanism (see following 
text). 

Recently there has been a great upsurge of interest in 
mTOR as a central regulator of cell growth and survival 
in health and disease (Inoki et al., 2005; Tee and Blenis, 
2005). Several reviews have drawn attention to the poten- 
tial of MTOR as a target for cancer therapy (Bjornsti and 
Houghton, 2004b; Houghton and Huang, 2004; Carraway 
and Hidalgo, 2004; Petroulakis et al., 2006; Thomas, 2006; 
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Georgakis and Younes, 2006), and derivatives of rapamycin 
are now finding a place in the arsenal of anticancer agents. 
One area of great promise is the possible use of mTOR 
inhibitors to sensitize tumours to the pro-apoptotic effects 
of treatments to which the cells are otherwise resistant. 
For example, some types of glioblastoma multiforme with 
mutant PTEN and an activated PI3k-A kt pathway can be ren- 
dered sensitive to the pro-apoptotic cytokine tumour necrosis 
factor-related apoptosis-inducing ligand (TRAIL) by treat- 
ment with rapamycin (Panner etal., 2005). In this case, 
deregulation of the PI3k-AktmTOR axis has been shown 
to result in enhanced translation of the c-FLIP; protein. 
The latter is an inhibitor of TRAIL signalling as a result 
of its ability to inhibit caspase-8 activation at the TRAIL 
receptor death-inducing signalling complex (see Signalling 
by Cytokines). Inhibition of mTOR suppresses the transla- 
tion of the mRNA encoding c-FLIP; (Panner et al., 2005). 
In another case, the resistance of lung cancer cell lines 
to the DNA-damaging agent cisplatin could also be over- 
come using the rapamycin analogue CCI-779 (Wu etal., 
2005). This agent decreased the extent of phosphoryla- 
tion of 4E-BP1, suggesting a mechanism of action involv- 
ing changes in protein synthesis. CCI-779 is also effective 
against primary human acute lymphoblastic leukaemia, a dis- 
ease that is often resistant to other types of therapy (Teachey 
et al., 2006). 

It should be noted that, whereas rapamycin and its ana- 
logues can be effective in cases where there is deregula- 
tion of PI3k, Akt, or mTOR itself, these agents may not 
work in situations where elF4E is overexpressed (Wendel 
et al., 2004). This follows from the fact that elF4E is a 
downstream target of mTOR and high levels of the factor 
should render cells resistant to the effects of mTOR inhibi- 
tion on 4E-BP phosphorylation. It is likely, however, that 
mTOR has other targets besides the translational machin- 
ery (e.g., the hypoxia inducible transcription factor (HIF)- 
la - Majumder et al., 2004) and that mTOR inhibitors can 
exert their antitumour effects at least partially by inhibit- 
ing these activities as well as regulating 4E-BPl/elF4E 
function. 

Finally, pathways regulated by the c-myc oncogene may 
also have an impact on gene expression at the translational 
level. The gene encoding elF4E has a myc-responsive ele- 
ment in its promoter and its transcription is upregulated by c- 
Myc (Schmidt, 2004). Interestingly, overexpression of elF 4E 
in turn upregulates c-myc translation (Zimmer et al., 2000), 
thus providing a positive feedback mechanism for further 
deregulation of c-myc activity. Since Ras is likely to induce 
increased phosphorylation 4E-BP1 via stimulation of the 
PI3k-Akt-mTOR pathway (see previous text and Signalling 
by Ras and Rho GT Pases), and hence should ensure avail- 
ability of the increased level of elF4E for initiation complex 
formation, these mechanisms may constitute a further basis 
for the well established cooperation of the c-myc and c-ras 
oncogenes in malignant transformation. 


mRNA SELECTION AT THE TRANSLATIONAL 
LEVEL 


Although most of the changes in translation factor regula- 
tion described in the previous text can, in principle, affect 
the overall rates of protein synthesis, it is highly likely that 
such events contribute to malignant transformation largely 
by selectively affecting the recruitment or efficiency of uti- 
lization of specific mRNAs. This has been most thoroughly 
studied in the case of elF4E. Early studies suggested that 
overexpression of this factor can favour preferentially the 
translation of mRNAs with extensive secondary structure in 
their 5’ UTRs (Koromilas et al., 1992). This is consistent 
with the association of elF4E with the RNA helicase elF 4A, 
through the mutual binding of these two factors to elF4G. 
Examples of mRNAs whose translation may be upregu- 
lated by such a mechanism are those encoding ornithine 
decarboxylase (Rousseau et al., 1996b), c-myc (Carter et al., 
1999), the Yes protein kinase (DeFatta and De Benedetti, 
2003), vascular endothelial growth factor, and the anti- 
apopototic protein Bcl2 (Graff and Zimmer, 2003). These 
gene products can contribute not only to primary transforma- 
tion but also to the metastatic ability of tumours. In addition, 
high levels of elF4E activity can exert an MRNA-selective, 
pre-translational effect, enhancing the rate of nucleocyto- 
plasmic transport of the MRNA encoding the critical cell 
cycle regulatory protein cyclin D1 (Rousseau et al., 1996b). 
Because elF4E is present in the cell nucleus as well as the 
cytoplasm it may bind to the cap structures of mRNAs prior 
to the export of the latter to the translation machinery. How- 
ever, Culjkovic et al. (2005) have reported that an element 
in the 3’ UTR of cyclin D1 mRNA is critical for its recog- 
nition by elF4E within the nucleus. The ability of elF4E to 
promote cell cycle progression by this mechanism may also 
account for the inhibition of cell differentiation in the granu- 
locyte, monocyte, and erythroid lineages (Topisirovic et al., 
2003; Blazquez-Domingo et al., 2005), with a consequently 
increased risk of leukaemogenesis. 

The structure of an MRNA, particularly in the 5’ UTR, 
is likely to be the primary determinant of the sensitivity of 
that mRNA to translational changes. Thus, for those mRNAs 
(the majority), which are translated via cap-dependent ini- 
tiation, a high degree of secondary structure will render 
them sensitive to influences such as elF4E overexpres- 
sion and the regulation of 4E-BP phosphorylation (e.g., via 
the PI3K/Akt/mTOR pathway) (see, e.g., Blazquez-Domingo 
et al., 2005). However, it is likely that a significant fraction 
of cellular mRNAs - perhaps as many as 20- 30% - possess 
IRESs and can be translated via direct access of the ribosome 
to the initiating codon (Stoneley and Willis, 2004). Such a 
mechanism in effect bypasses the need for cap recognition 
(Figure 3). This concept has been challenged (K ozak, 2001, 
2005), but there is substantial evidence to support such a 
mechanism (Schneider et al., 2001; Komar and Hatzoglou, 
2005). The simplistic view suggests that internal initiation 
should render the translation of an mRNA independent of 
the up- or downregulation of elF4E availability. Moreover, 
because MRNAs compete with each other for the transla- 
tional machinery, changes in elF4E availability may alter 
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the balance of utilization of mRNAs that are translated by 
cap-dependent versus internal initiation pathways (Svitkin 
et al., 2005). Examples of this (with potentially opposing 
outcomes) are seen in the case of the cdk inhibitor p27*'?? 
and the cdk activator cyclin D1. In these cases inactivation 
of cap-dependent initiation, by induced expression of a non- 
phosphorylatable form of 4E-BP1 or treatment of cells with 
rapamycin respectively, enhanced the translation of both pro- 
teins because their mRNAs contain IRESs (Cho et al., 2005; 
Jiang et al., 2003; Shi et al., 2005). Mutations in IRES ele- 
ments can alter the efficiency of translation of internally 
initiated MRNAs and it has been suggested that some forms 
of multiple myeloma may arise by just such a mechanism 
(Chappell et al., 2000). 

However, there are complications to the idea that scan- 
ning from the 5’ end and internal ribosome binding are 
mutually exclusive mechanisms. Some mRNAs (e.g., c-myc) 
appear to be capable of translation by both cap-dependent 
scanning and IRES-mediated initiation (Nanbru et al., 1997; 
Stoneley et al., 1998; Shi etal., 2005). Furthermore, inter- 
nal initiation may be regulated by upstream open reading 
frames in the same mRNA that are translated by a cap- 
dependent mechanism (Fernandez etal., 2005). The pres- 
ence of alternative start codons and upstream open reading 
frames can also influence the efficiency of translation of 
mRNAs that use the scanning mechanism (Carter et al., 
1999; K ozak, 2002a,b). 


CLINICAL APPLICATIONS 


As our understanding grows of the contributions made to 
malignant transformation by changes in translational regula- 
tion, new potential avenues open up for therapies that target 
these changes. One obvious area that is currently receiv- 
ing a great deal of attention in clinical trials is the use of 
rapamycin, and its derivatives such as CCI-779, RA D001, 
and AP23573, to inhibit 4E-BP1 phosphorylation and other 
activities of mTOR (Dancey, 2003; Dutcher, 2004; Chan, 
2004; Rowinsky, 2004; Easton and Houghton, 2004; Gomez- 
Martin et al., 2005; Teachey et al., 2006). Rapamycin seems 
particularly useful in sensitizing some tumour cells to other 
agents to which they were previously refractory. This may 
be because it blocks some of the consequences of the over- 
activity of powerful anti-apoptotic signalling enzymes such 
as PI3K and AKT (eg., in tumours with PTEN mutations) 
(Panwalkar etal., 2004). In addition rapamycin is able to 
enhance TRAIL signalling by altering the ratio between 
caspase-8 and its inhibitor c-FLIP, at the translational level, 
favouring an apoptotic outcome (Panner et al., 2005, 2006). 
Thus combining rapamycin or its derivatives with other 
chemotherapeutic, radiotherapeutic or cytokine-based strate- 
gies may be highly beneficial. However, it may also be 
necessary to identify further inhibitors of mTOR because 
recent findings have demonstrated the existence of an addi- 
tional, rapamycin-insensitive, form of the enzyme (Guertin 
and Sabatini, 2005). 

As discussed earlier, the high levels of elF4E that are fre- 
quently observed in tumours may mitigate against sensitivity 


to mTOR inhibitors (Wendel et al., 2004) and other means 
of targeting elF4E overactivity may then be necessary. Rib- 
avirin is a guanosine analogue that interferes with the ability 
of the initiation factor to bind to the 7-methylguanosine 
cap on MRNA (Kentsis etal., 2004). This compound may 
therefore impede the cap-dependent translation of highly 
structured mR NAs encoding oncogenic or anti-apoptotic pro- 
teins. Similarly, downregulation of elF4E levels using RNA 
interference may be possible in the future, especially if 
siRNA expression (see RNA Interference) can be selec- 
tively achieved in tumour cells to minimize toxic side effects. 
An additional technical problem, of course, is the need to 
deliver a vector encoding the siRNA effectively to essen- 
tially 100% of the tumour cells. For this, infection using 
various viral vectors may prove to be the preferred method 
(Lundstrom, 2004; Yu etal., 2006) (see Gene and Viral 
Therapy). 

It may also be possible to exploit the high level of elF 4E 
activity found in many cancers to promote the tumour- 
selective expression of suicide genes. Thus, an enzyme 
encoded by an mRNA with a highly structured 5’ UTR 
may only be synthesized in significant amounts when elF 4E 
is highly active. If that enzyme catalyses the metabolism 
of a drug to give a toxic product, it could be used to 
kill tumour cells selectively (see Rational Drug Design of 
Small Molecule Anticancer Agents: Preclinical Discov- 
ery). Proof of principle of this approach has been shown 
using thymidine kinase and its substrate ganciclovir (D eF atta 
et al., 2002a,b). 

Viruses may also have their place as oncolytic agents 
in their own right. In this case the ability of viruses 
to manipulate the translational machinery of their hosts 
(Clemens, 2005) could be exploited to bring about cell death. 
W hen combined with selective replication of such engineered 
viruses in cancer cells this could provide a powerful tool for 
the therapy of hitherto resistant tumours (M ohr, 2005). 

In summary, our growing knowledge of translational con- 
trol mechanisms and how these are disrupted in experimen- 
tally transformed cells and naturally occurring tumours will 
surely help us to devise new weapons in the war against 
cancer. 
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INTRODUCTION 


Cancer is a genetic disorder that arises from sequential 
cumulative changes (mutations) to the sequence of the 
genome. A number of different “cancer genes”, classified 
into three main families, have been identified and their func- 
tions characterized as relating to growth, signal transduction 
pathways, and cell cycle progression. A great deal of our 
understanding of these molecular mechanisms of tumourige- 
nesis is attributable to the study of viruses. 


STRUCTURE AND NATURAL HISTORY OF 
VIRUSES 


A reductionist view of the structure of viruses is that 
they consist of little more than a small RNA or DNA 
genome encased by a protein coat (capsid). In some cases, 
there is an additional viral “envelope” taken from the host 
cell plasma membrane. Many viruses also have integral 
membrane proteins that bind to “receptor” proteins on the 
host cell membrane and partly determine host range and 
tissue tropism of the virus. Cells in which a virus is able 
to replicate and produce progeny virus are called permissive 
cells; those that do not support replication of the virus but 
may still be infected are known as non-permissive cells. 
Infection of these cells is known as non-productive infection. 
Productive viral infections can be lytic (cytopathic), and 
kill the infected cell through bursting to release new viral 
particles, or non-lytic (non-cytopathic) whereby the surviving 
cell may continue to shed virus by budding new particles 
from its cell membrane. It is infection of these non- 
permissive cells, leading to non-productive infection, which 
carries the greatest risk of transformation, though this is a rare 
and abnormal outcome. This is because, although the virus 
cannot complete a productive infection, the initial stages of 
viral gene expression are often instituted, which can alter key 
cellular processes and be passed onto daughter cells. 
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Viruses can be classified according to the nucleic acid 
of their genomes. The double-stranded DNA viruses, for 
example, belong to Class | of the so-called Baltimore C lassi- 
fication system. The size of the viral genome determines the 
size of the virus particles and this can vary considerably from 
20- 14000 nm. Smaller viruses are not necessarily “simpler” 
because their more limited range of viral genes often produce 
multifunctional proteins. Viruses usually have both “early” 
and “late” viral genes. The “early” viral genes appear well 
before the onset of viral DNA replication, whereas the “late” 
genes are involved in the manufacture of new viral particles. 
The early genes often control the temporal order of subse- 
quent viral gene expression, the products of which continue 
to refine the cellular adaptations to the presence of the virus. 

Viral infections can either be acute (temporary) or persis- 
tent. Short-term acute viral infections are completely cleared 
from the host by immune responses. In persistent infections, 
the virus is able to evade the host’s immune clearance mech- 
anisms and thus remains in the host for an extended period. 
Although the host may be infectious and be shedding the 
virus, there may be no evidence of serious disease for a long 
period. In addition, some viruses, notably the Herpesviri- 
dae, can establish latent infections, a type of persistent viral 
infection during which viral proteins may be absent or unde- 
tectable. These viruses can remain dormant for long periods 
but be “reactivated” by certain favourable environmental 
stimuli into full productive infection. 


INTRODUCTION TO VIRUSES AS CARCINOGENS 


The key to connecting viruses with cancer is the fact that their 
simple structure forces them to subvert host cell machinery, 
making it fulfil viral functions in preference to those of the 
host cell. This occurs from the outset, with receptor- ligand 
interactions between the viral integral membrane proteins and 
initiation of host cell adaptations to increase access to nutri- 
ents and energy in order to accommodate the virus’ extra 
demands. 


2 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


Itis entirely possible that in the process of viral replication, 
the virus provides the host cell with genetic functions or 
modifies those already present to further its own ends. Most 
cells in the body are quiescent and are not synthesizing DNA 
for replication. DNA viruses need to make DNA in order to 
replicate. They, therefore, modify gene expression in the host 
cell to favour DNA synthesis and cell replication, effectively 
pushing host cells through the cell cycle much more quickly 
than they would otherwise be driven, in order to build up a 
large reservoir of new viral particles in as short a period 
as possible. They can do this by producing proteins that 
inactivate the normal controls of the cell cycle, for example, 
thus endowing the cell with a selective growth advantage, 
making it divide uncontrollably. This produces a localized 
hyperplasia of many more metabolically active cells for the 
virus to infect. 

Although the virus benefits from such a system, it increases 
the long-term oncogenic potential of infected host cells, 
which may have deleterious consequences for the host. 
Rushing the process of cell division, breaching the many 
safeguards, and sacrificing the “quality control” processes 
of the host cell can lead to other rare chance somatic 
mutations that are passed onto and retained by daughter 
cells. Even though very few cells in the host may be 
infected at any given time, each unchecked clonal expansion 
forms a substrate for subsequent mutations, increasing the 
likelihood of involving a pivotal “cancer gene”. All four of 
the recognized DNA tumour viruses tend to establish long- 
term persistent infections in humans, using various immune 
evasion strategies, and have long latent periods before tumour 
development occurs. This is unfortunate as the chronicity of 
the infection presents a long-term opportunity for the gradual 
accumulation of step-wise cooperative mutations, which will 
further a cell along the neoplastic pathway to the formation 
of an invasive tumour. 

It therefore appears that malignancy following viral infec- 
tion may only be an accidental by-product of the aggressive 
hijacking tactics that viruses have evolved for their survival. 
It would make little evolutionary sense for viruses to deliber- 
ately cause cancer in the host because eventual killing of the 
host would be a self-limiting measure for the virus. Indeed, 
it could be argued that the most successful viruses cause 
benign lesions and no long-term harm to the host. Viral warts, 
for example, caused by human papillomaviruses are a good 
reservoir for new viral particles, but in most cases, are only 
aesthetically discomforting. 

It is worth noting and stressing that tumour formation 
is a rare complication of viral infection, mostly due to the 
efficient immune responses that are mounted against virus- 
infected cells and stop events at an early stage before they 
have a chance to progress to malignant transformation. 


HOW DO VIRUSES CONTRIBUTE TO TUMOUR 
FORMATION? 


The genetic changes that a virus impresses upon an infected 
cell to create an environment conducive to viral replication 


are similar to the processes involved in cellular transfor- 
mation. The virus can cause direct oncogenetic changes by 
numerous mechanisms, including the following: 


providing oncogenes to a normal cell; 

inhibiting tumour-suppressor gene function; 

affecting epigenetic changes, for example, methylation 
causing transcriptional silencing; 

enhancing DNA damage - acting synergistically with 
other insults such as radiation; 

inhibiting apoptosis of damaged cells; 

interfering with DNA repair mechanisms; 

resisting host organism immune effector mechanisms. 


Viruses can also contribute to tumour formation by causing 
a pre-malignant disorder which then predisposes the individ- 
ual to cancer - this is Known as indirect oncogenesis as the 
virus itself does not cause the tumour. 


HISTORY OF THE RECOGNITION OF TUMOUR 
VIRUSES AS CARCINOGENS 


The idea that viruses could act as carcinogens was first 
proposed at the turn of the twentieth century and crystallized 
by Rous (1911) when he elucidated a “filterable agent” (later 
termed Rous Sarcoma Virus) that appeared to be able to give 
rise to tumours in chickens by an infectious process (Rous, 
1911). The infectious nature of viruses distinguished them 
from all other cancer-causing agents, such as chemicals and 
radiation. It turned out that these viruses contained oncogenes 
and this provided the first clues that there were certain genes 
that could drive the formation of tumours. 

Viral regulatory proteins were very often shown to abro- 
gate or mimic cellular control mechanisms rather than intro- 
duce new ones - this suggested that the tools for under- 
standing neoplastic progression were hidden in the normal 
cellular processes that controlled metabolism, growth, and 
the cell cycle and has helped focus our attention on the most 
relevant players, for example, leading to the discovery of 
tumour-suppressor genes. 


VIRUSES AS HUMAN CARCINOGENS 


Seven “oncogenic” viruses are presently recognized as 
human carcinogens by the World Health Organization 
(WHO) and are now accepted as aetiological factors in 
around 15% (1 in 7 cases) of human cancers (Parkin et al., 
1999). The main contributors to this figure are four double- 
stranded DNA tumour viruses (Baltimore Class I). 

Each virus appears to predispose a cell to cancer by a 
different mechanism - there is no single mode by which 
viruses are carcinogenic - but there are also some startling 
similarities. In the 1990s, virtually all DNA tumour viruses 
were shown to encode proteins that specifically inactivated 
two important cell cycle proteins, pRb and p53, which 
are both products of tumour-suppressor genes (Klein, 2002; 
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Table 1 Human DNA tumour viruses and their associated tumours. 


Virus 


Tumour(s) 





Human papillomavirus (HPV) 


Hepatitis B virus (HBV) 
Epstein-Barr virus (EBV) 


K aposi’s sarcoma herpesvirus (K SHV) also known as 
human herpes virus 8 (HHV 8) 


Munger and Howley, 2002; zur Hausen, 2001). Given the 
limited size of viral genomes and the hundreds of genes 
known to be involved in transformation, the fact that these 
two genes had been singled out by these viruses suggested 
that they played a central role in cell proliferation control and 
demonstrated a viral imperative to circumvent this control 
(Butel, 2000). To this end, Vogelstein and Kinzler (2004), 
hypothesized that it may be impossible for a tumour to form 
unless the p53 and pRb tumour-suppressor gene pathways 
have been inactivated, supported by data showing that these 
pathways are altered in a large fraction of many types 
of cancers. They also predicted that cancers that presently 
appear to be devoid of mutations in these pathways will 
eventually be shown to contain them. 

Two virally driven malignancies are significant contrib- 
utors to the worldwide cancer burden: cervical cancer in 
women, associated with human papillomavirus (HPV ) infec- 
tions, and liver (hepatocellular) cancer, with which hepatitis 
B virus (HBV) infection is closely associated. The fact that 
viruses are at the root of the causation of these cancers (often 
interacting with other carcinogens) has allowed us to explore 
and develop prophylactic avenues that have the potential to 
reduce their incidence dramatically and are an area of intense 
research focus currently. 

Some viruses appear to be associated only with a single 
tumour type, while others have multiple neoplastic asso- 
ciations; these differences likely reflect the different tissue 
tropisms of a given virus. 

The four oncogenic DNA viruses and the tumours they are 
associated with are shown in Table 1. 

Many of these tumours are found in immunosuppressed 
hosts, for example, in young children with underdeveloped 
immune systems, organ transplant recipients, and HIV- 
positive individuals, in whom some of these tumour types are 
classified as “acquired immunodeficiency syndrome (AIDS)- 
defining illnesses”. 


Viruses are Seldom Complete Carcinogens 


Many authors have stressed that, in virus-induced tumours, 
the virus appears necessary but not sufficient for tumourige- 
nesis (Butel, 2000). Viruses seem to act only as initiating or 
promoting factors because cancer development is not a fore- 
gone conclusion of every viral infection; rather, it is a rare 
complication. The majority of the DNA tumour viruses are 
endemic in some parts of the world, but the tumours that they 
are associated with are relatively rare. There is also often a 


Cervical cancer; certain skin, head, and neck cancers; and other anogenital 
cancers 

Hepatocellular carcinoma 

Burkitt's lymphoma, Hodgkin's lymphoma, nasopharyngeal carcinoma, and 
perhaps other cancers 

K aposi’s sarcoma, multicentric Castleman's disease, and primary effusion 
lymphoma 


very long latent period, of the order of decades, between 
the initial viral infection and subsequent tumour develop- 
ment, suggesting that accumulation of further mutations is 
required’ ? 

The influence of the so-called cofactors has been stressed 
by Haverkos (2004); the cofactors acting in each case vary 
between viruses and tumour types as well as geographically. 
Virally induced cancers are three times more common in 
developing countries (Parkin et al., 1999), possibly due to 
a greater frequency of viral infection and/or exposure to 
cofactors in these countries. It is presently unclear how 
these cofactors fit in and contribute to tumour development, 
although it has been proposed that some individuals are 
more susceptible to the actions of these cofactors than others 
(Perera, 1996). 


Are Viruses Drivers or Passengers? 


The presence of a virus within tumour cells does not 
mean that the virus has caused the tumour; whether the 
association is causal is an important question. The virus 
may have infected a tumour cell following transformation 
if it finds the cell a favourable environment for replication, 
rather than drive that cell to transform; the tumour site may 
also be the normal site of virus replication. It is therefore 
important to evaluate the evidence that the virus is driving 
the process of tumour formation rather than being present as 
a passenger. Essentially, two lines of evidence are required - 
epidemiological and experimental. 

Epidemiological evidence assesses the distribution of the 
tumour and the virus and often provides the initial evidence 
used to form an association hypothesis. However, this cannot 
be used in isolation as it does not prove a causal association. 
A good example of this is the fact that, for over 20 years, 
cervical cancer was attributed to herpes simplex virus type 
2 (HSV -2) because the epidemiological data were consistent 
with this. Itis now known that HSV -2 simply acts as a marker 
of and is a possible cofactor with, HPV infection, which is 
the true cause. 

Robust experimental evidence is crucial in forming a 
definitive association between viruses and cancer. This 
has been greatly aided by our increasingly sophisticated 
and sensitive molecular biology techniques. Before this, 
animal systems were greatly relied upon and were the 
vehicle that allowed the first associations between viral 
infection and cancer to be made. It is much more ethically 
questionable to test oncogenic viruses in humans. After the 
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viral genomes have been demonstrated in human tumours 
and the epidemiology has been closely studied, we again 
make use of experimental animals, particularly transgenic 
and knockout mice. 

Traditionally, when studying the nature of an infectious 
disease, the Henlé-Koch postulates have been used as the 
“gold standard”: 


1. The specific organism should be shown to be present in 
all animals suffering from a specific disease but should 
not be found in healthy animals. 

2. The specific micro-organism should be isolated from the 
diseased animal and grown in pure culture on artificial 
laboratory media. 

3. This freshly isolated micro-organism, when inoculated 
into a healthy laboratory animal, should cause the same 
disease seen in the original animal. 

4. The micro-organism should be re-isolated in a pure culture 
from the experimental infection. 


However, there are difficulties with applying these postu- 
lates to viruses and human cancer and therefore in estab- 
lishing a definite aetiological role. Many viral infections 
are ubiquitous but cancer is not an inevitable outcome of 
viral infection; rather, it is an extremely rare complication. 
For example, almost everyone has developed antibodies to 
Epstein- Barr virus (EBV) by the age of 16 but very few 
people develop lymphoma. In addition, the lifetime risk of a 
woman being infected with HPV is around 80% (Baseman 
and K outsky, 2005) but very few will go on to develop cer- 
vical cancer - at least 80% of the high-risk infections resolve 
spontaneously without even giving rise to cervical intraep- 
ithelial neoplasia (M eijer et al., 2000). Some tumour viruses, 
such as HPV, cannot be cultured in the laboratory. H ost cell 
and environmental factors often mediate the effects of the 
virus, which means that it might not cause cancer in one ani- 
mal, having been shown to be capable of doing so in another. 
In addition, because of tumour progression and heterogene- 
ity, it is possible that by the time tumours are recognized 
and studied, the viral transforming genes that were involved 
in tumour initiation may have become redundant and lost 
from some tumour cells, limiting our ability to detect them 
with current techniques despite having permanently altered 
the cellular processes (the so-called “hit and run” effect). 

These difficulties have been summarized in the works of 
Evans and Mueller (1990) and zur Hausen (1999) (Table 2). 
Sir Austin Bradford Hill codified general epidemiological 
criteria for establishing causality between a disease and an 
environmental factor (infectious and non-infectious) (Hill, 
1965; Hill and Hill, 1991) (Table 3) and various epidemio- 
logical and virological guidelines have been constructed for 
viral tumour causality (Evans and Mueller, 1990) (Table 4). 
These are useful in evaluating evidence for putative viral 
associations with human cancer. 

A major criticism of these guidelines is that they are 
not absolute, considering the complexity of virus-host 
interactions and the multiplicity of other, often synergistic, 
cancer-causing factors. Haverkos (2004) extends the work of 
R oot-B ernstein (1993) by suggesting criteria that could apply 
to this multifactorial cancer aetiology (Table 5). 


Table 2 Difficulties in establishing a link between viruses and cancer. 


1. Cancer is a rare complication of common viral infections 

2. There are long latent periods between viral infection and tumour 
appearance 

3. The time of initial viral infection may be unknown 

4. Host factors are important determinants of cancer susceptibility and 
will vary 

5. Viral strains often differ in biological properties, including oncogenic 
potential 

6. Virus-related carcinogenesis may require cofactors 

7. Causes of cancer may vary in different geographical areas or in 
different age groups 

8. No animal model may exist to confirm the oncogenic potential of the 
virus 

9. Cancer is a complex and multi-stage process that we still do not fully 
understand 


(After Evans and Mueller (1990) and zur Hausen (1999)). 


Table 3 Epidemiological criteria for linking a disease with environmental 
factors. 


1. Strength of association (How frequently is the virus found in the 
tumour?) 

2. Consistency (Has this association been observed repeatedly by 
different groups?) 

3. Specificity of association (Is the virus uniquely associated with the 
tumour?) 

4. Temporal relationships (Does the virus precede the tumour?) 

5. Biological gradient (Is there a dose- response relationship with 
virus load?) 

6. Biological plausibility (Is it biologically feasible that the virus 
could cause the tumour?) 

7. Coherence (Does the association make sense with what is known 
about the natural history and biology of the disease?) 

8. Experimental evidence (Are there supporting laboratory results?) 








(After Hill and Hill, 1991). 


Table 4 Guidelines for the establishment of viral carcinogenesis. 


Epidemiological guidelines 

1. The geographical distribution should coincide with that of the tumour, 
adjusting for the presence of known cofactors 

2. The presence of viral markers should be higher in case subjects than in 
matched controls 

3. Viral markers should precede the tumour, with a higher incidence of 
tumours in people with the marker than without 

4. Prevention of viral infection should decrease tumour incidence 

Virological guidelines 

1. The virus should be able to transform human cells in vitro 

2. The viral genome should be demonstrated in tumour cells and not in 
normal cells 

3. The virus should be able to induce the tumour in an appropriate 
experimental animal 


(After Evans and Mueller, 1990). 


Molecular Mechanisms of Viral Carcinogenesis 


The genomes from DNA viruses can remain in two states 
when they enter human cells - they can either integrate 
into the host cell genome or they can remain in a separate 
extrachromosomal form (episome) in the nucleus of the cell. 
In this way, the viral regulatory proteins can exert long-term 
adaptive changes on a host cell. 
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Table 5 Criteria for multifactorial cancer aetiology. 


1. Two or more infectious or carcinogenic agents will be active 
simultaneously 
2. Exposure to only one of the agents may lead to a different disease, 
such as a Known precursor condition 
. These multiple agents will be isolatable or identifiable individually 
4. No single agent will be capable of inducing the cancer by itself 
when introduced into healthy humans or animals, or will do so only 
rarely and under limited circumstances 
. The cancer may be reproduced in an animal model by means of an 
appropriate combination of the putative causative agents 
6. The incidence rate of the cancer will vary directly with the quantity 
and prevalence to exposure to each of the putative agents in a 
population, and thus will decrease with the removal of exposure to 
one or more of these agents 


W 


u 


(After Haverkos, 2004). 


Once established, DNA viruses most commonly contribute 
to tumourigenesis by providing sequences that interfere with 
cellular pathways involved in the maintenance of genome 


integrity. 


Where do Viral Oncogenes Come from? 


Retroviral oncogenes are derived from cellular proto- 
oncogenes by transduction. However, because of the multi- 
functional nature of DNA viral oncogenes, they cannot be 
directly compared to cellular proto-oncogenes on the basis 
of either function or sequence homology, and are unlikely 
to have arisen by this route. Butel (2000) argues that these 
oncogenes are vital for viral growth and replication and 
are therefore likely to have resulted from the processes of 
natural selection and evolution rather than from the haphaz- 
ard transcription and acquisition of cellular sequence by the 
virus. In addition, oncogene-bearing DNA viruses are not 
replication-defective, unlike oncogenic RNA viruses, which 
lose some of their genome in order to accommodate the new 
cellular sequence in their size-limited protein capsids. While 
oncogenes from transforming retroviruses are likely to be of 
cellular origin, this is not the case for DNA tumour viruses. 


HUMAN PAPILLOMAVIRUS (HPV) INFECTION 


Cancer of the uterine cervix is the second most common 
female cancer worldwide (after breast cancer) (Parkin et al., 
2005), with almost half a million new cases and over 200 000 
deaths worldwide each year. The geographical incidence 
of this cancer varies considerably and is greatest in the 
developing countries of Africa and Latin America, where 
it may be the most common cause of death from cancer 
in women (Parkin et al., 2005) (see Female Reproductive 
System). 

The first links of HPV as a viral driver for cervical cancer 
were made as early as 1974 by zur Hausen, who later 
demonstrated HPV DNA in cervical tumour cells. This was 
based on strong epidemiological data suggesting the venereal 
transmission of an infectious agent, based on early studies 


(1842) showing that Catholic nuns had a much lower rate of 
cervical cancer compared to the rest of the Italian female 
population. Epidemiological studies using other measures 
of sexual behaviour subsequently confirmed this finding 
(Armstrong et al., 1992). However, the link between HPV 
and cervical cancer was accepted and confirmed by the WHO 
only in 1996. It is now recognized that almost all cervical 
cancers are associated with HPV infection (Walboomers 
et al., 1999). 

There are over 120 different types of HPV (de Villiers 
et al., 2004) with certain genotypes having a stronger asso- 
ciation with invasive cervical cancer. These “high-risk” types 
include HPV-16 and HPV-18 and have been isolated from 
over 90% of invasive cervical cancers. “Low-risk” types of 
HPV (such as HPV-6 and HPV-11) appear to produce only 
mild dysplastic changes in the cervical transformation zone 
and are often cleared by the immune system. Other HPV 
types produce skin warts, which, as non-invasive benign 
lesions, are very good sources/reservoirs of new viral parti- 
cles. HPV has a strict tissue tropism for squamous epithelium 
(receptors unknown, although Evander et al. (1997) suggests 
the involvement of œs integrin), which lines the skin and 
mucosal surfaces of the oral and anogenital regions. HPVs 
require squamous epithelium for proliferation, which is why 
they are associated with squamous neoplasia of these areas. 

HPV is anon-enveloped double-stranded DNA virus with 
a very small (8kb) circular genome, approximately a mil- 
lionth the size of our own genome. This codes for two “late” 
structural genes (L1 and L2) coding for capsid proteins, 
and seven “early” functional genes, flanked on either side 
by a viral promoter/enhancer Upstream Regulatory Region. 
The “early genes” in this genome code for a limited num- 
ber of multifunctional oncogenic proteins (E1-E7) and are 
expressed at the onset of infection. E1 and E2 are replication 
factors for viral DNA, with E1 being the only viral protein 
with enzymic function (as a DNA helicase, Wilson etal., 
2002). E2 also acts to trans-repress E6 and E7 production. 
The functions of E4 and E5 proteins are not yet fully under- 
stood; however, they have both been proposed to be involved 
in the regulation of late viral functions (Fehrmann et al., 
2003). E4 may have a role in disrupting the cell cytoskeleton, 
while E5, from experiments with bovine papillomavirus, is 
postulated to be able to interact with growth factor receptors 
such as platelet derived growth factor receptor (PDGFR) and 
may therefore be seen as another transforming viral protein 
by providing an artificial sustained mitogenic signal, pushing 
the host cells to divide (DiMaio et al., 1998). The L1 and 
L2 proteins are assembled late and spontaneously form viral 
capsids. They have no known role in tumourigenesis. 

E6 and E7 from the “high-risk” HPV -16 and HPV -18 types 
are considered to be the major transforming genes of HPVs 
(Southern and Herrington, 2000) and have multiple cellu- 
lar targets (Figure 1). E6, for example, is able to inactivate 
the “guardian of the genome” P53 by binding to a cellular 
protein known as E6 associated protein (E6-AP). This is an 
ubiquitin ligase enzyme and the complex binds to P53. Cel- 
lular enzymes load it with activated ubiquitin molecules that 
are transferred to P53. Ubiquitin loading of P53 targets it for 
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Figure 1 


Interactions between human papillomavirus and cell cycle control proteins. Further details are given in Southern and Herrington (2000). 


(Reproduced from Southern and Herrington (2000) with permission of Blackwell.) 


degradation by proteasome-mediated proteolysis. E7 is a ser- 
ine phosphoprotein that binds to and functionally inactivates 
the hypophosphorylated form of the retinoblastoma (RB) 
gene product, releasing the transcriptionally active E2F elon- 
gation factor and relinquishing its control at the G1/S restric- 
tion point (Helt and Galloway, 2003). Thus, the presence of 
E7 pushes host cells prematurely into host cell S-phase tran- 
scription. This forced entry, in conjunction with genomic 
instability and inhibition of apoptosis and cell cycle arrest 
due to premature P53 and pro-apoptotic protein degradation, 
may lead to malignancy as the renegade cell cannot be termi- 
nated. High-risk E6 is also thought to be able to transactivate 
expression of the catalytic subunit of telomerase hTERT, and 
so immortalize these cancer cells (K lingelhutz et al., 1996), 
while E7 also interacts with various oncogenic transcription 


factors such as JUN and FOS. Expression of E6/E7 antisense 
sequences reduces cell growth indicating that E6/E7 may not 
only participate in initiation but also maintain the prolifera- 
tive and malignant phenotype of the infected cell, particularly 
through abrogation of cell cycle control and apoptosis mech- 
anisms. E6/E7 proteins from “low-risk” HPV strains appear 
to have a very low binding efficiency to RB and P53 and do 
not appear to exhibit this oncogenic potential. 

To develop an effective infection, the virus has to pen- 
etrate into basal epithelial cells (through microabrasions), 
since only these cells are capable of reproduction. These 
basal cells then give rise to all other cells in the strata above, 
and gradually lose the ability to divide during differentia- 
tion. Once terminally differentiated, they exfoliate from the 
surface. In the early (maintenance) stages of infection, the 
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transcription of different HPV genes depends mainly on cel- 
lular transcription factors after the migration of viral DNA 
into the nucleus. In the later (productive) stages of infec- 
tion, viral factors also participate in the regulation of the 
expression of early and late viral functions. Replication of 
viral DNA, expression of late genes, and viral maturation are 
closely coupled to cellular differentiation and take place only 
in the terminally differentiated upper epithelial layers, which 
suggests that differentiation-specific cellular factors control 
this process (Longworth and Laimins, 2004). The ultimate 
goal of the virus is to induce a cellular state in which it can 
replicate efficiently in post-mitotic terminally differentiated 
cells (Akgul et al., 2006). 

Initially, the viral genome is amplified to 50-400 extra- 
chromosomal nuclear plasmids (episomes) per cell. As these 
basal cells divide, the viral copy number is maintained and 
the genomes are partitioned into daughter cells, one of which 
leaves the basal layer and begins to differentiate. H owever, 
these cells then re-enter S phase through the actions of 
E7 and activate the expression of cellular replication fac- 
tors needed for viral replication. Here, the control of copy 
number appears to be lost and the viral DNA is amplified 
to thousands of copies per cell. The presence of E7 leads 
to the characteristic retention of nuclei throughout all the 
layers of infected epithelia, when they are normally lost 
(Cheng etal., 1995). Not only are viral oncoproteins nec- 
essary for cell immortalization and for the uncoupling of 
proliferation and differentiation, but E6 and E7 have also 
been shown to be necessary for the maintenance of extra- 
chromosomal copies of HPV genomes in undifferentiated 
basal cells (Thomas et al., 1999). Following virion assem- 
bly, mature viruses are released from the uppermost layers 
of the epithelium (Figure 2). 

The viral genome can persist in both episomal and inte- 
grated forms in infected cells. In viral warts and low-grade 
intraepithelial lesions, the HPV genomes are often present 
as episomes (Kalantari et al., 2001), whereas progression 
to high-grade intraepithelial lesions and invasive carcinoma 
appears to be associated with integration of the viral genome. 
The break point in the viral genome necessary for integration 
into the cellular genome is located within the E1/E2 region 
(Wentzensen et al., 2004); this viral break point appears to 
be fairly constant, whereas the site of integration into the 
host chromosomes is random. It is not known whether the 
E1/E2 region is the site of preferential breakage of the virus, 
or whether the virus breaks randomly in its sequence and 
it is only when it happens in this critical E1/E2 region that 
neoplastic progression is favoured. Disruption of the E1 and 
E2 open reading frames results in failure of productive viral 
replication and de-repression of the viral oncogenes E6 and 
E7 (Choo etal., 1987), allowing their constitutive expres- 
sion. Interestingly, there is some evidence that E2 can exerta 
pro-apoptotic effect (Demeret et al., 2003) and its disruption 
in this manner may also suppress this secondary function. 
Thus, integration can be thought of as the first stage in HPV- 
mediated transformation, necessary for further carcinogenic 
progression. 

Viral sequences can be detected not only in invasive 
tumours (e.g., cervical carcinoma) but also in pre-invasive 
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Figure 2 (a) Schematic representation of productive human papillo- 
mavirus infection showing strong E6/E7 expression in differentiated epithe- 
lial cells. Nuclei expressing E6/E7 are indicated in blue. Viral episomes are 
shown as black circles and viral capsid proteins in red. Virions are depicted 
as black circles in red, icosahedral structures. (b) Schematic representation 
of deregulated E6/E7 expression in (para)basal cells associated with cell 
transformation and failure of the viral life cycle. (Reproduced from Sni- 
jders etal., 2006 from The Journal of Pathology by permission of The 
Pathological Society of Great Britain and Ireland.) 


intraepithelial lesions. This suggests that the virus initiates 
the disease and the cellular genetic factors play a crucial 
role in further malignant progression (K isseljov, 2000). W hat 
seems to be important in the progression of this pathway is 
the persistence of the infection - high-risk HPV infection 
alone can effectively disable both P53 and RB, switch on 
telomerase, and inhibit apoptosis, allowing the accumulation 
of other genetic mutations. Indeed, the virus may infect a 
stem cell within the basal compartment of the epithelium and 
persist indefinitely (Akgül et al., 2006). In this way, HPV 
acts as a very potent tumourigenic factor. It is for this reason 
that the odds ratio for the development of cervical cancer 
when infected with one of the “high-risk” HPV types is up 
to 30 (Howley and M tinger, 1999) (compared to a ratio of 15 
for smokers developing lung cancer). However, the fact that 
only asmall number of “high-risk” infections lead to cancer, 
which may take 12-15 years to develop (Wallin etal., 
1999; Zielinski etal., 2001), suggests that HPV infection 
is necessary but not sufficient for tumourigenesis. 

Other cofactors have been additionally implicated. Smok- 
ing has long been known (Winkelstein, 1977) to act as an 
independent risk factor for cervical cancer, and Haverkos 
(2004) proposes that this is a result of the tar from the 
cigarettes acting as a cofactor. Other viruses such as herpes 
simplex virus type 2 (HSV-2) and human cytomegalovirus 
(HCMV) and infectious agents such as Chlamydia sp. have 
been implicated as cofactors, acting in concert with HPV -16. 
Infection with both HSV-2 and HPV-16 has been shown to 
increase the risk of developing cervical cancer by ninefold. 
Behavioural characteristics such as multiple sexual partners 
and an early age at first intercourse also contribute. 
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One controversial proposal is that polymorphisms in 
the host P53 gene at codon 72 may confer a higher 
risk of HPV infection and subsequent viral transformation 
(Storey et al., 1998). When arginine rather than proline is 
encoded, the resulting P53 protein is more susceptible to 
degradation by the E6 protein of high-risk HPV types; thus, 
individuals who are arginine homozygous at this allele may 
be more vulnerable to the effects of this virus. Although 
not widely accepted, this hypothesis does touch on the 
intriguing possibility that polymorphisms in other human 
genes might lead to similar predispositions to virus-induced 
cancer formation. 


HEPATITIS B VIRUS (HBV) 


Infection with HBV is a strong risk factor for the develop- 
ment of primary hepatocellular carcinoma (HCC) (see Liver, 
Gallbladder, and Extrahepatic Bile Ducts). HCC is a major 
cancer, causing almost half a million deaths per year. The 
lifetime risk of developing HCC following HBV infection 
is estimated at around 20% (Tanaka and Tsukuma, 1999). 
Beasley et al. (1981) found that around 40% of adult Chi- 
nese males with chronic HBV infection died from cirrhosis or 
HCC. There are currently over 250 million people worldwide 
persistently infected with HBV, mostly in the developing 
world, and who are at risk, therefore, of developing HCC. 
Infections often occur early in life, when the immune system 
is incompletely developed, allowing infections to persist and 
become chronic. However, the development of HCC follow- 
ing newborn infection may take 50 years (Buendia, 1992). 
The WHO estimates that 80% of HCC is attributable to 
chronic HBV infection. 

HBV isan enveloped, partially double-stranded DNA virus 
(Hepadnaviridae family) with only four open reading frames 
(P, S, C, and X), which encode seven proteins. Although 
it is a DNA virus, HBV encodes reverse transcriptase 
and replicates via an RNA intermediate, similar to the 
retroviruses. After the HBV genome is integrated into the 
host cell genome, its HBX gene and pre-S2 gene products 
activate PK C/Raf signalling pathways, which activate the 
AP1 and NF-«B transactivator functions that are responsible 
for cell proliferation signals. The HBV X protein interacts 
with acellular DNA repair protein called DDB1 (Butel et al., 
1996; Becker et al., 1998). Other viral proteins may inhibit 
p53 and pRb. Thus, growth is promoted, DNA repair is 
hampered, and apoptosis is inhibited, which increases the 
potential for tumourigenesis. 

Viral infection may induce chronic liver injury, which 
results in necrosis, inflammation, and subsequent regenera- 
tion of liver tissue (introducing increased potential for errors 
during DNA replication), which, over a period of decades, 
results in cirrhosis. Viral proteins may also sensitize hepato- 
cytes and thus potentiate the effect of other mutagens. Syn- 
ergistic actions with cofactors including aflatoxins (a potent 
fungal carcinogen) and heavy alcohol consumption have 
been described. These environmental cofactors are likely to 
have a significant role based on evidence from studies on 


migrants living in different areas of the world. These are 
indirect mechanisms, with the viral infection leading to a 
pre-malignant state, in this case liver cirrhosis. Infection with 
hepatitis C virus (HCV) is also an important cofactor and 
leads to high rates of liver cancer (due to liver cirrhosis) in 
developing countries such as Egypt, where blood is improp- 
erly screened. 

Evidence for the involvement of HBV in liver cancer is 
strong - it precedes cancer by many years and its DNA 
is commonly found in tumour tissues. HCC is also more 
common in areas where these hepatitis viruses are endemic 
(Evans and Mueller, 1990) and there is a seroepidemiolog- 
ical correlation between HCC and HBV infection through- 
out the world, except, curiously, for Greece. The introduc- 
tion of routine HBV vaccination has also been shown to 
reduce HCC incidence amongst adolescents in Asia (Chang 
et al., 1997). 


EPSTEIN-BARR VIRUS (EBV) 


EBV is a double-stranded DNA gammaherpesvirus and was 
the first candidate proposed as a human tumour virus. EBV 
can be thought of as one of the most successful human 
viruses, since it infects over 95% of the human population 
and persists for life. It has a very limited host and tissue 
tropism as defined by the receptor required for infection - the 
C3d component of the complement system. A vast majority 
of immunocompetent individuals carry EBV as an asymp- 
tomatic infection. In developing countries, infection usually 
occurs in early childhood, whereas in more developed coun- 
tries, primary infection is often acquired during adolescence, 
when it presents as infectious mononucleosis. However, EBV 
is also strongly associated with at least four different tumour 
types and is therefore recognized as a potent DNA tumour 
virus. 

EBV, carried in the saliva, infects naive B lymphocytes of 
the tonsil and expresses genes that make the B cell believe 
it is responding to an antigen so that it rapidly divides, and 
then becomes a resting memory cell. This propensity to make 
B cells proliferate puts host cells at the risk of neoplastic 
disease and the pool of infected memory cells acts as a 
reservoir for the virus. Once in this compartment, only a 
limited number of viral genes are expressed (latent infection) 
and the circular genome is maintained extrachromosomally in 
the nucleus; integration is uncommon (Rickinson and K ieff, 
2001). Thus, under normal conditions, EBV does not appear 
to need to dysregulate the behaviour of infected B cells; 
rather, it has adapted to exploit normal B lymphocyte biology 
in a non-pathogenic manner (Thorley-L awson, 2005). 

Some of the most important viral genes include EBNA1, 
one of six EBV -associated nuclear antigens, which is thought 
to be responsible for viral DNA replication as well as 
inhibition of antigen processing and MHC Class | - restricted 
presentation, which would otherwise put infected cells in the 
path of cytotoxic T cells (Levitskaya et al., 1995). Another 
viral oncoprotein known as latent membrane protein 1 
(LM P1) appears to mimic an activated growth factor receptor 
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and interacts with tumour necrosis factor receptor- associated 
factors (TRAFs), which mediate its proliferative signals, for 
example, LMP1 activates the transcription factor NF-«B 
in B lymphocytes (Raab-Traub, 1999). LMP1 in B cells 
induces expression of BCL2 and A20, two proteins with 
anti-apoptotic activity, thus preventing normal programmed 
cell death. LMP1 and LMP2 are, therefore, thought to give 
the virally infected cells a selective advantage in the highly 
competitive environment of the germinal centre (which 
normally exists so that the B cells producing the antibody 
that binds best to the antigen can survive). The virus is shed 
when the resting memory cells are reactivated and become 
antibody-secreting active plasma cells. These migrate back 
up to the mucosal surface and release the new viral particles 
back into the saliva. 

EBV is also thought to be able to infect epithelial cells 
and is associated with nasopharyngeal carcinoma (as well 
as putative associations with gastric carcinoma). Nasopha- 
ryngeal carcinoma (NPC) is prevalent in China, Alaska, and 
Southeast Asia where it is mostly seen in the fifth and sixth 
decades of life. Here, LM P1 is thought to be able to mod- 
ule the epidermal growth factor receptor so that it can act 
as a sustained mitogenic signal to push cells into premature 
proliferation. In over 50% of NPC cases, there is deletion 
or hypermethylation (epigenetic silencing) of the tumour- 
Suppressor gene P16. It is thought that proliferation in these 
other compartments amplifies the amount of virus that is shed 
in the saliva. 

Since EBV is a ubiquitous virus, the geographical dis- 
tribution of EBV -associated diseases does not relate to its 
viral epidemiology but rather to the distribution of cofac- 
tors and the presence of immunosuppression (J arrett, 2006). 
Dietary nitrosamines found in salted fish have been suggested 
as a cofactor for EBV-induced NPC in Alaskan Eskimos. 
Sprouting fern shoots, which are consumed in Asia, are 
thought to have high levels of carcinogens or immuno- 
suppressants and may also be acting as cofactors in this 
population. Genetic factors may also be involved since Can- 
tonese Chinese migrants still showed a high incidence of 
EBV -associated NPC (Lung et al., 1994). 

EBV is strongly associated with B urkitt’s lymphoma (BL), 
the most frequent childhood tumour in Africa. It is particu- 
larly prevalent in equatorial A frica where malaria and human 
immunodeficiency virus (HIV) are endemic, suggesting that 
they may act as cofactors by causing immunosuppression of 
the host. The tumour is monoclonal, which implies that it 
is derived from a single viral-transforming event. The most 
important mechanism of transformation associated with BL is 
increased transcription of the cellular oncogene c-M YC, caus- 
ing enhanced cellular proliferation. This is brought about by 
translocation of c-MYC from chromosome 8 to chromosome 
14, where it is driven constitutively by the immunoglob- 
ulin heavy chain gene promoter that is active in these B 
cells. Translocation to other immunoglobulin gene loci on 
chromosomes 2 and 22 is also seen. EBV particles have 
been detected in BL-derived tumour cell lines by electron 
microscopy, and elevated EBV antibody levels are found in 
patients with BL (and NPC), suggesting an altered virus- host 


interaction. EBV DNA has also been isolated from BL 
tumour cells. 

EBV is associated with a variety of other tumour types 
such as Hodgkin’s lymphoma, and putative associations have 
been made with gastric cancer. Unlike BL, these tend to 
develop after much longer latent periods, often over 30 years 
(Rickinson and Kieff, 1996). 


HUMAN HERPESVIRUS 8/KAPOSI’S SARCOMA 
HERPESVIRUS (KSHV) 


Of the four accepted DNA tumour viruses, K aposi’s sar- 
coma herpesvirus (KSHV) or human herpesvirus 8 (HHV- 
8) is the most recently recognized. It is a gammaher- 
pesvirus, distantly related to EBV with a very uneven 
geographical distribution. Seroprevalence rates are high in 
sub-Saharan Africa and in countries bordering the M editer- 
ranean sea but are low in Asia, northern Europe, and most 
of North America (Schulz, 2006). In addition to K aposi’s 
sarcoma (KS), HHV-8 is also involved in the pathogene- 
sis of two lymphoproliferative disorders: primary effusion 
lymphoma (PEL) and the plasma cell variant of multi- 
centric Castleman's disease (MCD). These diseases com- 
monly manifest in immunosuppressed HIV -positive patients; 
they are rare in immunocompetent individuals (see Lymph 
Nodes). 

The history of the discovery of HHV-8 arose from the 
careful epidemiological study of KS. KS was first described 
by Kaposi (1872). It was characterized as a rare disfiguring 
vascular skin tumour found in elderly Mediterranean men 
and younger African men and boys. 

In 1981, the first reports appeared of a large number of 
KS cases in young homosexual men (Haverkos and Curran, 
1982). Although the tumours studied until that time had 
been slow growing and localized, they appeared to be much 
more aggressive and disseminated in these homosexual AIDS 
patients. They had been immunosuppressed as a result of 
the action of HIV, it was later understood, leaving them 
vulnerable to opportunistic infections and tumours associated 
with them. Chang et al. (1994) successfully isolated HHV -8 
from KS tissues and this virus was documented to be present 
in over 95% of KS patients. 

HHV -8 exists predominantly as circular episomal genomes 
(Figure 3) within infected cells. One of its most important 
genes is known as latency-associated nuclear antigen-1 
(LANA-1). It is a viral homologue of cyclin D, which 
phosphorylates retinoblastoma and is required for replication 
of circular viral episomes and activation of a wide range 
of cellular genes. It may also inhibit P53 and interfere 
with apoptosis. In addition, HHV-8 was found to possess a 
number of cell-regulatory gene homologues, including genes 
related to chemokines and interleukin-signalling components 
(Chang, 1999; Schulz, 1998). These are thought to enable the 
virus to evade and modulate normal host responses to avoid 
detection and recognition by the immune system. 

The fact that KS appeared to occur particularly in 
homosexual men led to the search for co-carcinogens in 
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Figure 3 Genome diagram of human herpes virus 8 (HHV -8) and viral transcripts expressed in K aposi’s sarcoma (K S), primary effusion lymphoma (PEL), 
and multicentric Castleman's disease (MCD). The viral genome contains more than 90 genes, only some of which are identified in this diagram. The arrows 
underneath the genome indicate the transcripts expressed in virus-infected cells in the three pathologies associated with HHV -8. (Reproduced from Schulz, 
2006 from The J ournal of Pathology by permission of The Pathological Society of Great Britain and Ireland.) 


their lifestyle. One attractive possibility was nitrites. Nitrite 
inhalers are used almost exclusively by the homosexual male 
population and KS has been anecdotally reported to occur in 
the anatomical regions most heavily exposed to the fumes, 
such as the nose and chest. In addition, nitrites have an action 
on blood vessels, the presumed site of KS infection, and 
nitrite metabolites such as nitrosamines are known mutagens 
(Mirvish et al., 1993). The incidence of KS decreased when 
these substances were made illegal, prior to the introduction 
of highly active antiretroviral therapy for HIV, which sug- 
gests that they could have played a part in the aetiology of 
the disease. 

In Africa, KS affects predominantly 25- to 40-year-old 
black men, and children around 3years old. HHV-8 is 
widespread in most of sub-Saharan A frica, with over 50% of 
adults having antibodies to the virus (Schulz, 1999). Trans- 
mission often occurs in childhood, from mother to child or 
between siblings or playmates. M any are immunosuppressed 
due to the high prevalence of HIV, but the use of nitrite 
inhalants is not common in these groups. Instead, Ziegler 
(1993) and Ziegler et al. (1997, 2001) suggest that walking 
barefoot on volcanic soil, whereby aluminosilicates, aided 
by quartz abrasions, can enter sweat glands and pores of the 
feet, can lead to these substances acting as co-carcinogens. 
Humancytomegalovirus infection may also act as a synergis- 
tic cofactor. 


SIMIAN VIRUS 40 (SV40) 


It is likely that a family of viruses related to the papillo- 
maviruses, known as the polyomaviruses, will gain recogni- 
tion as tumour viruses in the future. One candidate virus is 
simian virus 40 (SV 40) which is thought to act in a way sim- 
ilar to HPV and has been implicated in brain tumours, non- 
Hodgkin lymphomas, osteosarcomas, and mesotheliomas 


(with asbestos as a cofactor) - DNA from this virus has 
been reproducibly isolated from all of these tumours (Car- 
bone et al., 1997). It is thought that the multifunctional large 
viral T antigen acts to inactivate both P53 and pRB and there- 
fore has a role in transformation. The large T antigen is also 
required for both the initiation of viral DNA synthesis and for 
the stimulation of host cell entry into S phase (Pipas, 1992). 
Previously, this virus was thought to infect only monkeys 
but it was a known contaminant of early batches of polio 
vaccine. Although not accepted as a DNA tumour virus, a 
great deal of work is being undertaken in this area to try to 
establish a definitive link. 


VACCINES IN THE PREVENTION OF 
VIRUS-ASSOCIATED CANCERS 


Recognition of a viral aetiology for some human cancers pro- 
vides unique opportunities to develop preventative measures 
to inhibit virus infection and thus reduce cancer risk. Both 
prophylactic and therapeutic vaccines are being considered 
following the success of the HBV vaccine in the Far East in 
preventing maternal transmission to newborns. 

Recent HPV vaccine trials have reported promising effi- 
cacy for the prevention of HPV infection and associated 
cytological abnormalities (Harper etal., 2004); although, 
given the long latent period between infection and tumour 
formation, the overall efficacy of such vaccinations for the 
prevention of invasive cervical cancer will not be apparent 
for at least 10-20 years. Most vaccines currently in devel- 
opment make use of recombinant non-infectious virus-like 
particles (VLPs) that comprise immunogenic L1 and L2 pro- 
teins (lacking DNA) and exploit the fact that the HPV capsid 
proteins self-assemble into structures resembling authentic 
virions when expressed at high levels. 
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However, important questions regarding these vaccinations 
have to be resolved before they can be licensed (Gill and 
Lowndes, 2005). The fact that the group most likely to 
benefit from the vaccines are the adolescents who have 
not yet reached the age to be sexually active has dogged 
them with controversy. There is also concern that immunity 
induced by vaccines may alter the distribution of other HPV 
types not included in the vaccine and about the effects that 
such vaccines will have on the current cervical screening 
programme. Peto etal. (2004) suggest that up to 4500 
lives are saved each year as a result of cervical screening 
programmes in the United Kingdom. The possibility of a 
prophylactic vaccine along with routine detection of high- 
risk HPV types and evidence of viral integration (K laes et al., 
1999) may help to reduce the current death rate. 

It is important to note that the burden of the virus- 
induced tumours in the developing world. Access to vaccines 
would be limited on the grounds of cost and lack of a 
healthcare infrastructure. In addition, we still do not fully 
understand why some people go on to develop tumours as 
a rare outcome of these common viral infections. A better 
understanding of host and environmental factors will also 
allow a more focussed and efficient interventional strategy, 
although blocking initial viral infection is clearly likely to 
reduce the overall frequency of carcinogenesis (B utel, 2000). 


FUTURE DIRECTIONS 


It is likely that new viral agents will be linked with cancer 
and other tumour associations may be formed with viruses 
that we already know about. For example, a viral cause for 
breast cancer has long been sought following the discovery 
that mouse mammary tumour virus (MMTV) is the most 
frequent cause of breast cancer in mice. We should widen 
the search for these viruses without neglecting other possible 
cofactors or host factors; viruses are but one piece of a 
complicated, but increasingly better built, puzzle. 


CONCLUSION 


Although the DNA tumour viruses appear to have differing 
mechanisms of tumourigenesis, there are important similari- 
ties. Viruses can provide oncogenic functions or inhibit cell 
cycle control mechanisms as part of their desire to “hijack” 
the cellular machinery to replicate their own DNA for 
new viral particles. Despite being known as “DNA tumour 
viruses”, their raison d'être is self-serving rather than to 
cause neoplastic progression of host cells. All tumour viruses 
appear to interfere with the P53/pRB mechanism in some 
way: this is a fundamental mechanism for tumour forma- 
tion in general, but is particularly true of virus-associated 
tumours. Work with tumour viruses has resulted in a unifi- 
cation of theories regarding the molecular basis of cancer. 
For example, the same genes targeted by tumour viruses 
have been shown to be affected by chemical carcinogens 
and somatic mutations. 


An important principle is that, almost without exception, 
tumours are a rare complication of common viral infections 
and may develop after long latent periods of the order of 
decades. 
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INTRODUCTION TO RNA TUMOUR VIRUSES 


Worldwide, it is estimated that 15% of cancer cases are aeti- 
ologically linked to viral infection, accounting for nearlly 
1.5 million new cases and 900000 deaths annually (Butel, 
2000). For most human cancers, the precise cause of tumouri- 
genesis is unknown, although epidemiologic studies have 
linked infection by specific DNA- and RNA-containing 
viruses to the development of particular cancers. In viral- 
associated human cancers, genomic instability and sub- 
sequent multi-step tumourigenesis is associated with the 
expression of viral oncoproteins. Thus, oncogenic viruses 
provide an opportunity to directly investigate molecular and 
cellular mechanisms that lead to cancer. This chapter will 
focus predominantly on RNA viruses that cause cancer in 
humans. 


Human RNA Tumour Viruses 


Of the human RNA viruses, human T-cell leukaemia virus 
type-I (HTLV-I) and hepatitis type-C virus (HCV) of the 
retroviridae and flaviviridae families, respectively, have been 
established as transforming viruses. HTLV-I is the aetiologic 
agent of adult T-cell leukaemia (ATL), a disease character- 
ized by malignant proliferation of CD4* T lymphocytes that 
develops in a small percentage of HTLV-I-infected individ- 
uals (Kondo etal., 1987). Although acute HCV infection 
often causes only mild illness, it has become increasingly 
evident that HCV is responsible for substantial morbidity 
and mortality, particularly from chronic liver disease and 
hepatocellular carcinoma (Liang etal., 2004) (see Liver, 
Gallbladder, and Extrahepatic Bile Ducts). Here, we will 
discuss retroviruses as the prototypic representatives of the 
RNA tumour viruses. Animal retroviruses induce cellular 
transformation via several distinct mechanisms: transduction 
of proto-oncogenes, proviral integration adjacent to proto- 
oncogenes, trans-activation or repression of cellular gene 
expression, and disruption of cell cycle control and DNA 
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repair, each of which promote viral efforts to drive replica- 
tion of the proviral genome. 


Overview of Retroviral Replication 


Retroviruses bind to specific cellular receptors and follow- 
ing internalization and uncoating, the viral-encoded reverse 
transcriptase transcribes the viral genomic RNA into single- 
stranded complementary deoxyribonucleic acid (CDNA) and 
subsequently into double-stranded deoxyribonucleic acid 
(dsDNA) (Figure 1). After completing dsDNA synthesis, the 
viral DNA translocates to the nucleus, and integrates, usually 
randomly, into the host chromosomal DNA. The integrated 
viral genome, also known as the provirus, then replicates 
during cellular division. The retroviral genome encodes the 
structural and enzymatic genes gag, pro, pol, and env and 
is flanked on the 5’ and 3’ ends by non-coding long ter- 
minal repeats (LTRS) composed of U3, R, and U5 regions. 
The LTRs contain promoter elements and RNA processing 
signals that are necessary for viral gene expression. Cellu- 
lar machinery is required for viral genes to be transcribed, 
spliced, and exported to the cytoplasm where they are trans- 
lated into precursor proteins. Assembly of progeny virions 
from these precursor proteins occurs coincident with packag- 
ing of two copies of the single-stranded viral RNA genome. 
Virion budding and release from the cell is followed by the 
proteolytic cleavage of precursor proteins to form mature 
virions (reviewed in Goff, 2001). 


Role of Retroviral Replication in Tumourigenesis 


Retroviruses have been identified in almost all animal 
species and many have been shown to transform cells in 
culture and/or cause tumours in animals. M ost transforming 
retroviruses mediate this effect through the action of cellular 
oncogenes. Transforming retroviruses fall into two groups: 
transducing retroviruses (e.g., Rous sarcoma virus), which 
carry a proto-oncogene within their genomes, and cis- 
activating retroviruses (e.g., avian leukosis virus and mouse 
mammary tumour virus), which lack a proto-oncogene, but 
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Figure 1 


Retrovirus life cycle. 


stimulate transformation by integrating in the vicinity of a 
cellular oncogene and activating the expression of nearby 
genes. A proto-oncogene is a normal cellular gene that, when 
altered by mutation or aberrant regulation, becomes an active 
oncogene. M ore than 30 oncogenes encoded by transducing 
retroviruses have been identified and more than 70 proto- 
oncogenes have been shown to be regulated by insertion of 
cis-activating retroviral proviruses (Rosenberg and J olicoeur, 
1997). In addition to expression or activation of oncogenes, 
viral regulatory proteins that function primarily to enhance 
transcription from the viral LTR, such as HTLV-I Tax, have 
been shown to dysregulate several cellular processes and lead 
to tumour formation (Yoshida, 2005). 


HUMAN TUMOURIGENIC RETROVIRUSES: HTLV-I 


HTLV-I, the first discovered pathogenic human retrovirus, 
is now recognized as the causative agent of ATL and 
tropical spastic paraparesis/human T-cell leukaemia virus 
type-I - associated myelopathy (TSP/HAM), a progressive 
neurological inflammatory syndrome (Gessain et al., 1985). 
HTLV-I has also been associated with other clinical dis- 
orders including HTLV -l-associated arthropathy, HTLV -l- 
associated uveitis, infective dermatitis, and polymyositis 
(B uggage, 2003; Nicot, 2005; Watanabe, 1997). 


Transmission of HTLV-I 


The nature of HTLV-I transmission is an important factor 
in the development of ATL. The most efficient transmis- 
sion of HTLV-I occurs from infected to uninfected cells 
via a virologic synapse (Igakura et al., 2003). Cell contact 
induces cytoskeletal polarization of the infected cell at the 
cell-cell junction. Viral proteins and genomic RNA accu- 
mulate at the junction and are transferred to the target cell. 
The virus integrates randomly into host chromosomes and 
the HTLV-I provirus, in both asymptomatic viral carriers 
and ATL patients, is detected almost exclusively in CD4* T 


lymphocytes. However, other haematopoietic cells, includ- 
ing non-CD4* T lymphocytes, B lymphocytes, monocytes, 
macrophages, and dendritic cells, also help maintain HTLV - 
| infection during the lifespan of an individual (reviewed 
in Manel et al., 2005). Over the course of infection, expan- 
sion of a subset of infected CD4* T lymphocytes containing 
one or a few clonally integrated HTLV-I proviruses adds to 
the population of oligoclonally infected cells (Eiraku et al., 
1998). Individual behaviours and exposure routes have been 
associated with transmission of HTLV-I: parenteral trans- 
mission by blood transfusion, mother-to-infant transmission 
through breast-feeding, and sexual intercourse. Each mode 
of transmission is distinct and the disease outcome appears 
to vary, depending on the route of transmission. 


Transmission by Blood Transfusion 


Intravenous routes, such as blood transfusion, appear to be 
the most efficient modes of HTLV -I transmission. Parenteral 
transmission of the virus from donor to recipient requires live 
infected lymphocytes (Kannagi etal., 2004). In retrospec- 
tive studies of transfusion patients who received HTLV-I- 
contaminated blood products, 40- 60% were seropositive by 
2 months post-transfusion (M anns et al., 1992). There is also 
a high HTLV -I seroprevalence among intravenous drug users 
who share contaminated needles and syringes. Although 
blood-mediated transmission of HTLV -l-infected lympho- 
cytes is an important risk factor for TSP/HAM, patients 
developing ATL following blood transfusion is rare (Gout 
et al., 1990). 


Mother-to-child Transmission 


M other-to-child transmission of HTLV-I occurs when an 
infant ingests infected milk-borne lymphocytes during pro- 
longed breast-feeding. This route of transmission is asso- 
ciated with the development of ATL (Kannagi et al., 2004). 
Twenty percent of children born of HTLV -I - infected women 
are seropositive. The risk of vertical transmission correlates 
with maternal proviral load and antibody titer (Ureta-Vidal 
etal., 1999). After HTLV-I antibody screening was intro- 
duced as part of standard prenatal care in J apan, seropositive 
mothers were counselled to discontinue breast-feeding and 
the rate of infection in infants fed on artificial milk was 
significantly reduced (Hino et al., 1997). The risk of infec- 
tion by other routes of mother-to-child transmission, such as 
intrauterine or peri-partum, is low, possibly due to HTLV- 
| - induced apoptosis of placenta cells (Fujino et al., 2000). 


Sexual Transmission 


Behaviours associated with sexual transmission of the virus 
parallel those of other sexually transmitted diseases: inter- 
course without condom use and having multiple or casual 
partners. The efficiency of sexual transmission is due to the 
presence of HTLV -I - infected lymphocytes in the semen of 
seropositive males. Female sexual partners of infected males 
often become HTLV -I sero-positive and the cross-sectional 


RNA TUMOUR VIRUSES 3 


studies indicate that in most endemic areas, male-to-female 
transmission occurs at a higher frequency than in the reverse 
(Roucoux etal., 2005). However, female-to-male transmis- 
sion may occur by transmission of infected cells through 
injured mucous membranes. As with viral transmission by 
blood transfusion, individuals infected with HTLV -I by sex- 
ual transmission have a lower risk of developing ATL than 
those infected by mother-to-child transmission. 


Global Epidemiology of HTLV-I 


Epidemiological aspects of HTLV-I have been thoroughly 
and continuously studied since the virus was first identified in 
1980. Initial screens for virus infection typically utilize sero- 
logical assays such as enzyme-linked immunosorbent assays 
(ELISA), western blotting, and indirect immunofluorescence 
to detect antibodies to viral proteins. In addition to testing 
for sero-conversion, polymerase chain reaction (PCR) assays 
are usually used as confirmatory assays to identify HTLV -I 
proviral DNA. 


Geographic Prevalence 


It is currently estimated that 10 to 20 million people world- 
wide are infected with HTLV-I (Edlich etal., 2003). The 
virus is endemic in regions of southern Japan, Africa, Cen- 
tral and South America, the Caribbean, Eastern Europe, 
and the southeastern United States (Bangham, 2000). The 
sero-prevalence rate differs by geographic area, socio- 
demographic composition, and individual risk behaviours. 
For example, up to 10% of the general population in south- 
western Japan is seropositive for HTLV-I, yet the sero- 
prevalence rate is as high as 37% in small, selected pop- 
ulations from this region (Yamaguchi, 1994; Mueller et al., 
1996). In addition, indicators of lower socio-economic status, 
such as education and income, are associated with HTLV -I 
infection. In non-endemic regions, such as North America 
and Europe, the virus is detected primarily in immigrants 
from endemic areas, intravenous drug users, and sex work- 
ers. Overall, the sero-prevalence of HTLV-I in non-endemic 
regions is low (e.g., <0.006% in Norway, France, and Greece 
and <0.03% in the United States and Canada) (Proietti 
et al., 2005). 


Individual Prevalence 


HTLV-I sero-prevalence rates correlate strongly with the 
age and sex of an individual, with the greatest number of 
virus carriers being females, 40 to 50 years of age. The age- 
dependency is attributed to reduced chances of viral exposure 
in younger individuals. Reduced HTLV -I sero-prevalence in 
certain regions of the world has been attributed to modified 
sexual behaviour (increased condom use) and breast-feeding 
practices (increased popularity and feasibility of artificial 
milk). The 1.6-fold greater sero-prevalence rate in females 
can be attributed to the greater efficiency of male-to-female 
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Figure 2 Genome structure of HTLV -1. 


sexual transmission. Although there is an imbalance of sero- 
prevalence between males and females, the incidence of ATL 
is comparable in both sexes. 


Viral Gene Expression 


HTLV-I Genome 


HTLV-I is an enveloped retrovirus with a diploid, positive- 
sense RNA genome that is 9032 nucleotides in length 
(Figure 2) (Seiki et al., 1984). Like all known replication- 
competent retroviruses, the HTLV-I genome contains the 
gene sequence LTR-gag-pol-env-LTR. The presence of addi- 
tional regulatory genes within a pX region located 3’ of the 
env gene, characterizes HTLV-I as a complex retrovirus, 
distinct from other non-human retroviruses. The X region 
contains four open reading frames (ORFs), two of which [rex 
(ORF III) and tax (ORF IV)] encode regulatory proteins that 
are critical for HTLV-I replication and viral transforming 
ability. Rex is a 27-kDa protein that modulates the transport 
of unspliced and single-spliced viral RNA from the nucleus 
to the cytoplasm. By physically and temporally controlling 
the amount of viral RNA that is exported to the cytoplasm for 
translation, Rex can regulate the switch between latent and 
productive phases of the viral life cycle. The 40-kDa Tax 
protein is a potent trans-activator of viral gene expression. 
In addition, Tax activates the transcription of numerous cel- 
lular genes and is the major transforming protein of HTLV-I. 
Microarray analyses revealed over 300 genes that are upreg- 
ulated in Tax-expressing cells (Pise-M asison et al., 2002). 


Transcriptional Regulation 


HTLV-I contains a single viral promoter located within the 
U3 region of the LTR. The promoter contains three imper- 
fectly conserved 21 base pair repeats called Tax respon- 
sive elements (TREs). The TREs contain core sequences 
with homology to consensus cellular cyclic adenosine 
monophosphate-responsive elements (CREs) and are flanked 
by G/C rich sequences (Connor etal., 2000; Cox etal., 
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1995; Jeang etal., 1988; Paca-uccaralertkun etal., 1994). 
Importantly, Tax does not directly bind to DNA. Instead, 
Tax interacts with cellular transcription factors and coactiva- 
tors to alter their DNA binding affinity and specificity. For 
example, Tax enhances the dimerization of cyclic adenosine 
monophosphate-response element binding protein (CREB) 
and increases its affinity for the imperfect viral CRE, but 
not the consensus cellular CRE (Adya et al., 1994; Cohen- 
Fix etal., 1996; Kwok etal., 1996). The Tax-CREB-CRE 
complex creates a high affinity target site for recruitment of 
the cellular coactivators CREB binding protein (CBP) and 
its homologue, p300. The ability of Tax to directly interact 
with CREB and CBP/p300 allows this complex to bypass the 
normal cAMP signalling pathway and activate transcription 
from the viral LTR in the absence of CREB phosphorylation 
(Van Orden et al., 2000). 


RNA Processing 


Synthesis of viral mRNA from an integrated proviral DNA 
results in a single primary transcript that can be directed 
to multiple pathways (Figure 3). A portion of these 8.5-kb 
transcripts is exported to the cytoplasm, where they are either 
packaged as genomes into progeny virions or are translated 
to Gag-Pro and Gag-Pro-Pol polyproteins. Alternatively, the 
transcript may be spliced in a Rex-dependent manner to 
form subgenomic mRNAs that encode the overlapping genes 
env, rex, and tax. Env is encoded on a 4.2-kb single-spliced 
transcript, while rex and tax are encoded on a 2.1-kb double- 
spliced transcript. Unlike Tax, Rex regulates viral gene 
expression at the post-transcriptional level by influencing 
the ratio of unspliced to spliced mRNA exported to the 
cytoplasm. The effects of Rex are mediated by a specific 
205 nucleotide cis-acting Rex response element (RRE) in 
the 3’ region of the viral RNA. The RRE forms a stable 
and complex secondary structure, consisting of multiple stem 
loops, which is recognized by Rex. Early after infection, 
little Rex is available and double-spliced viral transcripts are 
efficiently transported to the cytoplasm to produce rex/tax 
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Figure 3 Transcriptional trans-activation and viral RNA processing. 


mRNA. Translation Tax greatly increases viral transcription. 
However, increased Rex expression exerts negative feedback 
control that decreases the export of double-spliced rex/tax 
mRNA in favour of unspliced and single-spliced mRNAs 
encoding viral structural proteins. 


Adult T-cell Leukaemia (ATL) 


HTLV-I infection is associated with the development of ATL, 
an aggressive, clonal malignancy of mature T lymphocytes, 
which develops in a small percentage of HTLV -I-infected 
individuals (Kondo et al., 1987). Disease onset occurs after 
a long period of clinical latency, consistent with a multi-step 
process of T lymphocyte immortalization and transformation. 


Leukaemic Cells 


ATL is characterized by malignant proliferation of mature 
T lymphocytes with a phenotype of CD2*, CD3*, CD4", 
CD8-, and HLA-DR*. Diagnostic criteria for ATL include 
incidental detection of leukocytosis, increased serum lactate 
dehydrogenase (LDH) levels, morphologically atypical lym- 
phocytes with convoluted or lobulated nuclei, seropositivity 
for HTLV-I proteins, and detection of monoclonal or oligo- 
clonal integrated provirus (Green et al., 2001; Nicot, 2005). 
In addition, HTLV -I-transformed cells express surface mark- 
ers associated with T-cell activation, including interleukin-2 
receptor alpha (IL-2Rq), transferrin receptor, and major his- 
tocompatibility complex class-II (MHC-II) molecules (Green 
et al., 1989; Green et al., 2001). HTLV-I- transformed cells 
also display increased expression of cellular genes that reg- 
ulate T-cell growth and proliferation, including granulocyte- 
macrophage colony stimulating factor (GM-CSF), tumour 
necrosis factor-alpha (TNF-a), interleukin-15 (IL-15) and 
IL-2 (Azimi etal., 1998; Ballard et al., 1988; Green et al., 
2001; Mariner et al., 2001; Uchiyama et al., 1985). Although 
leukaemic cells from ATL patients express high levels of IL- 
2 and its receptor, these cells are mostly unresponsive to 
this cytokine and proliferate continuously in the absence of 
exogenous IL-2 (M aeda et al., 1985; Popovic et al., 1984). 


Clinical Features 


ATL can be classified into three clinical phases: acute, smoul- 
dering, and chronic phases. Smouldering and chronic phases 
of ATL are less aggressive than the acute phase of disease and 
are characterized by skin lesions and low levels of circulating 
lymphocytes. During chronic ATL, an increase in circulating 
leukaemic cells accounts for an increased leukocyte count. 
Patients in both the smouldering and chronic phases of ATL 
can progress into acute ATL within a period of months. In 
acute ATL, patients exhibit hypercalcaemia, |ymphadenopa- 
thy, skin lesions due to leukaemic cell infiltration, leuko- 
cytosis, eosinophilia and neutrophilia, hepatosplenomegaly, 
hyperglycaemia, and renal failure. Expansion of a clonally 
infected CD4+ T lymphocyte population occurs during this 
phase (Eiraku etal., 1998). Although the provirus remains 
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integrated in the host genome, viral gene expression is not 
detectable. The prognosis of patients with acute ATL is 
poor, with a mean survival time of 6months, following 
diagnosis (Green et al., 2001; Nicot, 2005). Patients are typ- 
ically infected early in life and disease onset occurs after a 
period of several decades (Wilks et al., 1996). Opportunistic 
infections are a major complication due to the immunocom- 
promized state of ATL patients. Common infections include 
Pneumocystis carinii pneumonia, cytomegalovirus pneumo- 
nia, aspergillosis, candidiasis, and Strongyloides stercoralis 
infection (Greenberg et al., 1990; Newton et al., 1992; Nicot, 
2005; Pagliuca etal., 1988; Roudier etal., 1997; Tobi- 
nai etal., 1991). Common opportunistic malignancies of 
ATL patients include Kaposi sarcoma and Epstein-Barr 
virus- associated lymphoma (Greenberg et al., 1990; Tobinai 
et al., 1991). 


HTLV-I Tax and Mechanisms of Transformation 


Unlike transducing or cis-acting retroviruses, HTLV -I1 does 
not encode a proto-oncogene and has not been associ- 
ated with proviral insertion that activates the expression of 
flanking cellular oncogenes. Instead, extensive studies have 
demonstrated that the viral-encoded Tax protein, which is 
responsible for trans-activation of the viral promoter, is the 
major transforming protein. The role of Tax in leukaemoge- 
nesis was initially suggested by experiments in which rodent 
fibroblasts became morphologically transformed following 
Tax expression (reviewed in Feuer etal., 2005). Subse- 
quently, Tax was shown to induce tumours in transgenic 
animals, and immortalize human T-cells. For example, deliv- 
ery of Tax by a transformation-defective H erpes saimiri virus 
vector immortalized primary human T lymphocytes in vitro, 
and these transformed cells resembled the leukaemic pheno- 
type of HTLV -l-infected T-cells from patients (Grassmann 
et al., 1989). Together, these studies have shown that Tax is 
sufficient for cellular transformation. 

Interestingly, only a small percentage of leukaemic cells 
isolated from ATL patients express Tax. In these cells, Tax 
expression is low and typically can be detected only by 
PCR. Tax is expressed early after infection, before viral gene 
expression is downregulated by Rex-mediated suppression. 
As such, Tax is believed to play a role in the initiation 
of transformation. Whether Tax expression is required to 
maintain transformation remains to be determined. Anti- 
sense oligonucleotides designed to reduce Tax expression 
in tumour cell lines from Tax transgenic mice did not 
affect the rate of cell growth or tumour formation in vivo, 
despite a 90% reduction in Tax expression (Kitajima et al., 
1992). Thus, Tax expression may not be required to maintain 
the transformed state. However, HTLV -I - transformed Rat1l 
cells that no longer express Tax, lost the ability to form 
tumours in nude mice, and reintroduction of the tax gene 
restored the ability of these cells to form tumours, suggesting 
that Tax is required to both establish and maintain cellular 
transformation (Yamaoka et al., 1992). Although there is no 
clear consensus, the cumulative results indicate that Tax may 


contribute to the initiation of the transformation process but 
may not be required to maintain the transformed state. 


Transcriptional Activation and Repression 


One of the proposed mechanisms of Tax-mediated cellular 
transformation is transcriptional activation of cellular genes 
involved in proliferation and regulation of cellular processes. 
In addition to altering the DNA binding affinity and speci- 
ficity of bZIP transcription factors, such as CREB, Tax also 
activates promoters that contain binding sites for the NF-«B 
family of transcription factors (Figure 4). Tax activates the 
NF-«B pathway by inducing I«B K inase-dependent phospho- 
rylation of the inhibitor of NF-«B, I«B, causing it to release 
NF-«B so that it can be translocated to the nucleus and 
can activate the cellular gene expression (Carter et al., 2001; 
Suzuki et al., 1995; Xiao et al., 2000). As with CREB, Tax- 
mediated NF-«B activation bypasses signalling pathways that 
normally regulate NF-«B activity. 

In addition to the CREB and NF-«B pathways, Tax also 
activates genes regulated by the serum response factor (SRF) 
pathway. Genes with serum response elements (SREs) within 
their promoters are normally activated by the binding of SRF 
to acore DNA sequence, the CA rG box, within the SRE. SRF 
then associates with ternary complex factors (TCFs) that bind 
to adjacent Ets-binding sites, also within the SRE. Tax has 
been shown to interact with both SRFs and TCFs to enhance 
their affinity for the SRE (Fujii et al., 1992; Fujii et al., 1995; 
Shuh et al., 2000). Tax also affects SRE trans-activation due 
to its interaction with, and recruitment of, the coactivators 
CBP/p300 and p/CAF. 

Despite being best known as a transcriptional activator, 
Tax can also repress transcription of cellular genes, in partic- 
ular those involved in DNA repair and cell cycle checkpoint 
regulation. Transcriptional repression by Tax appears to be 
a consequence of some of the same mechanisms that induce 
transcriptional activation. For example, since Tax is known 
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Figure 4 Tax-mediated transcriptional trans-activation or trans-repression 
of cellular genes. 
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to bind CB P/p300, it can sequester these important coactiva- 
tors away from promoters that do not contain TREs, resulting 
in repressed expression of CBP/p300 dependent genes. For 
instance, Tax competes with E-box- binding members of the 
p helix-loop-helix transcription factor family for recruitment 
of CBP/p300 (Colgin etal., 1998). DNA polymerasef, Ick, 
bax, p53, p18!NK4c, and p19'NK44, all of which contain E-box 
elements in their promoters, have been shown to be repressed 
by Tax (Akagi etal., 1996; Suzuki etal., 1999a; Suzuki 
et al., 1999b). In addition, Tax inhibits p53-dependent trans- 
activation of cellular promoters by competitively binding and 
sequestering CBP, which is required for p53-mediated trans- 
activation. The repression of p53-mediated transcription by 
Tax is, however, more complex than simple sequestration of 
CBP/p300. Tax also represses p53-mediated transcription in 
an NF-«B - dependent manner by inducing p53 phosphoryla- 
tion, which alters the ability of p53 to interact with a variety 
of transcription factors (J eong et al., 2004). Tax-induced loss 
of p53 function inhibits G/S checkpoint arrest, p53-mediated 
apoptosis, and DNA repair. 


Deregulation of Cell Cycle Checkpoint Controls 


Separate from its effects on transcription regulation, Tax also 
interferes with normal regulation of cell cycle checkpoints 
via protein- protein interactions (Figure 5). During G; phase 
of the cell cycle, cyclin D forms an active complex with 
Cdk4 or Cdk6. The cyclin D/Cdk4/6 complex phosphorylates 
retinoblastoma (Rb), which, in its hypo-phosphorylated state, 
is bound to the transcription factor E2f. Rb phosphorylation 
releases E 2f, enabling transcriptional activation of genes that 
promote cell cycle progression into S phase. Tax modulates 
this transition by two mechanisms. First, Tax directly inter- 
acts with cyclin D3, cyclin D2, Cdk4, and Cdk6, thereby 
stabilizing cyclin/Cdk complexes. This induces earlier onset 
of cyclin D/Cdk4/6 kinase activity and subsequent accumu- 
lation of hyper-phosphorylated Rb in Tax-expressing cells 
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Figure 5 Tax-mediated dysregulation of cell cycle checkpoint controls. 


(Haller et al., 2002).Second, Tax binds directly to hypo- 
phosphorylated Rb to facilitate its proteasomal degradation 
(Kehn et al., 2005). Through these mechanisms, the early 
release of E2f in Tax-expressing cells truncates G; phase, 
interferes with checkpoint control, and accelerates cell cycle 
entry into S phase (Lemoine et al., 2001). 

Repair of DNA damage prior to DNA synthesis in S 
phase is critical for accurate genome replication. Typically, 
activation of p53 in response to DNA damage regulates cell 
cycle progression between G and S phases by delaying 
S phase entry and allowing time for DNA repair to occur 
prior to DNA replication. p53-dependent transcriptional 
activation of Cdk inhibitors (CKIs), such as p21! /Cipl | 
p27Kipl | p15!NK4b, p16!NK4a, p18'NK4c, and p19'NK4d, blocks 
cyclin- Cdk kinase activities, resulting in cell cycle arrest 
at the G:/S transition (Morgan, 1995; Peter etal., 1994; 
Sherr et al., 1995). The inactivation of p53 function by Tax 
interferes with these normal p53 activities, which allows cells 
to bypass the G,/S checkpoint and enter the S phase where 
damaged DNA can be replicated. 

The ability of Tax to activate expression of the Cdk 
inhibitor p21"@/C'P! in a p53-independent manner appears 
to conflict with the inhibition of p53-dependent p21@"/C'p1 
expression by Tax. However, p21@fl/C'pl js unique among 
the CKIs because it can bind to and stabilize cyclin- 
dependent kinase (CDK ) complexes, such as cyclin D - Cdk4, 
and increase their kinase activity (Haller et al., 2002). There- 
fore, Tax-mediated activation of p21"@'/C'P! expression 
increases the steady state levels of active cyclin D-Cdk4 
and enhances Rb phosphorylation, allowing E2f release and 
activation of genes that promote cell cycle progression. Thus, 
even though p21"@f1/CiPl is a cell cycle inhibitor, its activa- 
tion by Tax may contribute to the accelerated progression 
of cells through Gı phase and through the DNA dam- 
age- induced G,/S checkpoint (Akagi et al., 1996; Cereseto 
et al., 1996; De La Fuente et al., 2000; Hatta et al., 2002). 

Tax also interferes with the function of other CKIs. 
For example, the binding of Tax to the Cdk4/6 inhibitors, 
p15!Nk4b and p16!"K4a, obstructs their ability to block kinase 
activity (Hatta et al., 2002; Iwanaga et al., 2001; Low et al., 
1997; Suzuki et al., 1996). Tax also represses the transcrip- 
tion of p18!NK4c and p19!*44 resulting in decreased activity 
of these cell cycle inhibitors (Suzuki et al., 1999a). Together, 
these effects stimulate cell cycle progression by Tax. 

DNA damage- induced cell cycle arrest can also occur at 
the G2/M checkpoint. Following DNA damage, signalling 
cascades involving Chkl and Chk2 activate several down- 
stream targets including p53 (G; cell cycle arrest), Cdc25 
(S phase delay), and Cdc25A/C (G2 arrest). Phosphorylation 
of Cdc25A by Chk1 targets it for proteasomal degradation 
thereby inhibiting activation of the Cdk1/2 complex, which is 
required for progression through S phase and G2/M check- 
points. Tax physically interacts with Chk1 and inhibits its 
ability to phosphorylate p53 (Park et al., 2004). In addition, 
Cdc25A degradation is blocked in Tax-expressing cells, lead- 
ing to attenuation of G2 cell cycle arrest. Although Tax binds 
to Chk2, and this complex co-localizes at sites of DNA dam- 
age (H aoudi et al., 2003), a function for this complex remains 
to be determined. 
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Inhibition of DNA Repair and Promotion of Chromosome 
Instability 


Cellular transformation is frequently associated with genome 
instability and HTLV-l-transformed lymphocytes isolated 
from ATL patients as well as Tax-transformed cells in culture 
display a wide range of chromosome abnormalities, including 
duplications, deletions, translocations, rearrangements, and 
aneuploidy (Whang-Peng et al., 1985). Despite the compli- 
cated karyotypes observed in ATL patients, no specific chro- 
mosomal defect or mutation has been consistently associated 
with this leukaemia. Although Tax enacts pleiotropic dys- 
regulation of cellular functions, there is no evidence that Tax 
directly induces DNA damage (Kao et al., 1999). Instead, 
Tax appears to inhibit the ability of cells to repair DNA 
damage, resulting in an increased mutation frequency. 

The cellular response to DNA damage is mediated 
through multiple functionally overlapping pathways, includ- 
ing nucleotide excision repair (NER), base excision repair 
(BER), mismatch repair (MMR), and double-strand break 
repair (DSBR). Tax suppresses some of these pathways, 
which likely increases the incidence of genomic muta- 
tions and contributes to Tax-mediated cellular transformation 
(Figure 6). For example, the ability of Tax to suppress NER 
correlates with its ability to trans-activate the expression 
of proliferating cell nuclear antigen (PCNA) (Ressler et al., 
1997; Kao etal., 1999; Lemoine et al., 2000). PCNA is a 
trimeric sliding clamp cofactor that increases the processiv- 
ity of DNA polymerase ô during DNA replication and repair. 
PCNA overexpression, alone, is able to promote DNA syn- 
thesis past template lesions, resulting in increased nucleotide 
mis-incorporation by DNA polymerase 6 (M ozzherin et al., 
1996; Mozzherin et al., 1997). By increasing PCNA expres- 
sion, Tax appears to reduce the fidelity of DNA polymerase 
6 during DNA replication and promote the introduction of 
mutations into the chromosomes of HTLV-I- infected cells. 
Tax also dysregulates DNA repair pathways by inhibiting 
BER, in part by repressing transcription of DNA poly- 
merase 6, an essential enzyme involved in base excision 
and mismatch forms of DNA repair (Jeang etal., 1990). 
BER removes a variety of DNA lesions caused by sponta- 
neous hydrolytic depurination, deamination of cytosine and 
5-methylcytosine, products of reactions with hydroxyl free 
radicals, and covalent DNA adducts. 





Figure 6 Tax-mediated inhibition of DNA repair and promotion of 
genomic instability. 


The ability of Tax to suppress NER and BER, together 
with the abundance of chromosomal aberrations observed 
in Tax-expressing cells, suggests that Tax affects genome 
stability by multiple and, probably, overlapping mechanisms. 
Disruption of the mitotic spindle checkpoint (MSC) is 
associated with altered chromosome structures and numbers 
(Lavia et al., 2003). The MSC regulates cell cycle transition 
from metaphase to anaphase and is mediated by numerous 
protein groups, including mitotic arrest defective (MAD- 
1, -2, -3) proteins, budding uninhibited by benzimidazoles 
(BUB-1, -2, -3), monopolar spindle (Mps-1), and anaphase 
promoting complex (APC) (Abrieu et al., 2001; Cohen-Fix 
et al., 1996; Hoyt et al., 1991; Li etal., 1991). The MSC is 
activated in response to DNA damage and, once activated, 
arrests the cell cycle prior to anaphase to ensure proper 
chromosome alignment before segregation. Malfunction of 
the MSC can result in improper sister chromatid separation 
and can lead to loss or gain of genetic material. Tax directly 
interacts with MAD-1 and APC to interfere with the activities 
of both proteins, resulting in multi-nucleation and delayed 
mitotic transition (Jin et al., 1998; Liu et al., 2005). 

Dysregulation of human telomerase reverse transcriptase 
(hTERT) provides another opportunity to generate chromo- 
somal abnormalities in Tax-expressing cells. hTERT adds 
specific nucleotide repeat sequences, known as telomeres, 
to the ends of chromosomal DNA. Telomeres prevent both 
the fusion of chromosomal ends and their degradation by 
exonucleases. In the absence of hTERT, telomere shortening 
occurs, allowing end-to-end chromosomal fusion and forma- 
tion of dicentric chromosomes that are vulnerable to breakage 
during mitosis. This can lead to aneuploidy or chromosomal 
rearrangements and translocations. hTERT expression is ele- 
vated in most cancer cells, including leukaemic ATL cells 
(Franzese et al., 2002; Tsumuki et al., 2001; Uchida et al., 
1999). However, Tax represses hTERT expression during 
mitogenic stimulation, while activating hTERT expression 
in the absence of mitogenic stimulation (Gabet et al., 2003; 
Sinha-Datta et al., 2004). Reduced hTERT expression after 
T-cell stimulation can cause a transient state of genomic 
instability that is relieved when the mitogenic stimulus is 
removed. The biological advantage of hTERT repression for 
HTLV-I, if any, remains to be determined. H owever, activa- 
tion of hTERT by Tax upon removal of the mitogenic signal 
may offer a long-term proliferative advantage to cells that 
have acquired chromosomal abnormalities. 


CONCLUSION 


For several decades, RNA tumour viruses, including HTLV - 
|, have been intensely studied because of their association 
with human cancers and their usefulness as model sys- 
tems in which to study processes of cellular transformation. 
The HTLV-I Tax oncoprotein contributes to tumourigenesis 
by interfering with cellular transcription regulation, tumour 
suppressor function, cell cycle regulation, and DNA repair 
(Figure 7). Alteration of the host environment appears to 
be an incidental result of viral genome replication efforts 
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Figure 7 Pleiotropic effects of Tax. 


that indirectly allow an accumulation of somatic mutations 
and genomic instability. It is almost certain that continued 
study of HTLV -I - mediated transformation will provide new 
insight into the roles of viral and cellular factors in trans- 
formation and may reveal new basic cellular mechanisms of 
carcinogenesis. 
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INTRODUCTION 


We usually diagnose and treat cancer when it is too late 
for local therapeutic strategies and most patients already 
harbour occult or overt metastasis. In fact, 30% of patients 
are diagnosed with overt metastases, while an additional 
30-40% appear metastasis-free during initial diagnosis, but 
harbour occult metastasis instead. Unfortunately for the 
cancer patient, the existence of metastasis greatly reduces 
the success of current surgical, chemo-, and radiotherapeutic 
strategies (A strow, 1994). 

During the course of the disease most patients suffer 
from metastases at multiple sites, not all of which may 
be occurring at the same time. Furthermore, metastases 
have the potential to metastasize further: the presence of 
large identifiable metastases in a given organ is frequently 
accompanied by a greater number of micrometastases. And 
lastly, formation of metastatic colonies is a continuous 
process that commences early in the growth of the tumour 
and increases with time. 

Cancer metastasis is a highly complex process that 
involves the deregulation of interacting proteins and genes 
that are responsible for invasion, angiogenesis, circulation 
of tumour cells in blood vessels, colonization at secondary 
organ sites, and, finally, evasion of host defence systems 
(Figure 1). Metastatic dissemination via the lymphatics and 
the vascular systems is the culmination, and end stage, of a 
disease process that evolves over 5-20 years. During most 
of that period, microscopic lesions progress through a series 
of hyperproliferative and premalignant states through to car- 
cinoma in situ presenting a phenomenally long period for 
initial screening and treatment of cancer (Figure 2). We know 
that for most types of human solid neoplasia, microinvasive 
carcinoma emerges from a carcinoma in situ precursor lesion 
(Gallager and Martin, 1969; Zhuang etal., 1995; Arpino 
et al., 2005). Preventing the transition from premalignant 
to invasive/metatastic carcinoma is a major goal for can- 
cer chemoprevention. In order to reach this goal, it will 
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be important to identify molecular targets that are causally 
associated with the acquisition of cancer invasion. 

The malignant tumour is a state that emerges from a host 
microecology that actually participates in the selection and 
expansion of the most aggressive neoplastic cells (A boseif 
et al., 1999; Hanahan and Weinberg, 2000) (Figure 3). 
Instead of being autonomous, malignant cells communicate 
extensively with other cells and the extracellular matrix 
(ECM). Sustained proliferation is not unique to cancer 
cells. In fact, growth pressure alone will not cause a neo- 
plasm to be malignant. Malignant tumour cells migrate 
across tissue boundaries and have the capacity to survive 
and grow among “foreign” cell populations. The true life- 
threatening behaviour of malignant cancer cells is their 
propensity to infiltrate and usurp the “sovereignty” of host 
tissue societies. 

Normal cellular physiology is a tightly regulated pro- 
cess, with positive and negative feedback loops, that decides 
whether a cell should differentiate, divide, adapt, or com- 
mit apoptosis. Genetic changes, such as activation of onco- 
genes, increased production of growth factors, loss of growth 
inhibitory cytokines, or loss of function of tumour-suppressor 
genes may result in an imbalance of growth regulation, 
leading to uncontrolled proliferation. However, unrestrained 
growth by itself does not cause metastasis, and additional 
genetic mutations over and above those that cause uncon- 
trolled proliferation are needed. Genetic defects in the cancer 
cell translate into proteomic derangements in signal transduc- 
tion pathways. The result of such derangements is a persistent 
pathological communication state between the tumour cell 
and the host. Tumour cells that successfully invade and 
metastasize are selected out because somatic genetic pro- 
gression has resulted in an altered communication circuit 
that continues to call up and support invasion and survival. 
At the biochemical level, the mechanism for initial invasion 
may parallel, or be similar to, that used by non-malignant 
cells that traverse tissue boundaries. Using specialized cell 
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for intervention strategies as a function of time. Diagnosis of cancer is 
usually performed late into the disease, when most patients already present 
with occult metastasis. However, progression of cancer from dysplasia to 
metastatic dissemination may extend as far back as 10 years, providing a 
much larger window for intervention strategies before metastasis occurs. 


models and new array technology, investigators are uncov- 
ering the interplay of specific signal transduction molecules 
that mediate the malignant state (Clark et al., 2000; Paweletz 
etal., 2001; Espina etal., 2006). Using protein microar- 
ray technology, the authors demonstrated that activation of 
P13 kinase substrates and suppression of apoptosis are early 
events in the microenvironment of prostate cancer evolution. 
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This analysis provided direct quantitative evidence that sup- 
pression of apoptosis in human PIN and invasive prostate 
cancer may be associated with phosphorylation of AKT and 
its substrate glycogen synthase kinase 36 (GSK 38). M ore- 
over, the authors verified that downstream components of 
the apoptotic cascade (cleaved and non-cleaved caspase-7, 
and also cleaved and non-cleaved poly ADP-ribose poly- 
merase (PARP)) are shifted towards prosurvival messages 
at the cancer invasion front. High-grade PIN exhibited a 
lower level of phospho-extracellular signal regulated kinase 
(ERK) compared with normal-appearing epithelium. Invad- 
ing carcinoma cells contained phospho-ERK levels that were 
even more reduced compared with PIN. These data are in 
keeping with known prosurvival pathways, which emanate 
from AKT through its substrates. Augmentation of the ratio 
of phosphorylated AKT to total AKT will suppress down- 
stream apoptosis pathways through intermediate substrates, 
such as GSK 38. Reduction in apoptosis will shift the bal- 
ance of cell birth and death rates favouring the observed 
accumulation of cells within the epithelial gland. Prosurvival 
messages are required for migrating cells to resist the pro- 
apoptotic signals that take place during the disruption of 
integrin-mediated adhesion to ECM molecules. In parallel, 
transient ERK activation and augmentation of prosurvival 
pathways may be associated with cellular migration. A cti- 
vation of AKT, a substrate of PI3K, can therefore promote 
cell motility and survival as the invading cancer cells leave 
the gland, invade the stroma, and metastasize. Other genetic 
alterations correlated with metastatic behaviour include loss 
of activity of BAX, TP53, and death-associated protein kinase 
(DAPK ), which are involved in pro-apoptotic behaviour. On 
the other hand, increase in the activity of anti-apoptotic genes 
correlated with metastatic behaviour such as BCL2, nuclear 
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Figure 2 Pathogenesis of metastasis. Cancer metastasis is a highly complex process that involves the deregulation of interacting proteins and genes that 
are responsible for angiogenesis, invasion, circulation of tumour cells in blood vessels, colonization at secondary organ sites, and, finally, evasion of host 


defence systems. 


INVASION AND METASTASIS 3 













Fibroblast 











Carcinoma cell 














Endothelial 
cell 














Figure 3 Microecology at the invasion front. Example mediators are shown. Motility and invasion is a bidirectional process. Fibroblasts produce 
chemoattractants including scatter factor/hepatocyte growth factor (SF/HGF), which stimulates motility of tumour cells by binding to the Met receptor 
(c-M et). Tumour cells produce angiogenesis factors including vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), which 
bind to receptors on stromal vascular cells causing increased vascular permeability, endothelial proliferation, migration, and invasion. Fibroblasts and 
endothelial stromal cells elaborate latent enzymes, including matrix metalloproteinases (MM Ps) and urokinase plasminogen activator (uPA), which dock 
on the surface of the carcinoma invadopodia and become activated, thereby degrading the ECM and clearing a pathway. ECM degradation releases bound 
growth factors, such as transforming growth factor beta (TGF-8) and epidermal growth factor (EGF), which bind to cognate receptors (TGF B-R and EGFR) 
on the carcinoma cell. ECM proteolysis also exposes cryptic RGD sites that are recognized by integrins (integrin/RGD). Crosstalk between signal pathways 


within the carcinoma cells links motility, proliferation, and prosurvival. 


factor kappa B (NF-«B), and survivin affects the activity of 
caspases (M ehlen et al., 2006). 

As the tumour cell invader enters foreign soil, it appro- 
priates the local growth signals and ignores its instruc- 
tions to undergo apoptosis. Tumour cells escaping the pri- 
mary tumour mass respond to host signals that call up 
the capacity for motility (Jo et al., 2000), survival (Frisch 
and Francis, 1994; Frisch etal., 2001), and proliferation 
(Brown and Giavazzi, 1995; K ohn and Liotta, 1995; Brown, 
1999). Host cells contribute enzymes and cytokines that 
aid the tumour cell. For example, tumour cells can pene- 
trate host cellular and extracellular barriers with the help 
of degradative enzymes produced by the host cells, but 
locally activated by the tumour (Chambers and M atrisian, 


1997; Werb, 1997). The presence of the new malignant 
cells within the invaded host tissue is associated with a 
local reorganization of the stroma, blood vessels, lymphat- 
ics, and epithelial morphology. We may incorrectly assume 
that the host response to the tumour is designed to repel 
an invader. Instead, the host reaction to the tumour cells 
may be simply an indifferent accommodation process (Wern- 
ert, 1997). Stromal cells such as fibroblasts appear to 
undergo transformations in some tumours into myofibrob- 
lasts (Kallury etal., 2006). These cells secrete molecules 
such as FGF-2, hepatocyte growth factor (HGF), vascular 
endothelial growth factor (VEGF), and tumour necrosis fac- 
tor (TNF), all molecules involved in cell proliferation and 
migration. These cells may promote the metastatic process by 
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secretion of matrix-degrading metalloproteinases and uroki- 
nase plasminogen activator (uPA) (Orimo etal., 2005; De 
Wever et al., 2003). 

Recently it has been proposed that epithelial mesenchymal 
transformation (EMT) plays a role in the promotion of the 
invasion phenotype (K opfstein et al., 2006; Grunert et al., 
2003; Kallury etal., 2006; Christofori, 2006). While this 
process is thought to be required physiologically during 
embryogenesis, its persistence in tumour cells may be 
causally related to invasion and metastasis (K opfstein et al., 
2006). Mesenchymal transformation is associated with a 
loss of cell-cell contact and a morphologic shape shift 
from a cuboidal or columnar state to an elongated or 
spindle configuration associated with migration. A number of 
molecular changes accompany the transformation. Alteration 
in the transcription of a series of genes has been implicated 
in EMT including Twist, Slug, Snail2, E12/E47, and S1P1 
(Christofori, 2006; Peinado etal., 2004). In addition, a 
number of cytokines, motility factors, cytoskeletal elements, 
and degradative enzymes are also altered in a manner thought 
to promote invasion (Derycke et al., 2005; Christofori, 2006; 
M cCawley et al., 1998; Thomson et al., 2005). These recent 
insights support the concept that invasion and metastasis does 
not require a wholly new set of genes or programs. Instead 
the invading cancer cell is merely using the program that is 
already pre-existing for normal EMT. The only difference 
between the invading cancer cell and the embryonic cell 
may be the failure to turn off EMT in the case of the 
cancer cell. 

The metastatic colony is now viewed as a disease of the 
local microenvironment of the target organ. On the basis 
of the cellular and extracellular context of the microen- 
vironment, cytokines, stroma, and immune elements may 
promote or retard cancer pathogenesis (Dranoff, 2004). 
M-CSF, which is secreted by macrophages, endothelial cells, 
fibroblasts, and bone marrow stroma may promote the pro- 
gression of breast cancers (Lin etal., 2001). In mice, it 
has been demonstrated that the lack of GM-CSF, which 
is secreted by respiratory epithelial cells, T cells, natural 
killer (NK ) cells, macrophages, eosinophils, endothelial cells, 
and fibroblasts, is associated with tumourigenesis (Enzler 
et al., 2003). Soluble factors may influence the ability of 
key immunomodulatory cells to enter a tumour microenvi- 
ronment. For example, certain tumour types, like prostate 
cancer, have low numbers of mature myeloid dendritic cells 
(Troy etal., 1998). There is evidence that a number of sol- 
uble factors, like VEGF, transforming growth factor beta 
(TGF-8), interleukin (IL)-10, IL-6 may interfere with the 
maturation of myeloid dendritic cell maturation, which is 
important for the development of a robust immune response 
(Zou, 2005). To underscore the complexity of host- tumour 
interactions, macrophages within tumour microenvironments 
are linked to the secretion of VEGF, epidermal growth 
factor (EGF), nitric oxide (NO), TGF-8, PDGFR, HGF, 
and insulin-like growth factor-1 (IGF-1), all molecules that 
contribute to the formation of new blood vessels (Sun- 
derkotter et al., 2004; Cursiefen et al., 2004; Schoppmann 
et al., 2002). Macrophages can both stimulate and inhibit 
immune responses to tumours. For example, cancer cells 


and stroma can produce G-CSF, VEGF-A and VEGF-C, and 
CSF. They serve to attract the migration of macrophages 
into the tumoural microenvironment. Once in the cancer set- 
ting, the macrophages may stimulate the immune system by 
the release of IL-12 and GM-CSF or alternatively decrease 
facets of the immune response by the secretion of VEGF- 
A, EGF, TGF-8, PDGFR, HGF, and IGF-1 (Bingle etal., 
2002; Dranoff, 2004). Regardless, the multifocal disruption 
and damage associated with the modified microenvironment 
are ultimately lethal to the host. 

Distributions of metastases vary widely with histological 
type and anatomical location of the primary tumour (Tables 1 
and 2). For some tumour types a frequent organ location 
of distant metastases appears to be the first capillary bed 
encountered. Lung metastases from sarcoma or colorectal 
cancer dissemination to the liver can be considered examples 
of this kind of metastasis. In the gynaecological tumours, dis- 
tant metastases are seen in two forms: serosal dissemination, 
such as liver capsule metastases from ovarian cancer, and 
capillary-associated dissemination, such as lung parenchy- 
mal disease. However, not all metastases can be explained 
by anatomical considerations alone, such as metastasis to the 
ovary from breast carcinoma or dissemination to the liver 
from ocular melanomas, and hence must be considered as 
organ tropism. 

The organ preference for metastatic colonization is heav- 
ily influenced by communications between the circulating 
tumour cell and the target host tissue. Various molecular 
mechanisms attempt to explain preferential organ distribu- 
tion during metastasis. First, cancers shed equal numbers of 
tumour cells into the vascular system, and thus tumour cells 
disseminate equally to all organs, but only grow preferen- 
tially in some specific organs. For example, the IGFs are 
present in liver and lung and have been implicated in growth 
and motility for breast and lung carcinoma. Second, circulat- 
ing tumour cells may adhere preferentially to the endothelial 
luminal surface. Nicolson (1991a) has identified endothe- 
lial surface antigens that may mediate preferential adhesion 
of circulating tumour cells. Lastly, circulating tumour cells 
may respond to soluble factors diffusing locally out of target 
organs. Chemokines are growth factor - like molecules, which 
bind to G-protein coupled receptors. Circulating leukocytes 
and stem cells are known to use chemokine mechanisms to 
home in on specific organs. They induce leucocytes to adhere 
tightly to endothelial cells and migrate towards the highest 
concentration of chemokine. Since this behaviour seemed 
identical with that required for metastatic tumour cells, 
Mueller et al. (2001) hypothesized that tumour cells may 
co-opt the same chemokines to direct metastatic organ pref- 
erence. They conducted a comprehensive survey of known 
chemokines and found a receptor-ligand pair (CCR4 and 
CXCL12) which fits the profile expected for breast cancer 
metastasis homing to bone, lung, and liver. In vitro, the 
CXCL12 ligand stimulated breast cancer cells to carry out the 
basics of invasion: pseudopodial protrusion, directed migra- 
tion, and penetration of ECM barriers. In vivo, using animal 
models, the authors blocked metastasis to CX CL12-rich lung 
tissue by treatment with a neutralizing antihuman CX CR4 
monoclonal antibody. 
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Table 1 Organ preferences of metastasis in some human and animal selected models?. 

Tumour system subline Lung Liver Brain Ovary Spleen Lymph node 
Murine B16 melanoma (i.v. or i.c.) 

B16-F1 + += +- +- -= +/— 
B16-F10 ++4++ +- = + +/— +/— 
B16-F15b +++ - +++ + +/— +/— 
M urine RAW117 large cell 

lymphoma (i.v. or s.c.) 

Raw117-P +/— +/— = = +/— = 
Raw117-H10 +/- ++4++ = = ++ — 
Murine MTI mammary carcinoma 

(i.v. OF s.c.) 

TC3 +++ + - +- = + 
Chicken MD lymphoma (i.v.) 

AL-2 = ++++ = +/— = z 
AL-3 - + - ++4+ - = 
Human A375 melanoma (i.v. in 

nude mice) 

A375-P +/— +- -= = = +- 
A375-SM ++ +/— = +/— = + 
Human PC-3 prostatic carcinoma 

(i.v. in athymic mice) 

PC-3-125-IN ++4++ = = = z = 
PC-3-1-LN ++4++ + = + H= +++ 
(Adapted from Nicolson et al., 1998). 

i.v. - intravenous; i.c. - intracaecum; s.c. - subcutaneous. 

aM etastasis: —, none; +/—, sometimes; +, few; ++, moderate; + + +, many; + + ++, large numbers and heavy tumour burden. 

Table 2 Frequency of metastatic sites. 

Site 10% 10- 30% 30-50% 50- 70% >70% 

Breast Kidney, skin, brain Adrena Liver, bone, lung Lymph nodes 
Bladder Brain, skin Kidney, bone Adrenal, lung 

Cervix Brain, skin Kidney, bone Adrenal, lung 

Colorectum Skin Brain, kidney, lung Bone, adrenal, liver Lymph nodes 

Kidney Skin, bone Brain, kidney Liver Lung 

Lung Lung Kidney, distant nodes Adrenal, brain Bone Liver, local lymph nodes 
Melanoma Kidney Adrenal, brain, bone, skin Lung, liver nodes 

Ovary Brain, skin, kidney Bone, adrenal Lung, liver nodes 

Prostate Brain, skin Kidney, adrenal, liver, lung Bone, nodes 


(Adapted from Weiss, 1992, and references therein.) 


ANGIOGENESIS 


The transition from normal epithelium to invasive carcinoma 
is preceded by, or is concomitant with, activation of local 
host vascular channels and stromal fibroblasts. Stromal cell 
activation and recruitment by the tumour cell promotes 
premalignant cell transformation and malignant invasion. 
For example, during the transition from in situ to invasive 
carcinoma in the breast, disorganization and disruption of the 
periglandular basement membrane and a local neovascular 
“blush” can precede frank malignant conversion (Guidi et al., 
1997). Neovascularization offers a portal for dissemination. 
Locally activated vascular channels at the invasive edge 
of the tumour are highly permeable and offer a reduced 
barrier for intravasation (Dvorak et al., 1995). A variety of 
molecules have been found to mediate angiogenesis in vitro 
and in vivo. Among these are basic fibroblast growth factor 
(bFGF), angiogenin, vascular permeability factor (V PF), and 
TNF-a and £ (Folkman and K lagsbrun, 1987; Ferrara, 2000). 


Neovascularization is a form of physiological invasion 
(Fidler and Ellis, 1994; Folkman, 1995). Endothelial cells 
migrate, elaborate degradative enzymes and traverse ECM 
barriers along a chemotropic gradient emanating from the 
tumour cells. Physiological and malignant invasions employ 
similar molecular mechanisms. The difference is that malig- 
nant invasion persists. Neovascularization, wound healing, 
and neurite outgrowth during embryogenesis are examples of 
physiological invasion. In response to trophic signals, vascu- 
lar cells, wounded epithelial sheets or neurites will migrate, 
penetrate tissue barriers and establish appropriate new anas- 
tomoses (K ohn and Liotta, 1995; Carmeliet and J ain, 2000). 
However, when the trophic signal is removed or the injury is 
repaired, physiological invasion ceases. M alignant cells per- 
petually stimulate host stromal and vascular cells to conduct 
physiological invasion. Promotion of the local invasive envi- 
ronment creates a permissive field for the malignant cell. 

The response of a malignant cell to hypoxia is illustrative 
of its ability to co-opt physiological mechanisms in order 
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to survive. Intracellular levels of hypoxia-inducible factors 
(HIF-la@ and HIF-1£) increase in alow oxygen, low pH envi- 
ronment. These HIF-1 proteins can then act as transcription 
factors by binding promoter regions with hypoxia-responsive 
elements. This leads to transcription of CSC4 as well as 
genes that encode proteins involved in glycolysis, angio- 
genesis, and erythropoiesis (Derycke et al., 2005). A further 
enabling response of malignant cells to hypoxia is induc- 
tion of migration. Hypoxia also leads to the expression of 
c-met gene product. This molecule potentiates the signalling 
of HGF, which is important for the invasive behaviour of 
tumour cells (Christofori, 2006). 

Rapid-growing tumours are capable of shedding up to mil- 
lions of tumour cells into the vascular circulation by angio- 
genesis and invasion alone (Liotta et al., 1974). Furthermore, 
experimental studies show that <0.05% of circulating tumour 
cells are successful in initiation of metastatic colonies, mak- 
ing metastatic dissemination a highly inefficient process 
(Liotta et al., 1974; Nicolson, 1991b). These studies are also 
clinically validated by the observation that circulating tumour 
cells are detected in patients who never form a metastasis. 


INVASION 


Invasion is the active translocation of neoplastic cells across 
tissue boundaries and through host cellular and ECM barriers. 
Invasion is dependent on the coordinated activity of a series 
of interacting proteins extending from the inside of the cell 
to the cell surface and the adjacent host cellular and extracel- 
lular microenvironment (Figure 3). Cellular adhesion, local 
proteolysis, and motility are the triad of necessary functions 
that mediate invasion. While invasion is not directly caused 
by growth pressure, the genetic and proteomic deregulation 
that causes invasion can effect neoplastic proliferation indi- 
rectly by promoting cancer cell survival. 


CELLULAR ADHESION 


Normal tissue morphology and organ architecture are tightly 
regulated by a communication reciprocity between the tissue 
cells and the ECM and/or basement membrane. Adhesion is 
more than just anchoring - it is dynamic solid-phase sig- 
nal transduction (Fashena and Thomas, 2000). Receptors 
sensing changes in the cell-ECM state provide extracellu- 
lar signals, which trigger corresponding intracellular signal 
transduction pathways that regulate proliferation, differen- 
tiation, and migration. Receptors involved in sensing the 
ECM include growth factor and hormone receptors, which 
recognize ligands solubilized from the ECM and receptors, 
which directly bind to the solid-phase molecules of the ECM. 
The latter include the integrins, the cell adhesion molecules 
(CAMs), and cadherins (Figure 3). 

The integrin family of cell surface ECM proteins con- 
sists of heterodimeric units, designated œ (140kDa) and £8 
(95kDa). An important aspect of this family is that integrins 
can exist in a binary “on” or “off” state, thereby selectively 


changing affinity for corresponding ligands (Juliano and 
Haskill, 1993). Activation of integrins has been shown to be 
involved in cell migration, cell proliferation, and metastatic 
dissemination. Loss of sustained integrin stimulation (Frisch 
and Ruoslahti, 1997; Stupack, 2005) has been associated with 
apoptosis. Integrin interactions with intracellular and extra- 
cellular molecules determine function. Such interactions are 
dictated by the context of the integrins in the cell function, 
not the absolute levels of integrins. For example, increased 
expression of integrin receptors on cell surfaces has been 
associated with an invasive phenotype of melanoma and 
squamous carcinoma of the head and neck, whereas loss 
of integrin expression status has been shown in cancers of 
breast, prostate, and colon (Chammas and Brentani, 1991; 
M cGary et al., 2002). 

A wide variety of cell-cell adhesion receptors (CAMs) 
have been studied for their role in cancer invasion. These 
include, but are not limited to, intercellular adhesion 
molecules (ICAMs), L-, E-, and P-selectins, vascular 
cell adhesion molecules (VCAMs), neural cell adhesion 
molecules (NCAMs), and neuroglial cell adhesion molecules 
(NG-CAMs). Unlike other receptors that bind proteins, 
selectins bind carbohydrate ligands on endothelial cells. The 
cadherins comprise a family of transmembrane glycoproteins 
that mediate Ca*+-dependent cell-cell adhesion (Takeichi, 
1991; Kramer, 2005). Special intracellular proteins, the 
catenins, form zipper-like structures constituting extracellular 
cell-cell bonds with the cell cytoplasm. These interactions 
are regulated by tyrosine phosphorylation as well as 
additional cell-to-cell communications. Downregulation of 
epithelial cadherin transcription, E-cadherin, has been shown 
to correlate with an aggressive cancer cell phenotype (Frixen 
etal., 1991; Vleminckx etal., 1991; Perl etal., 1998). 
For example, transforming Madin-Darbey canine kidney 
(MDCK) cells by Hras not only diminished E-cadherin 
expression, but also increased the invasive behaviour of 
these cells. This effect could be reversed by transfecting 
E-cadherins back into the transformed cells (Vleminckx 
et al., 1991). Furthermore, overexpression of E-cadherin 
in highly invasive tumour types (bladder, breast, lung, 
and pancreas) caused loss of invasiveness. Surface 
receptors that participate in cell-cell adhesion and 
interaction can activate signalling pathways responsible 
for maintaining normal cell and tissue architecture. 
Deregulation of these receptors in cancer can promote 
invasion by (i) reducing cell-cell adhesion, which prevents 
shedding of tumour cells, and (ii) failing to suppress 
the inappropriate mixing of tumour cell and host cell 
populations during invasion (see Models for Tumour 
Cell Adhesion and Invasion; Models for Tumour 
Metastasis; and Models for Tumour Cell- Endothelial 
Cell Interactions). 


MOTILITY 


Translocation of individual cells across tissue boundaries 
is a necessary component of invasion. Cell motility and 
migration are not unique to tumour cells. This process 
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is essential for normal immune cell function and for 
embryological development, organogenesis, and gastrula- 
tion. Deregulation and persistence of motility may distin- 
guish carcinoma cells from their normal epithelial coun- 
terparts (Nabeshima et al., 1997). The direction of tumour 
cell motility is controlled by a multitude of chemoat- 
tractants, including cytokines (HGF), collagen peptides, 
formyl peptides, and autocrine growth factors (e.g., A uto- 
taxin) (Anzano etal., 1983; Eccles, 2005). These agents 
may stimulate both the initiation and maintenance of 
tumour cell motility and the directness of that migration. 
Chemoattractants can be secreted by host stromal cells 
or the tumour cells themselves, or be released from the 
ECM. 

An early event in motility is a cytoskeletal remodelling 
causing extension of a dominant pseudopod towards the 
direction of movement. This is followed by translocation 
of the whole cell body (Stossel, 1993; You etal., 1996). 
The pseudopod of the invading cell has been renamed 
an “invadopodia” because it may direct local proteolytic 
machinery (Bowden et al., 1999) literally to create a tun- 
nel in the ECM in front of the cell. Protruding invadopodia, 
in response to chemoattractants, may serve to sense organs 
for the migrating cell to locate directional clues, to secrete 
motility-stimulating factors, to promote propulsive traction 
for locomotion, and induce matrix proteolysis. The com- 
plexity of tumour cell migration requires that more than one 
agent is involved in the direction, location, and magnitude 
of the migratory response. During the course of invasion, the 
tumour cell must interact with the ECM components and be 
exposed to host-derived factors. Tumour cells have recep- 
tors for many of these potential attractants. Therefore, the 
response of tumour cells to autocrine motility stimulation and 
also endo- or paracrine stimulation by matrix components 
and host-derived factors is important to tumour motility. 


EXTRACELLULAR MATRIX DEGRADATION 
DURING INVASION 


Proteolytic modification of the cell surface and the ECM is 
believed to be an essential component of invasion (Liotta 
et al., 1980), both neoplastic and physiological. The major 
enzymes that degrade the ECM and cell-associated pro- 
teins are (i) the matrix metalloproteinases (M M Ps), a family 
of secreted and membrane-anchored proteinases; (ii) the 
adamalysin-related membrane proteinases; (iii) the bone mor- 
phogenetic protein 1 type metalloproteinases; and (iv) tis- 
Sue serine proteinases including tissue plasminogen activator 
(tPA), urokinase, thrombin, and plasmin (Werb, 1997). M ajor 
ECM barrier substrates for degradative enzymes include 
collagens (more than 13 types), proteoglycans, laminin, 
fibronectin, and vitronectin. Each compartment of the ECM 
contains a different complement of matrix molecules. Colla- 
gens | and III are examples of collagens preferentially local- 
ized to stroma, while collagens IV and V are predominant 
in the basement membrane, which forms the border between 
epithelium and stroma. Proteolysis of the ECM is observed 
in trophoblast implantation, embryo morphogenesis, wound 


healing, tissue remodelling, and angiogenesis. An imbalance 
in the ratio of proteinases to protease inhibitor can regu- 
late vascular morphogenesis and invasion (Ura et al., 1989; 
Handsley et al., 2005). All classes (serine, aspartyl, cysteinyl, 
and metallo) of matrix-degrading proteinases participate, and 
coactivate each other, in the tumour- host invasion field 
(Nakajima et al., 1987; Ostrowski et al., 1988; Reich et al., 
1988). Evidence also exists that proteases inside the cell may 
also be involved during invasion (K oblinski et al., 2000). 

A large body of literature exists correlating degradative 
enzyme activity with cancer invasion and metastasis. The 
most studied proteases include tPA, plasmin, cathepsin- D, 
-B, -L, and -G, the uPA, metalloproteinases, and the hep- 
aranases. uPA, a serine protease, has been shown to correlate 
with a metastatic phenotype of cells. Antibodies against uPA 
block human HEP-3 cell invasion and murine B16-F10 
melanoma cell metastasis after tail vein injection (Ossowski 
and Reich, 1983; Esheicher et al., 1989). Moreover, over- 
expression of uPA in Hras transformed cell lines enhance 
lung metastases (A xelrod et al., 1989). Inhibition of metal- 
loproteinases has been demonstrated to inhibit cell invasion 
(DeClerck etal., 1991). MMPs can be divided into three 
general classes: (i) interstitial collagenases, (ii) stromelysins, 
and (iii) gelatinases. Interstitial collagenase degrades type 
1, Il, Ill, and VII collagens. Stromelysins degrade type 
I, II, IV, V, and IX collagens, laminin, fibronectin, and 
gelatin. The third group of the MMP family, the gelati- 
nases (MMP-2 and MMP-9), can degrade collagen type |, 
Il, Wl, IV, V, VIL IX, and X and fibronectin (Emonard 
and Grimaud, 1990). Association of MMP-2 and MMP- 
9 with invasive phenotypes is abundant in the literature. 
Inhibition of MMP-2 by tissue inhibitors of metallopro- 
teinase (TIM P-1) reduces cellular invasion in vitro and in 
vivo. Induction of the Hras oncogene enhances expression 
of MMP-2 and MMP-9. Invasive colonic, gastric, ovarian, 
and thyroid adenocarcinomas showed positive immunoreac- 
tivity for M M P-2, whereas normal colorectal, gastric mucosa, 
and benign ovarian cysts showed reduced or negative stain- 
ing (M onteagudo et al., 1990; Levy etal., 1991). A delicate 
balance between TIMPs and MMPs may act as a positive 
and negative feedback control regulating vascular morpho- 
genesis and invasion (Mignatti et al., 1986; Sounni etal., 
2003). MMPs and TIMPs have direct, and indirect, effects 
on angiogenesis, which are separate from their proteolytic 
functions (Chambers and Matrisian, 1997; Hoegy etal., 
2001). Heparan sulphate proteoglycans (HSPGs), major and 
ubiquitous components of the ECM, are substrates for hep- 
aranases, which cleave heparan sulphate glycosaminogly- 
can side chains. Augmentation of heparanase activity has 
been associated with tumour aggressiveness (Nakajima et al., 
1988; Vlodavsky et al., 1995). Heparin and similar polysac- 
charides inhibit metastasis (Parish et al., 1987). Transfec- 
tion of non-metastatic murine T-lymphoma Eb-cell lines 
with full-length human heparanase cDNA (Vlodavsky et al., 
1999) enhances the metastatic phenotype in animal mod- 
els (see Models for Tumour Cell Adhesion and Invasion 
and M odels for Tumour M etastasis). 
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COORDINATION OF THE MACHINERY 
OF INVASION AT THE CELL SURFACE 


Significant progress has been made in our understanding of 
the molecular crosstalk between tumour cells and host cells 
at the invasion front. A cascade of cytokines, motility factors, 
matrix receptors, enzymes, and enzyme inhibitors simultane- 
ously carries out the regulation, steering, proteolysis, traction, 
and locomotion required for invasion (Figure 3). 

Remodelling of the ECM, within the immediate pericellu- 
lar environment of the cell, appears to be a necessary step in 
local invasion (Liotta et al., 1991; Werb, 1997). The comple- 
ment of enzyme classes is tightly and exquisitely regulated 
by a series of activation steps and specific inhibitors. In a 
striking demonstration of host- tumour interdependence, a 
majority of the enzymes and inhibitors complexed at the 
invasion front are contributed by host cells, not by the invad- 
ing tumour cells (Nakahara et al., 1997; Bowden et al., 1999; 
Coussens et al., 2000). 

The enzyme machinery is confined to the cell surface 
at the point of invading pseudopodia “invadopodia” by 
binding the enzymes to adhesion sites, cell surface recep- 
tors, and adjacent ECM molecules (Nakahara et al., 1997; 
Bowden etal., 1999; Hoegy etal., 2001). MT1-MMP, a 
membrane-anchored ECM-degrading enzyme, contains a 
transmembrane- cytoplasmic sequence that confines it to 
microinvasion sites on the tumour cell invadopodia sur- 
face (Figure 3). Forming a complex with one of the tis- 
sue inhibitors of metalloproteinases (TIM P-2) it becomes a 
receptor and activator of MM P-2 (Nakahara et al., 1997), a 
soluble M M P produced by stromal fibroblasts and endothelial 
cells. The serine proteinase uPA is confined to the invad- 
ing pseudopodia through a cooperation between integrins 
and the urokinase plasminogen activator receptor (uPA -R) 
(Andreasen et al., 1997). uPA-R is an adhesion receptor for 
vitronectin, and also interacts laterally with integrin 6 chains. 
Proteolysis of ECM proteins modifies integrin-mediated 
anchorage, focal adhesions, and cytoskeletal architecture and 
triggers signalling molecules such as focal adhesion kinase 
(FAK) (Braga, 2000; Fashena and Thomas, 2000). The role 
of FAK in tumourigenesis is underscored by the finding 
that FAK deletion suppresses tumour formation and inhibits 
malignant progression (McLean et al., 2004). Recent work 
has demonstrated a functional connection between a2 inte- 
grin engagement, FAK, ERK, m-calpain activation, and cell 
motility (Sawhney et al., 2006). Such heterotypic complexes 
direct and confine the enzymatic field at the forward edge 
of the invading cell, leaving intact the peripheral and dis- 
tal attachment sites required for traction. As the invading 
cell moves forward through ECM barriers, the leading edge 
complex of enzymes, inhibitors, and receptor molecules cycle 
through adhesion, deadhesion, and proteolysis. The direction 
of tumour cell invasion and migration can be influenced by 
chemoattractants and by interaction with preferred adhesion 
pathways. Local attractants include (i) HGF/scatter factor, 
which binds to the M et (c-M et) receptor (Wernert, 1997; Jo 
et al., 2000; Boccaccio et al., 2006), (ii) proteolysed matrix 
fragments, which are recognized by integrins (Varner and 
Cheresh, 1996), or (iii) cytokines and growth factors, such as 


EGF and TGF-£, released from the degraded matrix (Roberts 
et al., 1992). Cryptic Tripeptide recognization (RGD) sites 
exposed by proteolysis (Davis, 1992; Fukai etal., 1995; 
Varner et al., 1995; Varner and Cheresh, 1996) may guide 
the path in front of the invading tumour cells. Signalling 
molecules, such as Receptor d'Origine Nantais (RON), which 
is a tyrosine kinase receptor, are important to the cytoskeletal 
reorganization required for motility (Camp et al., 2005). 
There is broad evidence supporting the existence and role 
of stem cells both in normal organ development and tumouri- 
genesis (Shackleton et al., 2006; Smalley et al., 2003). Adult 
stem cells are defined as long-lived, generally quiescent cells 
capable of the process of self-renewal and the production 
of progeny, which can differentiate into all the functional 
cell types of a particular tissue. Mouse and human breast 
stem/progenitor cells have been identified and purified by 
various means, primarily based on the presence/absence 
of specific marker proteins and/or dye-exclusion properties. 
These isolated cells demonstrated self-renewal properties and 
were capable of differentiating into the various mammary 
cell types and reconstituting complete mammary structures 
in vivo (Gudjonsson et al., 2002; Dontu et al., 2003; Shack- 
leton et al., 2006; Ponti et al., 2006). While the concept that 
cancer arises from a small subpopulation of dysregulated tis- 
sue stem cells is not a new idea, the theory is controversial 
(Smalley et al., 2003; Ponti et al., 2006; Wicha et al., 2006; 
Hill, 2006). The longevity properties of stem cells make 
them primary targets for mutation and transformation, and 
thus, attractive candidates for the origins of cancer. Also, a 
number of commonalities between cancer cells and normal 
stem cells lend support to this idea. These include (i) the 
capacity for self-renewal and molecular pathways controlling 
self-renewal, (ii) the ability to differentiate, (iii) activation of 
anti-apoptotic pathways, (iv) increased membrane transport 
protein activity, and (v) the ability to migrate and metas- 
tasize (Wicha etal., 2006; Ponti et al., 2006). It is widely 
known that it often requires large numbers of tumour cells 
to transplant both human and rodent tumours, which supports 
the concept of asmall subpopulation of tumour cells capable 
of regrowth. However, as discussed by Hill, much of this 
evidence is circumstantial and because individual cells have 
not been identified in these studies, it could be argued that 
all tumour cells have a small probability of being able to 
regrow a tumour, rather than there being a small population 
capable of efficient tumour regrowth (Hill, 2006). Despite 
the existing controversies, subpopulations of cancer cells 
with stem cell properties have been clearly demonstrated for 
haematopoietic cancers, and more recently for solid tumours, 
including brain and breast cancers (Reya et al., 2001; Dick, 
2003). Al-Hajj and colleagues successfully isolated a dis- 
tinct population from breast tumours that is capable of serial 
regrowth in mice (Al-Hajj et al., 2003). Taking advantage 
of the heterogeneous expression of the cell surface mark- 
ers CD44 and CD24 by human breast tumour cells, they 
were able to isolate a CD44*/CD24~—/normal lineage pop- 
ulation of tumour cells that were able to form tumours 
serially in mice from as few as 100 cells. These tumouri- 
genic cells generated additional CD44*/CD24~ cells as well 
as phenotypically diverse, nontumourigenic cells, suggesting 
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that these cells exhibited self-renewal properties (Al-Hajj 
et al., 2003). However, recent studies of the prevalence of 
CD44+/CD24- cells in human breast cancer specimens 
showed that there was no correlation between the per- 
centage of these cells in a lesion and tumour progression, 
response to therapy, progression-free survival or overall sur- 
vival. There was a correlation between a high percentage 
of CD44+/CD24- cells in the primary tumour and the pres- 
ence of distant metastasis, suggesting that this subpopulation 
of cells may have increased invasive or metastatic potential 
(Abraham et al., 2005). Adult stem cells have the capability 
to migrate from a site of clonal expansion, enter the circu- 
lation, and extravasate at a locus of tissue injury and repair. 
Thus, adult stem cells possess the entire phenotype of inva- 
sive cancer cells. The startling implication for the field of 
cancer stem cells is that normal adult breast epithelial stem 
cells may be routinely shed into the circulation and that inva- 
sion and metastasis is a physiologic program that pre-exists 
even at the level of the adult epithelial stem cell. Thus, the 
difference between ductal carcinoma in situ (DCIS), cancer 
stem cells, and normal adult stem cells is not the physiologic 
program for invasion and migration, but instead may reside 
in a defect of the regulation of this program within the tissue 
microenvironment. 

In conclusion, the process of cancer invasion is a coordi- 
nated effort by tumour cells and host cells within a microin- 
vasion field. Within this field, the tumour cells exchange 
cytokines, enzymes, inhibitors, and growth factors, which 
promote invasion by all cells involved. Pericellular remod- 
elling of the ECM is commensurate with invasion. The 
different events of the metastatic cascade of angiogenesis, 
adhesion, proteolysis, motility, and proliferation may pro- 
vide useful and novel therapeutic targets. Investigators have 
identified some of the critical molecules involved in the 
extracellular crosstalk taking place among and between cells 
in the invasion field. This synthesis provides strategies for 
a new therapy concept “stromal therapy”, which targets the 
tumour- host communication interface (see Anti-angiogenic 
and Anti-stromal Therapy). 
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WHAT IS ANGIOGENESIS? 


Almost all tissues require a continuous supply of oxygen 
and nutrients, as well as a means to eliminate waste 
products. In vertebrates, this need was addressed by the 
evolution of a vascular system. Early in the development 
of the vertebrate embryo, blood vessels form de novo from 
endothelial precursor cells called angioblasts in a process 
called vasculogenesis (Jain, 2003). Vasculogenesis results 
in the formation of major vessels - that is, the primary 
vascular plexus - and the vascularization of some tissues, but 
a separate process is responsible for expanding this initial 
framework - for example, vascularization of the central 
nervous system - and consolidating vascular branches. This 
process, the growth of new blood vessels by budding or 
sprouting from existing vasculature, is called angiogenesis 
(Carmeliet, 2005). 

Angiogenesis is largely restricted to embryogenesis and is 
rare in adults. Indeed, under normal physiological conditions, 
the vasculature is remarkably quiescent, with angiogene- 
sis occurring mainly during physiological menstruation and 
pathological wound healing. Nevertheless, many patholo- 
gies are marked by their stimulation of angiogenesis, 
including atherosclerosis, endometriosis, osteomyelitis, dia- 
betic retinopathy, rheumatoid arthritis, psoriasis, and tumour 
growth. 


TUMOUR GROWTH IS ANGIOGENESIS 
DEPENDENT 


Sixty years ago, Glenn Algire, studying physiological 
responses to xenograft tumour growth in mice at the National 
Cancer Institute, observed that the “rapid growth of tumour 
explants is dependent on the development of a rich vas- 
cular supply” (Algire et al., 1945). Twenty-six years later, 
after observing the same phenomenon as Algire did, J udah 
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Folkman suggested the substantial potential of tumour angio- 
genesis as a therapeutic target (Folkman, 1971). Thanks 
largely to Folkman’s tireless campaigns and early ani- 
mal experiments in which anti-angiogenic agents drastically 
reversed tumour development, tumour angiogenesis is now 
widely accepted as an integral part of tumourigenesis and 
extensively investigated. As anti-angiogenic therapies are 
being developed by biotech and pharmaceutical companies 
alike, bench-top research is already being translated to the 
clinic. One of the most promising anti-angiogenic drugs 
available today, bevacizumab (Avastin®), a monoclonal anti- 
body against vascular endothelial growth factor (VEGF), 
has been approved by the Food and Drug Administration 
(FDA) for use as an adjunctive agent in colorectal cancer, 
and has shown activity in renal, ovarian, and lung can- 
cers (Anti-angiogenic and Anti-stromal Therapy). As anti- 
angiogenic therapies begin to make good on early promises, 
the importance of continued study of tumour angiogenesis is 
clear. 

Tumours, like normal tissues, have physiological con- 
straints on growth, such as access to oxygen and nutrients 
for metabolism. The diffusion of oxygen in tissues is lim- 
ited to a distance of about 150 um; thus, tissue growth is 
restricted to a few cubic millimetres if no new vasculature 
is formed. For this reason, tumours remain in a dormant 
state restricted to a few millimetres in diameter (prevascular 
phase) unless they develop in a well-vascularized area or are 
able to recruit their own vasculature. It should be noted that 
the size restriction on non-vascularized tumours is not the 
result of a temporary reduction in tumour cell proliferation 
but rather owing to the high rate of apoptosis (cell death) 
resulting from an inadequate supply of oxygen. The tumour 
exists in a state of “dynamic equilibrium” in which prolifera- 
tion and apoptosis are balanced, precluding tumour expansion 
(tumour dormancy). Only after a tumour has recruited its 
own blood supply can it expand in size. Tumours do this via 
the production of angiogenic factors secreted into local tis- 
sues and stroma; this process has been termed the angiogenic 
switch (Hanahan and Folkman, 1996; Bergers and Benjamin, 
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2003). This induces angiogenesis from the adjacent quies- 
cent vasculature, allowing the growth of new vessels into 
the tumour. 

The stimulus for formation of new vessels as well as the 
process of formation are of great interest in terms of anti- 
cancer therapy because inhibition of new vessel formation 
could restrict tumour growth. Such therapies would essen- 
tially keep the tumour in a form of dormant “dynamic 
equilibrium” through nutrient deprivation. In addition to 
inhibiting the growth of new vessels in response to tumour 
signalling, these strategies could also include the destruction 
of tumour vessels that are already formed. By understanding 
the mechanism of angiogenesis better, effective therapeu- 
tics that interfere with the process may be designed (Anti- 
angiogenic and Anti-stromal Therapy). The aim of this 
chapter is to describe the physiological process of angiogen- 
esis and to outline its importance in tumour biology. 


MORPHOLOGY OF BLOOD VESSELS 


The entire vasculature is lined by a single layer of special- 
ized cells called endothelial cells (ECs). They form a tubular, 
single layer of cells that are enveloped by a basement mem- 
brane (Figure 1). The basement membrane contains collagen 
types | and IV, fibronectin, laminin, entactin, and other non- 
collagen glycoproteins. Endothelial cells, together with their 
basement membrane, constitute the lamina intima of a blood 
vessel. The lamina intima is surrounded by pericytes, smooth 
muscle cells or cardiomyocytes, collectively described as 
mural cells. Pericytes lie within the basement membrane of 
the endothelial cells, whereas the others surround larger ves- 
sels and the endocardium as an additional layer outside the 
basement membrane (as a part of the lamina media). Peri- 
cytes are recruited by endothelial cells during development 





Figure 1 Ultrastructure of a capillary. The vessel lumen (L) is surrounded 
by five endothelial cells (E). The cells rest on a continuous basement 
membrane (B). Two pericytes (P) lie within the basement membrane. The 
endothelial cell contacts (tight junctions) are visible as electron-dense areas 
of the endothelial cell membranes (arrows). 


and play an important role in vessel maturation and stabi- 
lization. During neovascularization, pericytes are selectively 
lost from angiogenic vessels, allowing endothelial cells to 
migrate and proliferate into the extracellular matrix (ECM). 

The endothelium in an adult has a surface area of 
>1000m?. In addition to forming a static physiological 
barrier, it possesses secretory, synthetic, metabolic, and 
immunological functions. The endothelium is highly het- 
erogeneous; its precise nature varies depending upon the 
function of the vascular bed and osmotic pressure of the sur- 
rounding tissues. Indeed, the rate of endothelial cell turnover 
varies widely depending on the tissue location of the vessels. 

Histologically, there are three main taxonomic classes of 
endothelia. For example, blood vessels of the brain and the 
retina are especially tight (continuous endothelium), result- 
ing in the physiologically important blood-brain barrier, 
whereas the endothelium of the sinusoidal vessels in the 
liver, spleen, and bone marrow contains intercellular gaps 
not covered by a basement membrane and so allows cellu- 
lar trafficking (discontinuous endothelium); the endothelium 
in endocrine glands, the kidney, and small intestine shows 
intracellular holes (fenestrated endothelium), which allows 
extensive macromolecular exchange. 

At the molecular level, the endothelium of different tissues 
varies in its surface phenotype and protein expression. 
The distinct differences are induced by varying osmotic 
pressures and the ECM, which adapts the endothelium to 
the functional needs of each tissue. This observation has 
led to the concept of “vascular addresses”. It explains the 
homing of inflammatory cells in specific tissues because they 
adhere to the vessel wall by attaching to specific endothelial 
cell surface molecules. The unique vascular addresses of 
organs are also the reason for tissue-directed metastasis of 
tumour cells. It has been shown that tumour cells recognize 
specific adhesion molecules on the endothelium. They adhere 
there and are subsequently able to extravasate and invade the 
Surrounding tissue to form micrometastases. 


THE TUMOUR VASCULATURE IS DISORGANIZED 


The vascular tree of tumour vessels appears “chaotic” and 
“disorganized”. Tumour vessels are also hyperpermeable 
(“leaky”) owing to a discontinuous endothelium, poorly 
formed or absent basement membrane, and lack of mural 
cells. Furthermore, tumour cells themselves are also able to 
mimic endothelial cells and can be found sporadically in 
tumour vessels. Morphologically, the vessels appear highly 
tortuous. The tumour vasculature is formed in two ways: 
by co-opting pre-existing vessels and by induction of new 
vessels through angiogenesis. In addition, tumours induce 
their own characteristic vascular bed, which is different 
for each tumour type. As a result of persistent growth, 
the tumour vasculature constantly changes its shape and is 
dynamic rather than static. In tumours, up to 30% of the 
vasculature consists of arterio-venous shunts where the blood 
bypasses the capillaries, precluding exchange of nutrients. 
Tumour blood vessels lack mural cells as well as appropriate 
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innervation, and therefore blood pressure is poorly controlled 
(only by pre-existing arterioles). The overall flow of blood 
in the tumour is slow, with higher flow rates in the tumour 
periphery than in the centre. Different regions of perfusion 
can be seen within tumours: necrotic, seminecrotic, and well- 
vascularized regions, in order from the centre of the tumour 
to the periphery. The blood flow in the periphery of a 
tumour is higher than that in the surrounding normal tissue 
(advancing front), whereas in the centre, blood flow can be 
interrupted transiently, resulting in complete stasis; blood 
flow may then be re-established in the opposite direction. 

Extravasation of molecules from the blood occurs through 
diffusion, convection, and partially through transcytosis. 
Nevertheless, these processes are highly inefficient in 
tumours owing to high interstitial fluid pressure in the tumour 
tissue, compromising convective movements of therapeutics. 
In regions of highest pressure in the tumour, the hydro- 
static and osmotic pressures in the vessels are opposed by 
those in the tumour, inhibiting the exchange of substances. 
This results in hypoxic and hypoglycaemic regions within a 
tumour, in addition to completely anoxic areas. As the vas- 
culature is dynamic and perfusion rates in different regions 
of a tumour change frequently, hypoxic regions can become 
reoxygenated again. Similarly, normoxic regions can experi- 
ence sudden oxygen deprivation and become hypoxic. Owing 
to the poor perfusion of vessels, endothelial cells also can 
become hypoxic, and this has been shown to be a potent 
inducer of many of the molecules involved in angiogenesis. 

These observations highlight the fact that, though genom- 
ically stable, the tumour vasculature is differentially mod- 
ulated by the tumour environment, and this results in dis- 
tinct and characteristic expression patterns. This renders the 
tumour vasculature an excellent target for antitumour ther- 
apy (for a review, see Neri and Bicknell, 2005). Targeting its 
unique expression pattern should minimize interference with 
other blood vessels in the body. In addition, endothelial cells 
are much more accessible than tumour cells to systemically 
administered therapeutics because of their intimate contact 
with the blood. Finally, destruction of a small number of 
endothelial cells can translate to the death of a much larger 
number of tumour cells, as several layers of tumour cells are 
dependent on the supply of each blood vessel. 


MECHANISMS OF ANGIOGENESIS 


A tumour can only continue to expand in size if it induces 
a blood supply. When a tumour starts to produce angiogenic 
factors, it activates endothelial cells in the vasculature of 
the surrounding tissue to initiate angiogenesis (Figure 2). 
The angiogenic stimulus induces the endothelial cells of the 
“mother” vessels to change from a quiescent to an activated 
phenotype (Carmeliet, 2005). These endothelial cells produce 
proteolytic enzymes, which break down their basement 
membrane. N ot only is this a prerequisite for endothelial cells 
to migrate into the surrounding tissue towards the growth 
stimulus, but it also promotes angiogenesis further because 
proteolysis of the basement membrane collagens releases 
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Figure 2 The angiogenic cascade. (1) Angiogenic stimulus; (2) degra- 
dation of the basement membrane and ECM by proteases released from 
tumour and activated endothelial cells; (3) migration of EC towards 
angiogenic stimulus; (4) endothelial cell proliferation; (5) tube formation 
and vessel maturation. 





Figure 3 Angiogenic blood vessels in the rat sponge assay (paraffin 
section, haematoxylin/eosin stained). In this assay, inert sponge is implanted 
subcutaneously. Endothelial cells migrate from the surrounding tissue into 
the sponge and form new vessels. Some vessels are indicated by arrows. 


bound VEGF and produces both pro- and anti-angiogenic 
compounds. 

Once a vessel is stimulated, specialized endothelial cells, 
termed tip cells, change shape to an elongated phenotype 
(Figure 3). These cells migrate along chemical pathways 
in the ECM in much the same way as neurons do during 
neurogenesis. Behind these tip cells, other endothelial cells 
begin to proliferate, elongating the developing, tubelike 
structures. Finally, these new tubes anastomose into loops 
that allow blood flow. The recruitment of pericytes and 
smooth muscle cells completes angiogenesis through the 
formation of a basement membrane, resulting in a mature 
blood vessel. Finally, the endothelial cells in the new vessels 
revert to a quiescent phenotype. 


4 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


Table 1 Angiogenic factors. 


Growth factors 

Vascular endothelial growth factor (VEGF) 
Placenta growth factor (PIGF) 

Basic fibroblast growth factor (bFGF or FGF-2) 
Acidic fibroblast growth factor (aFGF or FGF-1) 
Transforming growth factor-a (TGF-a) 
Transforming growth factor-8 (TGF-B) 
Platelet-derived growth factor (PDGF) 
Hepatocyte growth factor (HGF) 

Granulocyte colony-stimulating factor (G-CSF) 


Cytokines 

Tumour necrosis factor-~ (TNF-a) 
Interleukin 1 (IL-1) 

Chemokines 

Interleukin 8 (IL-8) 


Enzymes 
Platelet-derived endothelial cell growth factor (PD-ECGF) 
Angiogenin 


Prostaglandins 
PGE, 
PGE? 


ANGIOGENIC FACTORS 


In the last 20 years, many factors that have angiogenic activ- 
ity have been identified. The first to be identified were the 
fibroblast growth factors (aFGF or FGF-1 and bFGF or FGF- 
2), which are now known to be pleiotrophic growth factors. 
Others include the transforming growth factors (TGF-œ and 
TGF-£), platelet-derived growth factor (PDGF), hepatocyte 
growth factor (HGF), granulocyte colony-stimulating factor 
(G-CSF), tumour necrosis factor-a (TNF-a) - which can also 
be anti-angiogenic - platelet-derived endothelial cell growth 
factor (PD-ECGF, thymidine phosphorylase), interleukin-8 
(IL-8), and prostaglandins (PGE;, PGE2) (Table 1). All of 
these have been studied extensively and have been shown to 
be angiogenic (Carmeliet, 2005), but none of these are spe- 
cific to endothelial cells. The only growth factor known to 
be specific to endothelial cells is VEGF. 


VEGF-B PIGF VEGF VEGF-E VEGF-C VEGF-D 


Extracellular part: 
7 immunoglobulin- 
like domains 





SSS RA SSF 
ARR naana raaa aasar re aa 






























































Catalytic | Intracellular part: 
} unit split tyrosine 
Regulatory | kinase domain 
unit 
T T 
VEGFR-1 VEGFR-2 VEGFR-3 
(Flt-1) | (KDR/flk-1) (Fit-4) 


Figure 4 VEGF receptors and their ligands. 


Vascular Endothelial Growth Factor (VEGF) 


VEGF was the first member to be identified out of a grow- 
ing family of vascular endothelial growth factors and is 
now referred to as VEGF-A. Other members include VEGF- 
B to VEGF-E and placenta growth factor (PIGF-1 and 2). 
VEGFs are homodimeric proteins and mediate their activity 
through tyrosine kinase receptors (VEGF-receptors, VEGFR- 
1 - VEGFR-3), which are almost exclusively expressed on 
endothelial cells. VEGFR-1 (Flt-1, fms-like kinase-1) binds 
VEGF-A, VEGF-B and PIGF with strong affinity, whereas 
VEGFR-2 (Flk-1, foetal liver kinase-1, or the human homo- 
logue KDR, kinase-insert domain receptor) binds VEGF-A, 
VEGF-C, and VEGF-D with lower affinity. VEGFR-3 (FIt- 
4) is only expressed on lymphatic endothelium and is the 
ligand for VEGF-C, which induces lymphangiogenesis. It 
has been discovered that VEGF-D is an additional ligand 
for the VEGFR-3. VEGF-E seems to signal mainly through 
VEGFR-2 (Figure 4). 

Of all the VEGFs, VEGF-A has been studied most inten- 
sively (for a full review, see Ferrara et al., 2003). It exists in 
at least five different splice variants (VEGF 121.145,165,189,206) 
encoding isoforms of differing length derived from a sin- 
gle gene. With the exception of VEGFj21, which is secreted, 
all VEGFs are heparin binding. Therefore, they accumulate 
in the ECM and can be released from there by proteolytic 
enzymes. There is, in addition, a sixth 110-amino-acid iso- 
form of VEGF arising from proteolytic cleavage of VEGF 189, 
when bound to the cell surface. Heparan-sulphate proteo- 
glycans are known to modulate growth factor signalling of 
many heparin-binding growth factors from their respective 
receptors, and the same might apply to VEGF signalling. 

VEGF is an endothelial cell mitogen and chemoattractant; 
it promotes cell migration, inhibits apoptosis, and modulates 
the permeability of the endothelial cell layer (it was first 
identified as a vascular permeability factor (VPF) in 1983). 
Hence, it has major roles as a key regulator in angiogene- 
sis and vasculogenesis. Mice deficient in one allele of Vegf 
(Vegf*/— mice) show early embryonic death (embryonic 
day 11-12) due to cardiovascular defects in most sites of 
early blood vessel formation (embryo and yolk sac). This 
suggests that a minimal dosage requirement for the growth 
factor exists because a single allele could not rescue the phe- 
notype. Microinjection of VEGF into quail embryos during 
development induces uncontrolled and unlimited vasculariza- 
tion at sites that are normally avascular. These observations 
together show that the level of VEGF expression is tightly 
regulated and that small variations can have fatal effects. 

Vegfr-2-deficient mice (Flk-1~/~ mice) die in utero 
between embryonic days 8.5 and 9.5. Endothelial cells in 
these animals fail to differentiate from their angioblastic pre- 
cursors and the animals die as a result of a total lack of 
vascular structures. VEGFR-2 is the earliest marker for dif- 
ferentiation towards endothelial cells in development. Simi- 
larly, Vegfr-1-deficient mice (FIt-1~/~) show abnormal and 
disorganized vascular structures and die between embryonic 
days 9.5 and 10.5. These two gene-targeted mice, despite 
both developing vascular defects and being embryonic lethal, 
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Figure 5 Rat aortic ring angiogenesis assay. A section of a rat aorta is 
placed in a fibrin gel in cell culture. Endothelial cells from the inner lining 
of the aortic ring (AR) sprout into the fibrin gel. It is seen that some of the 
newly formed tubes anastomose. 


show very different phenotypes. Furthermore the Vegf recep- 
tors do not show redundancy in their function. 

Vegf has been established as an angiogenic factor in vitro 
in two- and three-dimensional cell culture systems (Figure 5). 
Vegf has also proved its angiogenic properties in the rabbit 
cornea assay and the chick chorioallantoic assay. Tumour 
cells overexpressing Vegf form faster-growing tumours and 
contain significantly more blood vessels than tumours formed 
from untransfected control cells. Vegf also synergizes with 
bFgf and the angiogenic effects of each growth factor are 
potentiated. 

VEGF expression is regulated by hypoxia and hypogly- 
caemia, and especially high levels are present within hypoxic 
regions of tumours. Oxygen tension in tumours is about 50 
times lower than in normal tissues and hypoxia could be 
a major factor driving tumour angiogenesis. The cellular 
response to hypoxia is mediated by the hypoxia-inducible 
factor Hif-1. Hif is a dimer composed of two subunits, Hif-1la 
and Hif-18. This dimeric complex recognizes a specific DNA 
sequence, known as the hypoxia-response element (HRE), 
which is found within the promoters of hypoxia-regulated 
genes such as the VEGF promoter. The promoter of VEGF R- 
1 also contains HREs, whereas the promoter of VEGFR-2 
does not. Hence, the expression of VEGFR-1 is enhanced 
by hypoxia directly, but this is not true of VEGFR-2. The 
expression of VEGFR-2 can be induced by binding of VEGF 
to VEGFR-2, and as a result, VEGFR-2 is indirectly upreg- 
ulated by hypoxia. 


Macrophages in Tumour Angiogenesis 


Tumour growth is usually accompanied by an inflamma- 
tory response, which results in the recruitment of inflam- 
matory cells, especially macrophages (tumour-associated 
macrophages (TAM s)). This is because tumour cells express 
the very potent monotactic chemokine MCP-1 (monocyte 
chemotactic protein-1), which attracts macrophages into the 
tumour. In some tumours, macrophages can represent up to 


50% of the cell population and are often the major source 
of angiogenic molecules in a tumour (Figure 6). TAMs have 
two important functions within the tumour. First, they con- 
fer antitumour effects by their immunological functions and 
have been implicated as part of the host immune defence 
mechanism against tumours. Second, these same cells can 
promote angiogenesis through secretion of cytokines, such 
as IL-1 and TNF-a, chemokines, and growth factors (VEGF, 
bFGF, EGF, PD-ECGF, and HGF). 

Chemokines act as chemoattractants for haematopoietic 
cells and confer similar effects on endothelial cells (for a 
review, see Strieter et al., 2005). Chemokines are grouped 
into two main subfamilies, the CC-chemokines and the CX C- 
chemokines, based on their structure. In CX C-chemokines, 
the two cysteines near the N-termini are separated by a sin- 
gle amino acid, whereas in CC-chemokines these cysteines 
are adjacent. Endothelial cells express all known receptors 
for CX C-chemokines (CXCR-1 to CXCR-4 and DARC), 
but none of the receptors for CC-chemokines (there are 
to date eight identified receptors). This corresponds well 
with the observation that CC-chemokines have no direct 
effects on endothelial cells (members of the CC-chemokine 
subfamily are MCP-1 and RANTES). The subfamily of 
CX C-chemokines includes IL-8, platelet factor-4, growth- 
related antigen (GRO-), and interferon-y-inducible protein 
(IP-10). In addition, IL-8 was shown to induce endothe- 
lial cell proliferation and angiogenesis in vivo. This effect 
can be potentiated by IL-1 and TNF-a. Interestingly, a 
number of chemokines from this subfamily have an anti- 
angiogenic function (platelet factor-4, GRO-£, |P-10). These 
CX C-chemokines have a common feature that they lack 
the ELR-motif (glutamine- leucine- arginine) between the 
first cysteines. The pro- or anti-angiogenic properties of a 
chemokine might be dependent on the presence of this motif. 

Macrophages secrete TNF-a, a multifunctional cytokine 
that has both angiogenic and anti-angiogenic properties. 
These conflicting properties are a result of different actions 
of TNF-a at high and low doses. Whereas high doses of 
TNF-a are directly cytotoxic to tumours, it is angiogenic at 
low doses both in vitro and in vivo. Because of its direct 
cytotoxic effects, TNF-a was studied following systemic 
administration in vivo. Unfortunately, the side-effects were 
severe and may be related to the fact that TNF-a is the 
major mediator of septic shock. At high doses, TNF-a exerts 
its antitumour effects mainly through its cytotoxicity on 
endothelial cells and inhibition of angiogenesis rather than 
through actions on tumour cells. These findings are consistent 
with the fact that tumour cells are often insensitive to TNF- 
a-mediated cytotoxicity. 

At low doses, TNF-a induces endothelial cell migration 
and tube formation in vitro, but it also inhibits endothelial 
cell proliferation. It is chemotactic for leukocytes and induces 
IL-1 and GM-CSF expression. It also induces the expression 
of E-selectin, ICAM-1, and VCAM-1 on endothelial cells 
and can mediate the recruitment of leukocytes into the tissue 
stroma. 
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Figure 6 Interaction between tumour cells, endothelial cells, and macrophages. Tumour cells produce angiogenic factors, which induce endothelial cells 
to initiate angiogenesis. Tumour cells also secrete chemoattractants, that recruit macrophages, and proteolytic enzymes, which can release growth factors 
from the extracellular matrix. Endothelial cells interact with the extracellular matrix by adhesion molecules (e.g., integrins), which mediate endothelial cell 


migration. 


Fibroblast Growth Factors 


aFGF and bFGF are endothelial cell mitogens and stimulate 
endothelial cell migration. They induce the production of 
proteases by endothelial cells and stimulate tube formation in 
three-dimensional cell culture systems. They are angiogenic 
in all in vivo assays and are often used as a positive 
control in angiogenesis assays. Because of their heparin- 
binding abilities, FGFs are bound to the ECM and are 
released by proteases involved in the angiogenic cascade. 
Endothelial cells are not only reactive to FGFs through two 
FGF receptors but they also produce bFGF themselves. In 
this way, endothelial cells respond to FGF in both a paracrine 
and autocrine manner. The FGFs interact with almost all 
molecules involved in angiogenesis. A complete discussion 
of this growth factor is beyond the scope of this chapter (for 
a detailed review, see Auguste et al., 2003). 


Integrins 


Integrins are transmembrane heterodimeric cell adhesion 
molecules that are composed of an œ and a 8 subunit. There 
are at present 20 members of this family derived from 15 a 
and 8 £ chains. Integrins mediate adhesion to all the known 
components of the ECM, whereas each of them can often 
recognize more than one ECM molecule. Integrins also bind 


to cell surface molecules of the immunoglobulin superfamily 
(ICAM-1, ICAM-2, and VCAM-1) and, in this situation, are 
involved in cell-cell adhesion processes. 

Some integrins recognize ECM molecules through the 
so-called RGD motif (Arg-Gly-Asp), which is present in 
fibronectin, vitronectin, proteolysed collagen, fibrinogen, von 
Willebrand factor, osteopontin, and thrombospondin. The 
as By, Q\p83, and most af integrins bind the RGD motif. 
Some integrins, such as œ26ı, bind to an Asp-Gly-Gly-Ala 
sequence in type | collagen. Both œ26ı and aif; integrins 
are upregulated on migrating endothelial cells following 
treatment with VEGF, and the migration of endothelial cells 
on a collagen matrix can be inhibited by antibodies against 
the a chains of these two integrins. An in vivo model of 
angiogenesis was inhibited by combinations of the same 
antibodies without effects on non-angiogenic vessels. 

The most extensively studied integrin involved in angio- 
genesis is the ay B3 integrin (Eliceiri and Cheresh, 1999). It is 
upregulated on tumour blood vessels, during wound healing 
and retinal neovascularization. Angiogenesis is inhibited by 
a specific monoclonal antibody (LM 609), which blocks bind- 
ing of this integrin and thus disrupts endothelial cell- ECM 
adhesion. In the chick chorioallantoic membrane assay and 
in the rabbit cornea eye pocket assay, LM 609 blocked bFGF- 
induced angiogenesis while V EGF-induced angiogenesis was 
inhibited by antibodies against the as integrin. A human- 
ized form of the antibody LM 609 (Vitaxin) is undergoing 
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clinical trials in melanoma and prostate cancer, though it 
showed no clinical benefit for rheumatoid arthritis and pso- 
riasis. 

The RGD peptide itself is able to induce blood vessel 
regression in vitro and in vivo through competition with 
matrix proteins for their integrin-binding site. Adhesion 
is required for endothelial cell survival. Endothelial cells 
of quiescent vessels are less sensitive to anti-adhesive 
treatment than angiogenic and migrating cells. Experiments 
with endothelial cells grown on RGD-coated beads showed 
that binding to the ligand (in this case the RGD peptide 
on the bead) is not sufficient to prevent endothelial cells 
from undergoing apoptosis. It was suggested that spreading 
of endothelial cells is necessary for survival. It has also been 
postulated that the mechanical force generated by cell- ECM 
interactions mediates gene expression by changes in the 
cytoskeleton and nuclear morphology. 

Integrins interact with the cytoskeleton through their 
cytoplasmic domains. This interaction is initiated by binding 
of integrins to the ECM. The mechanical properties of the 
ECM modulate the strength of this interaction. In fibroblasts, 
the binding of integrins to the cytoskeleton enables the cells 
to pull themselves forward over a stationary substrate by 
retrograde movement of the cytoskeleton. This mechanism 
allows them to migrate. Similarly, integrins are involved in 
endothelial cell migration. 

Integrins also act as signalling receptors. It has been 
shown that binding to ECM results in elevated intracellu- 
lar calcium levels, elevated pH, activation of the inositol 
and diacylglycerol (DAG) pathways, and tyrosine phospho- 
rylation. Furthermore, ligand binding to a, 3 is essential for 
the sustained activation of mitogen-activated protein (MAP) 
kinases by angiogenic factors. Tyrosine phosphorylation of 
VEGFR-2 by VEGF was enhanced by growing endothelial 
cells on vitronectin, a ligand for ay 63. This was inhibited by 
antibodies directed against the 63 integrin subunit. 


THE BREAKDOWN OF THE BASEMENT 
MEMBRANE 


After stimulation by angiogenic factors, endothelial cells 
migrate into the surrounding tissues. In the first instance, this 
requires the degradation of the basement membrane of the 
pre-existing vasculature to enable endothelial cells to leave 
the organized structure of the vessel wall. Several proteolytic 
enzymes are involved in the degradation of the ECM. They 
include the plasminogen activator system and the matrix 
metalloproteinases (M M Ps). 


The Plasminogen Activator System 


The plasminogen activator (PA) system includes the uroki- 
nase plasminogen activator (uPA) and the tissue-type plas- 
minogen activator (tPA), both of which convert plasminogen 
into plasmin. The major physiological function of plasmin 
is to degrade fibrin; however, it also degrades components 


of the ECM such as laminin and collagen. In addition, it 
also activates metalloproteinases and elastase. Whereas tPA 
functions during fibrinolysis, uPA functions mainly in angio- 
genesis. uPA is secreted as a proenzyme and binds to its 
receptor on the cell surface, where it becomes activated. By 
binding to the uPA receptor, it also activates downstream 
signals, resulting in induction of cell migration and invasion. 
In fact, the presence of the uPA receptor seems to be crit- 
ical for cell migration because very little migration could 
be observed in uPA receptor negative cells. Endothelial cells 
express uPA as well as an uPA inhibitor (PAI). PAI binds 
to the active uPA and stimulates its internalization into cells 
following binding to the uPA receptor, resulting in its break- 
down. The expression of uPA and its receptor can be induced 
by FGF-2. This effect is mediated via the FGF receptors. 
Hence, it seems likely that the FGF-2-induced migration in 
endothelial cells is mediated in part by uPA. Because of its 
heparin-binding ability, FGF accumulates in the ECM and 
is released by proteases, including plasmin. uPA and FGF 
increase their function in an autocrine manner because uPA 
is expected to release FGF-2 and at the same time FGF-2 
induces migration through uPA. 


The Matrix Metalloproteinases 


The MMPs are a family of extracellular endopeptidases 
that are secreted by a variety of cells including epithe- 
lial cells, fibroblasts, and inflammatory cells. Endothelial 
cells express MM P-1, MMP-2, MMP-9, and the membrane- 
associated MT-1-MMP (for reviews, see Chakraborti et al., 
2003; Rundhaug, 2005). These endopeptidases are secreted 
as inactive proenzymes and need to be activated by cleav- 
age of a proteolytic fragment. The substrates of the different 
endopeptidases include all known components of the ECM - 
for instance, the gelatinases MM P-2 and M M P-9 have been 
shown to readily breakdown collagens of the basement mem- 
brane. Four different endogenous inhibitors of MMPs have 
been identified; they are the tissue inhibitors of metallopro- 
teinases TIM P-1 to TIMP-4. Endothelial cells studied in a 
two-dimensional culture produce only very low levels of 
MMPs, whereas expression can be induced in endothelial 
cells by growing them in three-dimensional collagen gel sys- 
tems. In addition, changes in cell shape also alter MMP 
expression (especially mechanical stress), and it has been 
suggested that integrins, as the mediators of cell- matrix 
interactions, are involved in the regulation of MMP expres- 
sion. This has been shown for the a2f; and the ay 3 
integrins. The ay 3 integrin interacts with MM P-2 through 
the C-terminal hemopexin-like (PEX) domain of MMP-2. 
This is interesting because the PEX domain does not con- 
tain the integrin-binding RGD motif. The PEX domain is 
also the binding site for TIM P-2. TIM P-2 binding of M MP- 
2 is necessary for the MT-1-MM P-mediated activation of 
MMP-2 from the proenzyme. So, PEX can inhibit angio- 
genesis by direct competition to MMP-2 in two different 
ways. First, PEX inhibits activation of MMP-2 by binding 
to TIMP-2.Second, PEX binds to the integrin on the cell 
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surface, which would be a prerequisite for MM P-2 activa- 
tion. Natural breakdown products of MM P-2 are generated 
and PEX accumulates in tissues where neovascularization 
occurred. These findings suggest that endogenous PEX acts 
as a natural inhibitor of MMP-2 function and is therefore an 
endogenous inhibitor of angiogenesis. 


Angiogenesis Inhibitors Encrypted within Larger 
Proteins 


Similar to PEX, several other endogenous angiogenesis 
inhibitors have been characterized, which are all fragments of 
larger molecules. These inhibitors are formed by proteolytic 
breakdown of their parent molecules. The first of these 
inhibitors was identified as early as 1985 and is a 29-kDa 
fragment of fibronectin. It has been shown that it inhibits 
endothelial cell proliferation. Fibronectin itself is an abundant 
molecule that has no such inhibitory function. 

The more recently discovered endogenous angiogene- 
sis inhibitors are angiostatin and endostatin. Angiostatin 
is a 36-kDa fragment of plasminogen, which is cleaved 
by macrophage-derived MMPs or proteases derived from 
tumours (e.g., prostate carcinomas). Endostatin is a 20- 
kDa fragment of collagen XVIII. Systemic administration 
of both angiostatin and endostatin induces tumour regres- 
sion by destruction of the tumour vasculature in mice. They 
also inhibit the formation of new blood vessels in a tumour, 
and therefore maintain a tumour in a dormant state. Both 
molecules have been identified in the urine or serum of 
tumour-bearing mice. In these animals, a primary tumour 
existed but metastases did not occur. On the basis of these 
findings, and on the clinical observation that primary tumours 
suppress the growth of metastasis, it was concluded that 
inhibitory factors are produced by the primary tumour. It 
was postulated that these inhibitory factors might be angio- 
statin and endostatin and that metastatic growth was being 
inhibited by suppression of vascularization. This hypothe- 
sis was further strengthened by the fact that both molecules, 
and other suppressors of angiogenesis, are produced as the 
result of proteolytic degradation of the vascular basement 
membrane during the initial stages of angiogenesis. 

In addition to angiostatin and endostatin, N-terminal frag- 
ments of the human prolactin/growth hormone family are 
anti-angiogenic, whereas the hormones themselves are angio- 
genic. They have also been shown to stimulate the expression 
of PAI. During the maturation of type | collagen, a ~90- 
kDa N-terminal fragment is cleaved that is homologous to 
a domain of the anti-angiogenic matrix molecule throm- 
bospondin. The fragment has anti-angiogenic effects both 
in vitro and in vivo. Restin is a 22-kDa fragment of col- 
lagen XV that has been found by performing a homology 
search with endostatin. It inhibits endothelial cell migration 
in vitro but does not effect proliferation. Vasostatin inhibits 
bFGF-induced angiogenesis in vitro and in vivo. It is a 180- 
kDa fragment of calreticulin. Calreticulin has been shown to 
exert similar effects. 

Thus, the “primary tumour as metastatic suppressor” the- 
ory presents a complex story of local stimulation and sys- 
temic inhibition resulting from the exploitation of balanced 


Table 2 Naturally occurring angiogenesis inhibitors. 


Enzyme inhibitors 

Tissue metalloproteinase inhibitors (TIM P1- 4) 
Plasminogen activator inhibitor (uPA!) 

Angiogenesis inhibitors encrypted in larger proteins 
29-kDa fragment of fibronectin 

16-kDa fragment of prolactin 

Angiostatin: 36-kDa fragment of plasminogen 
Endostatin: 20-kDa fragment of collagen type XVIII 
90-kDa N-terminal fragment of collagen type |, homologue to a 
thrombospondin domain 

Cleaved conformation of anti-thrombin 

PEX : hemopexin-like domain of MM P-2 
Vasostatin: N-terminal domain of calreticulin 
Restin: 22-kDa fragment of collagen XV 


Cytokines 
Tumour necrosis factor-a (TNF-a) 
Interferon 


Chemokines 

Platelet factor-4 

Growth-related antigen (GRO-£) 
Interferon-y-inducible protein (|P-10) 


physiological mechanisms. In physiological angiogenesis, 
degradation of the collagens of the basement membrane pro- 
duces several factors such as angiostatin and endostatin that 
inhibit angiogenesis (endogenous angiogenesis inhibitors; 
see Table 2), while at the same time releasing ECM -bound 
VEGF and FGF. This allows endothelial cells to migrate 
chemotactically and proliferate as necessary, but ensures that 
angiogenesis does not continue unchecked once a wound 
site is healed or when tissue stimulators of vessel devel- 
opment abate. Under the pathological conditions produced 
by tumour growth, the stimulators of angiogenesis do not 
abate. The high concentration of VEGF and other factors 
produced by tumour epithelium, TAM s, and ECM proteoly- 
sis result in unchecked, aberrant vessel development locally. 
Meanwhile, the constant release of MMP-2 and MMP-9 
continuously break down the basement membrane, result- 
ing in leaky, unstable vessels and the production of several 
anti-angiogenic factors that readily enter the bloodstream. 
Locally, the primary tumour is fed by its growing vas- 
culature, while systemically, this same process maintains 
metastases in a dormant state. 


MIGRATION 


During the formation of new vascular sprouts, endothelial 
cells migrate into the surrounding tissue following chemoat- 
tractant stimuli. However, this is not achieved through simple 
chemotaxis alone. Indeed, recent studies on retinal angiogen- 
esis have revealed that vascular development may closely 
mimic neuron formation in a much more complex way than 
previously thought (see Gerhardt et al., 2003; or for a review, 
Gariano and Gardner, 2005). During development of the reti- 
nal vasculature, angiogenic stimuli result in the production of 
a specialized endothelial cell, termed a tip cell, which guides 
migration along a trail of chemical signalling molecules. 
Though tip cells have been most extensively characterized 
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in retinal development, there is increasing evidence that all 
physiological and patho-physiological sprouting angiogene- 
sis may proceed in the same manner. 

Though their neurological counterparts are well charac- 
terized, and the existence of endothelial tip cells has been 
known for some time, these cells have only recently been 
the focus of comprehensive investigation. As such, much 
remains to be elucidated about tip-cell determination and 
differentiation. What is known is that, like neuronal tip 
cells, endothelial tip cells upregulate the expression of many 
receptors that mediate cell-ECM contacts, especially on 
the ends of the long filopodia they extend. These receptors 
include integrins, receptors for neuronal guidance molecules, 
members of the Notch family, and VEGF receptor 2 (FIk- 
1) (discussed earlier). While the integrins mediate binding 
to the ECM and physical migration by retrograde move- 
ment of the cytoskeleton, VEGFR-2 specifically stimulates 
directional tip-cell migration and proliferation of endothe- 
lial stalk cells. Interestingly, tip cells do not proliferate in 
response to VEGF-A; instead, they lead the growing column 
of endothelial stalk cells, which proliferate normally, along 
a concentration gradient of guidance molecules. 

Though the identification and characterization of endothe- 
lial tip cells shed light on the process of angiogenic migra- 
tion, many new questions are raised by their existence. 
Perhaps most importantly, the mechanism by which a par- 
ticular endothelial cell differentiates into a tip cell and why 
it undergoes this transformation remain unknown. Also, that 
only a single endothelial cell develops into a tip cell draws 
attention to lateral inhibition, or the maintenance of quies- 
cent vascular endothelium in pre-angiogenic areas. Though a 
substantial portion of a vessel may be exposed to angiogenic 
stimulators - especially following the breakdown of the base- 
ment membrane - only individual tip cells, leading columns 
of developing endothelial cells behind them, migrate into the 
ECM. Whether this is mediated by some paracrine factor 
produced by the tip cells themselves or some combination of 
other environmental phenomena remains to be determined. 


PROLIFERATION 


Another important step in angiogenesis is the proliferation of 
endothelial cells. This would provide new vasculature with 
additional endothelial cells to cover the inner surface of the 
new vessels. Indeed, many angiogenic factors have mitogenic 
activity, for example, bFGF and VEGF. 

The turnover rate of endothelial cells in the adult human 
body is extremely low. Incorporation experiments with 
radioactively labelled thymidine (7HTdR) in rabbits in vivo 
estimated a proliferative index of about 0.01% (1h after 
injection) for endothelial cells in retinal vessels. Follow- 
ing two days of treatment with 3HTdR, about 0.2% of the 
endothelial cells showed incorporation of thymidine and a 
turnover time of ~1000 days was calculated. Interestingly, it 
was discovered that pericytes have an even lower prolifer- 
ation index (0.06%). In contrast, rapidly renewing tissues 
were shown to have much higher labelling indices, such 


as the epithelium of the cornea (3%) and the epithelium 
of the duodenum (14%). In a separate study, endothelial 
cell proliferation indices of different tissues were compared. 
Endothelium of the brain and muscle was especially quies- 
cent (0.8 and 0.5% of cells incorporated 7HTdR after 3 days), 
whereas higher indices were measured in the liver endothe- 
lium (4.4% after 3 days). 

In contrast to endothelial cells within normal tissues, 
endothelial cell proliferation indices in tumours is several 
orders of magnitude higher. Labelling indices of up to 32% 
(anaplastic sarcoma of Wistar rats) in experimental tumours 
in animals have been reported. Others have estimated pro- 
liferation indices between 4.5 and 20%. There was, how- 
ever, no correlation between the tumour growth rate and 
the endothelial cell proliferation index. Some studies have 
reported higher proliferation indices for tumour cells than 
for endothelial cells, whereas others have shown the oppo- 
site. In general, however, the endothelial cell proliferation 
is higher in the tumour periphery than in the centre. Arte- 
factual results caused by inadequate perfusion of the tumour 
centre can be excluded because tumour cells were efficiently 
labelled. 

Endothelial cell proliferation indices in animal tumour 
models differ significantly from those obtained from human 
tumours. Endothelial cell proliferation is considerably slower 
in human tumours than in experimental tumours in animals 
(2.2- 2.8% in breast carcinomas, 5% in gliomas, 0.1- 0.6% 
in prostatic carcinomas). However, these endothelial cell 
proliferation indices are still significantly higher than in 
benign human tissues (benign breast tissue, 0.06%; benign 
hyperplasia in the prostate, 0.023%). These observations 
argue for active proliferation of endothelial cells during 
tumour-induced angiogenesis. 

The discrepancy between human and experimental 
tumours becomes obvious if one looks at the rate of growth of 
experimental tumours. Within 1 week, these tumours grow to 
about 20% of the body weight of the animals, a rate unthink- 
able in human tumours. Nonetheless, the proliferation indices 
for endothelial cells in human tumours are 30 times higher 
than the proliferation indices for normal tissues. This might 
be why low doses of chemotherapeutic agents administered 
systemically on a regular basis (i.e., metronomically) have 
been shown to be anti-angiogenic, and in some cases more 
effective than large doses with protracted periods between 
treatments. 


VESSEL FORMATION AND MATURATION 


In the final stage of angiogenesis, vessel assembly and 
maturation result in a vessel that is a stable conduit for 
blood flow. This is achieved through several processes, 
namely, anastomosis of the developing sprouts, formation 
of the inner lumen and the outer basement membrane, 
and, finally, recruitment of pericytes (for a review, see 
Jain, 2003). 

Subsequent to the degradation of the basement membrane 
and outgrowth of vessel sprouts, the sprouts develop into 
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hollow tubes through the poorly understood physiological 
process of tubulogenesis. Once formed, the endothelial cells 
elongate and flatten to form the inner lumen of the newly 
formed vessel. Concomitantly, endothelial cells recruit a 
layer of pericytes to surround and stabilize the vessel and 
aid in producing the collagenous basement membrane. Per- 
icytes are recruited as local smooth muscle, fibroblast, and 
monocyte mesenchymal cells, and induced to differentiate 
into pericytes by the endothelial cells. These cells are large 
with a prominent nucleus and multiple long processes that 
embrace the vessel. They also secrete factors, such as TGF- 
B, which stabilize the endothelial cells and prevent their 
proliferation. Furthermore, pericyte density is negatively cor- 
related with the turnover time of the endothelial cells in 
various tissues, consistent with the stabilizing actions of these 
cells. 

In addition to the pericyte-derived vessel-stabilizing fac- 
tors, angiopoietin-1 (Ang-1) is a local tissue-derived vessel- 
stabilizing factor that acts on the receptor Tie-2. Tie-2 
is a receptor- tyrosine kinase and is mainly expressed on 
endothelial cells. The closely related ligand angiopoietin-2 
(Ang-2) acts as an antagonist to Ang-1 on this receptor. The 
related receptor- tyrosine kinase Tie-1 is mainly expressed 
on endothelium during embryogenesis but downregulated 
in adulthood. Its ligands have so far not been identified. 
Targeted disruption of the Tie-2 gene in mice results in 
embryonic death between days 9.5 and 10.5 and these ani- 
mals show heart defects and disorganised vessels on sites 
where vessels form by vasculogenesis. The endothelial cells 
appear rounded and have only weak connections with their 
mural cells. A similar but milder phenotype was developed in 
Ang-1~/~ mice, which die on embryonic day 12.5. In addi- 
tion mice overexpressing Ang-2 show very similar pheno- 
types to Tie-2 and Ang-1~/~ mice. These observations show 
that the angiopoietins and Tie-2 are factors controlling the 
“tightness” of vessels and that indeed the angiopoietins have 
antagonistic effects. Tie-1~/~ mice die between embryonic 
day 13.5 and birth as result of the loss of vascular integrity. 
These animals show “electron light” endothelial cells because 
of numerous intra- and intercellular holes, which allow blood 
and plasma extravasation. 

During development, Ang-1 and Ang-2 are expressed 
throughout the vasculature, both by the developing endothe- 
lium and by its supporting cells, with Ang-2 antagonizing the 
vessel-stabilizing and maturation function of Tie-2, allow- 
ing vasculogenesis and angiogenesis. Ang-1 continues to 
be expressed into adulthood, but Ang-2 is only expressed 
in areas that undergo vascular remodelling, such as the 
female reproductive system. Indeed, expression of Ang- 
2 appears to be permissive of angiogenesis, suggesting a 
requirement for “dematuration” to initiate vessel sprouting 
(Lauren et al., 1998). Vessels that are destabilized by Ang- 
2 can respond to VEGF and initiate angiogenesis. Without 
an angiogenic stimulus, blood vessels influenced by Ang- 
2 will regress (Holash et al., 1999). Only vessels where no 
pericytes support the endothelial cells can undergo regres- 
sion, whereas the contact of endothelial cells with pericytes 
prevents regression. 


THE PROGNOSTIC SIGNIFICANCE OF TUMOUR 
ANGIOGENESIS 


This chapter has presented evidence that tumour growth is 
angiogenesis dependent and the process by which both phys- 
iological and patho-physiological angiogenesis take place. 
In Anti-angiogenic and Anti-stromal Therapy, it is shown 
that inhibition of tumour angiogenesis is currently a promis- 
ing avenue of anticancer therapy. Therefore, to conclude 
this chapter, we will review the prognostic significance of 
tumour angiogenesis. This encompasses primarily three areas 
of interest: (i) analysis of the primary tumour microvessel 
density, (ii) expression of angiogenic factors within tumours, 
and (iii) analysis of systemic markers of active angiogenesis. 


Intratumoural Microvessel Density 


In 1991 it was shown that the presence of vascular hot spots, 
that is, areas of high vascular density, within primary human 
breast tumours correlated with poor patient survival. This 
was the first such study linking tumour vascularization, or 
the end result of angiogenesis, with prognosis. Subsequently, 
many similar studies showing a correlation between the 
presence of vascular hot spots and prognosis in a wide range 
of different tumour types have appeared. Making use of 
this information in the clinic has, however, proved difficult. 
To date no simple, quick, and reliable way to quantitate 
the vascular density has appeared. All methods require 
examination of slides by an experienced pathologist, which 
is time consuming, expensive, and potentially subjective. 
Nevertheless, proof of the correlation between angiogenesis 
and prognosis encourages the search for less subjectively 
quantitated molecular markers of tumour angiogenesis that 
could substitute for the assessment of vascular density. Such 
markers will no doubt be found in time. 


Systemic Markers of Active Angiogenesis 


Angiogenesis is active in tumours but absent from healthy 
tissue. Thus, metabolic changes arising as a result of the 
angiogenesis could in principle provide a diagnostic test of 
tumourigenesis. Potential markers include plasma levels of 
angiogenic factors and markers of activated endothelium. 
Among angiogenic factors, VEGF has received the most 
attention as a potential prognostic marker. Thus, studies have 
suggested that serum VEGF could be a predictor of relapse- 
free survival in primary human breast cancer. Recently, high 
urinary VEGF has been shown to correlate with recurrence 
in bladder cancer, providing an easily accessible marker with 
which to monitor the disease. Thymidine phosphorylase (PD - 
ECGF) was shown to be elevated in cancer patients around 
15 years before it was recognized to have angiogenic activity 
and to be elevated in virtually all primary tumours. No doubt 
more studies will follow. 

Other markers of vascular activity are the endothelial 
leukocyte adhesion molecules VCAM and E-selectin. VCAM 
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and E-selectin mediate leukocyte exit from the blood through 
the endothelium. B oth molecules are upregulated on endothe- 
lium in inflammatory sites. These are also widespread in 
tumour endothelium where tumours are frequently awash 
with inflammatory cytokines. Several studies are now exam- 
ining whether the presence of VCAM or E-selectin in the 
plasma are useful markers of tumour angiogenesis. 


THE FUTURE OF ANGIOGENIC RESEARCH 


Research into the mechanisms of angiogenesis - especially 
pathological angiogenesis - has increased greatly since Folk- 
man first shed light on the therapeutic potential of inhibiting 
this process in cancer. The field has grown exponentially 
and is by no means limited to cancer research. In addition 
to the anti-angiogenic, anti-tumourigenic research referred 
to throughout this chapter and more specifically in Anti- 
angiogenic and Anti-stromal Therapy, pro-angiogenic 
therapies are also being actively studied. By stimulating 
vessel development in tissues that are either developmen- 
tally undervascularized or that have suffered a pathological 
impairment in existing vasculature - as resulting from severe 
atherosclerosis, infarction, or wounding - physicians hope 
to accelerate recovery from transplant surgeries and com- 
bat tissue ischaemia. Nevertheless, research in the field of 
pro-angiogenesis has demonstrated that therapeutically pro- 
moting the proper development of new vessels is much more 
challenging than disrupting this process. This is most likely 
because many attempts at stimulating angiogenesis focus on 
a single factor, such as VEGF. Though VEGF therapy does 
initiate angiogenesis, this factor is not sufficient for the devel- 
opment of mature vessels; instead, vessels resulting from 
such therapies resemble tortuous tumour vessels with little 
to no basement membrane and few associated mural cells. 
Clinical track records aside, both pro- and anti-angiogenic 
applied research do much to shed light on the process of 
angiogenesis itself. Much research has revealed a complex 
network of balanced agonists and antagonists, positive and 
negative feedback loops, and molecules that serve multiple, 
sometimes opposing, roles. Nevertheless, our understanding 
of this process is growing rapidly, and is already beginning to 
pay therapeutic dividends as shown by the increasing clinical 
use of the VEGF blocker ‘Arastin’ in the treatment of cancer. 
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INTRODUCTION 


It is now well accepted that the coordinated activity of 
epithelial cells with their stroma is fundamental in control- 
ling growth and differentiation in normal and pathological 
situations (Donjacour and Cunha, 1991). Examples include 
epithelial- mesenchymal cooperation in breast, kidney, lung, 
and pancreas development. Signalling may be accomplished 
by diffusible factors, extracellular matrix, and/or direct cell- 
to-cell contacts (Donjacour and Cunha, 1991). During tumour 
evolution, the stroma, composed of inflammatory cells, 
small vessels, fibroblastic and myofibroblastic cells, and 
extracellular matrix components, reflects disturbed interac- 
tions between the neoplastic population and its surroundings 
(see Models for Tumour Cell- Stromal C ell Interactions). 
Indeed, malignant tumours are composed of two interac- 
tive tissues: cohesive or independent tumoural cells, and the 
Surrounding connective tissue or tumour stroma. In many 
common carcinomas, the stroma comprises the major portion 
of the tumour mass, accounting for over 90% in some cases. 
As with the connective tissue, tumour stroma is involved in 
remodelling and healing. When a malignant tumour grows, 
tumour stroma changes and adapts to the tumoural growth. 
Dvorak (1986) compared the tumour stroma that shows a 
chronic adaptability to the malignant tumours with the gran- 
ulation tissue of a wound, and suggested the resemblance 
of the tumour to a wound that does not heal. M orphologi- 
cally, tumour stroma can show a fibrous capsule surrounding 
the tumoural mass and/or an interstitial pattern being in 
contact with the tumoural cells (Figure 1). The density of 
tumour stroma can be variable from inconspicuous, such as 
in well-differentiated hepatocellular carcinoma or malignant 
melanoma, to obvious, like in cholangiocarcinoma or scir- 
rhous carcinoma of the breast. Similar to connective tissue, 
tumour stroma is composed of cells embedded in an extracel- 
lular matrix. These cells can be divided into permanent cells 
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and transient cells. Permanent cells are involved in synthe- 
sis and remodelling of the extracellular matrix, and comprise 
fibroblasts and notably myofibroblasts. Transient cells are 
inflammatory cells provided by vessels, for example, lym- 
phocytes, plasma cells, and histiocytes, and are involved in 
immune responses. Tumour stroma also contains vessels and 
nerves, and thus connects potentially malignant tumours with 
the entire body. Tumour stroma surrounding carcinomas has 
been the most extensively studied, because malignant epithe- 
lial cells (i) are often cohesive, (ii) are separated from stromal 
cells, which do not express cytokeratins, and (iii) do not or 
only slightly synthesize extracellular matrix components. 
Fibroblasts and myofibroblasts, that is, activated fibrob- 
lasts expressing a-smooth muscle actin, which produce 
collagen and extracellular matrix proteins, constitute the 
“desmoplastic reaction” and represent an important player 
in the development of the invasion process (De Wever and 
Mareel, 2003). Evidence exists that soluble factor secretion 
by stroma (myo)fibroblasts influences tumour progression 
and invasion. Desmoplasia is considered a response of host 
cells to inductive stimuli exerted by tumour cells (Seemayer 
et al., 1979; Dvorak, 1986). Studies of phenotypic features 
of stromal cells in normal and pathological conditions have 
shown considerable diversity in them; this is probably depen- 
dent on varying regulatory influences which, until now, have 
not been completely understood (Jelaska et al., 1999). Stro- 
mal cells with myofibroblastic differentiation features are the 
predominant cell type in different primary and metastatic 
epithelial tumours, and play a central role in the deposition 
of collagen as well as in tissue-remodelling phenomena that 
are attributed at least in part to contractile forces generated 
in their cytoplasm (Desmouliére et al., 2004). Although the 
role of inflammatory cells and endothelial cells in tumour 
immunity (Coussens and Werb, 2002) and of neoangio- 
genesis in tumour progression (Carmeliet and Jain, 2000) 
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Schematic illustration of a tumour stroma. Tumour stroma can 
show a fibrous capsule (in green) surrounding tumour cells (TC) and/or an 
interstitial pattern of extracellular matrix being in contact with tumour cells. 
M yofibroblasts (MF) and vessels (V ) are present in and around the tumour 
mass. 


Figure 1 


(see Invasion and M etastasis and Angiogenesis) have been 
well described, the role of (myo)fibroblasts in cancer evo- 
lution, even if literature in this field is rapidly growing 
(Elenbaas and Weinberg, 2001; M ueller and Fusenig, 2004), 
has not been fully elucidated at present. 


THE MYOFIBROBLAST IN NORMAL AND 
PATHOLOGICAL SITUATIONS 


Normal Wound Healing 


Immediately after wounding, a healing process that allows 
restoration of injured tissue occurs. Wound healing proceeds 
in three interrelated dynamic phases with overlapping time 
courses. According to morphological changes in the course 
of the healing process, these phases are described as the 
inflammatory phase, the proliferative phase for the devel- 
opment of granulation tissue, and the regeneration phase for 
maturation, scar formation, and re-epithelialization (Singer 
and Clark, 1999). The inflammatory phase begins with the 
damage of the capillaries, which triggers the formation of a 
blood clot of fibrin and fibronectin. This provisional matrix 
will fill in the lesion and will allow the different recruited 
cells to migrate into the lesion. Platelets present in the blood 
clot will release multiple chemokines that participate in the 
recruitment not only of inflammatory cells, neutrophils, and 
macrophages, but also of fibroblasts and endothelial cells. 
The second stage of wound healing is the proliferative phase. 
Active angiogenesis, which is critical for the wound healing 
process, allows the new capillaries to deliver nutrients to the 
wound and contributes to the proliferation of fibroblasts. In 
the granulation tissue, fibroblasts are activated and acquire 
a smooth muscle cell- like phenotype; they are consequently 


Figure 2 Transmission electron microscopy showing the classical organi- 
zation of granulation tissue. A small capillary, an inflammatory cell, and 
a typical myofibroblast containing microfilament bundles (one of which 
is illustrated in the inset), and a nucleus with indentations (a feature com- 
monly seen in contractile cells) embedded in a complex extracellular matrix 
are observed. (Reproduced by permission of Springer Science and Busi- 
ness Media from Desmouliére, A., and Gabbiani, G. (1996). The role of 
the myofibroblast in wound healing and fibrocontractive diseases. In The 
Molecular and Cellular Biology of Wound Repair, Clark RAF (Ed.), Plenum 
Press Corporation: New York, pp. 391- 423.) 


called myofibroblasts. These myofibroblastic cells synthesize 
and deposit the extracellular matrix components, which will 
replace the provisional matrix. These cells exhibit contractile 
properties, due to the expression of a-smooth muscle actin 
in microfilament bundles or stress fibres, playing a major 
role in the contraction and maturation of the granulation tis- 
sue (Hinz and Gabbiani, 2003a) (Figure 2). Presently, it is 
accepted that the myofibroblastic modulation of fibroblastic 
cells begins with the appearance of the proto-myofibroblast, 
whose stress fibres contain only B- and y-cytoplasmic actins. 
Proto-myofibroblasts evolve, but not necessarily always, into 
the differentiated myofibroblast, the most common variant of 
this cell, with stress fibres containing a-smooth muscle actin 
(for review, see Tomasek et al., 2002) (Figure 3). M yofibrob- 
lasts can, according to the experimental or clinical situation, 
express other smooth muscle cell contractile proteins, such 
as smooth muscle- myosin heavy chains or desmin; however, 
the presence of -smooth muscle actin represents the most 
reliable marker of the myofibroblastic phenotype (Tomasek 
et al., 2002). The third phase of healing, scar formation, 
involves a progressive remodelling of the granulation tissue. 
During this remodelling process, proteolytic enzymes, essen- 
tially matrix metalloproteinases (M M Ps), and their inhibitors 
(tissue inhibitor of metalloproteinases (TIM Ps)) play a major 
role (Visse and Nagase, 2003). The synthesis of extracellu- 
lar matrix is not totally stopped, but considerably reduced, 
and the synthesized components are modified. Progressively, 
collagen type III, the major component of the granulation 
tissue, is replaced by collagen type I, which is the main 
structural component of the dermis. Lastly, elastin, which 
contributes to skin elasticity and is absent in the granulation 
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Figure 3 Schematic illustration showing the evolution of the (myo)fibroblast phenotype. The myofibroblastic modulation of fibroblastic cells begins with 
the appearance of the proto-myofibroblast, whose stress fibres contain only B- and y-cytoplasmic actins and sometimes evolves into the appearance of 
the differentiated myofibroblast, the most common variant of this cell, with stress fibres containing a-smooth muscle actin (modified from Tomasek et al., 
2002). The myofibroblast can disappear by apoptosis; the deactivation leading to a quiescent phenotype has not been clearly demonstrated at least in vivo. 


tissue, will also reappear. In the resolution phase of heal- 
ing, the cell number is dramatically reduced by apoptosis of 
vascular cells and myofibroblasts (Desmouliére et al., 1995) 
(Figure 4). To date, it is not known if myofibroblasts can 
reacquire a quiescent phenotype. 


Pathological Repair 


In a few cases, a pathological wound healing course of 
events can be encountered (Desmouliére et al., 2003). These 
abnormal repair processes are the result of an impaired 
remodelling of the granulation tissue leading, for example, 
to abnormal cutaneous repair in hypertrophic or keloid scars. 
Keloid and hypertrophic scars differ by their expression of 
a-smooth muscle actin; indeed, in keloids, no a-smooth 
muscle actin is observed, whereas numerous myofibroblasts 
express this protein in hypertrophic scars, explaining the fact 
that contracture often appears specifically in hypertrophic 
scars (Ehrlich et al., 1994) (Figure 5). Moreover, keloids 
contain thick collagen fibres, whereas hypertrophic scars 
contain thin fibres organized in nodules. In these lesions, the 
normal healing process cannot be achieved. The granulation 
tissue continues to grow, due to an abnormal and excessive 
secretion of growth factors and/or to the lack of molecules 
inducing apoptosis or extracellular matrix remodelling. In 
excessive scarring, a focal upregulation of P53 expression, 
which probably inhibits apoptosis, has been observed (Ladin 
et al., 1998). Extracellular matrix modifications also seem to 
be an important factor for induction of the apoptotic process: 
in vivo, since covering granulation tissue by a vascularized 
skin flap induces an upregulation of MMPs together with 





Figure 4 Transmission electron microscopy of different granulation tissue 
participants during scar formation. (a) An apoptotic myofibroblast showing 
chromatin condensation; (b) in a capillary, an endothelial cell presenting 
typical chromatin condensation; (c) a macrophage with apoptotic bodies 
and numerous phagolysosomes (in the inset, an inclusion containing 
a-smooth muscle actin positive material revealed by immunogold electron 
microscopy is illustrated); (d) features of collagen degradation. (Reproduced 
by permission of the Wound healing Society from Garbin et al. (1996). 
Covering by a flap induces apoptosis of granulation tissue myofibroblasts 
and vascular cells. Wound Repair and Regeneration, 4, 244- 251.) 
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Figure 5 Excessive cutaneous scarring. (a) Typical hypertrophic scar 
observed after a burn showing contractures. (b) Immunohistochemistry for 
a-smooth muscle actin on a section of hypertrophic scar showing numerous 
myofibroblasts organized within a nodule. (c) Typical keloid. (Reproduced 
by permission of Masson from Costa et al. (2005). Cicatrices anormales. 
Cicatrisations excessives: aspects fondamentaux. In Plaies et Cicatrisations, 
Meaume, S, Dereure O, Téot L (Eds), Masson, Paris, pp 57-59. 


a TIMP decrease, leading to a rapid loss of granulation- 
tissue cells by apoptosis (Darby et al., 2002); in vitro, since 
the matrix environment can modulate fibroblast apoptosis 
(Fluck et al., 1998). Furthermore, in hypertrophic scars, the 
mechanical forces obtained by compression of the scar are 
able to restore the classical organization observed in normal 
wounds and trigger the disappearance of myofibroblasts by 
apoptosis (Costa et al., 1999). 

In internal organs, after an acute and moderate lesion, the 
injured tissue is almost completely restored. The repair pro- 
cess involved is globally similar to the process observed in 
cutaneous wounding. When the noxious stimulus responsi- 
ble for the lesions persists, an excessive extracellular matrix 
deposition can be observed. This excess extracellular matrix 
deposition leads to the development of organ fibrosis. For 
example, in the liver, several chronic diseases (chronic viral 
hepatitis, alcoholic disease, cholestasis, etc.) are responsible 
for the development of an important fibrosis whose ulti- 
mate stage, cirrhosis, has a substantial impact on morbidity 
and mortality. As in pathological cutaneous wounding, the 
installation and persistence of fibrosis are the consequence 


of an imbalanced extracellular matrix synthesis and degra- 
dation by the myofibroblasts. In this situation the balance of 
MM Ps/TIMPs plays an essential role. Throughout hepatic 
fibrogenesis, an increase of TIMP-1 and TIMP-2 expres- 
sion without any modification of MMP-1 is observed and 
this leads to matrix deposition. The fibrogenic cell activa- 
tion and proliferation is modulated by numerous cytokines. 
Transforming growth factor-81 (TGF-81) enhances fibrob- 
last differentiation, proliferation, and matrix secretion (K nit- 
tel et al., 1996). Interferons w and y inhibit hepatic fibrogenic 
cell proliferation and collagen synthesis (M allat et al., 1995). 
Experimentally, hepatocyte growth factor (HGF) also seems 
to have beneficial effects on hepatic fibrosis (Kim etal., 
2005). It is accepted that liver fibrosis is reversible, whereas 
cirrhosis is generally irreversible (Benyon and Iredale, 2000; 
Friedman and Bansal, 2006). Prevention of progression from 
fibrosis to cirrhosis is thus a major clinical goal that is only 
partly fulfilled by the current treatments of the causative dis- 
eases. The poor prognosis of cirrhosis is aggravated by the 
frequent occurrence of hepatocellular carcinoma. H epatocel- 
lular carcinoma can also develop much more rarely on a 
normal or only slightly fibrotic liver. 


Cytokines Involved in Myofibroblastic 
Differentiation 


Various cytokines and growth factors have been studied for 
their role in wound healing (Robson, 1997; Werner and 
Grose, 2003). Among all these soluble factors, some directly 
act on the granulation tissue formation and fibrogenic cell 
activation, especially TGF-81, a potent inducer of myofi- 
broblastic differentiation (D esmouliére et al., 1993). Beyond 
a specific effect on the induction of w-smooth muscle expres- 
sion, TGF-81 also promotes the deposition of large amounts 
of extracellular matrix; in fact, TGF-81 not only induces 
synthesis of extracellular matrix, particularly fibrillar colla- 
gens and fibronectin (Ignotz and M assagué, 1986), but also 
reduces MMP activity by promoting TIMP expression. It 
is important to note that TGF-61 action on myofibroblas- 
tic differentiation is possible only in the presence of ED-A 
fibronectin, which underlines the fact that extracellular matrix 
components play an important role in soluble factor activity 
(Serini et al., 1998). Granulocyte macrophage-colony stimu- 
lating factor stimulates macrophage proliferation and myofi- 
broblastic differentiation thus promoting granulation tissue 
formation (Rubbia-B randt et al., 1991; Vyalov et al., 1993). 
Endothelin also has a positive effect on differentiation and 
activation of myofibroblasts; this peptide induces myofibrob- 
last contraction and migration (Appleton et al., 1992). More 
recently, it has been shown that granulation tissue formation 
is modified by chemical denervation (Souza etal., 2005). 
This peripheral nervous system involvement in tissue repair 
has likewise been shown in the liver; in this organ, in an 
experimental model of fibrosis using carbon tetrachloride 
treatment, chemical denervation significantly reduced matrix 
deposition and myofibroblastic differentiation (Dubuisson 
et al., 2002). 
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Role of Mechanical Stress 


M yofibroblastic cells, because of their contractile properties 
and privileged relationships with extracellular matrix, can 
modify their activity depending on the mechanical environ- 
ment. Although it is an essential point, it still remains poorly 
investigated. It has been shown in gingival fibroblasts that 
a-smooth muscle actin expression induced by TGF-81 is 
regulated by the compliance of collagen gels on or in which 
they are cultured (Arora et al., 1999). Moreover, myofibrob- 
lastic differentiation features, such as stress fibres, ED-A 
fibronectin, or w-smooth muscle expression, appear earlier in 
granulation tissue subjected to an increase in mechanical ten- 
sion by splinting a full-thickness wound with a plastic frame 
as against normally healing wounds (Hinz etal., 2001). It 
has also been shown that fibroblasts cultured on substrates 
of variable stiffness present different phenotypes. Cultured 
fibroblasts do not express stress fibres on soft surfaces; when 
the stiffness of the substrate increases, a sudden change in 
cell morphology occurs and stress fibres appear (Wells, 2005; 
Yeung et al., 2005). More recently, it has been shown that 
shear forces exerted by fluid flow are able to induce TGF- 
61 production and differentiation of fibroblasts cultured in 
collagen gels in the absence of other exterior stimuli such as 
cytokine treatment (Ng et al., 2005). 


ORIGIN OF THE MYOFIBROBLAST 


M yofibroblasts can originate from various cell types as 
illustrated in Figure 6. The major contribution of the cells 
originates from local recruitment of connective tissue fibrob- 
lasts. For example, in skin, dermal fibroblasts located in the 
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Figure 6 Schematic illustration showing the different origins of the myofi- 
broblastic cells and their interactions with tumour cells and the extracellular 
matrix. Various cell types can acquire a myofibroblastic phenotype; these 
diverse origins lead to distinct myofibroblast subpopulations. M yofibrob- 
lastic phenotype can be modulated by interaction with tumour cells and/or 
with the extracellular matrix. 


subpopulations 





edges of the wound can acquire a myofibroblastic pheno- 
type and participate in tissue repair (Ross etal., 1970). In 
the liver, the role of hepatic perisinusoidal stellate cells has 
been widely studied and their key role during fibrogene- 
sis has been clearly demonstrated (Reeves and Friedman, 
2002). In the connective tissue, important cell heterogeneity 
in fibroblastic cell subpopulations has been observed. These 
subpopulations reside in different locations within the organ 
and present specific activation and deactivation properties. 
At least three subpopulations have been identified in the 
dermis: superficial dermal fibroblasts, reticular fibroblasts, 
which reside in the deep dermis, and fibroblasts associated 
with hair follicles. These cell subpopulations can be isolated 
and exhibit distinctive differences when cultured separately 
(Sorrell and Caplan, 2004). In the liver, mainly two subpop- 
ulations of fibrogenic cells have been described: (i) hepatic 
stellate cells, located in the space of Disse between the hep- 
atocytes and the sinusoidal endothelial cells, and (ii) the 
portal fibroblasts located in the connective tissue of portal 
tracts (Guyot et al., 2006). Moreover, vascular smooth mus- 
cle cells residing in the wall of portal vein branches and 
portal arteries have been implicated in fibrosis observed in 
chronic schistosomiasis (Andrade et al., 1999); and in dif- 
fuse cutaneous systemic sclerosis, microvascular pericytes 
constitute a cellular link between microvascular damage and 
fibrosis by transdifferentiating into myofibroblasts (Rajkumar 
et al., 2005). M oreover, today, the involvement of local mes- 
enchymal stem cells in tissue repair is discussed extensively. 
These progenitor cells have been described in the dermal 
sheath that surrounds the outside of the hair follicle facing 
the epithelial stem cells. They are involved in the regenera- 
tion of the dermal papilla and can also become wound healing 
(myo)fibroblasts after a lesion (Jahoda and Reynolds, 2001). 
Mesenchymal stem cells have not yet been described in the 
liver, but at the periphery of portal tracts, in Hering’s canals, 
epithelial stem cells have been described. The Hering’s canal 
represents the junction between hepatocytes and bile duct 
epithelial cells, and in this area, numerous proliferative cells 
are observed after a hepatic lesion. This area may constitute 
a niche not only for epithelial stem cells but also for mes- 
enchymal stem cells, and these two cell types may cooperate 
depending on the needs. This concept of a cell associa- 
tion, involved in the restitution of the different organ cell 
populations and forming a niche of stem cells, is currently 
discussed in diverse organs notably in the liver (T heise et al., 
1999; Saxena and Theise, 2004). Recent data have shown the 
implication of circulating cells, called fibrocytes, in the tis- 
sue repair process. Fibrocytes enter into injured skin together 
with inflammatory cells and acquire a myofibroblastic phe- 
notype (Abe et al., 2001). In post-burn scars, fibrocytes are 
recruited to the site of the lesion where they stimulate local 
inflammatory responses and produce extracellular matrix 
proteins thus contributing to hypertrophic scar formation 
(Yang et al., 2005). Fibrocytes are implicated in lung subep- 
ithelial fibrosis observed in asthma (Schmidt et al., 2003), 
and in renal fibrosis (Okada and Kalluri, 2005). Another 
type of circulating cell originating from the bone marrow 
participates in tissue repair. These mesenchymal stem cells 
are bone marrow - derived non-hematopoietic precursor cells 
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(Prockop, 1997; Pittenger et al., 1999) that contribute to the 
maintenance and regeneration of connective tissues through 
engraftment. Indeed, they have the capacity to engraft into 
several organs and to differentiate into wound healing myofi- 
broblasts. The engraftment in injured organs is modulated by 
severity of the damage (Direkze et al., 2003). Interestingly, 
very poor engraftment of intravenously administered mes- 
enchymal stem cells in healthy organs has been observed. 
In hepatic fibrosis, a significant proportion of myofibroblasts 
may originate from the bone marrow (Forbes etal., 2004). 
Recently, to examine the ontogeny of the wound fibroblast, 
bone marrow transplantation was performed on wild-type 
recipients from transgenic donors that express reporter genes 
(luciferase and B-galactosidase) under transcriptional control 
of the promoter/enhancer for the œ2 chain of type! collagen. 
After induction of a granulation tissue in transplanted mice, 
quantitative RT-PCR for the luciferase transgene and histo- 
chemistry/immunohistochemistry were performed to indicate 
that bone marrow - derived cells are recruited to the site of 
the lesion and participate in extracellular matrix deposition 
(Opalenik and Davidson, 2005). 

Though different experimental models have been devel- 
oped, until now, the exact origin of the (myo)fibroblastic cells 
involved in the formation of the stromal reaction observed in 
carcinomas is unknown. Obviously, local fibroblasts present 
in the connective tissue of the organ are involved. How- 
ever, it has also been shown that bone marrow - derived 
myofibroblasts contribute to the stromal reaction (Ishii et al., 
2003; Direkze etal., 2004, 2006). In the study by Ishii 
et al. (2003), the human pancreatic cancer cell line Capan-1, 
which induces desmoplastic stroma when xenotransplanted 
in severe combined immunodeficient (SCID) mice, was used 
to develop an animal model that would allow analysis of 
the pathogenesis of the cancer-induced stromal reaction. The 
authors used SCID mice as recipients after their bone mar- 
row had been reconstituted with bone marrow cells from 
-galactosidase transgenic and recombination activating gene 
1 deficient double-mutant mice. The results have shown that 
the stroma generated by such invasive cancer consisted of 
both bone marrow - derived and non- bone marrow - derived 
myofibroblasts and that bone marrow - derived myofibrob- 
lasts were incorporated into cancer-induced stroma mainly in 
the advanced stages rather than in the early stages of cancer 
development. 

All together, mesenchymal stem cells, fibrocytes, and 
bone marrow - derived cells may represent alternative sources 
of myofibroblasts when local fibroblasts are not able to 
comply with the request. These diverse cell types probably 
contribute to the appearance of myofibroblast subpopulations 
whose phenotype can be modulated by their interactions with 
neighbouring cells and the extracellular matrix (Figure 6). 


MYOFIBROBLASTS IN THE STROMA 


As defined above, tumoural stroma is a connective tissue 
composed of cells and the extracellular matrix, vessels and 


nerves. Cells are divided into permanent cells, notably fibrob- 
lasts and myofibroblasts, and leukocytes that are involved in 
immune responses. The roles of tumour stroma are equivocal 
between a host reaction or immunological defence against the 
tumour and enhancement of tumoural progression. M orpho- 
logically, tumour stroma gloves the tumour strands, follows 
the tumour progression with time and often replaces sur- 
rounding normal connective tissue. The myofibroblast is the 
main cell involved in chronic stromal reactions like tumour 
stroma. Many myofibroblasts are present in the stroma of 
various types of malignant tumours and are frequently local- 
ized at the front of invasion (De Wever and Mareel, 2003). 
As demonstrated above, myofibroblasts are involved in con- 
nective tissue remodelling by producing extracellular matrix 
components or by synthesizing proteases that degrade extra- 
cellular matrix or basement membrane as MMPs. On the 
other hand, myofibroblasts can be recruited from normal con- 
nective tissue fibroblasts, can migrate into the stroma, and 
can acquire contractile function. Depending on the tumour 
type, the tumour stroma can be inconspicuous, as shown in 
the main forms of malignant melanoma or hepatocellular car- 
cinoma, or desmoplastic as in scirrhous breast carcinoma. 
Recruitment and activity of myofibroblasts are dependent 
directly on the inflammatory response and indirectly on the 
tumour stimulation. In this last case, stromal - tumour inter- 
actions are mainly paracrine. Interactions between tumour 
cells and myofibroblasts, leukocytes, or endothelial cells, 
contribute to the remodelling of the microenvironment and 
to tumour progression (growth, local spread, and metastasis). 
Sometimes, myofibroblasts stimulate invasiveness of tumour 
cells. Numerous cytokines are involved in these interactions, 
for example, TGF-£1 (involved in myofibroblast generation), 
platelet-derived growth factor (PDGF) (involved in desmo- 
plasia), vascular endothelial growth factor (involved in angio- 
genesis and desmoplasia), and HGF (involved in tumour cell 
motility). Tumour cell- myofibroblast interactions have com- 
mon features with the epithelial- mesenchyme interactions 
seen in morphogenesis. M echanisms of tumour survival and 
progression sometimes use methods similar to normal devel- 
opment. In the next two subchapters, we will illustrate these 
interactions between myofibroblasts and tumours with three 
examples of malignant tumours: hepatocellular carcinoma, 
cholangiocarcinoma, and basal cell carcinoma of the skin. 


THE STROMAL REACTION IN HEPATOCELLULAR 
CARCINOMA COMPARED WITH 
CHOLANGIOCARCINOMA 


Hepatocellular carcinomas (liver cell carcinoma) have 
numerous aetiologies, notably chronic B and C virus 
infection or chronic alcohol abuse (see also Liver, 
Gallbladder, and Extrahepatic Bile Ducts). Often, 
hepatocellular carcinomas arise in livers showing cirrhosis; 
cirrhosis from whatever cause, is in itself a precancerous 
condition (Figure 7). 

Depending on the degree of differentiation, the tumour is 
composed of large anastomosing plates and acini of malig- 
nant hepatocytes surrounded by capillaries. Except in rare 
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Figure 7 Chronic lesion in the liver leading to the development of 
fibrosis/cirrhosis in which hepatocellular carcinoma frequently develops. 
Alcohol abuse or viral hepatitis induces liver fibrogenesis characterized 
by the excessive deposition of extracellular matrix: gross appearance 
of a cirrhotic liver showing fibrous bands separating islets of the liver 
parenchyma; enlargements of the inset show a tissue section of the cirrhotic 
liver stained with M asson’s trichrome exhibiting fibrous septae (blue colour) 
surrounding regenerative nodules (immunohistochemistry for a-smooth 
muscle actin shows the presence of myofibroblasts secreting extracellular 
matrix in the fibrous septae). A hepatocellular carcinoma (HCC) is seen, 
developing within the cirrhotic liver. 





forms of scirrhous or fibrolamellar hepatocellular carcinoma, 
tumour stroma is scanty. Sometimes the tumour is encap- 
sulated. Often, the tumour stroma is mixed with the fibrous 
stroma of the surrounding cirrhosis. Microscopically, at low 
magnification, tumour stroma seems to be organized like the 
connective tissue surrounding the normal liver parenchyma. 
At high magnification or ultrastructurally, there are impor- 
tant modifications. The vessels surrounding the tumour plates 
are not sinusoids, but continuous capillaries with a con- 
tinuous basement membrane. They contain fewer K upffer 
cells than normal liver (Liu et al., 2003). The space between 
endothelial cells and the tumour hepatocytes does not contain 
hepatic stellate cells, but has cells expressing myofibroblastic 
features like -smooth muscle actin (Figure 8). The extracel- 
lular matrix is remodelled with more deposition of collagen, 
notably collagen type 1 (Faouzi et al., 1999), fibrillin-1 and 
de novo expression of elastin (Dubuisson et al., 2001). In 
the tumour stroma, myofibroblasts can be derived locally 
from the surrounding cirrhosis or from hepatic stellate cells 
and/or portal fibroblasts; however, as discussed previously, 
myofibroblasts could also notably be derived from bone 
marrow - derived mesenchymal stem cells. M yofibroblasts 
are involved in the remodelling of the extracellular matrix: 
(i) they synthesize the extracellular matrix (Faouzi et al., 
1999; Le Bail et al., 1999; Dubuisson et al., 2001) and (ii) 
they degrade extracellular matrix with proteinases, like uroki- 
nase or MMPs (Monvoisin etal., 1999; Dubuisson et al., 
2000; Monvoisin et al., 2002). Interactions between malig- 
nant hepatocytes and stromal cells are complex. Tumour 
cells can recruit myofibroblasts locally or by migration from 
the transdifferentiated stromal cells. Numerous ways have 
been studied. Some growth factors or cytokines are involved 

















Figure 8 Hepatocellular carcinoma. (a) Gross appearance of a typical case of hepatocellular carcinoma arising in a cirrhotic liver. (b) Large plates 
of malignant hepatocytes are surrounded by capillaries (hemalum-eosin-saffron histochemistry). (c) Extracellular matrix of the tumour stroma is scanty 
(Masson's trichrome histochemistry blue strands). (d) Some myofibroblasts are present between the tumour plates and the capillaries (immunohistochemistry 


for w-smooth muscle actin). 
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in activation and recruitment of stromal cells, like TGF- 
61 or PDGF (Faouzi etal., 1999). As shown by Leyland 
et al. (1996) using non-malignant hepatocytes, degradation 
of the extracellular matrix by the tumour cell proteinases can 
indirectly activate stromal cells. On the other hand, stromal 
myofibroblasts can enhance tumoural invasiveness, notably 
by expression of HGF (Neaud etal., 1997; Neaud etal., 
2000) or by secretion of M M Ps (Yamamoto et al., 1997). 

Bile duct carcinoma (cholangiocarcinoma) is less common 
than hepatocellular carcinoma. The tumour is composed of 
tubular adenocarcinoma set in an abundant fibrous stroma. 
Three main forms are separated in accordance with the loca- 
tion of the tumour in the liver and on the extrahepatic bile 
tree: intrahepatic or peripheral bile duct carcinoma (cholan- 
giocarcinoma), hilar adenocarcinoma (K latskin tumour), and 
carcinoma of the extrahepatic bile ducts. 

Unlike hepatocellular carcinoma, the stroma is abundant; 
sclerous, sometimes with calcification that may be exten- 
sive, submerging the scanty tumour tubules in cholangio- 
carcinoma (Figure 9). The number of myofibroblasts is ele- 
vated in the intratumour stroma and is correlated with the 
degree of tumour fibrosis (Terada et al., 1996a). Surround- 
ing the tumour, hepatic stellate cells and/or portal fibroblasts 
acquire expression of a-smooth muscle actin and seem in 
direct continuity with intratumour myofibroblasts (Terada 
etal., 1996a). They are involved in deposition of extra- 
cellular matrix and in remodelling (Okamura et al., 2005). 
Stromal cells express MM P-1, MMP-2, MMP-3, MMP-9, 
or tissue inhibitors of MMPs, TIMP-1, and TIMP-2 (Ter- 
ada et al., 1996b). This expression of MMPs and TIMPs is 
stronger in cholangiocarcinomas with severe invasion (Ter- 
ada et al., 1996b). 

















Because of the lack of a good animal model, the 
pathogenesis of the stromal reaction in human hepatocellu- 
lar carcinoma has remained unclear. Different models have 
been proposed to study hepatocellular carcinoma devel- 
opment. However, in most of them, the stromal reaction 
is practically absent. Recently, using a model associat- 
ing diethylnitrosamine exposure and N-nitrosomorpholine 
treatment, our colleagues have observed that hepatocellu- 
lar carcinoma cells (HCC) were surrounded by a stro- 
mal reaction resembling that observed in humans (Taras 
et al., 2006). In cholangiocarcinoma, models using thioac- 
etamide have been developed, mimicking the multi-stage 
progression of human cholangiocarcinoma correctly 
(Jan et al., 2004; Yeh et al., 2004) (see Models for Liver 
Cancer). 


THE STROMAL REACTION IN BASAL CELL 
CARCINOMA 


Basal cell carcinomas are the most common cutaneous 
tumours (Casson, 1980) (see also Skin). Tumours are com- 
posed of dermal nests, cords, and islands of atypical basaloid 
cells, which are surrounded by a stroma. Depending on the 
aspects of the tumour cell islands, density of the stroma, and 
local aggressiveness of the tumour, different subtypes have 
been defined. 

The stroma is newly formed and is different from the adja- 
cent dermis. It contains fusiform stromal cells composed of 
fibroblasts and myofibroblasts which are clearly recognized 
by electron microscopy and immunohistochemistry (Nagao 





Figure 9 Cholangiocarcinoma. (a) Gross appearance of a typical case of intrahepatic cholangiocarcinoma showing important hyalin changes. (b) Tumour 
is composed of atypical tubule proliferation in an abundant stroma (hemalum-eosin-saffron histochemistry). (c) In the centre of the tumour, the stroma 
is fibrous and the tumour cells are inconspicuous (M asson’s trichrome histochemistry). (d) The tumour stroma contains numerous myofibroblasts which 
express a-smooth muscle actin (immunohistochemistry for a-smooth muscle actin). 
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Figure 10 Basal cell carcinoma. (a) gross appearance of a typical case of basal cell carcinoma of the neck showing an aspect of central ulceration/scar and 
an active peripheral border. (b) the epidermis is ulcerated by a dermal proliferation of basaloid cells with a nodular or invasive pattern (hemalum-eosin-saffron 
histochemistry). (c) a fibrous and cellular stroma surrounds the tumoral strands. Numerous myofibroblasts are present as bundles of fusiform cells 
(hemalum-eosin-saffron histochemistry). (d) myofibroblasts express -smooth muscle actin as shown here. Sometimes, tumour cells show a myoepithelial 


phenotype (immunohistochemistry for -smooth muscle actin)”. 


et al., 1986; Unden et al., 1996). These cells can remodel the 
extracellular matrix by production of different components of 
connective tissue, that is, hyaluronic acid, collagens, or base- 
ment membrane components, and/or by secretion of MM Ps, 
for example stromelysin-3 (Unden etal., 1996; Bertheim 
et al., 2004). Stromal cells contribute to enhance the tumour 
progression; indeed, all the features of the tumour stroma are 
amplified in aggressive tumours: (i) myofibroblasts are more 
numerous (DeRosa et al., 1994; Law et al., 2003, (ii) extra- 
cellular matrix is dense, notably in the sclerosing type, (iii) 
the basement membrane, which separates the tumour cells 
from the stroma, (Van Cawenberge et al., 1983) is discontinu- 
ous (DeRosa et al., 1994), and (iv) expression of stromelysin- 
3 is stronger (Unden et al., 1996). An example of an aggres- 
sive form is the morphea-like or fibrosing variant (Figure 10), 
which shows elongated tumour strands in a dense fibrous 
stroma resembling scirrhous carcinoma of the breast. 

Basal cell carcinomas are stroma dependent, and autotrans- 
plantation is unsuccessful if the stroma is not included (Hales 
et al., 1989; Van Scott and Reinertson, 1961). Bertheim 
et al. (2004) recommend, for a curative surgical procedure, 
removal of not only the epithelial tumour but also the tumour 
stroma. This stromal dependency is the most likely rea- 
son for the low incidence of metastasis of these tumours 
(Pollack et al., 1982). Stromal cells surrounding basal cell 
carcinoma can express TGF-61 and receptors for TGF-£, 
while fibroblasts of normal dermis or tumour cells do not 
express them (Furue et al., 1997). TGF-81 plays an impor- 
tant role in remodelling connective tissues. TGF-61 has a 
putative role in the proliferation of tumour cells: Stamp et al. 
(1993) have shown a correlation between expression of TGF- 
61 in the stroma, tumour proliferation index, and tumour 


aggressiveness. Another pathway in this epithelial- stromal 
interaction or “paracrine dialogue” is the PDGF system (Pon- 
ten et al., 1994): œ and 8 receptors are found on stromal cells 
and the A and B chains of PDGF are expressed by tumour 
epithelial cells. This appositional expression of PDGF and its 
receptors in epithelial/stromal tissues was described notably 
in hair development (Ponten et al., 1994; Orr-Urtreger and 
Lonai, 1992). This is another argument for the hypothesis 
that basal cell carcinomas arise from the lower layers of the 
epidermis or from the outer root sheath of the pilosebaceous 
unit (Pollack et al., 1982; Miller, 1991). Basal cell carcino- 
mas are composed of basaloid cells, which look like basal 
cells of the epidermis. Changes of the epidermis induced by 
altered stroma are well recognized notably in dermatofibroma 
(Requena et al., 1996). For example, some dermatofi bromas 
are characterized by a basaloid hyperplasia of the epidermis, 
which is interpreted by the underlying stroma as an induc- 
tion of proliferation of hair follicles with varying degrees 
of differentiation (Requena et al., 1996). Sometimes, a fol- 
licular differentiation is clearly observed in tumour buds of 
basal cell carcinomas. The cells in the basal cell carcinoma 
have many features in common with follicular epithelium, 
particularly follicular matrix cells (K ore-eda et al., 1998). 


THERAPEUTICS ACTING ON THE STROMAL 
REACTION 


The experimental evidence discussed earlier points to an 
important role of the myofibroblast in the promotion and 
regulation of epithelial malignant transformation and in 
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the maintenance of cancer progression, suggesting that the 
modulation of this cell, and consequently of the stromal 
reaction, could represent a hitherto unexplored therapeutic 
target for several cancer types (see Anti-angiogenic and 
Anti-stromal Therapy). 

Fibroblast activation protein (FAP) is a type Il membrane- 
bound serine protease exhibiting dipeptidyl peptidase and 
collagenase activities, and expressed on tumour stroma 
fibroblasts in more than 90% of all carcinomas (Garin-Chesa 
et al., 1990; Park et al., 1999). FAP serves as a diagnostic 
marker and represents a potential therapeutic target for 
treatment of a wide variety of carcinomas. Antibodies against 
FAP have been developed and could be a valuable tool 
in the analysis of the functional role of FAP in tumour 
biology as well as in the evaluation of the suitability of 
FAP for drug targeting (Brocks et al., 2001). More recently, 
Lee et al. (2005) have immunized mice against FAP using 
dendritic cells transfected with FAP messenger ribonucleic 
acid (mRNA); using melanoma, carcinoma, and lymphoma 
models, they show that tumour growth was inhibited in 
tumour-bearing mice vaccinated against FAP and that the 
magnitude of the anti-tumour response was comparable to 
that of vaccination against tumour cell- expressed antigens. 
These data were observed in the absence of unacceptable 
levels of autoimmune pathology. Interestingly, the authors 
mention that neither morbidity nor mortality was associated 
with anti-FA P vaccination except for a small delay in wound 
healing; this point underlines the close similarities between 
granulation tissue development during wound repair and 
abnormal stroma development during tumour growth. 

Furthermore, a therapeutic strategy that uses mesenchymal 
stem cells as cellular vehicles for the targeted delivery 
and local production of biological agents in tumours has 
been developed (Studeny et al., 2002). As underlined earlier, 
mesenchymal stem cells have been shown to contribute to 
tissue regeneration and to the formation of fibrous scars at 
the sites of injury, acquiring a myofibroblastic phenotype. 
Signals that mediate increased turnover and proliferation of 
connective tissue stromal cells in tumours may also mediate 
the engraftment and proliferation of mesenchymal stem cells 
in tumours (Studeny et al., 2004). Mesenchymal stem cells 
engrafted in tumours may act as precursors for stromal cells 
and can serve as cellular vehicles for the delivery and local 
production of biologic agents. 

These varied data show that new anticancer therapies tar- 
geting stromal cells, particularly (myo)fibroblasts, can be 
developed; moreover, the selective engraftment of mesenchy- 
mal stem cells in the tumour stroma represents an important 
issue for further clinical development. 


CONCLUSION AND PERSPECTIVES 


More and more evidence is presently available suggest- 
ing that many important biological phenomena depend on 
the concerted action of epithelial and stromal cells. This is 
particularly evident during development or pathological phe- 
nomena, such as wound healing or cancer initiation and pro- 
gression. The fibroblast/myofibroblast transition is accepted 


as the key event in the formation of granulation tissue during 
wound healing or fibrotic changes and during the evolu- 
tion of the stromal reaction. Together with blood vessels and 
infiltrating inflammatory cells, (myo)fibroblasts represent the 
“benign” tumour compartment. 

Recently, it has been shown that the selective inhibition of 
a-smooth muscle actin incorporation into stress fibres, which 
is the hallmark of myofibroblastic differentiation, by the 
administration of its N-terminal sequence NH2-EEED results 
in reduction of the tension exerted by cultured myofibrob- 
lasts on their substratum coupled with a significant decrease 
of collagen type | synthesis by the same cells (Hinz etal., 
2002). Moreover this sequence, administered as a fusion 
peptide (FP) with a cell penetrating sequence, produces a sig- 
nificant reduction in the contractile capacity of granulation 
tissue strips after endothelin-1 stimulation and a significant 
delay in the contraction of rat wounds splinted for 10 days 
and treated for the last 3 days with the FP (Hinz et al., 2002). 
The action of myofibroblasts in influencing tumour evolu- 
tion could be exerted through at least three mechanisms: 
(i) synthesis and expression of specific extracellular matrix 
components; (ii) mechanical remodelling of granulation tis- 
sue as well as transmission of tension to tumour cells with a 
mechanism involving the isometric contraction of a-smooth 
muscle actin containing stress fibres that is mediated through 
Rho/Rho-kinase; this force is then transmitted by vinculin 
and tensin containing focal adhesions which connect myofi- 
broblasts to the extracellular matrix and eventually to other 
cells (for review, see Hinz and Gabbiani, 2003b); and (iii) 
production of specific cytokines. The availability of a tool 
such as the FP capable of influencing at least the first two 
phenomena furnishes the opportunity for testing the roles of 
myofibroblasts and the participation of the stromal reaction 
in cancer development. 

It is now definitively accepted that a crosstalk between 
carcinomatous epithelial cells and adjacent stromal cell pop- 
ulations may lead to selection of a tumour microenvironment 
that further promotes tumour progression. In a mouse model 
of prostate carcinoma, Hill etal. (2005) have shown that 
tumour cells induce upregulation of p53 through a paracrine 
mechanism in stromal (myo)fibroblasts, which results in 
decreased (myo)fibroblast proliferation; this process creates 
a selective pressure that promotes the expansion of a highly 
proliferative subpopulation of (myo)fibroblasts that lack p53 
and contribute to tumour progression. Then, coevolution 
of the stromal compartment with selection of genetically 
altered cells can occur because of oncogenic stress in the 
epithelium. Again, this study illustrates the interdependent 
signalling that controls the stromal - epithelial regulation in 
cancer. As mentioned earlier, this type of observation under- 
lines the potential importance of developing cancer therapies 
that target the stromal compartment as a means to prevent 
acceleration or possibly even suppress tumourigenesis (Hill 
et al., 2005). 

Finally, in the metastatic process, it seems that the nature 
of the connective tissue environment in different tissues 
determines which tissue will be capable of providing a 
favourable environment for the seeding and growing of 
metastases. In conclusion, at present, the old and never fully 
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proven possibility of epithelial- stroma cooperation in many 
biological and pathological phenomena appears more and 
more likely. Together with blood vessels and infiltrating 
inflammatory cells, the myofibroblast represents a good can- 
didate for playing an important role in such an interaction; 
thus the recently described possibility of modulating myofi- 
broblast behaviour using new tools provides the opportunity 
to explore the role of this cell and of the stromal reaction in 
fibrotic changes and tumour evolution for the first time. 


ACKNOWLEDGEMENTS 


This work was supported in part by Région Aquitaine. 
Christelle Guyot was recipient of a fellowship from Région 
Aquitaine. We are very grateful to Prof. P. Bioulac-Sage, 
Service d’Anatomie Pathologique, H 6pital Pellegrin, Prof. C. 
Balabaud, Service d'H épatologie, Hôpital Saint-A ndré, Prof. 
A. Taieb, Service de Dermatologie, Hôpital Saint-André, 
C.H.U. Bordeaux, France, for the illustrations of pathological 
cases. 


REFERENCES 


Abe, R., et al. (2001). Peripheral blood fibrocytes: differentiation pathway 
and migration to wound sites. J ournal of Immunology, 166, 7556 - 7562. 

Andrade, Z., et al. (1999). M yofibroblasts in schistosomal portal fibrosis of 
man. Memorias do Instituto Oswaldo Cruz, 94, 87-93. 

Appleton, I., et al. (1992). Effect of endothelin-1 on croton oil-induced 
granulation tissue in the rat. A pharmacologic and immunohistochemical 
study. Laboratory Investigation, 67, 703- 710. 

Arora, P. D., etal. (1999). The compliance of collagen gels regulates 
transforming growth factor-6 induction of a-smooth muscle actin in 
fibroblasts. American J ournal of Pathology, 154, 871- 882. 

Benyon, R. C. and Iredale, J. P. (2000). Is liver fibrosis reversible? Gut, 
46, 443- 446. 

Bertheim, U., et al. (2004). The stromal reaction in basal cell carcinomas. 
A prerequisite for tumour progression and treatment strategy. British 
Journal of Plastic Surgery, 57, 429- 439. 

Brocks, B., etal. (2001). Species-crossreactive scFv against the tumor 
stroma marker “fibroblast activation protein” selected by phage display 
from an immunized FAP-/- knock-out mouse. Molecular Medicine, 7, 
461- 469. 

Carmeliet, P. and Jain, R. K. (2000). Angiogenesis in cancer and other 
diseases. Nature, 407, 249- 257. 

Casson, P. (1980). Basal cell carcinoma. Clinics in Plastic Surgery, 7, 
301-311. 

Costa, A., et al. (1999). M echanical forces induce scar remodeling. Study in 
non-pressure-treated versus pressure-treated hypertrophic scars. American 
Journal of Pathology, 155, 1671- 1679. 

Costa, A., etal. (2005). Cicatrices anormales. Cicatrisations excessives: 
aspects fondamentaux, in Meaume, S., etal. (eds), Plaies et 
Cicatrisations, pp 57-59. Masson, Paris, France. 

Coussens, L. M. and Werb, Z. (2002). Inflammation and cancer. Nature, 
420, 860- 867. 

Darby, l., et al. (2002). Skin flap-induced regression of granulation tissue 
correlates with reduced growth factor and increased metalloproteinase 
expression. The J ournal of Pathology, 197, 117- 127. 

DeRosa, G., etal. (1994). Fibronectin, laminin, type IV collagen 
distribution, and myofibroblastic stromal reaction in aggressive 
and nonaggressive basal cell carcinoma. The American Journal of 
Dermatopathology, 16, 258 - 267. 


Desmouliére, A. and Gabbiani, G. (1996). The role of the myofibroblast in 

wound healing and fibrocontractive diseases, in Clark, R. A. F. (ed), The 

Molecular and Cellular Biology of Wound Repair, pp 391- 423. Plenum 

Press Corporation, New York. 

Desmouliére, A., et al. (1993). Transforming growth factor-61 induces 

a-smooth muscle actin expression in granulation tissue myofibroblasts 

and in quiescent and growing cultured fibroblasts. The Journal of Cell 

Biology, 122, 103- 111. 

Desmouliére, A., etal. (1995). Apoptosis mediates the decrease in 

cellularity during the transition between granulation tissue and scar. 

American J ournal of Pathology, 146, 56- 66. 

Desmouliére, A., etal. (2003). Normal and pathological soft tissue 

remodeling~: role of the myofibroblast, with special emphasis on liver 

and kidney fibrosis. Laboratory Investigation, 83, 1689-1707. 

Desmouliére, A., et al. (2004). The stroma reaction myofibroblast: a key 

player in the control of tumor cell behavior. The International J ournal of 

Developmental Biology, 48, 509-517. 

De Wever, O. and Mareel, M. (2003). Role of tissue stroma in cancer cell 

invasion. The J ournal of Pathology, 200, 429 - 447. 

Direkze, N. C., et al. (2003). Multiple organ engraftment by bone-marrow- 

derived myofibroblasts and fibroblasts in bone-marrow-transplanted mice. 

Stem Cells, 21, 514-520. 

Direkze, N. C., et al. (2004). Bone marrow contribution to tumor-associated 

myofibroblasts and fibroblasts. Cancer Research, 64, 8492- 8495. 

Direkze, N. C., etal. (2006). Bone marrow-derived stromal cells 

express lineage-related messenger RNA species. Cancer Research, 66, 

1265 - 1269. 

Donjacour, A. A. and Cunha, G. R. (1991). Stromal regulation of epithelial 

function. Cancer Treatment and Research, 53, 335- 564. 

Dubuisson, L., etal. (2000). Expression and cellular localization of 

the urokinase-type plasminogen activator and its receptor in human 

hepatocellular carcinoma. The J ournal of Pathology, 190, 190-195. 

Dubuisson, L., et al. (2001). Expression and cellular localization of fibrillin- 

1 in normal and pathological human liver. Journal of Hepatology, 34, 

514-522. 

Dubuisson, L., etal. (2002). Inhibition of liver fibrogenesis through 

noradrenergic antagonism. Hepatology, 35, 325- 331. 

Dvorak, H. F. (1986). Tumors: wounds that do not heal. Similarities between 
tumor stroma generation and wound healing. The New England J ournal 
of Medicine, 315, 1650- 1659. 

Ehrlich, H. P., etal. (1994). Morphological and immunochemical 
differences between keloid and hypertrophic scar. American J ournal of 
Pathology, 145, 105 - 113. 

Elenbaas, B. and Weinberg, R. A. (2001). Heterotypic signalling 
between epithelial tumor cells and fibroblasts in carcinoma formation. 
Experimental Cell Research, 264, 169- 184. 

Faouzi, S., et al. (1999). Activation of cultured rat hepatic stellate cells by 
tumoral hepatocytes. Laboratory Investigation, 79, 485- 493. 

Fluck, J., etal. (1998). Normal human primary fibroblasts undergo 
apoptosis in three-dimensional contractile collagen gels. The J ournal of 
Investigative Dermatology, 110, 153-157. 

Forbes, S. J., et al. (2004). A significant proportion of myofibroblasts are 
of bone marrow origin in human liver fibrosis. Gastroenterology, 126, 
955 - 963. 

Friedman, S. L. and Bansal, M. B. (2006). Reversal of hepatic fibrosis-fact 
or fantasy? Hepatology, 43, S82- S88. 

Furue, M., et al. (1997). Dysregulated expression of transforming growth 
factor b and its type-I and type-I! receptors in basal-cell carcinoma. 
International J ournal of Cancer, 71, 505-509. 

Garbin, S., et al. (1996). Covering by a flap induces apoptosis of granulation 
tissue myofibroblasts and vascular cells. Wound Repair and Regeneration, 
4, 244-251. 

Garin-Chesa, P., et al. (1990). Cell surface glycoprotein of reactive stromal 
fibroblasts as a potential antibody target in human epithelial cancers. 
Proceedings of the National Academy of Sciences of the United States of 
America, 87, 7235- 7239. 

Guyot, C., et al. (2006). Hepatic fibrosis and cirrhosis: the (myo)fibroblastic 
cell subpopulations involved. The International J ournal of Biochemistry 
and Cell Biology, 38, 135-151. 

Hales, S., etal. (1989). Identification of the origin of the cells in human 

basal cell carcinoma xenografts in mice using in situ hybridization. The 

British J ournal of Dermatology, 120, 351- 357. 








12 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


T 


ill, R., etal. (2005). Selective evolution of stromal mesenchyme with p53 
loss in response to epithelial tumorigenesis. Cell, 123, 1001- 1011. 
Hinz, B. and Gabbiani, G. (2003a). Cell-matrix and cell-cell contacts of 
myofibroblasts: role in connective tissue remodeling. Thrombosis and 
Haemostasis, 90, 993- 1002. 

Hinz, B. and Gabbiani, G. (2003b). M echanisms of force generation and 

transmission by myofibroblasts. Current Opinion in Biotechnology, 14, 

538 - 546. 

Hinz, B., etal. (2001). Mechanical tension controls granulation tissue 

contractile activity and myofibroblast differentiation. American J ournal 

of Pathology, 159, 1009 - 1020. 

Hinz, B., et al. (2002). The NH2-terminal peptide of alpha-smooth muscle 
actin inhibits force generation by the myofibroblast in vitro and in vivo. 
The J ournal of Cell Biology, 157, 657 - 663. 

gnotz, R. A. and Massagué, J. (1986). Transforming growth factor- 
B stimulates the expression of fibronectin and collagen and their 
incorporation into the extracellular matrix. The Journal of Biological 
Chemistry, 261, 4337- 4345. 

shii, G., et al. (2003). Bone-marrow-derived myofibroblasts contribute 
to the cancer-induced stromal reaction. Biochemical and Biophysical 
Research Communications, 309, 232 - 240. 

ahoda, C. and Reynolds, A. (2001). Hair follicle dermal sheath cells: 
unsung participants in wound healing. Lancet, 358, 1445- 1448. 

an, Y. Y., etal. (2004). Expression of epidermal growth factor 
receptor, apomucins, matrix metalloproteinases, and p53 in rat 
and human cholangiocarcinoma. Appraisal of an animal model of 
cholangiocarcinoma. Annals of Surgery, 240, 89- 94. 

elaska, A., etal. (1999). Fibroblast heterogeneity in physiological 
conditions and fibrotic disease. Springer Seminars in Immunopathology, 
21, 385 - 395. 

Kim, W. H. etal. (2005). Growth inhibition and apoptosis in 
liver myofibroblasts promoted by hepatocyte growth factor leads to 
resolution from liver cirrhosis. American Journal of Pathology, 166, 
1017- 1028. 

Knittel, T., et al. (1996). Transforming growth factor 61-regulated gene 
expression of Ito cells. Hepatology, 24, 352- 360. 

K ore-eda, S., et al. (1998). Basal cell carcinoma cells resemble follicular 
matrix cells rather than follicular bulge cells: immunohistochemical 
and ultrastructural comparative studies. The American Journal of 
Dermatopathology, 20, 362 - 369. 

Ladin, D. A., etal. (1998). p53 and apoptosis alterations in keloids and 

keloid fibroblasts. Wound Repair and Regeneration, 6, 28- 37. 

Law, A., etal. (2003). Actin expression in purely nodular versus nodular- 

infiltrative basal cell carcinoma. Journal of Cutaneous Pathology, 30, 

232- 236. 

Le Bail, B., et al. (1999). Osteonectin/SPARC is overexpressed in human 

hepatocellular carcinoma. The J ournal of Pathology, 189, 46-52. 

Lee, J., et al. (2005). Tumor immunotherapy targeting fibroblast activation 

protein, a product expressed in tumor-associated fibroblasts. Cancer 

Research, 65, 11156- 11163. 

Leyland, H., etal. (1996). The plasminogen-activating system in hepatic 

stellate cells. Hepatology, 24, 1172-1178. 

Liu, K., et al. (2003). Pathomorphological study on location and distribution 

of Kupffer cells in hepatocellular carcinoma. World Journal of 

Gastroenterology, 9, 1946- 1949. 

Mallat, A., etal. (1995). Interferon alfa and y inhibit proliferation and 

collagen synthesis of human Ito cells in culture. Hepatology, 21, 

1003- 1010. 

M iller, S. (1991). Biology of basal cell carcinoma (Part II). J ournal of the 

American Academy of Dermatology, 24, 161- 175. 

Monvoisin, A., etal. (1999). Direct evidence that hepatocyte growth 

factor-induced invasion of hepatocellular carcinoma cells is mediated by 

urokinase. J ournal of Hepatology, 30, 511-518. 

Monvoisin, A., et al. (2002). Involvement of matrix metalloproteinase type- 

3 in hepatocyte growth factor-induced invasion of human hepatocellular 

carcinoma cells. International J ournal of Cancer, 97, 157- 162. 

Mueller, M. M. and Fusenig, N. E. (2004). Friends or foes - bipolar 

effects of the tumour stroma in cancer. Nature Reviews. Cancer, 4, 

839- 849. 














Nagao, S., etal. (1986). Myofibroblasts in basal cell epithelioma: with 
special reference to the phagocytic function of myofibroblasts. J ournal 
of Cutaneous Pathology, 13, 261- 267. 

Neaud, V., etal. (1997). Human hepatic myofibroblasts increase 

invasiveness of hepatocellular carcinoma cells: evidence for a role of 

hepatocyte growth factor. Hepatology, 26, 1458- 1466. 

Neaud, V., etal. (2000). Paradoxical pro-invasive effect of the serine 

proteinase inhibitor tissue factor pathway inhibitor-2 on human 

hepatocellular carcinoma cells. The J ournal of Biological Chemistry, 275, 

35565 - 33569. 

Ng, C. P., etal. (2005). Interstitial fluid flow induces myofibroblast 
differentiation and collagen alignment in vitro. J ournal of Cell Science, 
118, 4731- 4739. 

Okada, H. and Kalluri, R. (2005). Cellular and molecular pathways that lead 
to progression and regression of renal fibrogenesis. Current Molecular 
Medicine, 5, 467- 474. 

Okamura, N., etal. (2005). Cellular and stromal characteristics in the 
scirrhous hepatocellular carcinoma: comparison with hepatocellular car- 
cinomas and intrahepatic cholangiocarcinomas. Pathology International, 
55, 724- 731. 

Opalenik, S. R. and Davidson, J. M. (2005). Fibroblast differentiation of 
bone marrow-derived cells during wound repair. The FASEB J ournal, 19, 
1561 - 1563. 

Orr-Urtreger, A. and Lonai, P. (1992). Platelet-derived growth factor-A 
and its receptor are expressed in separate, but adjacent cell layers of the 
mouse embryo. Development, 115, 1045- 1058. 

Park, J. E., etal. (1999). Fibroblast activation protein, a dual specificity 
serine protease expressed in reactive human tumor stromal fibroblasts. 
The J ournal of Biological Chemistry, 274, 36505 - 36512. 

Pittenger, M. F., etal. (1999). Multilineage potential of adult human 
mesenchymal stem cells. Science, 284, 143- 147. 

Pollack, S., etal. (1982). The biology of basal cell carcinoma: a review. 
Journal of the American Academy of Dermatology, 7, 569-577. 

Ponten, F., et al. (1994). Epithelial-stromal interactions in basal cell cancer: 
the PDGF system. The Journal of Investigative Dermatology, 102, 
304 - 309. 

Prockop, D. J. (1997). Marrow stromal cells as stem cells for 
nonhematopoietic tissues. Science, 276, 71- 74. 

Rajkumar, V. S., et al. (2005). Shared expression of phenotypic markers 
in systemic sclerosis indicates a convergence of pericytes and fibroblasts 
to a myofibroblast lineage in fibrosis. Arthritis Research and Therapy, 7, 
R1113- R1123. 

Reeves, H. L. and Friedman, S. L. (2002). Activation of hepatic stellate 
cells-a key issue in liver fibrosis. Frontiers in Bioscience, 7, 808 - 826. 
Requena, L., et al. (1996). Induction of cutaneous hyperplasia by altered 

stroma. The American J ournal of Dermatopathology, 18, 248- 268. 

Robson, M. C. (1997). The role of growth factors in the healing of chronic 
wounds. Wound Repair and Regeneration, 5, 12-17. 

Ross, R., et al. (1970). Wound healing and collagen formation. The origin 
of the wound fibroblast studied in parabiosis. The} ournal of Cell Biology, 
44, 645- 654. 

Rubbia-Brandt, L., etal. (1991). Locally applied GM-CSF induces the 
accumulation of a-smooth muscle actin containing myofibroblasts. 
Virchows Archiv, 60, 73 - 82. 

Saxena, R. and Theise, N. (2004). Canals of Hering: recent insights and 
current knowledge. Seminars in Liver Disease, 24, 43- 48. 

Schmidt, M., etal. (2003). Identification of circulating fibrocytes as 
precursors of bronchial myofibroblasts in asthma. J ournal of Immunology, 
171, 380- 389. 

Seemayer, T. A., etal. (1979). Myofibroblasts in the stroma of invasive 
and metastatic carcinoma: a possible host response to neoplasia. The 
American J ournal of Surgical Pathology, 3, 525-533. 

Serini, G., etal. (1998). The fibronectin domain ED-A is crucial for 
myofibroblastic phenotype induction by transforming growth factor- 61. 
The J ournal of Cell Biology, 142, 873- 881. 

Singer, A. J. and Clark, R. A. (1999). Cutaneous wound healing. The New 
England J ournal of Medicine, 341, 738- 746. 

Sorrell, J. M. and Caplan, A. 1. (2004). Fibroblast heterogeneity: more than 
skin deep. J ournal of Cell Science, 117, 667-675. 

Souza, B., etal. (2005). Sympathetic denervation accelerates wound 

contraction but delays reepithelialization in rats. Wound Repair and 

Regeneration, 13, 498-505. 





THE BIOLOGY OF TUMOUR STROMA 13 


Stamp, G., et al. (1993). Transforming growth factor-beta distribution in 
basal cell carcinomas: relationship to proliferation index. The British 
Journal of Dermatology, 129, 57- 64. 

Studeny, M., et al. (2002). Bone marrow-derived mesenchymal stem cells 
as vehicles for interferon-beta delivery into tumors. Cancer Research, 62, 
3603 - 3608. 

Studeny, M., etal. (2004). Mesenchymal stem cells: potential precursors 
for tumor stroma and targeted-delivery vehicles for anticancer agents. 
Journal of the National Cancer Institute, 96, 1593 - 1603. 

Taras, D., etal. (2006). Halofuginone suppresses lung metastasis of 
chemically-induced hepatocellular carcinoma in rats via MM P inhibition. 
Neoplasia, 8, 312- 318. 

Terada, T., et al. (1996a). Alpha-smooth muscle actin-positive stromal cells 
in cholangiocarcinomas, hepatocellular carcinomas and metastatic liver 
carcinomas. J ournal of Hepatology, 24, 706-712. 

Terada, T., etal. (1996b). Expression of immunoreactive matrix 
metalloproteinases and tissue inhibitors of matrix metalloproteinases 
in human normal livers and primary liver tumors. Hepatology, 23, 
1341 - 1344. 

Theise, N. D., et al. (1999). The canals of Hering and hepatic stem cells in 
humans. Hepatology, 30, 1425- 1433. 

Tomasek, J. J., et al. (2002). Myofibroblasts and mechano-regulation of 
connective tissue remodelling. Nature Reviews. Molecular Cell Biology, 
3, 349 - 363. 

Unden, A. etal. (1996). Stromelysin-3 mRNA associated with 
myofibroblasts is overexpressed in aggressive basal cell carcinoma and 
in dermatofibroma but not in dermatofibrosarcoma. The Journal of 
Investigative Dermatology, 107, 147- 153. 


Van Cawenberge, D., et al. (1983). Immunohistochemical localization of 
laminin, type IV and type V collagen in basal cell carcinoma. The British 
Journal of Dermatology, 108, 163-170. 

Van Scott, E. and Reinertson, R. (1961). The modulating influence of 
stromal environment on epithelial cells studied in human autotransplants. 
The J ournal of Investigative Dermatology, 39, 109-117. 

Visse, R. and Nagase, H. (2003). Matrix metalloproteinases and tissue 
inhibitors of metalloproteinases: structure, function, and biochemistry. 
Circulation Research, 92, 827- 839. 

Vyalov, S., etal. (1993). GM-CSF-induced granulation tissue formation: 
relationships between macrophage and myofibroblast accumulation. 
Virchows Archiv, 63, 231 - 239. 

Wells, R. G. (2005). The role of matrix stiffness in hepatic stellate cell 
activation and liver fibrosis. Journal of Clinical Gastroenterology, 39, 
158- 161. 

Werner, S. and Grose, R. (2003). Regulation of wound healing by growth 
factors and cytokines. Physiological Reviews, 83, 835- 870. 

Yamamoto, H., et al. (1997). Relation of enhanced secretion of active matrix 
metalloproteinases with tumor spread in human hepatocellular carcinoma. 
Gastroenterology, 112, 1290- 1296. 

Yang, L., et al. (2005). Identification of fibrocytes in postburn hypertrophic 
scar. Wound Repair and Regeneration, 13, 398- 404. 

Yeh, C. N., et al. (2004). Thioacetamide-induced intestinal-type cholangio- 
carcinoma in rat: an animal model recapitulating the multi-stage progres- 
sion of human cholangiocarcinoma. Carcinogenesis, 25, 631- 636. 

Yeung, T., et al. (2005). Effects of substrate stiffness on cell morphology, 
cytoskeletal structure, and adhesion. Cell Motility and the Cytoskeleton, 
60, 24- 34. 


The Links between Inflammation and 
Cancer 


Frances Balkwill!, K ellie A. Charles! and Alberto M antovani2 


1 Barts and The London, Queen Mary's Medical School, London, UK 
? Istituto Clinico Humanitas, Milan, Italy 


INTRODUCTION 


Inflammation is a crucial function of the innate immune 
system that protects against pathogens and initiates specific 
immunity. Acute inflammation is a rapid and self-limiting 
process: chemical mediators are induced in a tightly regulated 
sequence; immune cells move in and out of the affected area 
destroying infectious agents, repairing damaged tissue, and 
initiating a specific and long-term response to the pathogen. 
However, although acute inflammation usually resolves via 
an active process, this does not always happen. M any of the 
diseases of middle and old age may be driven, at least in part, 
by chronic, “smouldering”, unresolved and often subclinical 
inflammation. 

In the past 5 years or so there has been great interest in the 
role of chronic inflammatory processes in malignant disease. 
It appears that neoplastic tissue is a Darwinian microenviron- 
ment that selects for the type and extent of inflammation most 
favourable to tumour growth and progression. A cute inflam- 
mation triggered by exogenous administration of cytokines 
such as TNFa, IL-1, and also LPS has been known to pro- 
mote malignancy and metastasis under certain conditions 
(Balkwill and Mantovani, 2001). However, chronic local 
inflammatory reactions with little systemic manifestations 
are more relevant to the pathophysiology of most neoplastic 
conditions. 

The main areas of evidence that link cancer and inflamma- 
tion are summarized in Table 1. The cells and the chemical 
mediators that characterize chronic inflammatory processes 
are found in most human and experimental cancers; gen- 
eral or cell-specific gene inactivation of key inflammatory 
mediators influences neoplastic progression, and population- 
based studies link inflammatory disease or non-steroidal 
anti-inflammatory drug (NSAID) use with risk of some can- 
cers. If genetic damage is the match that lights the fire of 
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cancer, inflammation can be considered as a fuel that feeds 
the flame (Figure 1). 


CHRONIC INFLAMMATION INCREASES RISK 
OF CANCER 


Diverse agents can trigger the inflammation associated with 
human cancer as summarized in Table 2. To take one exam- 
ple, the pathogenesis of human gastric cancer begins with 
Helicobacter pylori-induced chronic superficial gastritis, 
progressing towards atrophic gastritis, intestinal metapla- 
sia, dysplasia, and gastric cancer (Matysiak-Budnik and 
Megraud, 2006). The mechanisms by which this bacte- 
rially induced chronic inflammation causes gastric cancer 
include induction of oxidative stress, perturbation of the ratio 
between proliferation and apoptosis in epithelial cells, and 
secretion of inflammatory cytokines. These links are also 
present in murine models of gastric cancer (Houghton et al., 
2004), and similar mechanisms are seen in animal models 
of liver (cholangitis) (Pikarsky et al., 2004) and colon (col- 
itis) (Greten et al., 2004) cancer. In these, and in genetic, 
transplantable, and carcinogen-induced animal cancer models 
(M oore et al., 1999; Arnott et al., 2002; M aeda et al., 2005), 
the cells and mediators of chronic inflammation act as tumour 
promoters at distinct phases of malignant progression. 


THE IMMUNE CELLS THAT MEDIATE CHRONIC 
INFLAMMATION ARE FOUND IN CANCERS 


Tumour stroma comprises fibroblasts, adipocytes, vascular 
and lymphatic endothelial cells, and smooth muscle cells sur- 
rounding the blood vessels. In addition, there are significant 
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populations of infiltrating leukocytes both in this supporting 
stroma and among the tumour cells, with macrophages, den- 
dritic cells, mast cells, and T cells differentially distributed 
in tumour and stromal areas (Balkwill and Mantovani, 2001; 
Coussens and Werb, 2002; Nakayama et al., 2004). 
Macrophages are key cells in chronic inflammation and 
form a large part of the tumour mass in many malignan- 
cies (Condeelis and Pollard, 2006). Macrophages respond 
to microenvironmental signals with polarized genetic and 
functional programmes (Mantovani etal., 2002; Gordon, 
2003). M1 macrophages are involved in type 1 reactions 
and are classically activated by microbial products, killing 


Table 1 The links between cancer and inflammation. 


Chronic inflammation increases risk of cancer and many cancers arise at 
sites of chronic inflammation 


The immune cells that mediate chronic inflammation are found in cancers 
and promote tumour growth in cell transfer experiments. 


The chemical mediators that regulate inflammation are produced by 
cancers 


Deletion or inhibition of inflammatory mediators and/or cells inhibits 
development of experimental cancers 


Long-term use of non-steroidal anti-inflammatory agents reduces risk of 
some cancers 


Table 2 Inflammatory conditions that predispose to cancer. 


Malignancy Inflammatory stimulus 





Schistosomiasis 
H. pylori - induced gastritis 


Bladder cancer 
Gastric cancer 





MALT lymphoma H. pylori 

Hepatocellular carcinoma Hepatitis virus (B and C) 
K aposi’s sarcoma HHV8 

Bronchial carcinoma Silica 

M esothelioma Asbestos 

Bronchial carcinoma Asbestos 


Ovarian cancer Salpingitis/talc/ovulation/ 
endometriosis 

Inflammatory bowel disease 
Barrett’s metaplasia 
Thyroiditis 

Prostatitis 


Colorectal cancer 
Oesophageal cancer 
Papillary thyroid carcinoma 
Prostate cancer 


Inflammation 








Genettic 
predisposition 


Cytokines 


3 


Genetic 
alterations 


micro-organisms and producing reactive oxygen and nitrogen 
intermediates. In contrast, M 2 cells, involved in type 2 reac- 
tions (M antovani et al., 2002; M antovani et al., 2004b), tune 
inflammation and adaptive immunity; promote cell prolifera- 
tion by producing growth factors and products of the arginase 
pathway (ornithine and polyamines); scavenge debris by 
expressing scavenger receptors; promote angiogenesis; and 
orchestrate tissue remodelling or repair. M1 and M 2 cells are 
extremes in a continuum of functional states. For instance, 
different forms of M2 cells have been described sharing an 
IL-12-low/IL-10-high phenotype with variable capacity to 
produce TNF, IL-1, and IL-6 (Mantovani et al., 2004a). 

Tumours are diverse and so are their associated inflamma- 
tory reactions. When associated with established neoplasia, 
inflammation is usually polarized in a type 2 direction. 
As stated in the preceding text, these tumour-associated 
macrophages (TAM) are a major component of this leuko- 
cyte infiltrate, accumulating in hypoxic areas of tumours 
(Bingle et al., 2002; Pollard, 2004) due to HIF-1-dependent 
upregulation of the chemokine receptor CX CR4 (Schioppa 
et al., 2003). TAM are initially recruited by inflammatory 
CC chemokines (eg., CCL2), recruitment and survival is 
sustained by cytokines present in the tumour microenviron- 
ment (e.g, CSFs, VEGF-A). In response to cytokines such 
as TGF£, IL-10, and M-CSF, TAM acquire M2 proper- 
ties, promoting tumour proliferation and progression, stroma 
deposition, and remodelling while inhibiting adaptive immu- 
nity (Obermueller et al., 2004; Wyckoff et al., 2004; Pollard, 
2004; Condeelis and Pollard, 2006). Stimulation of haeman- 
giogenesis and lymphoangiogenesis by VEGF-A is at least in 
part indirect, via macrophage recruitment (Cursiefen et al., 
2004). In vitro co-culture models are also providing insights 
into the role of TAM and give evidence of two-way commu- 
nication. On one hand, macrophages can enhance the ability 
of tumour cells to invade in a TNFa- and NF-«B-dependent 
manner (Hagemann et al., 2005). On the other hand, tumour 
cells can alter the phenotype of macrophages in co-culture 
via a dynamic chemical conversation that leads to a sur- 
face phenotype similar to that seen in murine and human 
tumours (Hagemann et al., 2006). Once again TNFa sig- 
nalling is important in at least part of this process. 


Damage DNA-repair 


Angiogenesis 


Tumour growth 
progression 


Figure 1 


If genetic damage is the match that lights the fire of cancer, inflammation is the fuel that feeds the flames. 
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This general view of TAM is supported by cell transfer 
or depletion experiments, gene modified mice, and associa- 
tion between high macrophage content and poor prognosis 
in many (though not all) human tumours (Lin etal., 2001; 
Robinson etal., 2003; Bingle etal., 2002; Condeelis and 
Pollard, 2006; Sica etal., 2006). A prognostic study of 
patients with advanced follicular lymphoma is of particu- 
lar interest regarding macrophages in human cancer. From 
an analysis of 191 pretreatment biopsies, gene expression 
signatures were sought that would predict prognosis (Dave 
et al., 2004). A gene expression signature was identified that 
was strongly associated with a poor prognosis. This primarily 
comprised genes associated with macrophages and/or follic- 
ular dendritic cells (Dave et al., 2004). Further analysis of 
biopsies from 91 patients showed that the macrophage con- 
tent of a pretreatment biopsy was an independent predictor of 
overall survival (Farinha et al., 2005); patients with a large 
macrophage infiltrate in their pretreatment biopsies having 
the worst prognosis. 

TAM may also be involved in the inhibition of effective 
antitumour T-cell-dependent immunity. This may occur in a 
number of ways, including production of immunosuppressive 
indoleamine dioxygenase (IDO) metabolites by TAM and 
immature myeloid cells (Bronte et al., 2003); inhibition of 
dendritic cells (DC) maturation by IL-10, TGF, and M- 
CSF; and attraction of T-regulatory cells (Treg) to the tumour 
site (Curiel et al., 2004; Hori et al., 2003; Woo et al., 2002). 
Treg cells possess a characteristic anergic phenotype and 
strongly suppress the activity of effector T cells and other 
inflammatory cells, such as monocytes, via mediators such 
as TGF£ and IL-10. 

In support of these data there is some evidence that 
infiltrating cytotoxic T cells are associated with a good 
prognosis. Referring again to the lymphoma study reported 
in the preceding text (Dave et al., 2004), a good prognostic 
gene expression signature appeared to be derived from 
reactive T cells in the biopsies. Furthermore, in ovarian 
cancer, the extent of the intratumoural T-cell infiltrate was 
positively associated with increased overall survival (Zhang 
et al., 2003). 

However, in most cancers, the Treg cells are thought 
to predominate. T-cell-derived TGF£ inhibits an IL-6- 
dependent signalling cascade that promotes colon cancer 
carcinogenesis (Becker et al., 2004), and genetic inactiva- 
tion of the TGF £ axis has long been known to be involved 
in neoplastic transformation. On the other hand TGF £ sup- 
presses adaptive immunity and mediates the action of Treg 
cells, and inhibition of TGF 6 or IL-10 can under certain con- 
ditions promote the activation affecting antitumour specific 
immunity (Vicari et al., 2002; Terabe et al., 2003). 

Suppression of T-cell-mediated antitumour activity by 
Treg cells is associated with increased tumour growth. 
In advanced ovarian cancer, an increase in Treg cells 
present in ascites was predictive of reduced survival (Curiel 
et al., 2004). 

Another model in which the tumour-promoting role of the 
adaptive immune system has been identified is a genetic 
model of skin cancer in which the HPV16 oncogene is 
expressed by keratinocytes (de Visser et al., 2005, 2006). 


These transgenic mice develop squamous cell cancer that 
is preceded by chronic infiltration of innate immune cells 
into the stromal tissue. The development of skin tumours 
was inhibited in mice lacking mast cells. M ast cells are also 
found in human tumours, and there is other direct evidence 
that they have a pro-tumour function (Coussens et al., 1999; 
Nakayama et al., 2004). 

However, and rather unexpectedly, crossing HPV 16 trans- 
genic mice to a Rag 2~/~ T- and B-cell-deficient background 
also abolished inflammation and development of squamous 
cell carcinomas (de Visser et al., 2005). Adoptive transfer of 
B lymphocytes or serum from HPV 16 mice restored chronic 
inflammation and the angiogenesis necessary for develop- 
ment of the malignant phenotype. Similarly adoptive transfer 
of CD4+CD45RB" pro-inflammatory lymphocytes (which 
induce inflammatory bowel disease in mice) also promoted 
mammary and intestinal carcinogenesis in Apc™/+ mice 
(Rao etal., 2006) that are genetically susceptible to these 
malignancies. The tumour-promoting effect was abrogated by 
neutralization of the inflammatory cytokine TNFa (see next 
section) or adoptive transfer of CD4+CD45RB!™ regula- 
tory lymphocytes. This is a convincing parallel between two 
diseases - the experiments show us that effector cell subtypes 
of the adaptive immune system that can cause an inflamma- 
tory disease can also increase susceptibility to cancer. 

However, the role of cells of the innate and adaptive sys- 
tem in cancer is indeed paradoxical. In the same transgenic 
mice that developed cervical cancer rather than skin can- 
cer because of hormonal manipulation, depletion of CD4* 
T cells increased cancer incidence (de Visser et al., 2006). 

The innate immune response that underlies inflamma- 
tory reactions is key to initiation and orientation of specific 
immunity. Specific IF N-y-dependent Th; immunity protects 
against certain tumours in a process called immunoediting 
(Dunn etal., 2004). Dendritic cells play an essential role 
in the activation of specific immunity and infiltrate neo- 
plastic tissues in response to tumour-derived chemokines 
(Mantovani etal., 2002). However, tumour-associated den- 
dritic cells have an immature phenotype, probably because 
of inhibitory cytokines in the tumour microenvironment, and 
promote T-cell anergy to tumour antigens and Treg activity. 


THE CHEMICAL MEDIATORS THAT REGULATE 
INFLAMMATION ARE PRODUCED BY CANCERS 


The microenvironment of many human and murine can- 
cers is rich in cytokines, chemokines, and inflammatory 
enzymes that play important roles in paracrine and autocrine 
intercellular communication (Balkwill and Mantovani, 2001; 
Balkwill, 2004; Robinson and Coussens, 2005). 


Tumour Necrosis Factor Alpha 
Of particular interest is TNFa, a pivotal cytokine in inflam- 


matory reactions. Induced by a wide range of pathogenic 
stimuli, TNFa itself induces other inflammatory mediators 
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and proteases that orchestrate inflammatory responses (B alk- 
will, 2002; Szlosarek et al., 2006). True to its name, high 
doses of locoregional TNFa causes haemorrhagic necrosis 
and can stimulate antitumour immunity. However, there is 
increasing evidence that TNFa is also produced by cancers 
and can act as an endogenous tumour promoter (Balkwill, 
2002; Szlosarek et al., 2006). 

General or cell selective deletion or inhibition of TNFa 
reduces the incidence of experimental cancers. For instance, 
Tnfaw-/- and Tnfr1-/~ mice are resistant to chemically 
induced carcinogenesis of the skin (Moore etal., 1999; 
Arnott etal., 2004), Tnfrl-/~ mice are resistant to chem- 
ical carcinogenesis of the liver (Knight etal., 2000) and 
development of liver metastasis of experimental colon cancer 
(Kitakata et al., 2002). TNFa drives a lymphoproliferative 
disorder in Fasl~/~ mice (Korner etal., 2000), and inhi- 
bition of stromal cell TNFa decreases the incidence of 
inflammation-induced liver tumours (Pikarsky et al., 2004). 
As stated in the preceding text, TNFa is a key cytokine in 
inflammatory cascades. It is released or synthesized de novo 
within minutes or a few hours of an appropriate stimulus 
and is capable of orchestrating production of a wide range of 
other inflammatory mediators. To give one example, response 
of an epithelial cancer cell line to TNFa was assessed by 
over 8000 intracellular protein measurements. The extracel- 
lular signals induced by TNFa were defined as a complex 
autocrine cascade with a time-dependent crosstalk of syner- 
gistic and antagonistic autocrine circuits (J anes et al., 2006). 
Hence constitutive production of TNFa, which is character- 
istic of many malignant cell lines, could be expected to aid 
tumour- stroma communication. In addition, TN Fa treatment 
can confer an invasive, transformed phenotype on mammary 
epithelial cells (Montesano et al., 2005). 

In support of these experimental data, TNFa is frequently 
detected in human cancer biopsies, produced either by 
epithelial tumour cells, as for instance in ovarian and renal 
cancer, or by stromal cells, as in breast cancer (Balkwill, 
2002). This TNFa is associated with a poor prognosis, loss 
of hormone responsiveness, and cachexia or asthenia. 


Interleukin-1 


Another key inflammatory cytokine IL-18 also increases 
tumour invasiveness and metastasis, primarily by promoting 
angiogenic factor production by stromal cells in the tumour 
microenvironment (Apte and Voronov, 2002; Song etal., 
2003; Voronov et al., 2003; Anasagasti et al., 1997). How- 
ever, IL-1, another member of the IL-1 family, which is 
expressed on the membrane of experimental cancer cells, is 
able to stimulate antitumour immunity, again underlining the 
paradoxical nature of these responses (A pte et al., 2006). 


Interleukin-6 


Blood levels of IL-6 are elevated with age (Kiecolt-Glaser 
et al., 2003; Harris etal., 1999) because of the loss of 


inhibitory sex steroids. The loss of hormonal regulation of 
IL-6 is implicated in the pathogenesis of several chronic dis- 
eases (Ershler and Keller, 2000), including B-cell malignan- 
cies, renal cell carcinoma, prostate, breast, lung, colon, and 
ovarian cancers (Trikha et al., 2003). In multiple myeloma, 
for example, IL-6 promotes the survival and proliferation 
of cancer cells via activation of STAT3 and ERK pathways 
(Honemann et al., 2001). 


The Cancer Chemokine Network 


Inflammatory cytokines induce chemokines, which are key 
components of the plasticity and polarization of inflamma- 
tory reactions (Mantovani et al., 2004b). Human and murine 
cancers possess a complex chemokine network that influ- 
ences the extent and phenotype of the leukocyte infiltrate 
as well as tumour cell and endothelial cell growth and 
migration; thus regulating the movement of cells both into 
and out of the tumour (Balkwill, 2004; Rollins, 2006). 
Inflammatory chemokines produced by neoplastic cells or 
tumour-associated leukocytes attract preferentially polarized 
Th: cells and Treg cells (Balkwill and Mantovani, 2001; 
Curiel et al., 2004). 

One chemokine that is important in angiogenesis is 
CXCL12, which is produced in response to tissue damage 
and inflammation and is found in many cancers (Balkwill, 
2004). Localized expression of CXCL12, which binds the 
chemokine receptor CX CR4 and is often induced by VEGF 
in the tumour microenvironment, can stimulate the migration 
of CX CR4-positive haemangiocytes to, and hence neovascu- 
larization of, the tumour site (Jin et al., 2006). 

A range of inflammatory enzymes including cyclooxyge- 
nases (COXs) that catalyse the conversion of arachidonic 
acid to prostaglandins (PGs) are also induced by cytokines. 
An inducible isoform, COX2, is highly expressed in col- 
orectal, gastric, oesophageal, non-small cell squamous car- 
cinoma, breast and prostate cancers (Choy and Milas, 2003). 
Increased COX-mediated PGE, enhances tumour invasion 
and metastasis with increased production of IL-6, IL-8, 
VEGF, iNOS, MMP-2, and MM P-9 (Gasparini et al., 2003). 
Carcinogenesis is inhibited in Cox2 knockout mice and 
mice treated with Cox2 selective inhibitors (Jacoby et al., 
2000; Peluffo et al., 2004). COX 1 may also provide a sim- 
ilar contribution as COX 2 (Chulada et al., 2000; Kitamura 
et al., 2004). 

Systemic inflammation is characterized by the acute phase 
response with hepatic production of proteins such as C- 
reactive protein (CRP) and serum amyloid A protein (SAA). 
Elevated serum levels of these proteins are associated with 
increased tumour stage or grade, cachexia, hypercalcaemia, 
anaemia, and reduced survival in various malignancies 
(Mahmoud and Rivera, 2002; Bromwich et al., 2004). 

Global gene expression signatures that have prognostic 
significance may also give information on the role of the 
repair or resolution phase of inflammation in cancer. Since 
1986 this field has been led by the ideas of Harold Dvorak 
in his classic review - Tumour: wounds that do not heal 
(Dvorak, 1986). Taking the hypothesis that the molecular 
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programme of normal wound healing may play a role in 
cancer metastasis, Chang et al. (2005) compared a wound- 
response signature of normal fibroblasts to tumour gene 
expression patterns in 295 patients with early breast cancer. 
Both overall survival and metastasis-free survival were 
markedly diminished in patients whose tumours expressed 
this wound-response signature. 


DELETION OR INHIBITION OF INFLAMMATORY 
MEDIATORS AND/OR CELLS INHIBITS 
DEVELOPMENT OF EXPERIMENTAL CANCERS 


The mechanisms by which chronic inflammation promotes 
cancer involve both initiated cells that give rise to the can- 
cer, and inflammatory cells in the surrounding stroma. As 
described in the preceding text, the absence of the pro- 
inflammatory cytokine TNFa or its receptor TNFR1, con- 
ferred resistance to skin carcinogenesis (M oore et al., 1999; 
Arnott etal., 2004). TNFa did not influence the initiation 
phase of carcinogenesis; DNA adducts and the initiating 
Hras mutation occurred in its absence. However, epidermal 
induction of TNFa, acting primarily, but not exclusively, via 
TNFR1, was a critical mediator of tumour promotion, acting 
via PK Ca@- and AP-1-dependent intracellular signalling path- 
ways in epithelial cells (Arnott et al., 2002). In the absence 
of TNFa, epithelial induction of other cytokines and pro- 
teases thought to be important in skin carcinogenesis and 
tumour- stroma communication was delayed and/or inhib- 
ited. Similarly, in a model of chemically induced liver cancer, 
TNFa production by hepatocytes was implicated in tumour 
development (K night et al., 2000). 

However, in an inflammation-induced liver cancer model, 
stromal cell TNFa was tumour promoting (Pikarsky etal., 
2004). In this system, and in inflammation-induced colon 
cancer (Greten et al., 2004), NF-«B was a critical molecular 
link. Selective deletion of NF-«B in hepatocytes or inhibi- 
tion of TNFa produced by infiltrating leucocytes induced 
programmed cell death of transformed hepatocytes and sub- 
sequently reduced the incidence of liver tumours (Pikarsky 
et al., 2004). Activation of NF-«B was not important in 
the early stages of liver tumour development, but it was 
crucial for malignant conversion. In the colitis model, selec- 
tive deletion of IxK B - a key intermediary of NF-«B - in 
intestinal epithelial cells did not decrease intestinal inflamma- 
tion, but it did reduce subsequent development of intestinal 
tumours, owing to increased death of initiated epithelial cells. 
However, when I«K 8 was selectively deleted in inflamma- 
tory cells that infiltrate premalignant and malignant intesti- 
nal tumours, MRNA for several pro-inflammatory cytokines 
decreased, as did subsequent tumour development (Greten 
et al., 2004). 

Hence the NF-«B pathway may have dual actions in 
tumour promotion: first by preventing death of cells with 
malignant potential and second by stimulating production 
of pro-inflammatory cytokines in infiltrating myeloid and 
lymphoid cells. The pro-inflammatory cytokines signal to ini- 
tiated and/or otherwise “damaged” epithelial cells to promote 


neoplastic cell proliferation and enhance cell survival. How- 
ever, the tumour-promoting role of NF-«B may not always 
predominate. In some cases, especially in early cancers, acti- 
vation of this pathway may be tumour suppressive (Perkins, 
2004). Inhibiting NF-«B in keratinocytes promotes squamous 
cell carcinogenesis by reducing growth arrest and terminal 
differentiation of initiated keratinocytes (Seitz et al., 1998). 


GENETIC EVIDENCE LINKING INFLAMMATION 
AND CANCER 


Oncogenic Mutations and Inflammatory Mediators 


A striking link between an inflammatory cascade and onco- 
genic change is found in human papillary thyroid cancer 
(Borrello etal., 2005). Rearrangements of the RET recep- 
tor tyrosine gene generating RET/PTC oncogenes are nec- 
essary and sufficient to cause this malignancy. When the 
RET/PTC oncogene is exogenously expressed in primary 
human thyrocytes, it induces expression of a wide range 
of genes involved in inflammation including those encoding 
chemokines, chemokine receptors, cytokines, matrix metal- 
loproteases, and adhesion molecules (Borrello et al., 2005). 

Another genetic link between cancer and inflamma- 
tory pathways relates to RAS and the chemokine CXCL8 
(IL-8) (Sparmann and Bar-Sagi, 2004; Karin, 2005). In a 
xenograft model where actions of tumour cell and host- 
derived chemokines could be distinguished, activation of 
RAS led to production of the chemokine CX CL8, which was 
responsible for tumour infiltration of leukocytes, vasculoge- 
nesis, and ultimately tumour growth. 

An interesting genetic link between TNFa and malignancy 
was recently identified in renal cell cancer, where the pVHL 
tumour-suppressor gene is a translational repressor of TNFa 
(Galban et al., 2003). 

One recent fascinating insight into links between T 
cells and the cytokine TGF comes from mice in which 
Smad4-dependent signalling was selectively ablated in T 
cells (Kim etal., 2006). SMAD4 is a tumour-suppressor 
gene that encodes a central mediator of TGF£ signalling. 
Germ-line mutations in SMAD4 are found in over 50% of 
patients with familial juvenile polyposis. In these patients, 
dense inflammatory cell infiltrates underlay grossly normal- 
appearing colonic and gastric mucosa, which eventually 
develops multiple adenomas. In the mouse model, selec- 
tive loss of Smad4-dependent signalling in T cells led to 
spontaneous epithelial cancers throughout the gastrointesti- 
nal tract whereas epithelial specific deletion of Smad4 did 
not. 

Smad4~/- T cells produce abundant Thz-type cytokines 
such as IL-5, IL-6, and IL-13. Hence this animal model 
shows that cancer can reflect aloss of normal communication 
between the cellular components of a tissue and that the 
genetic abnormality can be in infiltrating leucocytes instead 
of in the epithelial cells that give rise to the cancer. The 
cancers arise because Smad4~/~ T cells give the wrong 
message to the surrounding stroma and epithelial cells. It 
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will be interesting to see whether other malignancies are 
associated with mutations that arise in the non-malignant 
component of cancers, mutations that lead to abnormal 
production of inflammatory mediators. 


Polymorphisms 


There is a high degree of polymorphism in the cytokine 
genes. As these polymorphisms are frequently in regions 
that regulate transcription or post-transcriptional events, they 
may be functionally significant. The strongest association 
with cancer comes from studies of the IL-1 gene cluster. 
IL-18 is upregulated during H. pylori infection, is important 
in the inflammatory response of the gastric mucosa, and is 
a potent inhibitor of gastric acid secretion. Polymorphisms 
thought to enhance IL-18 production confer an increased 
risk of chronic hypochlorhydria and of gastric cancer 
(El-Omar etal., 2000; Furuta etal., 2002). In patients 
with advanced gastric cancer, IL-18 polymorphisms showed 
adverse prognostic influence when coupled with the wild- 
type IL-IRN gene, a combination which enhances circulating 
levels of IL-18 (Graziano etal., 2005). Studies on larger 
cohorts of patients are now required to confirm these and 
many of the other associations reported in the literature. 


Can Chronic Inflammation Also Cause Initiating 
Mutations? 


In epithelial cancer, the initiating genetic event is thought 
to occur in a tissue stem cell. However, in a mouse 
model of Helicobacter-induced gastric cancer, the chronic 
inflammatory environment of the gastric mucosa induced 
repopulation of the stomach with bone marrow - derived 
stem cells (Houghton etal., 2004), and it was these stem 
cells that underwent malignant progression to give rise 
to gastric tumours. Further experiments will be needed to 
assess whether chronic inflammation might be initiating 
in other malignancies where there is a large amount of 
tissue destruction. The liver and colon cancer experiments, 
where inflammatory signals were inhibited in either initiated 
epithelial cells or stromal cells, do not suggest any evidence 
for a bone marrow stem cell origin of the tumours (Pikarsky 
etal., 2004; Greten etal., 2004). Neither do the skin 
carcinogenesis studies where a single topical application 
of DMBA results in Hras mutation in the epidermal stem 
cells (Arnott et al., 2002). However, this is an attractive 
explanation for the development of tumours at sites of long- 
term chronic inflammation with considerable destruction of 
the epithelial compartment. 

Another way in which chronic inflammation may be 
an initiating factor in malignancy is through the genera- 
tion of free radicals and subsequent DNA damage. During 
chronic inflammation and in malignant tumour tissue, there 
is excessive demand for oxygen by resident and infiltrat- 
ing inflammatory cells that leads to the release of increased 
concentrations of free radicals (Hussain et al., 2003). One 
of the enzymes involved in free radical generation is nitric 


oxide synthetase (NOS). Its inducible form, iNOS is fre- 
quently expressed in premalignant lesions and tumour tissues 
(Jaiswal et al., 2000, 2001; Ohshima et al., 2003). 

The ways in which chronic inflammation may give rise to 
epithelial cancers are summarized in Figure 2. 


LONG-TERM USE OF NON-STEROIDAL 
ANTI-INFLAMMATORY AGENTS REDUCES RISK 
OF SOME CANCERS - IMPLICATIONS 
FOR CANCER PREVENTION STRATEGIES 


COX 2, a major target of NSAIDs, is strongly upregulated in 
some cancers. Population-based studies show that chronic use 
of NSAIDs such as aspirin reduces overall risk of colorectal 
cancer by 40-50%. (Koehne and Dubois, 2004). Aspirin, 
and more selective COX 2 inhibitors such as celecoxib, delay 
the development of premalignant adenomas in patients who 
have been cured of sporadic colorectal carcinoma or patients 
genetically predisposed to the development of adenomas and 
colorectal cancer (Steinbach et al., 2000). Aspirin use may 
also protect against cancer of the oesophagus, lung, stomach, 
ovary, as well as Hodgkin’s lymphoma and preventative 
trials show that aspirin may delay progression in Barrett's 
oesophagus (Wang etal., 2003; Garber, 2004; Ness and 
Cottreau, 1999; Chang etal., 2004). However, some data 
suggest that aspirin use may increase risk of pancreatic 
cancer and non-Hodgkin's lymphoma (Cerhan et al., 2003; 
Schernhammer et al., 2004). 

Currently, there does not seem a strong case for general 
use of aspirin or other NSAIDs for the sole reason of 
reducing risk of sporadic cancer, when potential adverse 
effects are taken into account. But these epidemiological 
studies strengthen the case for a link between cancer and 
inflammation and again implicate COX enzymes and their 
inflammatory cytokine inducers. 

CRP, is a non-specific marker of inflammation and higher 
levels have been observed among individuals who go on 
to develop not only cardiac disease but also colon cancer 
(Helzlsouer et al., 2006). However, there was no association 
between CRP levels and prostate or rectal cancer in the same 
population cohort. 

Cytokine antagonist therapies are effective treatments in 
some inflammatory diseases. Inhibitors of TNFa, in partic- 
ular, have been used successfully in several hundred thou- 
sand patients worldwide (Feldmann, 2002). As described in 
the preceding text, TNFa, either of stromal or of tumour 
origin, can act as an endogenous tumour promoter, but 
increased susceptibility to opportunistic infections such as 
Mycobacterium tuberculosis in patients taking TNFa antag- 
onists (Keane etal., 2001; Wolfe etal., 2004) would pre- 
clude wide-scale use of these drugs as preventative agents 
against sporadic cancer. However, ongoing monitoring of 
large cohorts of patients with inflammatory conditions will 
show if TNFa antagonists have a positive or negative impact 
on cancer risk. An increased incidence of lymphoma has been 
noted in rheumatoid arthritis patients treated with anti-TNF 
agents compared to the general population and placebo- 
treated patients, although the follow-up time for the placebo 
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Figure 2 Mechanisms by which inflammation can initiate or promote cancer. 


patients has been shorter than that for the anti- TNF-treated 
patients. At the moment it is not possible to determine 
whether the increased incidence of lymphoma is due to the 
medication, the underlying disease, or a combination of both 
factors, because rheumatoid arthritis is associated with an 
increased risk of this malignancy (Wolfe and M ichaud, 2004). 
A recent meta-analysis of randomized, placebo-controlled 
trials of two licensed anti-TNF antibodies in patients with 
rheumatoid arthritis did show an overall increased incidence 
of cancer, especially in those patients receiving higher doses 
of the antibody although the actual number of tumours that 
developed was small (Bongartz et al., 2006). This is a con- 
troversial area with conflicting data from other large studies 
showing no change in cancer incidence when compared to the 
general population. Data are also compounded by the other 
immunosuppressive, and even mutagenic drugs that are given 
to most patients with rheumatoid arthritis. 


IMPLICATIONS FOR CANCER THERAPY 


Activation of the NF-«B pathway is observed in many 
human and experimental cancers. Over 100 agents such as 
antioxidants, proteasome inhibitors, NSAIDs, and immuno- 
suppressive agents, are NF-«B inhibitors. None of these is 
entirely specific, but the cell possesses a range of endogenous 
inhibitors of NF-«B, and these may provide opportunities for 
the development of novel strategies (Chen, 2004). 

An alternative is to target downstream effectors in the 
NF-«B pathway such as inflammatory cytokines. In clinical 
studies in rheumatoid arthritis patients, TNFa antagonists 
inhibit inflammatory cytokines, MMPs, angiogenic activity, 
and leukocyte trafficking to sites of inflammation (Feldmann, 
2002), all actions that could be useful in a cancer drug. On 
the basis of these results and data described in the preceding 
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text, a number of clinical trials of TNFa antagonists alone 
and in combination with other therapies, are currently 
underway in cancer patients. There are suggestions of activity 
against advanced disease in ovarian and renal cell cancer 
(Madhusudan etal., 2005) (ms. in preparation). Anti-IL- 
6 therapies are also under trial in IL-6-producing cancers 
(Trikha et al., 2003). Treatment with anti-IL-6 monoclonal 
antibodies in myeloma patients showed effective blockade 
of myeloma cell proliferation, reduction in fever and acute 
phase response, and some disease stabilization (Bataille 
et al., 1995; van Zaanen et al., 1998). 

Multimodal therapy studies with various combinations 
of celecoxib, chemotherapy, or radiotherapy are underway 
(Gasparini et al., 2003). Preliminary results of a combination 
of exemestane and celecoxib in patients with postmenopausal 
hormone-sensitive breast cancer have been encouraging 
(Chow et al., 2003). Results from clinical trials of radiother- 
apy plus celecoxib have also shown increased therapeutic 
benefit, because inhibition of COX 2 enhances radiosensitiv- 
ity of malignant cells as well as decreasing the radiation- 
dependent effects of increased angiogenesis and normal cell 
toxicity (Choy and Milas, 2003). 

Targeting TAM or molecules that attract them and mediate 
their function is another therapeutic strategy. For instance, 
a biphosphonate compound zoledronic acid suppressed 
MMP-9 expression by TAM, inhibiting tumour metallopro- 
tease activity, and reduced the association of VEGF with 
its receptor on endothelial cells (Giraudo etal., 2004). In 
another experimental model in which the chemokine CCL5 
was key to recruitment of TAM, an antagonist of the CCL5 
receptor reduced the infiltrate and slowed tumour growth 
(Robinson etal., 2003). Therapeutic targeting of cancer- 
associated inflammation is in its infancy, but initial clinical 
results are encouraging, and these approaches may comple- 
ment more conventional treatments. 
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Finally, itis important to remember that cancer-associated 
inflammation can also influence the pharmacokinetics of 
anticancer drugs. Much of the interpatient variability in the 
clearance of chemotherapy is due to differences in levels 
of drug-metabolizing enzymes, especially cytochrome P450 
(CYP) 3A4 (Kivisto etal., 1995). Patients with advanced 
cancer have significantly reduced hepatic CY P3A 4 activity 
associated with increased plasma concentrations of inflam- 
matory mediators (Rivory etal., 2002). The relationship 
between inflammation and CYP activity has been exten- 
sively studied in various animal models of acute inflam- 
mation and cancer (Slaviero et al., 2003). The inflammatory 
response leads to reduced CY P levels and decreased microso- 
mal metabolism and CY P-mediated drug clearance (A ssenat 
et al., 2004; Pascussi et al., 2000; Morgan et al., 2002). 
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INTRODUCTION 


The cellular reverse transcriptase, telomerase, is found in 
most human cancers and is responsible for the immortal- 
ization of most malignant cells, a hallmark of cancer. In 
normal cells, the “replicative lifespan” is tightly regulated 
by an internal clock, which limits the number of divisions 
that a cell can undergo during its lifetime. The clock mecha- 
nism resides in the telomere, located at each end of all linear 
chromosomes. By setting maximum limits on the number 
of times a cell can divide, telomeres may serve to prevent 
genetically aberrant cells from accumulating the additional 
mutations they need to become malignant (e.g., a potent 
tumour-suppressor mechanism). Turning off the telomere 
clock is necessary for the successful propagation and contin- 
ued growth of malignant cells, including cancer stem cells. 
Current evidence indicates that, in almost all human cancers, 
including cancer stem cells, this is achieved by the reactiva- 
tion of the enzyme telomerase. 


TELOMERES AND THE “END-REPLICATION” 
PROBLEM 


Telomeres are long stretches of non-coding DNA located 
at the ends of all eukaryotic chromosomes (Figure 1). In 
vertebrates, telomeres are composed of simple, repetitive 
non-coding DNA sequences. Human telomeres contain the 
six-base-pair sequence TTAGGG, repeated thousands of 
times. 

The length of telomeres varies from chromosome to 
chromosome. Evidence suggests that as chromosome “caps”, 
telomeres have at least three critical functions: to protect 
chromosome ends from enzymatic degradation and abnormal 
fusion reactions; to serve as a buffer zone to protect against 
the “end-replication” problem; and to serve as a gauge for 
the mitotic age (the divisional clock). 

The role of telomeres in maintaining chromosomal 
integrity was proposed by Barbara McClintock and Han 
Muller in 1938 and 1941. Studying telomeres in maize 
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chromosomes, McClintock observed that if not capped by 
telomeres, the ends of chromosomes had a tendency to fuse. 
Her observations were confirmed 50 years later in yeast and 
mice when it was demonstrated that without telomeric ends, 
chromosomes undergo aberrant end-to-end fusions, forming 
multicentric chromosomes with a propensity to break during 
mitosis, activating DNA damage checkpoints, and in some 
cases leading to widespread cell death (Zakian, 1989). 

The second major function of telomeres relates to the 
process of semi-conservative DNA replication. During each 
round of cell division, 50-200 base pairs are lost from 
the ends of linear human chromosomes (Hastie et al., 1990; 
Lindsey et al., 1991; Allsopp et al., 1992, 1995). This “end- 
replication” problem (Figure 2) occurs because conventional 
DNA replication machinery is unable to replicate completely 
the 3’ ends of chromosomal DNA during the S-phase of each 
cell cycle. The polymerases, that copy parental DNA strands 
prior to cell division, synthesize DNA only in the 5’ to 3’ 
direction and require a short RNA primer to begin. In the case 
of lagging strand synthesis, the RNA primer from each short 
Okazaki fragment is degraded and filled in by DNA synthesis 
extending from the next upstream primer. However, at the 
end of a linear chromosome there is no “upstream” DNA 
synthesis to fill in the gap between the final RNA priming 
event and the end of the chromosome. 

This replication strategy predicts that with each round of 
cell division, there will be progressive shortening of the 
3’ end of chromosomal DNA. Telomeric DNA therefore 
provides a cushion of expendable non-coding sequences 
to protect against the potentially catastrophic attrition of 
important chromosomal material. In addition, there are end- 
processing events that also contribute to the loss of telomeric 
repeat and there is evidence that oxidative damage can 
accelerate telomere losses. 


TELOMERES ARE THE DIVISIONAL CLOCK 


The existence of an internal divisional clock was first 
suggested in 1961 by Leonard Hayflick, who demonstrated 
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Figure 1 Location of telomeres at the ends of all eukaryotic chromosomes. 
Telomeres are composed of the simple DNA sequence TTAGGG, repeated 
thousands of times (7). 


that cells maintained in culture have a finite capacity to 
proliferate. In 1972, Olovnikov suggested in a theoretical 
paper that erosion of the chromosome ends could lead to the 
loss of essential genes and an exit from the cell cycle. Harley 
et al. provided evidence that telomeres shortened during 
the serial cultivations of human cells (Harley et al., 1990). 
Specifically, it was proposed that after a certain number 
of divisions, telomeres are no longer sufficient to protect 
chromosome ends from degradation and aberrant fusion 
reactions. Through signalling mechanisms that are triggered 
by one or a few critically short telomeres, exit from the cell 
cycle at G1 and entry into senescence may be triggered. This 
leads to a post-mitotic state characterized not only by a lack 
of further cell division, but also by an altered pattern of gene 
expression and continued metabolic activity for long periods 


of time. In the case of normal human fibroblasts, a correlation 
exists between the number of divisions cells can undergo in 
culture and initial telomere length, regardless of the age of 
the fibroblast donor. Additionally, average telomere length 
in blood and colonic mucosa decreases with biological age. 
In adults, sperm telomeres are several kilobase pairs longer 
than in somatic tissues. Finally, significantly shorter telomere 
lengths are present in some primary cells of patients with the 
premature ageing syndrome, such as dyskeratosis cogenita 
compared with normal age-matched controls. These cells 
also exhibit a reduced proliferative capacity compared with 
age-matched controls when maintained in culture and in 
certain forms of this disease there is anticipation (e.g., in 
each generation, the disease occurs at an earlier age than 
the preceding generation). A large amount of correlative 
data supports the notion that telomere length determines 
the proliferative capacity of human cells. A direct test of 
this hypothesis showed that hybrid cells with artificially 
elongated telomeres had a longer lifespan than that of cell 
hybrids in which telomeres had not been elongated (Wright 
et al., 1996). These observations provided the first direct 
evidence that telomere length is the counting mechanism that 
limits the proliferative capacity of human cells. 

The ability to alter cellular proliferative capacity by 
manipulating telomere length provided a mechanistic basis 
for earlier observations of cellular lifespan in vitro. Normal 
human fibroblasts maintained in culture undergo a finite 
number of divisions as determined by their initial telomere 
length, after which they enter a state of growth arrest 
(senescence), also Known as mortality stage 1 (M1). 

Cells nearing the end of their lifespan can be forced to 
proliferate beyond this point by the introduction of certain 
viruses or oncogenes that abrogate the function of the 
tumour-suppressor genes P53 and pRB (Figure 3). These 
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Figure 2 The end-replication problem. DNA polymerases require a short RNA primer (black rectangles) to initiate DNA replication in the 3’ to 5’ direction. 
Because there is no DNA beyond the extreme 3’ end of the chromosome for priming synthesis of a new Okazaki fragment, the gap between the final 
fragment and the end cannot be replicated, leading to a loss of telomeric DNA with each round of cell division. 
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Figure 3 The telomere hypothesis. Telomeric repeats are lost with each 
round of cell division, leading to a decrease in mean telomere length 
with accumulated divisions. Upon reaching a certain length, short telomeric 
DNA sequences trigger entry into the senescence pathway, during which 
cells remain metabolically active but are no longer able to divide. This 
stage is also known as mortality stage 1 (M1). Cells can be forced to 
proliferate beyond this point by abrogating P53 and pRB or their respective 
pathways. During this period of extended life, cells continue to divide in 
the face of progressive telomere shortening. A fter reaching a critically short 
telomere length, most cells enter a crisis, undergoing widespread cell death 
(apoptosis). This second stage is also known as mortality stage 2 (M2). 
Only those rare cells that engage mechanisms that stabilize telomere length 
are able to continue proliferating for indefinite periods. 





observations suggest that P53 and pRB mediate cell cycle 
exit at G1 in response to a DNA damage signal initiated 
by telomere shortening. Bypass of M1 allows additional 
rounds of cell division until many telomeres are so short 
they produce a state of “crisis”, characterized by widespread 
cell death. This second stage is known as mortality stage 
2 (M2). As a low-frequency (~10~7) event in human cells, 
a subpopulation of cells escapes from crisis, giving rise to 
cells, which now have an unlimited proliferative capacity 
(immortalized). The characteristic feature of such immortal 
cells is the ability to maintain their telomeres. 

The dual role of telomeric DNA as a protector of chro- 
mosomal integrity and as a mitotic clock implicates cellular 
senescence as a natural and effective initial protection mech- 
anism against the development of cancer. It is generally 
believed that tumours are initiated by multiple genetic events 
in cells, which result in the inappropriate activation of growth 
stimulatory signals, an insensitivity to antigrowth signals, the 
ability to invade and metastasize, and a resistance to apopto- 
sis. However, transformation to fully malignant derivatives 
does not occur in most cases because most premalignant cells 
would have exhausted their endowment of allowed divisions 
before becoming tumourigenic. 


TELOMERASE 


Early studies demonstrated a significantly shorter telomere 
length in most cancers compared with non-cancerous tis- 
sue from the same patient (Hastie et al., 1990). In culture, 


cancer cells generally have short but stable telomeres, sug- 
gesting that human cancers have developed strategies for the 
maintenance of telomeric DNA at a length above the critical 
threshold. In 85-95% of human cancers, this telomere sta- 
bilization is achieved by reactivation or upregulation of the 
ribonucleoprotein enzyme telomerase. 

Telomerase is an RNA - protein complex, which utilizes its 
RNA as a template for the addition of TTAGGG repeats to 
the 3’ ends of chromosomes, thereby compensating for losses 
due to the end-replication problem (Figure 4). 

First discovered in Tetrahymena by Elizabeth Blackburn 
and Carol Greider, telomerase activity has now been detected 
in extracts from almost all organisms, with the exception 
of bacteria and viruses, which have circular genomes, and 
Drosophila and related insects, which have retrotransposons 
instead of telomeres. In humans, most adult somatic cells 
generally lack telomerase activity. However, telomerase is 
present at high levels in germ cells, early embryos, activated 
T and B cells and germinal centres of lymphoid organs and 
transiently in a few other tissues. For example, telomerase 
activity is also detectable at lower amounts in the basal cells 
of renewal tissues (skin and intestine). In somatic tissues and 
cells (including T cells), however, the presence of detectable 
levels of telomerase activity is not sufficient to prevent long- 
term telomere attrition. The variable levels of telomerase in 
normal human tissues are illustrated in Figure 5. 

In humans, telomerase is composed of two essential 
components: an integral hTR or hTERC , which provides the 
template for the synthesis of telomere repeats, and a protein 
subunit human telomerase reverse transcriptase (hTERT), 
which provides catalytic activity. The cloning of hTERT 
and hTR made it possible to test directly the hypothesis 
that telomere shortening regulates the entry into cellular 
senescence. Using an in vitro system, the combination of 
hTERT and hTR reconstitutes telomerase activity (Weinrich 
et al., 1997; Beattie et al., 1998).Second, the introduction 
of hTERT into telomerase-negative primary cells results in 
telomerase activity. Exogenous hTR is not needed because it 
is present even in cells that do not normally have telomerase 
activity. Finally, telomere maintenance by exogenous telom- 
erase is sufficient for the immortalization of human mam- 
mary epithelial cells, foreskin fibroblasts, retinal-pigmented 
epithelial cells, umbilical vascular endothelial cells and a host 
of additional cell types. Taken together, these experiments 
provide direct evidence that short telomere length directs 
entry into cellular senescence and that telomere maintenance 
by telomerase is sufficient to bypass this growth arrest under 
most circumstances (e.g., when we Know how to culture the 
cells in appropriate non-stressful conditions). Importantly, 
the introduction of telomerase prior to either M1 or M2 is 
sufficient for immortalization, indicating that telomeres are 
associated with both the M1 and M2 stage of growth arrest. 

Various factors, such as oxidative stress, introduction of 
an activated Ha-ras oncogene and y-irradiation have been 
shown to induce a senescent-like state in cells much younger 
than the Hayflick (M1) limit. Several reports have also 
suggested that in addition to telomerase, inactivation of the 
pRB /P16'N«42 pathway is required for the immortalization 
of some human epithelial cells. The protein P16'NK42 is an 
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a— Human telomerase catalytic (reverse 
transcriptase) subunit (hTERT) 
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Figure 4 Telomerase is an enzyme minimally composed of a catalytic protein component and an RNA subunit. The RNA serves as a template for the 
addition of TTA GGG repeats to the ends of chromosomes, leading to maintenance of telomeric DNA. This enzyme is processive, meaning that it can add 


a variable number of repeats prior to disengaging the chromosome end. 
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Figure 5 Variable levels of telomerase in normal human tissues. Germ 
cells of the reproductive system maintain high levels of telomerase activity 
throughout life and therefore do not sustain telomere shortening. Stem 
cells of renewal tissues express modest levels of telomerase, leading to a 
blunted rate of telomere shortening. Somatic cells and tissues lack detectable 
telomerase activity and sustain the greatest rates of telomere loss. 


inhibitor of cyclin-dependent kinases, and its levels have 
been shown to increase after only a few passages in culture. 
During the establishment of human mammary epithelial cells 
under standard culture conditions, there appears to be a 
“self-selection” process, such that only the cells, which have 


lost p16'"K42 expression, (usually by methylation of the 
promoter) are able to survive the initial culture period. In 
these surviving cells, exogenous telomerase expression leads 
to immortalization. In most cases, no appreciable decrease 
in telomere length can be demonstrated to account for 
this “self-selection” process, termed M 0. These observations 
suggest that the involvement of p16'"*42 at M0 is telomere- 
independent, a finding that stands in direct contrast to the 
role of P53 in mediating growth arrest at the telomere- 
dependent M1 stage. Recent observations in keratinocytes 
and breast epithelial cells suggest that the loss of p16!N«*a 
expression is not required if the cells are maintained under 
optimized culture conditions, such as co-culturing with 
irradiated fibroblast feeder layers (Ramirez etal., 2001; 
Herbert et al., 2002). These findings suggest that artificial 
cell-culture conditions may account for the premature growth 
arrest (M 0) in epithelial cells, and that this response is 
mediated by induction of p16!K*, 


TELOMERASE FOR THE DEVELOPMENT OF 
IN VITRO MODELS OF CANCER PROGRESSION 


The introduction of telomerase into some normal human 
cells results in bypass of M1 and immortalization. Even 
after doubling their normal lifespan, these immortalized cells 
maintain a normal diploid karyotype, exhibit contact inhi- 
bition of cell division, and DNA damage and cell cycle 
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Step 1. Elongation of TS (telomerase substrate) primer by 
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Step 2. PCR-amplification of extension products by TS and RP primers 


Figure 6 The telomerase activity assay. This sensitive PCR-based assay can be applied to extracts from a variety of cells and tissues. In the first step, 
extracts are incubated with labelled nucleotides and also a synthetic telomere end (TS primer) at room temperature. If the extract contains telomerase, the 
enzyme will synthesize the addition of TTAGGG repeats to the TS primer. The second step utilizes PCR to amplify the extended products in the presence 
of additional primers and polymerases. These amplified products are then separated by electrophoresis to generate the characteristic six-base-pair ladder 
indicating telomerase activity. ITAS - Internal telomerase amplification standard is an internal standard included to control for the possibility of enzyme 


inhibitors. 


checkpoints remain fully intact, suggesting that normal cells 
immortalized with telomerase do not develop additional 
cancer-associated changes. In cells expressing the Simian 
virus 40 Large T and small t antigens for long periods of time 
followed by the introduction of an activated ras oncogene, 
the addition of telomerase appears to be sufficient for trans- 
formation into full tumourigenicity. Taken together, these 
results suggest that while telomerase expression per se does 
not result in genomic destabilization, in the context of under- 
lying mutations, telomerase contributes to tumourigenicity 
by providing aberrant cells with an unlimited proliferative 
Capacity. 

The ability of telomerase to immortalize cells without 
altering the underlying genetic background has also been 
demonstrated in cells with inherited susceptibility syndromes, 
such as ataxia- telangiectasia, Bloom syndrome, xeroderma 
pigmentosum and premature ageing syndromes such as 
Werner syndrome and Hutchinson- Gilford progeria. Thus, 
telomerase may be an important tool for establishing a variety 
of mutant cell or premalignant cell lines that can be used for 
the development of in vitro models of cancer progression, 
for amassing large numbers of cells required for other assays 
or as standard cellular reagents for genetic and expression 
profiling. 


ASSAYS FOR TELOMERASE 


The standard method for measuring telomerase activity is 
a highly sensitive polymerase chain reaction (PCR)-based 
assay termed the telomere repeat amplification protocol 
(TRAP) assay (Figure 6). 

In this assay, extracts are first prepared from primary 
tissue or cultured cells by lysing the cells with a detergent, 
releasing telomerase into the extract solution. An aliquot of 
this solution is then added to a reaction mixture containing 


a short primer and deoxynucleotide triphosphates (dNTPs). 
If telomerase is present, it will elongate the primer with 
TTAGGG repeats. The products of this elongation step 
are heterogeneous in length, representing multiples of the 
six-base-pair TTAGGG sequence. Using a second primer, 
which is complementary to the telomerase repeat and a 
DNA polymerase known as Taq polymerase, each product 
is amplified using the PCR. The amplified products are 
then run on a polyacrylamide gel, creating a six-base-pair 
ladder. The laddering effect occurs because telomerase is a 
processive enzyme, adding telomeric repeats in multiples of 
TTAGGG (Figure 7). This amplification protocol increases 
the sensitivity of the assay such that telomerase activity 
can be detected in samples containing as few as 0.1% 
positive cells. An internal standard is also incorporated into 
the assay, because some tissue extracts contain molecules 
that inhibit PCR and give false-negative results. In addition, 
this internal standard permits semi-quantitative analysis of 
relative telomerase activity levels. 

Alternative approaches to the measurement of telomerase 
have recently been developed. Unlike TRAP, which is a func- 
tional assay carried out on extracts of cells or tissues, in 
situ techniques are designed to visualize the components of 
telomerase at a cellular level. In situ hybridization for the 
RNA component of human telomerase (hTR) can be applied 
to formalin-fixed, paraffin-embedded tissues as well cultured 
cells and cell smears. Several studies have demonstrated 
good concordance between telomerase activity as measured 
by TRAP and telomerase RNA by in situ hybridization. 
Although normal cells do contain hTR, the levels in nor- 
mal tissues are sufficiently low that they do not complicate 
the observation of elevated hTR levels in tumours. Antibodies 
for the immunohistochemical detection of the telomerase pro- 
tein component are now becoming commercially available, 
even though their utility remains to be established. Studies 
using other anti-telomerase antibodies, however, have been 
shown to correlate with telomerase activity by TRAP. These 
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Figure 7 Telomerase activity in two different basal cell carcinomas 
(BCC). Human mammary epithelial cells expressing the E6 and E7 
oncoproteins (HME 31 E6/E7) serve as a positive control for quantitation. 
The lane containing lysis buffer (LB) serves as a negative control. This 
representative telomerase assay gel reveals the characteristic six-base-pair 
ladders indicative of enzymatic activity, and the internal standard (ITAS) 
that serves to normalize sample-to-sample variation. Absence of the ITAS 
signal, as demonstrated in the first BCC sample, indicates the presence 
of PCR inhibitors. Without this internal control, this sample may be 
misinterpreted as lacking telomerase activity. In the second BCC sample, 
ITAS is gone because of competition for the Taq polymerase by the intense 
ladder of small amplification products. Quantitation of telomerase activity 
is done by determining the ratio of the internal standard to the telomerase 
ladder, such that only the 50 cells HME 31 E6/E7 sample would be suitable 
for quantitation. 


techniques may have some advantages over the PCR-based 
assay. The excellent morphological preservation of cellular 
detail provided by in situ hybridization or immunohistochem- 
istry may be helpful in localizing telomerase to specific cell 
types. Furthermore, in situ telomerase assays could be read- 
ily adapted by clinical laboratories, many of which already 
utilize such techniques for the detection of other proteins. 


ASSOCIATION BETWEEN TELOMERASE ACTIVITY 
AND CANCER 


The TRAP assay has made possible the large-scale testing for 
telomerase activity in a wide variety of human cancers and 
normal tissues. Using TRAP, telomerase activity has been 


detected in 85-95% of all human cancers and cancer cell 
lines, whereas adjacent normal tissue and mortal cells in 
culture are generally telomerase negative (Table 1). 

Thousands of individual malignancies representing all of 
the major organ systems have been tested to date, including 
those originating from the head and neck, lung, gastroin- 
testinal, pancreatic and biliary tract, liver, breast, male and 
female reproductive tract, kidney/urinary tract, central ner- 
vous system, skin and blood (Shay and Bacchetti, 1997). 
Pre-invasive and pre-neoplastic lesions, such as colorectal 
adenomas, high-grade prostatic intraepithelial neoplasia, in 
situ breast carcinoma and those from the head/neck and lung 
tissue, are positive in 30% to almost 100% of cases. These 
observations provide strong evidence that most human malig- 
nancies are associated with the reactivation or upregulation 
of telomerase. Given that most normal human cells have the 
capacity to undergo 60-70 population doublings, it may at 
first glance seem difficult to invoke telomere shortening as 
a barrier to cancer formation, because after 60 doublings, a 
single cell would generate a tumour mass of approximately 
10’ kg! However, not only do evolving malignancies exhibit 
high rates of turnover due to chronic, widespread apoptosis, 
and differentiation within the tumour, but also many clonal 
expansions occur. 

A schematic demonstrating the relationship between cell 
turnover and tumourigenesis is shown in Figure 8. 

In this scenario, a single healthy cell would be expected 
to generate a population of 10° cells after 20 doublings. As 
a rare event, one cell in this population acquires a genetic 
mutation, which confers to it a selective growth advantage 
over the remaining cells. Owing to its newly acquired growth 
advantage, this cell then generates a clone of similarly altered 
cells. This process is repeated several times, with each 
successive generation resulting from an event in a single cell 
from the previous generation. In some cases, an additional 
generation is required to convert a minimally functional 
recessive mutation into a strong phenotype through loss of 
the remaining wild-type allele, loss of heterozygosity (LOH). 
Rarely, a single cell emerges, which has acquired sufficient 
advantageous mutations to result in the development of a 
malignancy. Using such a scenario, it can be seen that the 
number of cells in the final tumour grossly under-represents 
the number of cells required to produce it. Because so many 
doublings are required for the development of a cancer, most 
potentially tumourigenic cells probably senesce or undergo 
apoptosis owing to critical telomere erosion. Thus, cellular 
senescence could be viewed as a powerful initial blockade 
against carcinogenesis. 

The timing of telomerase reactivation in human tumours 
appears to vary considerably from organ to organ. In most 
cases, the mean telomere length in a variety of tumour 
types is substantially shorter than those in normal tissues 
from the same patient. Taken in the context of the telom- 
ere hypothesis, these observations suggest that telomerase 
reactivation or upregulation occurs only after dramatic telom- 
ere loss, and serves to stabilize shortened chromosome ends 
and permit continued cell proliferation. In most colorectal, 
oesophageal, and pancreatic adenocarcinomas, telomerase 
reactivation appears to be a late event, occurring during the 


Table 1 Telomerase activity in human cancers. 
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Pathology % Positive 
Head/neck and lung 

Normal oral mucosa 32 
Head/neck squamous cell carcinoma 86 
Non- small cell lung carcinoma 78 
Small cell lung carcinoma 100 
Adjacent lung tissue 4 
Gastrointestinal tract 

Gastric metaplasia/adenoma*® 27 
Gastric carcinoma 85 
Adjacent gastric tissue 25 
Colorectal adenoma? 45 
Colorectal carcinoma 89 
Adjacent and normal colon tissues? 25 
Pancreas and liver 

Benign pancreatic lesions (all) 0 
Pancreatic carcinoma 95 
Adjacent pancreatic tissue 14 
Benign pancreatic brushings 0 
Malignant pancreatic brushings 100 
Normal liver tissue 0 
Non-malignant liver disease (all)? 29 
Hepatocellular carcinoma 86 
Adjacent liver tissue 2 
Kidney/urinary tract 

Normal urothelium 0 
Dysplastic urothelium 43 
Bladder carcinoma (all stages) 92 
Bladder carcinoma (washings) 13 
Bladder carcinoma (voided urine) 29 
Renal cell carcinoma 83 
Adjacent renal tissue 0 
Wilm’s tumour 100 
Adjacent renal tissue (Wilm’s) 33 
Neural tissues 

Normal retina 0 
Retinoblastoma 50 
Glioblastoma multiforme 75 
Oligodendroglioma 100 
Anaplastic astrocytoma 10 
M eningioma, ordinary 17 
M eningioma, atypical 92 
M eningioma, malignant 100 
Ganglioneuroma 0 
N euroblastoma 94 
Adjacent neural tissue 0 
Breast 

Fibrocystic disease/fibroadenoma 0 
Carcinoma in situ 75 
Carcinoma (ductal and lobular) 88 
Adjacent tissue 5 
Reproductive tract 

Normal adult ovary 33 
Normal myometrium/endometrium 0 
Leiomyoma 0 
Leiomyosarcoma 100 
Cervical/vaginal/endometrial cancer 100 
Ovarian carcinoma 91 
Normal adult testis 100 
Normal prostate 0 
BPH without carcinoma 5 
BPH with carcinoma 11 
High-grade PIN 60 
Prostate carcinoma 90 











Skin 

Normal epidermis? 44 
Squamous cell carcinoma 83 
Basal cell carcinoma 95 
M elanoma 86 
Haematological tissues 

M yeloma 100 
Lymphoma, low grade 86 
Lymphoma, high grade 100 
Tonsils, normal 100 
M yelodysplastic syndrome 67 
CML, chronic 71 
CML, early accelerated 33 
CML, blast stage 100 
CLL, early 14 
CLL, late 57 
Acute promyelocytic leukaemia 100 
Acute lymphocytic leukaemia 80 
Acute myelogenous leukaemia 73 


(Adapted from Shay, J. W. and Bacchetti, S. (1997). A survey of telomerase activity in 
human cancer. European Journal of Cancer, 33, 787-791.) BPH = benign prostatic 
hypertrophy. PIN = prostatic intraepithelial neoplasia. CML = chronic myelogenous 
leukaemia. CLL = chronic lymphocytic leukaemia. 

*Telomerase activity weak compared with carcinomas. 


transition from low- to high-grade dysplasia. Additionally, 
early-stage neuroblastomas lack or have low levels of telom- 
erase activity, whereas late-stage disease has high levels of 
telomerase activity. In other malignancies, such as head and 
neck cancers, lung carcinomas, and breast carcinomas, telom- 
erase activity is present in early pre-neoplastic lesions, albeit 
at lower levels than malignant tissues. Because most of these 
data were obtained by studying tissue extracts, it is difficult to 
determine whether low telomerase activity in pre-neoplastic 
lesions is due to the infiltration of microscopic quantities 
of tumour cells or to low-level telomerase activity in pre- 
neoplastic cells. The development of in situ techniques, such 
as immunohistochemistry with telomerase antibodies or in 
situ hybridization for the telomerase template RNA (hTR), 
will be important in clarifying these important issues. In 
the case of cervical cancer, in situ hybridization for hTR 
showed focal increases in hTR expression at the level of in 
situ carcinomas. 

Although most human cancers express high levels of 
telomerase, a substantial portion (10-15%) are telomerase 
negative. There are several explanations for this observation. 
First, although the TRAP assay is capable of detecting telom- 
erase activity with only 1- 10 tumour cells, because tumours 
are heterogeneous, some sampled specimens may contain no 
or insufficient numbers of telomerase-positive tumour cells 
to be detected by the assay. Second, some cancers may not 
have reached a point where telomerase activity is required. 
Such tumours may in fact still be mortal and therefore truly 
telomerase negative. Third, as mentioned previously, it has 
been reported that some tissue extracts contain inhibitors of 
either the elongation or amplification steps of the TRAP 
assay, leading to false-negative results. Other reasons for 
false-negative results include technical errors, such as poor 
sample preservation, sampling error, or misloading of the 
specimen into the reaction mixture. Finally, there is exper- 
imental evidence for one or more alternative mechanisms 
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Figure 8 Relationship between cell divisions and tumourigenesis. Within a normal population of cells, a single cell acquires a mutation, which endows 
the cell with a growth advantage. After 20 doublings (expansion to one million cells), a clone of cells emerges, one of which undergoes an additional 
advantageous mutation. While the other cells senesce or die, this cell survives to generate a clone of similarly mutated cells. The cycle continues until one 
mutant emerges, which has acquired all of the necessary mutations for tumourigenesis. According to this scheme, a fully tumourigenic cell is unlikely to 


result in less than 100 doublings. 


(possibly based on DNA recombination) for lengthening of 
telomeres known as the (Alternative Lengthening of Telom- 
eres or ALT). Some immortalized cell lines show evidence 
of ALT activity characterized by the absence of telomerase 
activity but by the presence of very long and heterogeneous 
telomeres. Although the mechanism is not well known, the 
existence of an ALT pathway has important theoretical impli- 
cations for telomerase inhibition as a treatment for cancer. 
To date, however, there is only one experimental report sug- 
gesting that tumour cells with telomerase can be converted 
to the ALT pathway (Bechter et al., 2004). 


EXPLOITATION OF TELOMERASE IN CANCER 
DIAGNOSTICS AND PROGNOSTICS 


The strong association between telomerase and most human 
malignancies has prompted a flurry of studies exploring the 


potential clinical utility of telomerase as a diagnostic can- 
cer marker. In addition to measuring telomerase activity 
in tissue extracts, the TRAP assay has been successfully 
applied to a wide variety of samples including bladder wash- 
ings, sedimented cells in voided urine and colonic effluent, 
oral rinses, brushes and washes, endoscopic brushings, bil- 
iary aspirates, ascitic fluid, blood, fine needle aspirates, and 
frozen sections. Formalin-fixed, paraffin-embedded patho- 
logical material can also be tested for the presence of 
micrometastasis using recently developed in situ hybridiza- 
tion to the telomerase template RNA (hTR) and immunohis- 
tochemical detection of the catalytic component (hTERT). In 
oesophageal carcinomas, a marked increase in hTR occurs 
during the transition from low- to high-grade dysplasia, sug- 
gesting that telomerase is important for the development of 
advanced lesions in oesophageal carcinogenesis. Although 
initial data appear promising, these techniques are still being 
validated by comparison with the standard pathology and 
the TRAP assay. However, current evidence demonstrates 
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a good correlation between telomerase activity and in situ 
levels of hTR. 

The utility of telomerase in predicting the outcome of 
cancer (prognosis) is based on the notion that without telom- 
ere maintenance, malignant cells will be unable to sustain 
long-term proliferation and eventually undergo cell death 
and tumour regression, contributing to a favourable outcome. 
The best evidence for such a scenario is in stage 4S neu- 
roblastomas that lack detectable telomerase activity. These 
cases are associated with large rate of spontaneous tumour 
regression. This indicates that, at least in some instances 
(such as 4S neuroblastoma, paediatric low-grade gliomas and 
transient myeloproliferative disease associated with Down's 
syndrome), telomerase is not absolutely required and that 
tumours without telomerase may ultimately regress if they 
do not engage a mechanism for telomere stabilization. For 
example, in ordinary meningiomas, a strong correlation exists 
between telomerase activity and disease relapse. 

Another potential role for telomerase is in the detection 
of residual disease after surgical resection or adjuvant 
chemo- and/or radiation therapy. Telomerase activity has 
been detected in cells adjacent to tumours, suggesting the 
presence of small foci of residual malignant cells. Such 
information could be used to restage a lesion and identify a 
subset of patients who would benefit from additional therapy. 
Although there are reports that inflammatory cells express 
low levels of telomerase activity, analysis of malignant 
lymph nodes reveals levels of telomerase at least sixfold 
higher than their benign counterparts. 


TELOMERASE INHIBITION IN CANCER 


Several lines of evidence support the notion that inhibition 
of telomerase may be an effective anticancer strategy. As 
mentioned previously, telomerase is present in most human 
malignancies. Although the introduction of certain viral 
oncoproteins or the abrogation of tumour-suppressor genes 
may confer an extended lifespan, in the absence of a 
mechanism for telomere maintenance, these cells eventually 
reach a period of crisis and undergo widespread cell death. 

To be considered telomerase-specific, it is generally 
believed that inhibitors should fulfil several criteria: 
(i) inhibitors should reduce telomerase activity without 
initially affecting proliferation; (ii) treatment with inhibitors 
should result in telomere shortening with each round of cell 
division; (iii) treated cells should eventually undergo growth 
arrest or apoptosis; (iv) there should be a correlation between 
initial telomere length and time to growth arrest or cell 
death; and (v) control of chemically related molecules or 
inhibitors lacking the ability to inhibit telomerase activity 
should not affect cell proliferation and telomere length. 
Numerous conventional chemotherapeutic agents have been 
reported to inhibit telomerase but this is indirect because any 
agent that results in widespread cell death will also result in 
loss of telomerase activity. 

There are several important theoretical considerations 
associated with telomerase inhibitor therapy. First, during 


the initial period of telomere shortening, continued cell 
proliferation could result in clinically significant tumour 
growth. Second, discontinuation of therapy for even short 
periods of time during the treatment period could result in the 
rapid induction of telomerase and telomere re-lengthening. 
Third, selective pressure on tumour cells being treated with 
telomerase inhibitors could lead to drug resistance due to the 
emergence of cells with alternative mechanisms of telomere 
maintenance. Finally, there is a theoretical concern that 
normal cells with telomerase activity (germ cells and renewal 
tissues) would also be susceptible to telomerase inhibition. 
However, these cells generally have a longer than average 
telomere length and divide much more slowly than tumour 
cells, and thus would be expected to be relatively resistant 
to the consequences of telomerase inhibition. 

The telomerase template RNA (hTR) and the catalytic core 
of the protein subunit (hTERT) are two obvious choices 
for drug design because both components are absolutely 
required for telomerase activity. A gents tested to date include 
telomerase RNA template oligonucleotide antagonists against 
the function of telomerase RNA (hTR). Several groups 
have demonstrated that telomerase inhibition in cultured 
cancer cells resulted in a marked (70-95%) decrease in 
telomerase activity, telomere shortening, and widespread cell 
death after periods ranging from 2 to 3 months, depending 
on the initial telomere length. Discontinuation of the drug 
resulted in a rapid reactivation of telomerase and regrowth 
of telomeres to their initial length. In tumour cells that 
were inhibited until the point of cell death, there was no 
evidence for the development of resistant cells, suggesting 
that the alternative mechanism of telomere maintenance may 
not be readily adopted in these cells. A candidate drug, 
GRN163L, is currently in phase | clinical trials in patients 
with chronic lymphocytic leukemia (CLL). GRN163L is 
a 13-mer oligonucleotide that prevents telomerase RNA 
from binding to telomere repeats. In preclinical animal 
experiments GRN163L results in a rapid prevention of lung 
metastasis (Dikmen et al., 2005), suggesting that GRN163L 
could have rapid effects that may be independent of overall 
or average telomere length. It is possible that a substantial 
subset of tumour cells may have a few very short telomeres 
and that the time for a telomerase inhibitor to effect clinical 
disease may be much shorter than originally predicted. 

Overall, these initial observations suggest that sustained 
telomerase inhibition may be an effective and feasible anti- 
cancer strategy. While at present it is unclear how long a 
treatment will be required, it is still prudent to think that 
the most appropriate setting for telomerase inhibition would 
appear to be the prevention of relapse due to small numbers 
of remaining cells or to cells resistant to initial conventional 
therapy, perhaps what is currently being termed cancer stem 
cells. Other strategies that will be tested include combin- 
ing telomerase inhibitors with other agents, such as standard 
chemotherapeutic agents or other novel targeted therapeu- 
tic agents such as angiogenesis inhibitors that might more 
selectively and effectively target tumour cells. Additional 
novel and potentially effective approaches against telom- 
erase are beginning to emerge, such as ribozymes directed 
against the template region of telomerase RNA, which cleave 
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the RNA and render telomerase inactive. Molecules which 
couple the telomerase promoter to apoptotic genes are also in 
the early stages of development as well as replication com- 
petent oncolytic viruses. Such approaches would be expected 
to have the dual benefit of optimizing tumour cell specificity 
while producing a more rapid biological effect. However, the 
effect of such agents on telomerase-competent stem cells and 
germ-line cells remains an important consideration. 

Finally, several clinical telomerase immunotherapy (vacci- 
nation) trials have been completed and more advanced trials 
are in progress. It has been shown that cytotoxic T lympho- 
cytes (CTL) recognize peptides derived from hTERT, which 
are expressed on the surface of tumour cells but not normal 
cells. These CTLs kill hTERT* tumour cells of multiple his- 
tology’s in vitro. Because survival of hTERT* tumour cells 
requires functionally active telomerase, hTERT is believed 
to be an excellent immune target for which mutation or 
loss aS a means of escape may be incompatible with sus- 
tained tumour growth. Vaccination of patients with advanced 
prostate and breast cancer with hT ERT -derived peptide safely 
induced functional antitumour CTL following vaccination. In 
the work from three independent groups involving well over 
100 patients no serious adverse events have been observed, 
including any bone marrow toxicity. Vaccination of can- 
cer patients against hTERT induces hTERT-specific T cells 
that are readily identifiable in peripheral blood and infil- 
trate into regions of localized tumour masses without major 
toxicity. Tumour necrosis is observed after vaccination and 
dose escalation results in enhanced immunological responses. 
Apparently, either the amount or the presentation of hTERT 
peptides on normal stem cells is insufficient to be recognized 
by CTL. In the case of prostate cancer, over 20 patients 
were treated with two different forms of telomerase RNA 
antigen and two different dosing schedules of telomerase 
RNA loaded dendritic cells. Evidence suggestive of a clin- 
ical impact included reduction or clearance of circulating 
prostate cancer cells in 90% of subjects and a highly sta- 
tistically significant prolongation of prostate specific antigen 
(PSA) doubling time associated with the presence of anti- 
telomerase T cells. Ongoing new clinical studies testing other 
modifications of the vaccine protocol are in progress. The 
development of this promising approach for a telomerase- 
based universal cancer vaccine is highly encouraging and 
hopefully will be even more effective when used to treat 
patients with less advanced disease. 


CANCER STEM CELLS AND TELOMERASE 


Normal stem cells have an extensive capacity for self- 
renewal, maintaining an undifferentiated stem cell pool over 
the lifetime of the host. In addition, normal stem cells 
strictly regulate their stem-cell number and have the ability to 
undergo a broad range of differentiation events to reconstitute 
functional elements in a tissue. Similarly, cancer stem cells 
have the ability to self-renew giving rise to other malignant 
stem cells as well as undergo differentiation to give rise 
to the phenotypically diverse types of cancer cells. The 


implications of this is that if only a rare subset of tumour 
stem cells drives tumour formation, then the goal of cancer 
therapy should be to identify this population of cells and 
to develop therapies that target unique mechanisms that 
are only active in cancer stem cells, sparing normal tissue 
stem cells. Recent evidence supports the concept that normal 
cancer stem cells as well as the more differentiated cancer 
cells express telomerase activity. In addition, the telomere 
lengths in cancer stem cells appears to be short (similar to 
more committed or differentiated cancer cells) but different 
from normal stem cells that have longer telomeres. Thus, 
there may be a window of opportunity to target cancer 
stem cells by inhibiting telomerase and driving telomeres to 
become initially short, hopefully without irreversible damage 
to normal stem cells (see Stem C ells and Tumourigenesis). 


CONCLUDING REMARKS 


The role of telomerase in cancer progression will undoubt- 
edly represent a major continuing area of investigation in the 
field of cancer biology. The tight association between telom- 
erase and cancer, the ability to generate immortalized human 
cell lines for studies of cancer progression and the develop- 
ment of telomerase inhibitors for use as anticancer agents all 
underscore the fundamental role of telomere maintenance as 
a major player in the development and continued unlimited 
growth of cancer cells. A variety of anti-telomerase clinical 
trials are in progress and hopefully in the near future we will 
add this important class of inhibitors to our arsenal in the 
war on cancer. 
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Signalling by Steroid Receptors 


Valerie Speirs 
University of Leeds, Leeds, UK 


INTRODUCTION 


The biological effects of ovarian steroid hormones are medi- 
ated by oestrogen receptors (ERS), members of a large super- 
family of structurally related ligand-activated transcription 
factors (Tsai and O'M alley, 1994; Beato et al., 1995; M an- 
gelsdorf etal., 1995; McKenna and O’Malley, 2002) that 
regulate expression of genes involved in growth and survival 
pathways (Klinge, 2001). ER is found in hormone-sensitive 
tissues, such as breast cancer, where it is an important 
predictor of the response to the adjuvant endocrine ther- 
apy (see Breast; Antihormonal Therapy for Breast and 
Prostate Cancer; and Collaborative Approach to Mul- 
tidisciplinary Breast Cancer Care). Other members of 
this superfamily include the thyroid and retinoid receptors 
(TR, RARs, RXRs), vitamin D receptors (VDRs), steroids 
receptors liver X receptor (LXR), peroxisome proliferator- 
activated receptor (PPARs), and orphan receptors, for which 
no ligand has yet been identified. These are not dis- 
cussed here, but further details of specific family members 
can be found in The Nuclear Receptor Signalling Atlas 
(http://w ww.nursa.org). 

ER exists as two functionally distinct isoforms, ERa 
(“original” ER) and ER 8. ERa@ was identified in the 1960s 
(Toft and Gorski, 1966; J ensen et al., 1969) and cloned some 
20 years later (Greene et al., 1986). A decade later, ER 8 was 
formally identified in human and rodent tissue (K uiper et al., 
1996; M osselman et al., 1996; Tremblay et al., 1997). Initial 
concerns that £ RB was actually a splice variant of E Ræ were 
quickly allayed with the discovery that each E R is located on 
different chromosomes, and is therefore genetically distinct; 
E Ra mapping to chromosome 6q25.1 (M enasce et al., 1993) 
and ERB to 14q22-24 (Enmark etal., 1997), with the full- 
length versions encoding proteins of 595 and 530 amino 
acids, respectively (Matthews and Gustafsson, 2003). 


CHARACTERISTICS OF ERa AND ERB 


ERs comprise six structural (designated A - F) and five func- 
tional domains, depicted in Figure 1. The ligand-independent 
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activation function 1 (AF-1) domain and the ligand- 
dependent AF-2 domain are at the NH3 and COOH termini 
respectively. AF-1 and AF-2 can contribute independently 
and synergistically to activate transcription in response to 
ER agonists and to ligand-independent phosphorylation path- 
ways (Kraus etal., 1995; Endoh et al., 1999). Both recep- 
tors share a homology at the deoxyribonucleic acid- binding 
domain (DBD) and the ligand-binding domain (LBD); 96 and 
60%, respectively (Kuiper et al., 1996; Cowley et al., 1997; 
Tremblay et al., 1997; Kumar and Thompson, 1999). The 
centrally located DBD, or C domain, has been extensively 
studied and facilitates the interaction between the receptor 
and specific DNA sequences or response elements (Berg, 
1989). The highly conserved amino acid core sequence, 
common to all nuclear hormone receptors, folds into two 
DNA-binding fingers (“zinc fingers”), enabling their direct 
association with response elements (Kumar and Chambon, 
1988). The flexible hinge region, or D domain, is not well 
conserved and contains a nuclear localization signal and 
links the C domain to the multi-functional E/F domain 
at the COOH terminus (Huang etal., 2004). Towards the 
COOH terminal is the LBD, essential for hormone recogni- 
tion, dimerization, transcription activation, and ensuring both 
selectivity and specificity of hormone response (M angelsdorf 
et al., 1995). The E/F domain mediates ligand binding and 
dimerization and is also a site of coactivator binding (F reed- 
man, 1999; M cK enna et al., 1999), which is discussed later. 


ER ACTION 


The classic mode of ER activation involves a cascade of 
events. Ligand binding to ER causes dissociation of heat- 
shock proteins and receptor dimerization occurs. ER dimers 
(a/a or B/B homodimers or œ/8 heterodimers) then interact 
with specific DNA sequences called oestrogen response 
elements (EREs) located in the promoter regions of target 
genes, and coregulatory proteins then associate with this 
complex to initiate transcription (Beato, 1989; M angelsdorf 
et al., 1995; Pearce and Jordan, 2004). This is illustrated 
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Figure 1 Schematic illustration of the structural and functional domains 
of full-length ERa and ER£8 and the extent of homology between both 
receptors. aa - amino acids. 


schematically in Figure 2. Ligand interaction with ER is 
dependent on its three-dimensional structure. The planar 
structure of oestrogen facilitates binding to a hydrophobic 
pocket located within the LBD. Ligand-bound ER effects a 
conformational change, in which helix 12, a key a-helix in 
the LBD of ERs, which is directly involved in transcriptional 
activation, seals the pocket and recruits coactivator molecules 
that activate AF-2 (McInerney etal., 1998; Shiau etal., 
1998). Selective oestrogen receptor modulators (SERMs), 
such as tamoxifen, can manifest an agonist or an antagonist 
activity depending on the cell, promoter, and ER subtype 
and are also capable of binding to the same hydrophobic 
pocket with differing affinities (Brooks and Skafar, 2004), 
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but their bulky side chains displace helix 12 away from the 
main structure. Normal bridging of helix 12 is essential for 
AF-2 activation, but in SERM-ER complexes this is lost, 
resulting in cessation of activity of the RNA polymerase II 
transcription initiation complex and reduced cell proliferation 
(Danielian et al., 1992; Brzozowski et al., 1997). 
Transcription is also regulated by ligand-independent ER 
activation of ER through tethered interactions with other pro- 
teins, including activating protein 1 (AP-1) and stimulating 
protein 1 (SP1) in conjunction with Fos/J un transcription fac- 
tors (Kushner etal., 2000). This is illustrated in Figure 3. 
Reporter gene assays with ER -deplete Hela cells have shown 
that the response at AP-1 sites is dictated by specific 
ER-ligand combinations; tethered to AP-1, ERa displayed 
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Figure 3 Non-classical ER signalling. Here, ligand-bound receptor dimers 


require the cooperation of the transcription factors Fos or Jun to initiate 
signalling from an AP-1 (illustrated) or Spl site. 
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Figure 2 Classic ER signalling. Following ligand binding and liberation of heat-shock protein 90 (Asp90), ER dimers bind to the ERE in the promoter 
region of the target gene. In general, ER agonists such as estradiol attract coactivators to the complex and gene transcription is stimulated, while ER 
antagonists such as tamoxifen and other SERM s recruit corepressors and gene transcription is inhibited (inset). 
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oestrogen-dependent transcriptional activity with oestrogen- 
bound ER being ineffective (Paech et al., 1997). However, 
when bound to SERMs, including tamoxifen and raloxifene, 
ER increased gene expression, while little activation was 
observed with ERa (Paech etal., 1997). On the AP-1 site 
of the collagenase promoter, ERa acted as a transcriptional 
activator, whereas ER £ was inhibitory (Ogawa et al., 1998a). 
SP1-mediated transcriptional activity is similarly dependent 
on ligand- receptor combinations and cell specificity has also 
been observed, although this might simply reflect endogenous 
ER activity within the cell lines studied (Saville et al., 2000). 
Other oestrogen-responsive genes that stimulate transcrip- 
tion through non-consensus ERE half sites include c-myc, 
cathepsin D, heat-shock protein 27, creatine kinase, and 
transforming growth factor (TGFa) (Safe, 2001). 

A third ER-signalling pathway, involving a small pool 
of cytoplasmic ERa and -6 protein, which initiates a rapid 
membrane-initiated response, has been identified (Razandi 
et al., 1999; Levin, 2001). Typically this occurs in minutes, 
which is much too rapid for classic transcriptional activ- 
ity (Kelly and Levin, 2001). Originally called non-genomic 
signalling, this is now more correctly termed membrane- 
initiated steroid signalling (MISS) (Daufeldt etal., 2003). 
MISS is not a new concept, having existed in the litera- 
ture since the late 1970s (Pietras and Szego, 1977), but it is 
now receiving increased attention (Levin, 2005). M echanisti- 
cally, MISS involves activation of growth factor- signalling 
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pathways and is largely mediated by direct or indirect cou- 
pling to G-proteins. This results in phosphoinositol-3-kinase 
and protein kinase B/A kt activation and stimulates extracel- 
lular signal-regulated kinase (Erk) and p38 mitogen-activated 
protein (MAP) kinase (Razandi et al., 1999; Wyckoff et al., 
2001). Induction of these kinase-signalling cascades can in 
turn phosphorylate and activate other parts of the ER pathway 
(Figure 4). 

It is important to recognize that the above pathways are 
not mutually exclusive with integration of genomic and 
membrane-initiated signalling pathways reported (Pedram 
et al., 2002) and evidence of substantial molecular crosstalk 
with growth factor pathways (Schiff etal., 2005). Indeed, 
a number of phosphorylation sites exist on ERs, mostly 
at the AF-1 domain, creating the opportunity for crosstalk 
between ERs and growth factor- signalling pathways (K ato 
et al., 2000; Lannigan, 2003). Cell line studies have shown 
that ERa is phosphorylated on multiple serine residues and 
also through tyrosine phosphorylation (Denton et al., 1992; 
Le Goff et al., 1994; Arnold et al., 1995; Pearce and J ordan, 
2004). Phosphorylation is induced by ligands and growth 
factors, resulting in kinase activation (Ali et al., 1993; K ato 
et al., 1995; Bunone et al., 1996; Joel et al., 1998; Rogatsky 
et al., 1999; Campbell et al., 2001; Rayalaet al., 2006). This 
is illustrated schematically in Figure 5. Less is known about 
ERB phosphorylation, although recruitment of the coacti- 
vator steroid receptor coactivator 1 (SRC-1) was favoured 
upon phosphorylation of ER 8 at serine 106 and serine 124, 
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Figure 4 A small pool of ERa and ER £ exists in the cell membrane, which can initiate steroid signalling though kinase pathways (p42/44 MAPK and 
P13/A kt). Complementary crosstalk with membrane ERs and growth factor- driven pathways can also occur (dotted curved line), potentiating genomic ER 


activity. 
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Figure 5 Sites of phosphorylation of ERa at serine (S) residues in the AF-1 domain. Tyrosine (Y ) phosphorylation can also occur by src family kinases. 
aa - amino acid. (Reprinted from Critical Reviews in Oncology/Hematology, V 50: 3-22, Pearce ST etal.: “The Biological Role of Estrogen receptors a 


and b in cancer” Copyright (2004), with permission from Elsevier.). 


thereby promoting AF-1 activation interaction in murine ER B 
(Tremblay et al., 1997, 1999). More recently, the same group 
demonstrated that the repression of ER activity in response 
to hormone by ErbB2 involves the p38 mitogen-activated 
protein kinase (MAPK) pathway (St-Laurent et al., 2005). 
This was dependent upon the AF-1 domain, which contains 
the Erk phosphorylation targets serine 106 and 124 (see Sig- 
nalling by Tyrosine Kinases). 


ER COREGULATORS 


Transcriptional initiation is complex and recruitment of 
coregulators is required for this to function correctly. Coreg- 
ulators interact to guide transcription and provide accessi- 
bility to target gene promoters. These can directly associate 
with the hormone receptor and interact with basal transcrip- 
tion factors and chromatin remodelling proteins (Glass and 
Rosenfeld, 2000). Chromatin remodelling is an essential step 
for gene transcription to occur (Klinge, 2001; Tremblay and 
Giguere, 2002; see The Role of Epigenetic Alterations in 
Cancer). Coregulators themselves can also directly mediate 
chromatin modelling of ER target genes by either acetyla- 
tion (coactivators) or deacetylation (corepressors) of histones 
(Hong et al., 1996; H einzel et al., 1997; Ichinose et al., 1997; 
Spencer et al., 1997; Jenster, 1998; McKenna et al., 1999). 
Coregulators comprise coactivators, which, as their name 
implies, enhance gene transcription, and corepressors that 
act as a counterbalance, having functionally the opposite 
effect. 


COACTIVATORS 


Coactivator proteins make contact with ER via an LX XLL- 
binding motif in the N-terminus (where L denotes leucine, 
and X is any amino acid), with the core AF-2 helix of 
ER (MclInerney etal., 1998; Shiau etal., 1998). A large 
number of these have thus far been identified (McK enna 
et al., 1999; Klinge, 2000; McKenna and O’Malley 2002). 
The p160 SRC gene family contains three homologous 
members, SRC-1 (NcoA-1), SRC-2 (TIF 2/GRIP1/NcoA-2), 
and SRC-3 (pCIP/RAC3/ACTR/AIB1/TRAM-1), which, from 
experimental studies, probably serve as general coactivators 
for most nuclear receptors (McKenna et al., 1999). A lack 
of standardized nomenclature has resulted in multiple names 
for the same protein, therefore alternative classifications have 
been provided in brackets. 

SRC-1 and SRC-3, oncogenes frequently amplified and 
over-expressed in breast and ovarian cancers (Anzick et al., 
1997), have both been shown to display intrinsic histone 
acetylase activity, as well as interacting with co-integrators 
of transcription such as CREB-binding protein/p300, itself a 
histone acetylase complex (Bannister and K ouzarides, 1996; 
Spencer et al., 1997; Torchia et al., 1997; Lopez et al., 2001; 
see The Role of Epigenetic Alterations in Cancer). Co- 
integrators do not directly bind DNA, instead act as bridging 
molecules through interaction with multiple members of the 
nuclear receptor family (Ratajczak, 2001). p160 coactivators 
are involved in transcriptional activation via both AF-1 and 
AF-2 regions of ER in the presence of estradiol (Halachmi 
etal., 1994; McInerney etal., 1996; Webb etal., 1998; 
Kraichely et al., 2000). However, ER antagonists, including 
anti-oestrogens, are unable to promote binding of the p160 
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family due to the repositioning of helix 12 such that the 
coactivator hydrophobic binding groove is occluded and 
coactivators fail to bind (Brzozowski etal., 1997; Shiau 
et al., 1998). As with ERs, coactivator phosphorylation is 
now being acknowledged and probably confers specificity 
for coactivator binding (Wu et al., 2005). 

The ER coactivator SRA is unique from others in that it 
functions exclusively as an RNA activator. It is specific for 
the AF-1 domain of ER and other steroid hormone receptors, 
and is present in a steady-state coregulator complex with 
the AF-2 coactivator SRC-1 (Lanz et al., 1999). It does not 
bind directly to ER but forms part of a ribonucleoprotein 
complex with SRC-1 and other coactivators and is therefore 
more likely to act as an adaptor to the p160 activity (Lanz 
et al., 1999; Edwards, 2000). Transgenic mouse models 
have revealed a role for SRA in proliferation and in 
apoptosis (Lanz etal., 2003) and it is also expressed in 
mammary tissue, with elevated expression in tumours (Simon 
et al., 2000). 


COREPRESSORS 


Far fewer corepressors have been identified than coactiva- 
tors, but nevertheless they serve an important function by 
actively silencing receptor-dependent gene expression (H or- 
witz etal., 1996). The best characterized are the silencing 
mediator of retinoic acid and thyroid (SMRT) hormone 
receptor (Chen and Evans, 1995) and the nuclear recep- 
tor corepressor (NCoR-1) (Horlein et al., 1995). These bind 
to unliganded receptors via CORNR boxes, which consist 
of Lxxxl/HIxxxl/L motifs (Kurokawa etal., 1995; Chen 
et al., 1996; Perissi et al., 1999) and can suppress the par- 
tial agonist activity of steroid antagonists (Jackson et al., 
1997; Shiau et al., 1998). Subtle differences in nuclear recep- 
tor and CoRNR motifs are thought to be responsible for 
determining NCoR-1 and SMRT binding to nuclear recep- 
tors (Hu and Lazar, 1999) and this is reliant on residues 
flanking CORNR1 (Hu et al., 2001). This corroborates stud- 
ies that suggest that NCoR-1-ER - tamoxifen interaction is 
not dependent on the CoRNR motif (Huang etal., 2002). 
Recruitment of NCoR-1 (Kurokawa etal., 2000; Liu and 
Bagchi, 2004) and SMRT (Fleming et al., 2004a) to the ER 
has been demonstrated in the presence of anti-oestrogens. 
Repression domains within the N-terminal region of NCoR- 
1 and SM RT have been identified as sites that serve to recruit 
histone deacetylase (HDAC) proteins (Hu and Lazar, 1999), 
which inhibit accessibility of the transcription complex to 
DNA response elements. They also bind components of core- 
pressor complexes such as mSin3 (Jenster, 1998). 

A selective repressor of oestrogen activity (REA) has been 
defined (Montano etal., 1999). Martini et al. (2000) sug- 
gested a mechanism by which REA selectively enhanced 
the transcriptional activity of ER, but not other nuclear hor- 
mone receptors, by its action as an anti-coactivator through 
sequestration to a chromatin remodelling protein known 
as Prothymosin alpha (PT-a), an anti-coactivator inhibitor. 


Increased levels of PT-a recruit REA, freeing ER for activa- 
tion and association with coactivators (M artini and K atzenel- 
lenbogen, 2003). REA potentiates the inhibitory effects of 
anti-oestrogens, and, at higher concentrations, it represses 
the activity of E2-bound ERa and ER. Unlike NCoR-1 
and SMRT, REA preferentially interacts with liganded ER, 
binding at the LBD (F domain) only (Martini and K atzenel- 
lenbogen, 2003). 

What we know about ER coregulators thus far has come 
mainly from studies on ERa, but evidence for ER B-selective 
coregulators is now beginning to emerge. Klinge etal. 
(2004) demonstrated that alterations in ERa or ER con- 
firmation, achieved through binding to different core ERE 
sequences, regulated coactivator interaction with estradiol- 
and tamoxifen-bound ERa and ER £, providing the first evi- 
dence of ER-specific interaction with coregulatory proteins. 
This was substantiated by Fleming et al. (2004a). Further evi- 
dence has been provided from granulosa cell tumours of the 
ovary, which express high levels of ER 8, but which do not 
associate with the expression of SRC coregulators, suggest- 
ing that ER 6 may require distinct coactivators for modulation 
of transcription (Hussein-Fikret and Fuller, 2005). 

Coregulators are clearly important in the development 
of carcinogenesis with many examples of alterations in 
their expression, which associate with oestrogen-associated 
pathologies, especially breast cancer (Kurebayashi etal., 
2000; Murphy etal., 2000, 2002; Fleming etal., 2004a,b; 
Myers et al., 2004). Opportunities potentially exist to exploit 
these pathways and develop new agents designed to target 
ER - coregulator interactions (Hall and McDonnell, 2005). 


LIGAND AFFINITY AND TISSUE DISTRIBUTION 
OF ERs 


Although homologous at the LBD, differences in ligand- 
binding affinities have been reported for each receptor. Early 
oestrogen-binding studies showed the Kp for ERa and ERB 
was 0.6 and 0.24nM, respectively (K uiper et al., 1997), with 
a later study by the same group reporting 0.05nM (ERaq) 
and 0.07nM (ER £; Kuiper et al., 1998). Despite these small 
differences, it is widely believed that both ERs have similar 
affinity for estradiol. However, as illustrated in Table 1, this 
is not true for other natural and synthetic ER ligands and it is 
of interest to note that the dietary phytoestrogens, genistein, 
and coumestrol have a significantly higher affinity for ER £. 

Differences in tissue distribution are also observed; while 
ERa expression is discrete, the expression of ERB is more 
widespread (Speirs et al., 2004). ERB is also perceived as 
the “good” ER, as comparative studies of normal and malig- 
nant tissues have consistently revealed that it is commonly 
expressed in normal tissues but this is lost or reduced when 
these tissues become cancerous (Bardin et al., 2004). When 
co-expressed, ER 8 also seems to have a restraining action 
on ERa (Paruthiyil et al., 2004). Preferential affinities of ER 
subtypes for specific ligands could contribute to the selective 
action of ER agonists and antagonists observed in different 
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Table 1 Relative binding affinities of natural and synthetic ligands for 
ERa and ERB. 


Relative binding affinity 








Compound ERa ERB 
17£-Estradiol 100 100 
4-Hydroxytamoxifen 178 339 
ICI 164,384 85 166 
Diethylstilbestrol 468 295 
Genistein 5 36 
Coumestrol 94 185 


(Adapted from Kuiper et al. with permission from The Endocrine Society, Copyright 
1997.) 


tissues and, in particular, natural or synthetic ER 8 agonists 
may be useful in cancer chemoprevention. 


ER VARIANTS 


A number of variant ERa proteins (Jozan etal., 1991; 
Fuqua etal., 1991, 1992; Pink etal., 1996) and mRNA 
species (Chan and Dowsett, 1997; Murphy etal., 1997; 
Leygue etal., 1996; Wang et al., 1999; Poola etal., 2000; 
Poola and Speirs, 2001) have been described; however, few 
have demonstrated functional activity. The dominant positive 
activity of an exon 5- deleted variant on ERa in the absence 
of hormone has been identified (Fuqua, 1994). The same 
author subsequently identified an ER variant with an amino 
acid substitution at residue 303 within exon 4 in hyperplastic 
breast lesions and suggested that the mutation, observed in 
34% of typical hyperplasias, could distinguish a region of 
ERa, which, if altered, could predispose to an increased risk 
of malignancy (Fuqua et al., 2000). ER@ variants harbouring 
LBD mutations can give rise to dominant negative receptors 
(Ince et al., 1993). Dominant negative activity was observed 
in ER deletion variants A3 and A7 (Wang and Miksicek, 
1991; Fuqua etal., 1992). Ohlsson et al. (1998) identified 
an ERa variant lacking exon 5 to have a dominant negative 
activity on a human breast epithelial cell line. A novel exon 
3- deleted variant protein can form heterodimers with wild- 
type ERa (Fasco et al., 2003). However, despite substantial 
evidence of the ERa variant expression in hormone-sensitive 
tissues, there is still no conclusive evidence regarding their 
functional and biological role. 

Similarly, a number of variant isoforms of ER 8 have been 
described that differ in size and tissue specificity (Fuqua 
etal., 1999; Leygue etal., 1998). These include a 139 bp 
nucleotide deletion in the LBD (Vladusic etal., 1998; Lu 
et al., 1998; Speirs et al., 2000), insertions (Lu et al., 1998; 
Hanstein et al., 1999), and C-terminal splice variants (M oore 
etal., 1998). An ER splice variant lacking exon 5 was 
observed to have no transcriptional activity; however, when 
heterodimerized with ERa or ER®, a negative modulatory 
affect on E2-stimulated transactivation was observed (Inoue 
et al., 2000). A novel ER 8 isoform with an extended amino- 
terminal domain, ER 8548, has also been identified (Wilkinson 


et al., 2002), but its physiological relevance has been ques- 
tioned following failure to detect this in clinical samples 
of three different ethnic populations (Xu etal., 2003). The 
best characterized ER 8 variant is ER cx (also known as 
ERB2), which has an alternative exon 8 that results in its 
inability to bind E2 (Ogawa et al., 1998b). ER cx preferen- 
tially dimerizes with ERa, suppressing its function (Ogawa 
et al., 1998b; Pettersson et al., 2000). Stable transfectants of 
ERB and ER 8cx in ERa-positive MCF-7 cells have been 
described, resulting in reduced cell growth, cell cycle, and 
colony formation (Hayashi et al., 2003). These authors also 
demonstrated differential expression profiles of oestrogen- 
responsive genes in ER 8- and ER £cx-expressing cells, con- 
firming their distinct regulation on ERa. This negative action 
on ERa activity has hinted at the potential of ER cx as 
a prognostic marker and has been strengthened by obser- 
vations that tumours expressing ER cx and low levels of 
progesterone receptor are less likely to respond to hormonal 
therapy and thus have a poor clinical outcome (Saji et al., 
2002). More recently, ER 64 and ER £5 have been identified 
as full-length variants (Poola et al., 2005), but their biologi- 
cal significance is unknown. 


FUTURE CHALLENGES 


Over the last decade and a half, our understanding of ER 
signalling has evolved from being a relatively simple affair 
involving a single ER, ERa, into a complex, multilayered 
process. The presence of not one but two competing recep- 
tors, variant isoforms thereof, and coregulatory proteins has 
added a further dimension. Integration of ER signalling with 
other signal transduction pathways exacerbates this com- 
plexity and, although a complete comprehension of these 
interconnected pathways is still some way off, what we 
have learned thus far provides a solid foundation for fur- 
ther progress. These additional regulatory layers may help 
explain heterogeneity of hormone responses that are often 
observed in normal and malignant tissues and uncovering 
the collective involvement of ERs, their coregulatory pro- 
teins, and phosphorylation pathways will surely impact on 
the development of preventative and treatment strategies for 
oestrogen- dependent pathologies. 
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INTRODUCTION 


Cytokines are small, soluble proteins with a variety of bio- 
logical effects. Many cell types, not limited to the immune 
system, secrete these proteins. Cytokines can be grouped 
into four major families based on structure: haematopoi- 
etins, IFN, TNF and chemokines. Within the haematopoietin 
family, groups can be subdivided based on binding to their 
“common” cognate receptor. For the purposes of brevity, the 
y-common (yc) chain will be discussed as a model system for 
the haematopoietins. There are three classes of IFNs (types 
1, Il, and III) and they constitute one of the largest and most 
divergent subfamily of cytokines. Membrane-bound as well 
as secreted proteins make up the members of the TNF fam- 
ily of cytokines, which trimerize upon activation. Lastly, the 
chemokines form a class of cytokines that bind to a large 
family of seven transmembrane spanning G-protein-coupled 
receptors (GPCRs). 


STRUCTURE AND FUNCTION OF yc-DEPENDENT 
CYTOKINES AND RECEPTORS 


Members of the cytokine haematopoietic superfamily often 
share a common receptor subunit while retaining their own 
private receptor subunits. One well-documented example is 
that six cytokines, IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21, 
form one group, which is characterized by using the y- 
common (yc) chain as a receptor subunit. The common ye 
subunit was initially cloned as the y chain of thIL-2R 
complex. Soon it was discovered that this y subunit also 
participates functionally in the receptors for IL-4, IL-7, 
IL-9, IL-15, and IL-21 and, therefore, was designated yc, 
where c represents “common”. This subunit is constitutively 
expressed on essentially all cells of haematopoietic origin. 
It functions to enhance the binding of cytokines to their 
receptor, presumably by direct interaction with the ligand 
and to induce intracellular signal transduction events such 
as J anus-activated kinase- signal transducers and activators 
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of transcription (J AK-STAT) signal pathway (K ovanen and 
Leonard, 2004). 


¥c-Dependent Cytokines 


y¥-Dependent cytokines include IL-2, IL-4, IL-7, IL-9, IL-15, 
and IL-21. These peptides or glycoproteins have a molecular 
mass of 14-20kDa. Crystal structure analysis reveals that 
IL-2 is an a-helical protein, lacking -sheet structure, with 
a four-fork core stabilized by a single intrachain disulphide 
bond (Wang et al., 2005). IL-4 contains six cysteine residues 
involved in intramolecular disulphide bridges. The secondary 
structure of IL-4 reveals a four-helix bundle with a unique 
up- up- down- down helix topology. IL-7, IL-9, and IL-15 
contain a similar a-helical structure (Hage etal., 1999). 
The most recent addition, IL-21, also contains a 131- 
residue four-helix bundle cytokine domain with significant 
sequence homology to IL-2, IL-4, and IL-15 (Parrish-N ovak 
et al., 2000). Each cytokine is secreted by particular cell 
types in response to a variety of stimuli and produces a 
characteristic constellation of effects on the growth, motility, 
differentiation or function of its target cells. These cytokines 
affect multiple biological functions (Table 1). IL-2, IL-4, 
IL-9, and IL-21, all produced by activated T cells, are 
important immune regulatory cytokines, whereas IL-7 and 
IL-15, which nonlymphoid cells primarily produce, have also 
been implicated in the regulation of lymphocyte development 
(K ovanen and Leonard, 2004). 


y--Dependent Cytokine Receptors 


The y: subunit belongs to the cytokine receptor superfamily. 
All members of this superfamily are type | membrane glyco- 
proteins with a single hydrophobic transmembrane domain 
containing an evolutionary-related extracellular region or 
cytokine homology region (CHR) that results in a conserved 
structural fold for binding to helical cytokines. The CHR 
contains two major regions of homology. The first region 
includes four cysteine residues located in the N-terminal half 


2 THE MOLECULAR AND CELLULAR BASIS OF CANCER 











Table 1 Major Properties of Human y:-D ependent Cytokines. 
Cytokine Size (kDa) Cellular source Functional activities 
IL-2 15 Activated T42 cells T-cell growth 
Tc cells Enhance B-cell growth and Ig secretion 
NK cells Augment NK activity 
THO cells Induce LAK? 
Program T cells for apoptosis 
Reverse T-cell anergy 
L-4 20 Activated T42 cells T-cell growth 
Mast cells B-cell growth 
Basophils IgG, and IgE class switch 
MK1+CD4+T cells Enhance expression of MHC class II and CD23 
L-7 17 Bone marrow stroma T-cell growth 
Thymic stromal cells Proliferation of pre-B cells 
Intestinal epithelial cells Viability of TN thymocytes 
Keratinocytes Promotes development of CTL‘ 

L-9 14 Activated T cells Promotes the growth of mast cells 
Enhances mast cell secretion of IL-6 and expression of granzyme A and B 
and FcRe 

L-15 15 Placenta, epithelial cells T-cell growth 

Skeletal muscle Enhanced NK activity 

Kidney, lung, fibroblasts Induce LAK 

Activated monocytes Promote B-cell growth and Ig secretion 
L-21 15 Activated Ty2 cells T and B-cell proliferation 








aNK = natural killer 
>LAK = lymphokine-activated killer 
“CTL = cytotoxic T lymphocyte; TN, triple negative. 


of the extracellular domain. The second region of homology, 
the “WS motif” encodes the amino acids, Trp-Ser-X -Trp- 
Ser (WSX WS). This motif lies close to the transmembrane 
region and probably serves as the main ligand-binding site. 
The C-terminal half of the extracellular domain is com- 
posed of fibronectin type III domains found in a series of 
cell surface molecules with adhesive properties; however, 
the functional significance of these domains remains to be 
clarified (Bazan, 1990). The y,.-dependent cytokine receptors 
are heterodimeric (IL-4R, 7R, 9R, and 21R) or heterotrimeric 
(IL-2R and 15R). In addition to the y: subunit, each recep- 
tor contains a subunit that is also a member of the cytokine 
superfamily. The third subunit of the IL-2R and IL-15R (IL- 
2Ra and IL-15Rq) is not related to the cytokine superfamily, 
but may also contribute to cytokine binding affinity (Minami 
et al., 1993). 


JAK-STAT SIGNAL PATHWAY 


All known »-containing receptors signal through the asso- 
ciated J anus protein-tyrosine kinases, JAK 1 and JAK 3 pro- 
teins, although not all y-dependent cytokines activate the 
same STAT molecules (see the following text). Phospho- 
rylated tyrosines and flanking amino acid residues in the 
activated cytokine receptors determine this specificity by pro- 
viding specific docking sites for the SH2 domains of STATs. 
Most likely, JAKs mediate tyrosine phosphorylation of the 
receptor proteins. The JAK/STAT signal pathway, therefore, 
connects activation of the receptor complexes directly to 
transcription of genes. Upon receptor oligomerization, JAKs 
are activated, presumably by trans-"auto” phosphorylation 


NK cell development 


on tyrosines. Subsequently, JAK s phosphorylate STAT pro- 
teins, which form homodimeric or heterodimeric complexes 
through their SH2 domains. These complexes translocate to 
the nucleus, where they bind to specific targeting sequences 
and influence gene transcription (see Figure 1 and IFN sig- 
nalling) (Horvath and Darnell, 1997). 


Janus Kinases 


The JAKs are cytoplasmic tyrosine kinases, which mediate 
signalling from a number of cell surface receptors, which lack 
intrinsic tyrosine kinase activity. Four mammalian members 
of the JAK family are known, JAKs 1-3, and TY K2 (Ihle, 
1995). Whereas JAK1, JAK2, and TYK2 are expressed 
ubiquitously, expression of JA K3 is confined to myeloid and 
lymphoid cells. Characteristic of the structure of J AK s is the 
presence of seven JAK homology (JH) domains, of which 
the C-terminal (JH1) domain has tyrosine kinase activity. 
The N-terminal JH7 domain associates with proline-rich 
conserved BOX 1/BOX2 regions found on the cytoplasmic 
side of cytokine receptors (K isseleva et al., 2002). Studies of 
knockout mice provided important insights into the function 
of JAKS in vivo. The JAK1 and JAK2 knockout mice are 
not viable, but the JAK3 knockout survives and is fertile. 
The JAK1 and JAK2 knockouts show profound defects 
in lymphoid development and erythropoiesis, respectively, 
demonstrating a profound role in cytokine signalling (Rodig 
et al., 1998; Neubauer et al., 1998). The JAK 3 survival can 
be associated with its limited expression pattern. However, 
these mice suffer from severe combined immune deficiency 
(SCID) (discussed in the following text) that affects T 
cells, B cells, and natural killer (NK) cells. Interestingly, 
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Figure 1 Signalling of ye-dependent receptors through the J anus-activated kinases-signal transducer and activator of transcription (JAK-STAT) signalling 
pathway. In this illustration, [L-2/IL2R complex is given as a prototypical example of y:-cytokine signalling. Ligand binding to its cognate receptor causes 
trimerization of the receptor complex followed by activation of JAK. JAK kinases, in turn, phosphorylate cellular substrates, including at least one of the 
receptor chains. This allows recruitment of STAT proteins to a phosphorylated SH2 domain of the receptor and subsequent phosphorylation of the STATs 
by the activated JAKs. The STAT proteins dimerize, translocate to the nucleus, bind DNA and induce transcription. Unphosphorylated STATs can also 
traffick between the nucleus and cytoplasm in the absence of cytokine signalling (Zeng et al., 2002). 


the y-knockout phenotype is virtually indistinguishable 
from J AK 3-deficient mice. This similarity strongly suggests 
that the major role of ye is the recruitment of JAK3 
to each y-receptor (Nosaka etal., 1995). In many cases, 
other JAKS, such as JAK 1, found in association with the 
additional subunits of y-containing cytokine receptors, do 
not sufficiently initiate signalling. For example, embryonic 
fibroblasts from JAK1 knockout mice do not respond to 
class Il cytokine receptor ligands, Ifny and Ifna (Muller 
et al., 1993). 


Signal Transducer and Activator of Transcription 
(STAT) 


The STATs constitute a family of signal transduction proteins 
that are activated in the cytoplasm by the binding of extra- 
cellular polypeptides to transmembrane receptors such as 
cytokines binding to their cognate receptor. Following their 
obligatory tyrosine phosphorylation, induced by a cytokine 
ligand, STATs dimerize, translocate to the nucleus and bind 
directly to response elements present in the promoters of tar- 
get genes in order to trigger induction of transcription. Thus 
far, six mammalian STATs (1- 6) proteins plus two isoforms 
have been identified (Darnell, 1997). Encoded by different 
genes, two homologues of STAT5 (STAT5A and STAT5B) 


exist. Expression of STAT proteins is ubiquitous, except 
for STAT4, which is expressed in several tissues including 
spleen, heart, brain, peripheral blood cells and testis. M ost 
STATS can be activated by many different ligands. IL-2, IL-7, 
IL-9, and IL-15 activate STAT3 and STAT5, in contrast to 
IL-4, which only activates STAT6. IL-21 activates STAT 1, 
STAT3 and to a lesser extent STAT5A and 5B (Kisseleva 
et al., 2002). STAT knockout mice show defects in a vari- 
ety of cytokine-dependent processes that affect both immune 
and non-immune processes. STAT1 and STAT2 knockout 
mice show defects in IFN-w/6 signalling, which promotes 
susceptibility to viral infections (Durbin et al., 1996; Park 
et al., 2000). The STAT3 knockout is embryonic lethal, but 
a conditional knockout of STAT3 in monocytes indicates 
STAT3 mediates the suppressive effects of IL-10 during 
an inflammatory response in macrophages and neutrophils 
(Takeda et al., 1997; Takeda et al., 1999). STAT 4-deficiency 
results in unresponsiveness to IL-12 coinciding with a Th1 
response impairment (K aplan et al., 1996; Thierfelder et al., 
1996). STAT5A and 5B knockouts appear to be related to 
terminal differentiation and tissue specific gene expression. 
For example, STAT5A and STAT5B double knockout mice 
show loss of function with regard to prolactin and growth 
hormone receptors causing disturbed ovary and mammary 
gland development and growth retardation. In addition, these 
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mice lack NK cells, develop splenomegaly and develop 
T cells with proliferation problems (M origgl etal., 1999). 
STAT 6-deficient mice have impaired IL-4 and IL-13 sig- 
nalling that promotes defects in Th2-response development 
(Takeda et al., 1996). 


DISEASES ASSOCIATED WITH PERTURBATIONS 
IN yc-RECEPTOR/JAK/STAT SIGNALLING 


Because y-dependent cytokines orchestrate a variety of 
immune system responses by activating the y-receptor/] AK / 
STAT signalling pathway, it is not surprising that most 
circumstances causing an inappropriate inhibition of this 
signalling pathway have genetically immunosuppressive con- 
sequences. A number of pathological conditions have been 
identified with mutations or deregulation in y:-cytokine 
receptors or associated signalling molecules. 


SCID 


SCID is a hereditary human disease characterized by the 
crippling of the adaptive immune response. There are sev- 
eral forms of SCID, categorised on the basis of the presence 
or absence of T, B and NK cells. The most prevalent form, X - 
linked SCID (X-SCID), which affects more than 50% of all 
cases, is characterized by a lack of T and NK cells, whereas 
the B-cell number is normal (Noguchi etal., 1993; Puck 
et al., 1993). The most famous case being David Vetter, the 
bubble boy, who lived for more than 12 years in a germ-free, 
protective “bubble” environment. The ensuing susceptibil- 
ity to opportunistic infections is the most prevalent cause 
of premature mortality in young patients suffering from this 
disease. X-SCID associates with mutations (chromosomally 
mapping to Xq13) in the y-chain of the IL-2, IL-4, IL-7, IL- 
9, IL-15, and IL-21 receptors (Leonard, 2001). Strikingly, 
a form of autosomal SCID exists with clinical symptoms 
identical with X-SCID, in which the gene encoding JAK3 is 
affected. Another form of SCID with slightly different clin- 
ical features involves mutations in the IL-7 receptor chain. 
Here, the patients have defects only in T-cell development, 
whereas B and NK cell development is normal (Giliani et al., 
2005). SCID mice show a different molecular phenotype. 
Mice deficient in the y: subunit indicate the development of 
multiple lymphoid lineages but not myeloid and erythroid 
lineages requires signalling through ye. In the mouse, B -cell 
development is substantially inhibited at the pro-B-cell stage, 
whereas in human X-SCID, the production of B cells is out- 
wardly normal. X-SCID mice show hypoplastic thymuses 
and reduced thymic cellularity (10- 25-fold) compared with 
normal littermates (Noguchi etal., 1993). The IL-7/IL-7R 
knockout appears to follow the y,-dependent cytokine for 
mouse B-cell development; however, their NK cell develop- 
ment was otherwise normal (He and Malek, 1996). The fail- 
ure to block B-cell development in human X-SCID suggests 
a yc-independent or redundant pathway for the production 


of B cells in these patients whereas in mice it is absolutely 
necessary. In summary, mouse models can be useful pre- 
dictors of defects that would be observed in humans but 
caution must be employed as differences will exist (Leonard, 
2001). 


Immunosuppressive Diseases and Suppression of 
JAK/STAT Signal Transduction 


Cytokine receptor- signalling substrates, in particular the 
JAKs and STATs, contribute to tumourigenesis. JAKs 
and STATs are known to be constitutively activated in 
haematopoietic cells transformed by diverse oncogenic tyro- 
sine kinases and in a variety of lymphomas and leukaemias. 
STAT3 association with many different types of cancer 
is well documented, including multiple myeloma, T-cell 
cutaneous lymphoma and chronic myelogenous leukaemia 
(CML). STAT3 is implicated in a number of solid tumours 
as well, including lung, breast, pancreas and prostate (Hodge 
et al., 2005). Together these data indicate a role for the JAK - 
STAT pathways in tumourigenesis as well as possible targets 
of prevention and therapy. 


INTERFERON SIGNALLING PATHWAY 


IFNs exhibit a wide variety of biological activities including 
antiviral and antiproliferative effects and modulation of 
innate and adaptive immunity (Pestka et al., 2004). These 
cytokines have a molecular weight of 20- 25 kDa. Studies of 
how IFNs activated gene transcription led to the discovery of 
the classical JAK -STAT pathway and uncovered the existence 
of a signalling network that is common to other cytokines 
(Darnell et al., 1994). IFNs are a large family of cytokines 
that are divided into three functional groups that bind to a 
common receptor: types I, II, and Ill. Type | IFNs represent 
the largest group with more than 20 members in its class 
(e.g., IFNa, -6, and -w), type II IFN consists of a single 
member (IFN-y), and the recently identified type III IFN 
class consists of three members (IFN-A1, -A2, and -A3 also 
referred as IL-28A, 1L28B, and IL-29) (K ontsek et al., 2003). 
Signalling with all three types of IFNs begins at the cell 
surface when IFNs bind to their specific membrane receptors 
resulting in gene activation. 


Interferon-y Signalling Pathway 


IFN-y also known as immune or type II IFN is produced by 
T cells (both CD4 and CD8), NK, and natural killer T (NKT) 
cells in response to immune and inflammatory stimuli (Biron 
and Brossay, 2001; Young and Hardy, 1995). Activation 
of the IFNy signalling cascade involves the participation 
of a pre-assembled complex consisting of five distinct 
components: two transmembrane receptor chains (IFNGR1 
and IFNGR2), two Janus kinases (JAK1 and JAK 2), and 
STAT 1 (Schroder et al., 2004). 
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IFN-y receptors belong to the class Il cytokine receptor 
family and are constitutively expressed on virtually all cell 
types (Bach et al., 1997). Both receptor chains lack intrinsic 
kinase and phosphatase activity. The 90-kDa IFNGR1 is 
constitutively associated with JAK1 and contains a STAT1 
binding and tyrosine phosphorylation site that is activated 
following phosphorylation by JAK 1. In contrast, the 62-kDa 
IFNGR2 is constitutively associated with JAK 2. Expression 
of both IFNGR1 and IFNGR2 is required to activate the 
IFN-y signalling pathway. While IFNGR1 is the ligand- 
binding receptor, IFNGR2 is required for proper assembling 
of the receptor complex for signal transduction (Sakatsume 
et al., 1995). 

Genetic and biochemical observations led to the pro- 
posal of a model that is widely accepted for IFN-y sig- 
nalling that is mediated by the) AK-STAT pathway (Figure 2) 
(Stark etal., 1998). A biologically active IFN-y homod- 
imer binds two IFNGR1s on their extracellular domains. 
As each IFNGR1 chain binds to one IFNGR2, the sta- 
ble heterodimeric receptor is brought into close proxim- 
ity, together with their pre-associated, inactive JAK1 and 
JAK2. The intracellular domains of both receptors open 
and induce JAK2 auto-phosphorylation and the subse- 
quent JA K 1 trans-phosphorylation by J AK 2. Activated JAK 1 
phosphorylates tyrosine residues of each IFNGR1 chain, 
which serve as docking sites to recruit inactive monomeric 
STAT1. STAT1 binds to this site through its SH2 domain 
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Figure 2 IFNy signalling through J AK-STATs (see text). 


and becomes phosphorylated on tyrosine residue 701 by 
JAK1. This causes STAT1 to dissociate from the receptor 
and form a reciprocal homodimer through SH2 domain- 
phosphotyrosyl interactions. STAT1 homodimers translo- 
cate to the nucleus and bind to a specific DNA element 
designated as IFN-gamma activated site (GAS) or IFN- 
gamma responsive element (GRR) found within promot- 
ers of a subset of IFN-stimulated genes (ISGs) to activate 
gene transcription (Figure 2) (Pearse etal., 1991; Decker 
et al., 1991). 

The JAK-STAT signalling pathway is not unique to IFNs 
as other cytokines can activate a similar signal transduc- 
tion network by inducing the tyrosine phosphorylation of a 
docking site on a receptor and recruitment of specific mem- 
bers of the STAT family of transcription factors (Leonard 
and O’Shea, 1998). Consequently, cytokine-induced activa- 
tion of the JAK-STAT signalling pathway has become the 
established signal transduction model that demonstrates how 
cytokine receptors when coupled to specific J A K s and STATs 
deliver intracellular signals to the nucleus to mediate gene 
activation. 

Distinct mechanisms exist to regulate the IFN-y signalling 
pathway. Expression of specific members of the family of 
SOCS/JAB/SSI proteins, induced by IFN-y and the protein- 
tyrosine phosphatase (PTP) SHP2 can bind to and inhibit 
activated JAKs (Alexander et al., 1999; You etal., 1999). 
In the nucleus, the PTP Tc-PTP, tyrosine dephosphorylates 
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Figure 3 IFN-(a/8) signalling through J AK -STATs (see text). 


STAT 1 (ten Hoeve et al., 2002), while PIAS1 interferes with 
STAT 1 binding to promoters of ISGs (Liu et al., 1998, 2004). 
These discoveries have broadened our understanding on how 
activation of the JAK-STAT pathway in response to specific 
stimuli is a tightly regulated event. 


Interferon-a/8 Signalling Pathway 


IFN-aw/B are produced by most cell types in response to a 
wide array of biological stimuli that include viruses, bacteria, 
double-stranded RNA, and mitogens. Activation of the IFN- 
a/B signalling pathway is controlled by seven components: 
two distinct transmembrane receptor chains (Interferon alpha 
receptor 1 and 2 IFNAR1 and IFNAR2), two JAK kinases 
(JAK 1 and TY K 2), two STATs (STAT1 and STAT 2), and the 
transcription factor p48/IRF9. 

Both chains that comprise the IFNa/f receptor complex 
designated as IFNAR are ubiquitously expressed on all cell 
types. All type | IFNs-w, -8, and -w) recognize and bind 
to the same receptors (Pestka etal., 2004). The 110-kDa 
IFNAR1 is a single chain, whereas the IFNAR2 with a 
molecular weight of 55- 100 kDa exists in three differentially 
spliced products of the same gene that differ in the length 
of the cytoplasmic and transmembrane domains: IFNAR2a 
(short), IFNAR2b (soluble), and IFNA R2c (long) (Domanski 
and Colamonici, 1996). IFNAR 2c is the high binding affinity 
ligand chain that when dimerized with IFNAR1 forms a 
functional receptor complex for signal transduction. 











IFN-Stimulated genes 





The established model for IFNa/ signalling is illustrated 
in Figure 3. Binding of an IFNa/f monomer to the IFNAR 
complex induces dimerization of the two receptors chains. 
The IFNAR1 and IFNAR2c chains are constitutively associ- 
ated with J anus kinases, J AK 1 and TY K 2, respectively. J A Ks 
become activated and tyrosine phosphorylate IFNAR1 and 
IFNAR2c on specific tyrosine residues. STAT1 and STAT2 
are recruited to the receptor through their SH2 domain and 
become phosphorylated on tyrosine 701 and tyrosine 690, 
respectively, by JAKs. Activated STATs dissociate from the 
phosphorylated IFNAR complex and assemble as STAT1 
homodimers or STAT1/STAT2 heterodimers and translo- 
cate to the nucleus (Stark et al., 1998). STAT1/STAT2 het- 
erodimers associate with the DNA binding subunit p48/IRF9 
to form the ISGF3 complex that binds to a specific DNA 
sequence element known as IFN -stimulated response element 
(ISRE ) found in the promoters of a subset of ISGs to initi- 
ate gene transcription (Qureshi et al., 1995; Fu et al., 1990). 
In contrast, STAT1 homodimers assemble independently of 
IRF9 and bind to a distinct DNA element designated as GAS 
to drive the expression of a different subset of ISGs (Decker 
et al., 1991). IRF9 serves as an adaptor molecule that stabi- 
lizes the binding of ISGF3 to the ISRE element to activate 
expression of selective ISGs (Horvath et al., 1996). 


IFN-A Signalling Pathway 


IFN-As, also referred as interleukin (IL)-28 and IL-29, were 
recently discovered as a class of cytokines that exhibit 


SIGNALLING BY CYTOKINES 7 


antiviral and antiproliferative activities (K otenko et al., 2003; 
Sheppard et al., 2003; Dumoutier et al., 2004). While IFN -à 
is produced by peripheral blood mononuclear cells and den- 
dritic cells in response to viral infection, only a restricted 
panel of cell lines respond to IFN-A stimulation (M ea- 
ger etal., 2005). IFN-A binds to a heterodimeric class 
Il cytokine receptor complex, IFNLR, which consists of 
a ligand-binding chain IFNLRI (also known as IL-28Raqa) 
and IL-10 receptor 6 chain (IL-10R 8). Limited informa- 
tion is available regarding the signal transduction pathway 
of IFNA. Thus far, IFN As appear to signal through activation 
of the JAK-STAT pathway. The IFNLRI is pre-associated 
with JAK1 and contains three important tyrosine residues 
that are essential for STAT activation (Dumoutier et al., 
2004). Binding of IFN-As to their specific receptor leads to 
tyrosine phosphorylation of IFNLRI and JAK1 activation. 
STAT1 and STAT2 are recruited to the IFNRL complex, 
become tyrosine phosphorylated by JAK1, and assemble 
as STAT1 homodimers or STAT1/STAT2 heterodimers that 
translocate to the nucleus. IFNA and IFNa/f share some 
similarities. IFN-A stimulated formation of STAT1 homod- 
imers bind the GAS sequence, whereas STAT 1/STAT2 het- 
erodimers in association with IRF9 form the ISGF3 complex 
and bind the ISRE element to activate gene transcription of 
ISGs that mediate the biological actions of IFNAs (K otenko 
et al., 2003). 


TUMOUR NECROSIS FACTOR: RECEPTORS 
AND SIGNAL TRANSDUCTION PATHWAYS 


The TNF superfamily of cytokines comprises a group of 
secreted and membrane-bound proteins that interact with 
their cognate cell surface receptor, which mediates a host of 
biological responses including cellular differentiation, death 
and survival. One of the first two members of the TNF super- 
family identified were TNF (formally known as TNFa) and 
lymphotoxin-w (LTa) (Carswell et al., 1975; Granger et al., 
1969). These two proteins are the prototype members of 
a large family of related proteins, which includes CD30, 
CD40, CD70, Fas ligand, TNF-related apoptosis-inducing 
ligand (TRAIL), OXO-4, and LIGHT. TNF is a major phys- 
iological mediator of inflammation. It initiates the response 
to gram-negative bacteria that produce lipopolysaccharide 
(LPS). TNF induces fever, activates the coagulation sys- 
tem, induces hypoglycaemia, depresses cardiac contractility, 
reduces vascular resistance, induces cachexia, and activates 
the acute phase response in the liver (Odeh, 2001; Tracey 
et al., 1986). 

Interestingly, attempts to use TNF in the clinic actu- 
ally predate its discovery and characterization. Towards the 
end of the nineteenth century, a small number of cancer 
patients experienced disease regression after suffering sys- 
temic bacterial infections. Subsequently a mixture of killed 
Streptococcus pyogenes and Serratia marcescens (“Coley’s 
toxins”) were administered to patients with advanced cancer, 
albeit with very limited success. This approach became the 
treatment of choice for over three decades until superseded 


by advances in radiotherapy, chemotherapy, and surgery. 
With hindsight, the most likely explanation for the results 
observed with Coley’s toxins was the production of TNF, 
largely by macrophages in response to bacterial LPS present 
in the cell wall of gram-negative bacteria such as Serratia 
species (Carswell et al., 1975). 


TNF, LT«, and their Receptors 


TNF and LTq@ are closely related homotrimeric proteins 
(32% identity). Human TNF is synthesized as a 233 amino 
acid glycoprotein, containing a long (76 residue) N-terminal 
leader sequence, which anchors it to the cell membrane as 
a 25-kDa type Il membrane protein. A secreted 17-kDa 
form of TNF is generated through the enzymatic cleavage 
of membrane-bound TNF by a metalloproteinase termed 
TNF-alpha-converting enzyme (TACE). Both soluble and 
membrane-bound forms of TNF are biologically active, 
although they have different affinities for the two TNF 
receptors (R1 and R2, see the following text), and probably 
as a consequence exhibit different biological properties 
(Hehigans and Pfeffer, 2005). 

LTa@ differs from TNF in that it is synthesized as a 
secreted glycoprotein. Human LTa is synthesized as a 205 
amino acid glycoprotein, which in native form exists as 
a 25-kDa homotrimer. LTa@ can bind both TNF receptors 
with affinities comparable to those of TNF, and has similar 
biological effects. However, a membrane-bound form of 
LT has been identified, which consists of a heterotrimeric 
complex containing one LTæ subunit noncovalently linked 
to two molecules of an LTa-related type II membrane 
protein termed LT £. The LTa 12 heterotrimer (also known 
as mLT) is not cleaved by TACE and is thought to exist 
exclusively aS a membrane-bound complex. M embrane-LT 
does not bind either of the two TNF receptors, but rather 
exerts its effects on another member of the TNF receptor 
superfamily, the lymphotoxin 6 receptor (LTBR). TNF 
and the two LT subunits are encoded by closely linked 
single copy genes, which are situated in the class Ill 
major histocompatibility locus, within a 25-kb region on the 
short arm of chromosome 6 in humans, at P21 (Locksley 
et al., 2001). 

The two receptors for TNF (and LTq) are type | trans- 
membrane glycoproteins designated tumour necrosis factor 
receptor (TNFR) 1 (also termed P60 in humans, P55 in 
mice) and TNFR2 (also Known as P80 in humans, P75 in 
mice). These receptors are characterized by six cysteine- 
rich pseudorepeats spanning 40 amino acids in their N- 
terminal extracellular domains. These cysteine-rich domains 
are involved in intrachain disulphide bonds and are the 
signature hallmark of the TNFR superfamily. The cyto- 
plasmic domains of these receptors lack intrinsic enzy- 
matic activity and are thought to recruit and activate adap- 
tor proteins to propagate their signal. Signal transduction 
is therefore achieved by the recruitment and activation 
of adaptor proteins, which recognize specific sequences 
in the cytoplasmic domains of these receptors. Signalling 
occurs through two principal classes of adaptor molecules: 
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death domain (DD) proteins and TNF receptor-associated 
factors (TRAFs) (Dempsey etal., 2003). Recruitment of 
adaptor molecules activates a number of characteristic sig- 
nalling pathways that can lead to a remarkably diverse 
set of cellular responses including differentiation, activa- 
tion, release of inflammatory mediators and apoptosis (see 
also Apoptosis). 


Signal Transduction: DD Proteins and TRAFs 


Death Domain Proteins, TRADDs, and FADDs 


TNFR-associated death domain (TRADD) and Fas- 
associated death domain (FADD) are intracellular DD- 
containing adaptors that can cause activation of the 
caspase cascade (see the following text) and subsequent 
induction of apoptosis. The principal molecule involved in 
TNFR1 signal transduction is TRADD, which is recruited to 


TNFR1 


Gh 


Apoptosis 





TNFR1 after activation by TNF. The interaction between 
TNFR1 and TRADD is mediated by the DD, a motif 
found in both adaptor molecules and the cytoplasmic 
domains of the receptor itself (Figure 4). The binding of 
TRADD to TNFR1 leads to recruitment and activation 
of numerous associated signalling molecules. TNF-induced 
apoptosis is generally thought to be achieved by the 
interaction of TRADD with FADD, which oligomerizes with 
TRADD through the DDs contained in both molecules. 
Recruitment of FADD activates a cascade of events which 
ultimately lead to apoptosis (Dempsey et al., 2003). Several 
members of the caspase family bring about this coordinated 
activation. 

Caspases are cysteine aspartate proteases, which origi- 
nally synthesize as zymogens, and typically convert to their 
activated form by proteolytic cleavage, often by a distinct 
caspase upstream in the proteolytic cascade. Caspase-8, gen- 
erally considered the apical caspase in the TNF and Fas 
pathways, recruits to FADD in the activated complex, and 


TNER2 
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Figure 4 TNFR1 and R2 signalling through DD- and DD-containing adaptor molecules. Receptor association with FADD adaptor molecules through 
dead domains (DD) signals cellular apoptosis. Association with TRADD adaptor molecules can activate TRAF (survival responses) or FADD (apoptosis). 
Assembly of TRAF-mediated survival responses is facilitated by other signalling proteins such as RIP (receptor-interacting protein) and clAP (cellular 
inhibitor of apoptosis). Binding of TRAF proteins to TNFR2 is mediated through TIM (TRAF-interacting motifs) domains found on the cytoplasmic tail 


of the receptor. 
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Figure 5 Graphic depiction of the chemokine signal cascade. Heterotrimeric G-proteins are composed of œ-, 6- and y-subunits; PI-3,4,5-P3 - 
phosphatidylinositol 3,4,5-triphosphate; PI-4,5-P> - phosphatidylinositol 4,5-diphosphate; P1-3,4-Pə - phosphatidylinositol 3,4-diphosphate; PTEN - 
phosphatase and tensin homologue deleted on chromosome ten; PI3K - phosphoinositide 3-kinase; SHIP - SH2-containing inositol 5’phosphatase; 
GRK - G-protein-coupled receptor kinase; DOCK-2 - downstream of Crk-180 homolog-2 ERK 1/2-extracellular signal receptor-activated kinase 1 or 
2; WASP - Wiskott- Aldrich syndrome protein; Arp2/3 - actin-related protein 2 and 3; SPRED - sprouty-related protein with ENA /vasodilatory-stimulated 
phosphoprotein homology-1 domain; RACK 1 - Receptor-activated C Kinase-1; ROCK - Rho-associated coiled-coil forming protein kinase; MLCK - 
myosin light chain kinase; DAG - diacylglycerol; PA - phosphatidic acid; PLC - phospholipase C; RGS - Regulators of G-protein signal; Plic-1 - a 
ubiquitin-related protein; PKC - protein kinase C; and PAK - p21-activated kinases. 


activates by self-cleavage induced by an increase in its 
local concentration. Cleaved caspase-8 subsequently acti- 
vates downstream caspases, notably caspase-3, and thereby 
induces apoptosis (Thorburn, 2004). 

Interestingly, TNFR1 signals for cell death only in 
conditions where protein synthesis is blocked. In most 
circumstances, TNFR1 induces transcription and activation 
of inflammatory genes, suggesting a mechanism to sup- 
press apoptosis. Despite the well-defined ability of TNFR1 
signalling to induce cell death, the majority of normal cells 
do not respond to TNF by undergoing apoptosis. This contra- 
dictory situation can be accounted for by TNFR1 activating 
nuclear factor-«B (NF-«B), which induces the expression of 
a number of anti-apoptotic proteins. NF-«B transcription fac- 
tors sequester in the cytoplasm by inhibitor of NF-«B (I«B). 
Phosphorylation of IxB leads to its degradation through ubiq- 
uitination by the 26S proteasome. The heterodimeric NF-«B 


subunits then translocate to the nucleus where they regulate 
expression of a wide variety of genes involved in anti- 
apoptotic responses (Wajant et al., 2003). The best described 
of these are (i) A20, a zinc finger-containing molecule; 
(ii) A1/BFLI, a BCL-2 homologue; and (iii) c-IAP 1/c-IAP 2, 
members of the inhibitor of apoptosis (IAP) family (K arsan 
etal., 1996; Rath and Aggarwal, 1999). In lieu of these 
observations, TNFR1 associates with TRAF, which protect 
cells from apoptosis and initiate inflammatory responses. 


TRAFs 


TRAFs are a group of intracellular intermediates that bind 
directly or indirectly to many members of the TNF receptor 
families. To date, there are six mammalian TRAFs (1-6) 
identified and are evolutionary conserved in Drosophila 
melanogaster and Caenorhabditis elegans (Grech etal., 
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2000). Although TRAFs lack intrinsic enzymatic activity, 
they bind to several serine- threonine kinases, including NF- 
«B-inducing kinase (NIK), receptor-interacting protein (RIP) 
and GCK (germinal centre kinase). Through the recruit- 
ment of these kinases, TRAF2 induces the activation of 
several transcription factors, particularly NF-«B, as well as 
downstream kinases involved in stress responses, notably 
c-Jun N-terminal kinase (J NK), which are crucial effectors of 
the TNFR1-mediated pro-inflammatory reaction. TRAF2 is 
also a central component of the TNFR2 signalling complex, 
through a direct interaction with the cytoplasmic domain of 
the receptor, which lacks a DD. TNFR2 signalling induces 
proliferation by activating anti-apoptotic signal transduction 
pathways including NF-«B (Yeh et al., 1997). Paradoxically, 
cells responding to TNFR2 signalling can also undergo apop- 
tosis. Mounting evidence suggests TNFR1 is affected by a 
signal crosstalk mechanism with TNFR1 whereby TNFR2 
stimulates the expression of membrane-bound TNF, which 
subsequently activates TNFR1. This TNFR2-dependent pro- 
cess also affects the stability of prosurvival proteins, TRAF2 
and TRAF1, by inducing proteolysis of these protective pro- 
teins (Duckett and Thompson, 1997; Grell et al., 1999). 


Other Signalling Molecules and Pathways 


To account for the diverse range of outcomes following 
TNFR1 activation, other signalling proteins have been iden- 
tified. Notably, silencer of death domains (SODD) was iden- 
tified on the basis of its ability to bind to the DD of TNFR1. 
SODD is found in the TNFR1 receptor complex before 
receptor activation, but dissociates from the receptor after 
ligand binding. As such, SODD-deficient mice alter cytokine 
production when challenged with TNF. Furthermore, treat- 
ment of cells with TNF dissociates SODD from the DDs 
of TNFR1, allowing recruitment of proteins such as TRAF 
and TRADD to activate the receptor-signalling complex. This 
suggests SODD pre-associates with TNFR1 to prevent spon- 
taneous signalling by DD-containing receptors (Takada et al., 
2003; Jiang et al., 1999). 

TNF also signals through mitogen-activated protein (M A P) 
and phosphatidylinositol-3 (P13) family of kinases. Activa- 
tion of these kinases by TNF increases osteoclast survival by 
up to 80%. This increase in survival of mature osteoclasts 
is mediated by activation of Akt and extracellular signal 
receptor-activated kinase (ERK) whereby inhibitors of these 
kinases increase osteoclast morbidity (Lee et al., 2001). TNF 
also appears to activate neutral sphingomyelinase (N-Smase), 
which mediates some of the inflammatory and proliferative 
responses to TNF. Factor associated with N-Smase activation 
(FAN), which binds to distinct sites on the cytoplasmic tail 
of TNFR1, mediates this activation. The coupling of FAN to 
N-Smase activity results in the production of ceramide, which 
leads to a number of pro-inflammatory responses including 
degradation of I«B (Adam-Klages etal., 1996; Heller and 
K ronke, 1994). 


TNF Signalling and Cancer Therapy 


The death receptors (DR) of the TNF superfamily represent 
possible targets for cancer therapy. Treatment includes using 
antibodies against the TRAIL receptors that act as agonists. 
Activation of these DRs would effectively trigger an apop- 
totic response. This antibody-based therapy already shows 
promising results. Administration of an agonist anti-DR5 
antibody exhibits potent antitumour effects without causing 
systemic toxicity to the animal. Furthermore, this approach 
not only eliminates TRAIL-sensitive tumour cells, but it also 
induces T-cell memory allowing for long-term prevention 
against a recurrence (Takeda etal., 2004). To date, anti- 
TRAIL-R agonistic antibodies are in Phase | and II clinical 
trials. In a similar fashion, activating the TRAIL receptors 
with truncated versions of TRAIL that contain the extracel- 
lular domain has been used. Preclinical studies show these 
recombinant constructs induce apoptosis in cancer cell lines 
while leaving normal cells unaffected. Furthermore, using 
TRAIL in combination with a chemotherapy agent or a his- 
tone deacetylase inhibitor potentiates the antitumour effects 
in cancer cell lines as well as in a mouse xenograft model 
(Inoue et al., 2004; Naka et al., 2002). 


CHEMOKINE RECEPTOR SIGNAL TRANSDUCTION 


Chemoattractant cytokines are typically <15-kDa proteins, 
which are secreted by many tissue and cell types (Zlotnik 
and Yoshie, 2000). The classical chemokine-induced bio- 
logical activity is leucocyte migration, but as the field has 
matured other chemokine-mediated physiological functions 
have been identified, including regulation of tumour metas- 
tasis and growth (Howard and Galligan, 2004), lymphocyte 
maturation, stem cell selection and maturation (K ucia et al., 
2004; Broxmeyer etal., 2003), regulation of angiogenesis 
and apoptosis (Guo etal., 2005; Kovanen and Leonard, 
2004). Although these additional functions have been demon- 
strated, the components of the distinct signalling cascades 
remain unresolved, therefore this section will focus on the 
accepted components of the chemokine-induced chemotaxis, 
cell activation and survival signalling cascades (Figure 5). 


Seven Transmembrane G-Protein-Coupled 
Receptors (GPCRs) 


Chemokines bind to and activate seven transmembrane 
GPCRs, which are structurally similar to the rhodopsin (type 
A) subfamily, a nomenclature following the systematic one 
for chemokines has been proposed (Bacon et al., 2002). The 
N-terminus of the receptor, which is also the first extracellu- 
lar domain, is essential for high-affinity chemokine binding. 
Disulphide bonds between the extracellular domains main- 
tain the closely packed positions of the seven transmembrane 
domains. The disulphide bonding is needed for efficient 
chemokine-induced signalling but is not necessary for HIV -1 
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coreceptor activity. The chemokine receptor signal is depen- 
dent on a ligand-induced dynamic change in the receptor that 
results in an increased affinity for Gi and Gq heterotrimeric 
G-proteins. Fine regulation of the GPCR signal occurs at 
the membrane where increased phosphatidylcholine in the 
lipid bilayer enhances GTPase activity of the G-proteins and 
is essential for the activity of G-protein-coupled receptor 
kinase(s) (GRKs). 


Heterotrimeric G-Proteins 


Chemokine-induced chemotaxis is inhibited by pertussis 
toxin, indicating that chemokine receptors activate trimeric 
G-proteins in the Go/i subfamily. However, activation of 
phospholipase C (PLC), intracellular calcium (Ca2+) mobi- 
lization and cellular exocytosis can be mediated through per- 
tussis toxin-insensitive Gq proteins. The type of cell express- 
ing the GPCR and its activation state regulates which G- 
protein couples to the receptor, such that chemokine receptors 
have been reported to couple to several classes of G-proteins. 

Heterotrimeric G-proteins are composed of a-, B-, and y- 
subunits. In the resting G-protein, the a-subunit is bound 
to guanosine diphosphate (GDP). Once activated, GDP is 
exchanged for GTP and the a-subunit separates from the 
b- y-subunits. The w-subunits are apparently necessary for 
regulation of the GPCR function. Regulators of G-protein 
signal (RGS) are widely expressed GTPase-activating pro- 
teins that contain a 130 amino acid domain that binds Ga- 
GTP subunits accelerating the hydrolysis to Ga-GDP and 
blocking Gæ interaction with PLC. Mice deficient in RGS1, 
show delayed homologous desensitization and exaggerated 
B-cell follicles (M oratz et al., 2004). A multifunctional cyto- 
plasmic protein, PDZ-RGS3, links the surface anchored 
ephrin-B to the GPCRs whereby cell-to-cell contact can reg- 
ulate cell migration (Lu et al., 2001). Additionally, some Ga 
subunits are substrates for protein kinase C (PKC) resulting 
in autoregulation of this G-protein-mediated signal. Gai sub- 
units were shown to be nonessential in chemokine-induced 
chemotaxis. These data indicated that any Ga linked to B- y- 
subunits, which are essential, could transmit a chemotactic 
signal. In addition to transmitting the chemotactic signal, 
b- y-subunits participate in signal component receptor dock- 
ing and cell activation. 

Heterotrimeric G-proteins interact with several intracellu- 
lar domains of GPCRs found in the cytoplasmic tail and sec- 
ond and third intracellular loops and initiate expansive func- 
tional and regulatory signals. The 8- y-subunits were shown 
to guide GRK -2 to its phosphorylation site on a GPCR, sug- 
gesting that both the correct membrane lipid composition 
and G-protein components are needed for GRK regulation 
of GPCR signal (M etaye et al., 2005). Receptor phosphory- 
lation mediated by GRK’s and various PKC isotypes leads 
to B-arrestin binding, which targets the receptor to clathrin- 
coated pits and internalization (Lefkowitz and Shenoy, 2005). 
However, the ultimate role of chemokine receptor endocyto- 
sis remains controversial (Neel et al., 2005). 

The G-protein 8- y-subunits directly bind to and activate 
the RAS kinase, RAF-1, phosphoinositide 3-kinase gamma 


(PI3K y), PLC and other small GTPases. RAF-1 is a serine/ 
threonine kinase that links the mitogen-activated protein 
kinase (M APK ) cascade to tyrosine kinase-dependent growth 
factor receptors (see Signalling by Ras and Rho G T Pases). 
M utagenesis studies showed that 6 - y-subunits bind to RAF- 
1 with an affinity similar to that between £- y-subunits and 
GRKs, suggesting that there maybe a competition between 
receptor inactivation by GRKs and the mitogenic signal. 

Mutagenesis of G-protein B-subunits resulted in inappro- 
priate organization of cellular cytoskeleton (Peracino et al., 
1998), and additional studies have shown that small GT Pases 
of the RHO family are essential for chemotaxis and seques- 
tration of B- y-subunits leads to rearrangement of the actin 
cytoskeleton, suggesting a link between 6-subunits and these 
small GTPases. Recent work has focussed on identifying 
regulators of 8- y-subunits. Two such proteins have been 
identified. PLIC-1, a ubiquitin-related protein, and R eceptor- 
activated C Kinase-l1 (RACK-1) directly bind to B-y- 
subunits blocking activation (Chen etal., 2004). PLIC-1 
also regulates receptor internalization, and cell migration 
(N'Diaye and Brown, 2003). 


Phospholipase 


Mice lacking PLC-62 and -63 were used to show the role of 
PLC in chemokine-induced cell signalling (Li et al., 2000). 
Neutrophils from animals lacking both PLC-82 and -83 
did not produce inositol trisphosphate (IP3), flux calcium or 
superoxide in response to chemokines or chemoattractants. 
Animals lacking only PLC-82 clearly showed reduced both 
IP3 and Ca? flux in response to interleukin-8 (IL-8 also 
known as Cxcl8) and macrophage inflammatory protein 1 
beta (MIP16, also known as Ccl4), but not to the same 
extent, suggesting that both PLC isoforms participate in 
signal transduction in neutrophils. In contrast to the calcium 
flux signal, the chemotaxic response of the neutrophils from 
animals lacking both PLC-82 and -83 was not reduced; 
rather, there was an enhanced chemotactic response to IL-8. 
The PLC-82— and -83—deficient animals failed to activate 
PKC in response to chemoattractants, indicating that the PK C 
pathway is linked to the Ga and not the Gf-y signal. 
Additionally, PLC-deficient animals failed to phosphorylate 
the mitogen-activated protein kinase c-jun N-terminal kinase. 
However, PLC deficiency had no effect on Rac activation, 
suggesting that cytoskeletal modification is a separate signal 
in neutrophils. 

In addition to activation of PLC, there is evidence that 
phospholipase D (PLD) is also activated by chemokines. 
The position of PLD in the chemokine signal cascade is 
ambiguous because diacylglycerol (DAG) can be intercon- 
verted to the lipid hydrolysis product of PLD, phosphatidic 
acid (PA), suggesting that PLC activity may regulate PLD 
activity. Additionally, RAS and RHO family members and 
PKC activate PLD. A function for PA in chemokine-induced 
cell activation has not been identified, but PA is strongly 
associated with cell vesicle transport, suggesting that PLD 
may act late in the chemokine-induced cascade by regulating 
receptor localization to the membrane. 
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Phosphoinositide 3-Kinase Gamma (PI3Ky) 


PI3Ks have been implicated in many cellular responses, 
including, proliferation, apoptosis, adhesion and chemotaxis. 
To show the role of PI3Ky in chemotaxis a number of 
groups generated PI3K y deficient mice, all groups observed a 
severe reduction (<85%) in chemokine-induced myeloid cell 
chemotaxis, but lymphocytes were less affected, indicating 
that GB- y may link to other intracellular components and 
induce chemotaxis (Ward, 2004). PI3K y deficiency had no 
effect on chemoattractant-induced actin polymerization or 
calcium flux. The role of PI3K y in cell migration has been 
proposed to be that of providing “steering” for a cell in 
motion. PI3K y deficiency had a profound inhibitory effect on 
chemoattractant-induced activation of Akt, ERK1 or ERK2. 
The activation of ERK1 and ERK2 by PI3Ky directly 
links the chemokine GPCR signal to both proliferation and 
activation signals. An alternative signalling component used 
by lymphocytes to respond to chemokines is downstream of 
Crk-180 homolog-2 (Dock-2). 


Small GTPases Lead to Actin and Kinase Activation 


The small GTPases participate in several critical cell migra- 
tion steps. In myeloid cells, Rac appears to mediate lamel- 
lipodia formation, while Cdc42 appears to be essential for 
adhesion to extracellular matrix. Also in myeloid cells, 
Cdc42 and Rho participate in endocytosis and antigen pre- 
sentation (Shurin et al., 2005). Tumour cell lines have been 
used to show that Rho and Rac are required for tumour 
cell invasion. In an osteosarcoma cell line, Rho medi- 
ated actin fibre formation was inhibited by Sprouty-related 
protein with ENA/vasodilatory-stimulated phosphoprotein 
homology-1 domain (SPRED) 1 and 2 resulting in decreased 
tumour metastasis (Miyoshi et al., 2004). Thus, the small 
GTPases are a target to regulate cell migration. 

Subsequent to activation of the small GTPases, p21- 
activated kinases (PAKs), and Rho-associated coiled-coil 
forming protein kinase (ROCK), which are serine/threonine 
protein kinases, are also required for cell migration. Rac 
activation leads to LIM kinase 1 activation that in turn 
phosphorylates cofilin, an actin depolymerizing and severing 
protein. Cofilin regulates actin filament polymerization at 
the leading edge of lamellipodia of a polarized cell and 
to degrade polymerized actin at the trailing edge or uropod 
(Nishita et al., 2005). 

Another protein known to regulate actin organization is 
Wiskott- Aldrich syndrome protein (WASP). WASP coordi- 
nates with several other proteins to regulate cell migration 
including Cdc42, Rac, actin, actin-related protein 2 and 3 
(Arp2/3) complex, and Wiskott- Aldrich syndrome protein- 
interacting protein (WIP) (Gallego et al., 2006). The loss of 
WASP results in reduced monocyte and lymphocyte migra- 
tion in vivo. The WASP and cofilin pathways are independent 
of each other leading to the observation the WA SP is essential 
for cytokine-induced migration but not chemokine-induced 
migration, where it is redundant. 


Mitogen-Activated Protein Kinases (MAPKs) 


The role of the MAPKs in chemokine-induced migration 
is highly controversial because most cells stimulated with 
chemokines phosphorylate one or all of the classic MAPKs; 
ERK1 or 2 and p38. Supporting evidence for p38 being 
required for in vivo cell emigration was shown using p38 
inhibitors (Cara et al., 2001). Further, p38 defects are often 
found in leukaemia cells that do not migrate. M ost studies 
suggest that ERK 1/2 are required for cell survival along with 
PI3K phosphorylation of Akt. However, myosin association 
with actin appears to require myosin light chain kinase, which 
is activated by either p38 or ERK 1/2 (Adachi et al., 2003). 


Phosphatases 


As the PI3K pathways have long been associated with cell 
migration and survival it is no surprise that phospholipid 
phosphatases are considered to be equally important. SH 2- 
containing inositol 5’ phosphatases (SHIP) 1 and 2 and phos- 
phatase and tensin homologue deleted on chromosome ten 
(PTEN) remove phosphate groups from phosphatidylinositol 
3, 4, 5-triphosphate (PI-3, 4,5-P3) (Sly et al., 2003). Since PI- 
3, 4,5-P3 is essential for the recruitment and activation of the 
serine/threonine A kt (also known as protein kinase B ), these 
kinases balance directional sensing in cell migration and cell 
survival. In addition to the phospholipid phosphatases, sev- 
eral protein-tyrosine phosphatases have been implicated in 
fine-tuning the chemokine signal (Neel et al., 2003). 


Varied Negative Regulatory Pathways 


As with all activating signals there must be a mechanism to 
counteract the activation. In addition to receptor phospho- 
rylation and endocytosis, there appear to be several novel 
methods to negatively regulate chemokine-induced migra- 
tion and proliferation. Association of kisspeptin-10 with its’ 
corresponding GPCR, GPR54, blocks cell migration and sur- 
vival by a poorly understood mechanism. The association of 
the SLIT, a secreted protein, with roundabout receptor (robo) 
blocks chemokine-induced adhesion by blocking PY K 2 tyro- 
sine phosphorylation through a small GTPase dependent 
pathway. 


CONCLUSIONS 


As the field of chemokine-induced signal transduction has 
matured, cell specific signalling cascades have been identi- 
fied along with additional linkages to other signalling cas- 
cades. The recognition that different cell types mediate the 
chemokine signal differently brings hope for selective reg- 
ulation of pathological conditions. Further, the endogenous 
regulators of chemokine-induced cell migration and survival 
are beginning to be identified, which may lead to novel ther- 
apeutic targets. 


SIGNALLING BY CYTOKINES 13 


REFERENCES 


Adachi, T., et al. (2003). Myosin light chain kinase mediates eosinophil 
chemotaxis in a mitogen-activated protein kinase-dependent manner. The 
Journal of Allergy and Clinical Immunology, 111, 113-116. 

A dam-K lages, S., et al. (1996). FAN, a novel WD-repeat protein, couples 
the p55 TNF-receptor to neutral sphingomyelinase. Cell, 86, 937-947. 
Alexander, W. S., et al. (1999). SOCS1 is a critical inhibitor of interferon 
gamma signaling and prevents the potentially fatal neonatal actions of 

this cytokine. Cell, 98, 597- 608. 

Bach, E. A. et al. (1997). The IFN gamma receptor: a paradigm for cytokine 
receptor signaling. Annual Review of Immunology, 15, 563- 591. 

Bacon, K., etal. (2002). Chemokine/chemokine receptor nomenclature. 
Journal of Interferon and Cytokine Research, 22, 1067-1068. 

Bazan, J. F. (1990). Structural design and molecular evolution of a cytokine 
receptor superfamily. Proceedings of the National Academy of Sciences 
of the United States of America, 87, 6934- 6938. 

Biron, C. A. and Brossay, L. (2001). NK cells and NKT cells in innate 
defense against viral infections. Current Opinion in Immunology, 13, 
458- 464. 

Broxmeyer, H. E., etal. (2003). Stromal cell-derived factor-1/CXCL12 
directly enhances survival/antiapoptosis of myeloid progenitor cells 
through CXCR4 and G(alpha)i proteins and enhances engraftment of 
competitive, repopulating stem cells. J ournal of Leukocyte Biology, 73, 
630- 638. 

Cara, D. C., etal. (2001). Role of p38 mitogen-activated protein kinase 
in chemokine-induced emigration and chemotaxis in vivo. Journal of 
Immunology, 167, 6552- 6558. 

Carswell, E. A., etal. (1975). An endotoxin-induced serum factor that 
causes necrosis of tumors. Proceedings of the National Academy of 
Sciences of the United States of America, 72, 3666 - 3670. 

Chen, S., et al. (2004). RACK 1 regulates specific functions of G betagamma. 
The J ournal of Biological Chemistry, 279, 17861 - 17868. 

Darnell, J. E. Jr (1997). STATs and gene regulation. Science, 277, 

1630- 1635. 

Darnell, J. E. Jr, etal. (1994). Jak-STAT pathways and transcriptional 

activation in response to IFNs and other extracellular signaling proteins. 

Science, 264, 1415- 1421. 

Decker, T., et al. (1991). Cytoplasmic activation of GAF, an IFN-gamma- 

regulated DNA-binding factor. The EMBO Journal, 10, 927-932. 

Dempsey, P. W., etal. (2003). The signaling adaptors and pathways 

activated by TNF superfamily. Cytokine and Growth Factor Reviews, 

14, 193- 209. 

Domanski, P. and Colamonici, O. R. (1996). The type-I interferon receptor. 

The long and short of it. Cytokine and Growth Factor Reviews, 7, 

143-151. 

Duckett, C. S. and Thompson, C. B. (1997). CD30-dependent degradation 

of TRAF2: implications for negative regulation of TRAF signaling and 

the control of cell survival. Genes and Development, 11, 2810- 2821. 

Dumoutier, L., etal. (2004). Role of the interleukin (IL)-28 receptor 

tyrosine residues for antiviral and antiproliferative activity of IL- 

29/interferon-lambda 1: similarities with type | interferon signaling. The 

Journal of Biological Chemistry, 279, 32269- 32274. 

Durbin, J. E., et al. (1996). Targeted disruption of the mouse Statl gene 
results in compromised innate immunity to viral disease. Cell, 84, 
443 - 450. 

Fu, X. Y., et al. (1990). ISGF3, the transcriptional activator induced by 
interferon alpha, consists of multiple interacting polypeptide chains. 
Proceedings of the National Academy of Sciences of the United States 
of America, 87, 8555-8559. 

Gallego, M. D., et al. (2006). WIP and WASP play complementary roles 
in T cell homing and chemotaxis to SDF-1q. International Immunology, 
18, 221. 

Giliani, S., etal. (2005). Cytokine-mediated signalling and early defects 
in lymphoid development. Current Opinion in Allergy and Clinical 
Immunology, 5, 519- 524. 

Granger, G. A., et al. (1969). Lymphocyte in vitro cytotoxicity: specific 
release of lymphotoxin-like materials from tuberculin-sensitive lymphoid 
cells. Nature, 221, 1155-1157. 

Grech, A., etal. (2000). Complete structural characterisation of the 
mammalian and Drosophila TRAF genes: implications for TRAF 





evolution and the role of RING finger splice variants. Molecular 
Immunology, 37, 721- 734. 

Grell, M., et al. (1999). Induction of cell death by Tumour Necrosis Factor 
(TNF) receptor 2, CD40 and CD30: a role for TNF-R1 activation 
by endogenous membrane-anchored TNF. The EMBO Journal, 18, 
3034 - 3043. 

Guo, Y., et al. (2005). SDF-1/CXCL12 enhances survival and chemotaxis 
of murine embryonic stem cells and production of primitive and definitive 
hematopoietic progenitor cells. Stem Cells, 23, 1324- 1332. 

Hage, T., et al. (1999). Crystal structure of the interleukin-4/receptor alpha 
chain complex reveals a mosaic binding interface. Cell, 97, 271- 281. 
He, Y. W. and Malek, T. R. (1996). Interleukin-7 receptor alpha is essential 
for the development of gamma delta + T cells, but not natural killer cells. 

The J ournal of Experimental Medicine, 184, 289- 293. 

Hehlgans, T. and Pfeffer, K. (2005). The intriguing biology of the tumour 
necrosis factor/tumour necrosis factor receptor superfamily: players, rules 
and the games. Immunology, 115, 1- 20. 

Heller, R. A. and Kronke, M. (1994). Tumor necrosis factor receptor- 
mediated signaling pathways. The J ournal of Cell Biology, 126, 5- 9. 
Hodge, D. R., et al. (2005). The role of IL-6 and STAT3 in inflammation 

and cancer. European J ournal of Cancer, 41, 2502-2512. 

Horvath, C. M. and Darnell, J. E. (1997). The state of the STATs: recent 
developments in the study of signal transduction to the nucleus. Current 
Opinion in Cell Biology, 9, 233- 239. 

Horvath, C. M., et al. (1996). Interactions between STAT and non-STAT 
proteins in the interferon-stimulated gene factor 3 transcription complex. 
Molecular and Cellular Biology, 16, 6957 - 6964. 

Howard, O. M. and Galligan, C. L. (2004). An expanding appreciation 
of the role chemokine receptors play in cancer progression. Current 
Pharmaceutical Design, 10, 2377 - 2389. 

Ihle, J. N. (1995). The J anus protein tyrosine kinase family and its role in 
cytokine signaling. Advances in Immunology, 60, 1- 35. 

Inoue, S., etal. (2004). Histone deacetylase inhibitors potentiate 
TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis in 
lymphoid malignancies. Cell Death and Differentiation, 11(Suppl 2), 
$193 - $206. 

Jiang, Y., et al. (1999). Prevention of constitutive TNF receptor 1 signaling 
by silencer of death domains. Science, 283, 543-546. 

Kaplan, M. H., etal. (1996). Impaired IL-12 responses and enhanced 
development of Th2 cells in Stat4-deficient mice. Nature, 382, 174-177. 

Karsan, A., et al. (1996). Endothelial cell death induced by tumor necrosis 
factor-alpha is inhibited by the Bcl-2 family member, A1. The J ournal 
of Biological Chemistry, 271, 27201- 27204. 

Kisseleva, T., et al. (2002). Signaling through the JAK/STAT pathway, 
recent advances and future challenges. Gene, 285, 1- 24. 

K ontsek, P., et al. (2003). The human interferon system: characterization 
and classification after discovery of novel members. Acta Virologica, 47, 
201-215. 

Kotenko, S. V., etal. (2003). IFN-lambdas mediate antiviral protection 
through a distinct class II cytokine receptor complex. Nature Immunology, 
4, 69-77. 

Kovanen, P. E. and Leonard, W. J . (2004). Cytokines and immunodeficiency 
diseases: critical roles of the gamma(c)-dependent cytokines interleukins 
2, 4, 7, 9, 15, and 21, and their signaling pathways. Immunological 
Reviews, 202, 67- 83. 

Kucia, M., et al. (2004). CX CR4-SDF-1 signalling, locomotion, chemotaxis 
and adhesion. J ournal of Molecular Histology, 35, 233-245. 

Lee, S. E., et al. (2001). Tumor necrosis factor-alpha supports the survival 

of osteoclasts through the activation of Akt and ERK. The J ournal of 

Biological Chemistry, 276, 49343 - 49349. 

Lefkowitz, R. J. and Shenoy, S. K. (2005). Transduction of receptor signals 

by beta-arrestins. Science, 308, 512-517. 

Leonard, W. J. (2001). Cytokines and immunodeficiency diseases. Nature 

Reviews. Immunology, 1, 200- 208. 

Leonard, W. J. and O'Shea, J. J. (1998). Jaks and STATs: biological 

implications. Annual Review of Immunology, 16, 293- 322. 

Li, Z., etal. (2000). Roles of PLC-beta2 and -beta3 and PI3K gamma in 

chemoattractant-mediated signal transduction. Science, 287, 1046- 1049. 

Liu, B., etal. (1998). Inhibition of Statl-mediated gene activation by 
PIAS1. Proceedings of the National Academy of Sciences of the United 
States of America, 95, 10626 - 10631. 





14 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


Liu, B., et al. (2004). PIAS1 selectively inhibits interferon-inducible genes 
and is important in innate immunity. Nature Immunology, 5, 891- 898. 
Locksley, R. M., etal. (2001). The TNF and TNF receptor superfamilies: 
integrating mammalian biology. Cell, 104, 487-501. 

Lu, Q., etal. (2001). Ephrin-B reverse signaling is mediated by a 

novel PDZ-RGS protein and selectively inhibits G protein-coupled 

chemoattraction. Cell, 105, 69- 79. 

M eager, A., et al. (2005). Biological activity of interleukins-28 and -29: 

comparison with type | interferons. Cytokine, 31, 109- 118. 

Metaye, T., etal. (2005). Pathophysiological roles of G-protein-coupled 

receptor kinases. Cellular Signalling, 17, 917 - 928. 

Minami, Y ., et al. (1993). The IL-2 receptor complex: its structure, function, 

and target genes. Annual Review of Immunology, 11, 245 - 268. 

Miyoshi, K., et al. (2004). The Sprouty-related protein, spred, inhibits cell 

motility, metastasis, and Rho-mediated actin reorganization. Oncogene, 

23, 5567. 

Moratz, C., etal. (2004). Abnormal B-cell responses to chemokines, 

disturbed plasma cell localization, and distorted immune tissue 

architecture in Rgsl-/- mice. Molecular and Cell Biology, 24, 

5767-5775. 

Moriggl, R., et al. (1999). Stat5 is required for IL-2-induced cell cycle 

progression of peripheral T cells. Immunity, 10, 249- 259. 

Muller, M., et al. (1993). The protein tyrosine kinase JAK 1 complements 

defects in interferon-alpha/beta and -gamma signal transduction. Nature, 

366, 129- 135. 

Naka, T., etal. (2002). Effects of tumor necrosis factor-related apoptosis- 

inducing ligand alone and in combination with chemotherapeutic agents 

on patients’ colon tumors grown in SCID mice. Cancer Research, 62, 

5800 - 5806. 

N'Diaye, E.N. and Brown, E. J . (2003). The ubiquitin-related protein PLIC- 

1 regulates heterotrimeric G protein function through association with 

Gbetagamma. The J ournal of Cell Biology, 163, 1157- 1165. 

Neel, B. G., etal. (2003). The 'Shp'ing news: SH2 domain-containing 

tyrosine phosphatases in cell signaling. Trends in Biochemical Sciences, 

28, 284- 293. 

Neel, N. F., etal. (2005). Chemokine receptor internalization and 

intracellular trafficking. Cytokine and Growth Factor Reviews, 16, 

637 - 658. 

Neubauer, H., etal. (1998). Jak2 deficiency defines an essential 

developmental checkpoint in definitive hematopoiesis. Cell, 93, 397- 409. 

Nishita, M ., et al. (2005). Spatial and temporal regulation of cofilin activity 

by LIM kinase and Slingshot is critical for directional cell migration. The 

Journal of Cell Biology, 171, 349- 359. 

Noguchi, M., et al. (1993). Interleukin-2 receptor gamma chain mutation 

results in X-linked severe combined immunodeficiency in humans. Cell, 

73, 147-157, 

Nosaka, T., et al. (1995). Defective lymphoid development in mice lacking 
Jak3. Science, 270, 800- 802. 

Odeh, M. (2001). The role of tumour necrosis factor-alpha in the 
pathogenesis of complicated falciparum malaria. Cytokine, 14, 11- 18. 
Park, C., et al. (2000). Immune response in Stat2 knockout mice. Immunity, 

13, 795- 804. 

Parrish-Novak, J., et al. (2000). Interleukin 21 and its receptor are involved 
in NK cell expansion and regulation of lymphocyte function. Nature, 408, 
57-63. 

Pearse, R. N., et al. (1991). Characterization of the promoter of the human 
gene encoding the high-affinity IgG receptor: transcriptional induction by 
gammaz-interferon is mediated through common DNA response elements. 
Proceedings of the National Academy of Sciences of the United States of 
America, 88, 11305- 11309. 

Peracino B, et al. (1998). G-protein beta subunit-null mutants are impaired 
in phagocytosis and chemotaxis due to inappropriate regulation of the 
actin cytoskeleton. J Cell B, 141(7), 1529- 1537. 

Pestka, S., etal. (2004). Interferons, interferon-like cytokines, and their 
receptors. Immunological Reviews, 202, 8- 32. 

Puck, J. M., et al. (1993). The interleukin-2 receptor gamma chain maps to 

X q13.1 and is mutated in X-linked severe combined immunodeficiency, 

SCIDX1. Human Molecular Genetics, 2, 1099- 1104. 








Qureshi, S. A., et al. (1995). Tyrosine-phosphorylated Statl and Stat2 plus 
a 48-kDa protein all contact DNA in forming interferon-stimulated gene 
factor 3. Proceedings of the National Academy of Sciences of the United 
States of America, 92, 3829 - 3833. 

Rath, P. C. and Aggarwal, B. B. (1999). TNF-induced signaling in 
apoptosis. J ournal of Clinical Immunology, 19, 350- 364. 

Rodig, S. J., etal. (1998). Disruption of the Jakl gene demonstrates 
obligatory and nonredundant roles of the Jaks in cytokine-induced 
biologic responses. Cell, 93, 373- 383. 

Sakatsume, M., etal. (1995). The Jak kinases differentially associate 
with the alpha and beta (accessory factor) chains of the interferon 
gamma receptor to form a functional receptor unit capable of activating 
STAT transcription factors. The J ournal of Biological Chemistry, 270, 
17528 - 17534. 

Schroder, K., et al. (2004). Interferon-gamma: an overview of signals, 
mechanisms and functions. J ournal of Leukocyte Biology, 75, 163- 189. 

Sheppard, P., et al. (2003). IL-28, IL-29 and their class II cytokine receptor 
IL-28R. Nature Immunology, 4, 63- 68. 

Shurin, G. V., etal. (2005). Small rho GTPases regulate antigen 
presentation in dendritic cells. Journal of Immunology, 174, 3394 - 3400. 

Sly, L. M., et al. (2003). SHIP, SHIP2, and PTEN activities are regulated 
in vivo by modulation of their protein levels: SHIP is up-regulated 
in macrophages and mast cells by lipopolysaccharide. Experimental 
Hematology, 31, 1170-1181. 

Stark, G. R., et al. (1998). How cells respond to interferons. Annual Review 
of Biochemistry, 67, 227 - 264. 

Takada, H., et al. (2003). Role of SODD in regulation of tumor necrosis 
factor responses. Molecular and Cell Biology, 23, 4026- 4033. 

Takeda, K., et al. (1996). Essential role of Stat6 in IL-4 signalling. Nature, 
380, 627 - 630. 

Takeda, K., et al. (1997). Targeted disruption of the mouse Stat3 gene leads 
to early embryonic lethality. Proceedings of the National Academy of 
Sciences of the United States of America, 94, 3801- 3804. 

Takeda, K., et al. (1999). Enhanced Th1 activity and development of chronic 
enterocolitis in mice devoid of Stat3 in macrophages and neutrophils. 
Immunity, 10, 39- 49. 

Takeda, K., et al. (2004). Induction of tumor-specific T cell immunity by 
anti-DR5 antibody therapy. The J ournal of Experimental Medicine, 199, 
437 - 448. 

ten Hoeve, J., et al. (2002). Identification of a nuclear Statl protein tyrosine 
phosphatase. Molecular and Cellular Biology, 22, 5662- 5668. 

Thierfelder, W. E., et al. (1996). Requirement for Stat4 in interleukin-12- 
mediated responses of natural killer and T cells. Nature, 382, 171- 174. 

Thorburn, A. (2004). Death receptor-induced cell killing. Cellular 
Signalling, 16, 139- 144. 

Tracey, K. J., et al. (1986). Shock and tissue injury induced by recombinant 
human cachectin. Science, 234, 470- 474. 

Wajant, H., et al. (2003). Tumor necrosis factor signaling. Cell Death and 
Differentiation, 10, 45-65. 

Wang, X., et al. (2005). Structure of the quaternary complex of interleukin-2 
with its alpha, beta, and gamma receptors. Science, 310, 1159- 1163. 
Ward, S. G. (2004). Do phosphoinositide 3-kinases direct lymphocyte 

navigation? Trends in Immunology, 25, 67- 74. 

Yeh, W. C., et al. (1997). Early lethality, functional NF-kappaB activation, 
and increased sensitivity to TNF-induced cell death in TRAF2-deficient 
mice. Immunity, 7, 715-725. 

You, M., et al. (1999). Shp-2 tyrosine phosphatase functions as a negative 
regulator of the interferon-stimulated J ak/STAT pathway. Molecular and 
Cell Biology, 19, 2416 - 2424. 

Young, H. A. and Hardy, K. J. (1995). Role of interferon-gamma in immune 
cell regulation. J ournal of Leukocyte Biology, 58, 373- 381. 

Zeng, R., et al. (2002). Stat5B shuttles between cytoplasm and nucleus in 
a cytokine-dependent and -independent manner. J ournal of Immunology, 
168, 4567- 4575. 

Zlotnik, A. and Yoshie, O. (2000). Chemokines: a new classification system 
and their role in immunity. Immunity, 12, 121-127. 


Signalling by Tyrosine Kinases 


K ermit L. Carraway and Coralie A. Carothers Carraway 
University of Miami School of Medicine, Miami, FL, USA 





INTRODUCTION 


Historical Perspective 


Few molecules have been more closely linked to cancer 
than the protein-tyrosine kinases. Tyrosine phosphorylation 
and the tyrosine kinase enzymes, which create phosphoty- 
rosine residues in their substrate proteins, were discovered 
during studies of the oncogenic factors in tumour viruses. 
The identification of v-src as the transforming factor of the 
Rous sarcoma virus and the recognition of its activity as a 
protein-tyrosine kinase conceptualized the oncogene theory 
of tumourigenesis, creating a model, which has dominated 
much of cancer research over the past two decades. The 
importance of the work on viral oncogenes in the early 
research on tyrosine phosphorylation is shown by an account- 
ing of landmark events in this area (Table 1) (Hunter, 1998). 
The discovery of a cellular counterpart (c-src) of the viral 
src (v-src) tyrosine kinase indicated a much broader role for 
these enzymes and suggested a major role for c-src and tyro- 
sine phosphorylation in mediating normal cell behaviours. 
For example, c-src has been implicated in such diverse cell 
functions as platelet aggregation, cell cycle control, and 
cell motility. The diversity of cellular functions of tyrosine 
kinases was further indicated by early observations that both 
the epidermal growth factor (EGF) receptor, important in 
epithelial cell growth, and the insulin receptor, a key com- 
ponent in metabolic regulation, are tyrosine kinases. A nother 
tyrosine kinase receptor, called Sevenless for its role in deter- 
mining the cell fate of a particular cell type, was found 
to be necessary for normal eye development in the fruit 
fly (Drosophila). These and many other discoveries have 
demonstrated the critical role that the tyrosine kinases and 
tyrosine phosphorylation play in normal cell regulation and 
communication and in developmental biology. 
Evolutionarily, tyrosine kinases are primarily, if not exclu- 
sively, a product of eukaryotic cells. The emergence of 
protein-tyrosine kinases with the appearance of multicellu- 
lar (metazoan) organisms is indicative of their importance in 
cell communication and organization. Sequence information 
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from the Human Genome Project indicates that there are 90 
tyrosine kinases encoded in the human genome. 


The Kinase Superfamily 


Tyrosine kinases are members of a much larger family 
of protein kinases (Hunter, 1998), which can be catego- 
rized by two classifications, one based on specificity for the 
target amino acid and the other on structure and cellular 
localization. The major specificity classes are the serine or 
threonine-specific (Ser/Thr) kinases and the tyrosine-specific 
(Tyr) kinases, which catalyse the phosphorylation of serine 
and threonine or tyrosine residues, respectively. In addi- 
tion, a few mixed function kinases, which catalyse both 
Ser/Thr and Tyr phosphorylation, have been described. The 
discovery of serine/threonine kinases and their importance 
in regulating metabolic pathways preceded the discovery of 
tyrosine kinases by about two decades. The regulation of glu- 
coneogenesis by phosphorylation- dephosphorylation estab- 
lished as a paradigm the reversible regulation of enzymes 
by the covalent addition and removal of phosphate groups. 
Further, the discovery of cyclic adenosine monophosphate 
(cAMP)-dependent kinases was a catalyst for the study of 
cAMP as a second messenger in the transduction of sig- 
nals through certain types of receptors. Structural analyses 
of serine/threonine kinases, particularly the cA M P-stimulated 
kinase (protein kinase A), have provided models for the cat- 
alytic domains and enzymic mechanisms of all of the kinases 
(Taylor et al., 1995). 

Structurally, there are two major classes of kinases, recep- 
tor (Figure 1a) and non-receptor (Figure 1b), based on ele- 
ments of their primary sequences, which determine their cel- 
lular localisation. Almost all receptor kinases characterized 
to date are tyrosine kinases, with the exception of the trans- 
forming growth factor (TGF-8) receptor, a Ser/Thr kinase 
(Transforming Growth Factor-8 and Cancer). Receptor 
kinases are defined by a hydrophobic transmembrane domain, 
which passes through the plasma membrane, an extracellular 
ligand-binding domain and a cytoplasmically oriented kinase 
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Table 1 Important discoveries in the history of tyrosine phosphorylation 

1979 Tyrosine phosphorylation of polyoma tumour 
virus middle T antigen 

1980 Protein tyrosine kinase activities of v-src, c-src, 
v-abl, and EGF receptor 

1981 Insulin-stimulated protein tyrosine kinase activity 
of insulin receptor 

1982 Sequence similarity of v-src to cAMP-dependent 
protein kinase catalytic subunit; c-abl gene 
rearrangement in chronic myelogenous leukaemia 

1983 Polyoma middle T association with and 
activation of c-src 

1984 v-erbb oncogene derived from EGF receptor 

1985 Negative regulation of c-Src by tyrosine 
phosphorylation 

1986 Neu oncogene as EGF receptor family member 
with activating point mutation 

1987 Drosophila Sevenless is receptor tyrosine kinase 

1988 Acetylcholine receptor regulated by tyrosine 
phosphorylation 

1989 Cell cycle regulatory kinase negatively regulated 
by Tyr phosphorylation 

1990 Src homology-2 domains bind phosphotyrosines 

1992 Individual receptor Tyr phosphorylation sites 


bind distinct SH2-containing proteins; STAT 
transcription factors activated by Tyr 
phosphorylation 


(Adapted from Hunter, 1998 with permission of The Royal Society.) 


domain (Figure 1a). In contrast, non-receptor kinases have 
no transmembrane or extracellular domains, although they 
may be associated with the cytoplasmic surfaces of cellular 
membranes by one of two mechanisms. The first is consti- 
tutive membrane localization via lipid modification, which 
anchors the protein to the phospholipid bilayer. The lipid- 
linked kinases identified to date have been tyrosine kinases, 
and Src is the prototype of this kinase type, having an N- 
terminal consensus site for myristoylation (Figure 2a). The 
second membrane localization mechanism involves binding 
to a non-enzymic membrane receptor to give a binary tyro- 
sine kinase (Figure 2b). 

Tyrosine phosphorylation is a relatively rare event in 
normal, unactivated cells, representing <0.1% of total pro- 
tein phosphate groups (serine, 90%; threonine, 10%). How- 
ever, tyrosine phosphorylation is transiently increased during 
normal cell activation and often substantially increased, 
sometimes constitutively, in tumour cells. The functions of 
tyrosine kinases are significantly different from those of the 


Table 2 Examples of cellular functions regulated by tyrosine kinases. 





Cell function Receptor? Downstream effectors? 
Proliferation ErbB Ras- Erk (MAPK) 
Cell- matrix adhesion Integrin FAK - Src 

Cell- cell adhesion Cadherin Catenin- Src family 

M ovement PDGFR Rac- Rho 

A poptosis control IGFR PI3K -Akt 
Transcription Cytokine R JAK - STAT 

M embrane transport Channel Src family 


FAK - focal adhesion kinase; PDGFR - platelet-derived growth factor receptor; 
IGFR - insulin-like growth factor receptor; PI3K - phosphatidyl-inositide 3-kinase; 
STAT - signal transduction and transcription. 

*Tyrosine kinases are indicated in bold. 
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Figure 1 Schematic structures for receptor and non-receptor protein tyro- 


sine kinases, showing variations in the two classes. (a) Receptor tyrosine 
kinases ErbB 1 (EGF receptor) and PDGF receptor, showing common vari- 
ations in structure (Table 6). Ligand-binding sites are contained in the 
extracellular domains, which are highly variable between different recep- 
tor tyrosine kinase families (Table 6). CRD, cysteine-rich domain; IgG, 
immunoglobulin. (b) Non-receptor (cytoplasmic) tyrosine kinases A bl, FAK 
and Src. Note the multiple binding domains in the non-receptor kinases 
which link them to other functional components in the cell as part of their 
signalling functions. BD - binding domain; FAB - focal adhesion bind- 
ing domain. (Adapted from Hunter, 1998 with permission of The Royal 
Society.) 


serine/threonine kinases. Conceptually, the primary role of 
tyrosine kinases is to provide a mechanism for transmitting 
information from a factor outside a cell to the interior of the 
cell without requiring that the factor to cross the cell’s exte- 
rior membrane barrier. That role is exemplified by the ability 
of a growth factor or polypeptide hormone in the extracel- 
lular milieu, which cannot pass through the membrane, to 
activate specific gene transcription in the nucleus of a target 
cell (Figure 3a). This example is only one of the many cell 
functions mediated by tyrosine kinases (Table 2), and these 
functions must be performed in a variety of cell and organis- 
mal contexts. Thus, this versatility of cellular tyrosine kinases 
requires that they be complex proteins and carry a variety of 
ancillary domains in addition to their tyrosine kinase domain 
to be able to interact with various cellular proteins in the 
performance of these various functions. Src is a prototype 
for these multiple interactions because it has two domains in 
addition to that encoding its tyrosine kinase (Figure 1b), Src 
homology 2 (SH2) and SH3, as noted in the subsequent text, 
which are frequently found in associations among signalling 
components. 
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The transfer of a signal from an extracellular factor through 
the membrane via a tyrosine kinase is usually performed 
by one of the two types of mechanisms, exemplified in 
Figures 2b and 3a. These two mechanisms use receptor 
and non-receptor tyrosine kinases. In the first mechanism 
(Figure 3a) the receptor tyrosine kinase is solely respon- 
sible for the transfer of signal across the membrane. In 
the second mechanism (Figure 2b) a non-receptor tyrosine 
kinase is coupled to a transmembrane receptor cytoplasmic 
domain in a binary receptor. In either case it is the acti- 
vation of the tyrosine kinase accessible to the cytoplasm, 
which is the key step in transferring the signal across the 
membrane. These mechanisms also define the two types 
of tyrosine kinases, which have evolved (Figure 1) and 
the minimal domains necessary for each type of tyrosine 
kinase. The receptor tyrosine kinase must have an extra- 
cellular ligand-binding domain(s), a transmembrane domain, 
a kinase domain, and sites for docking the cytoplasmic 
molecules to which the signal is transferred. The cytoplas- 
mic tyrosine kinases must have the kinase domain, a binding 
domain for attaching to the receptor, and sites for docking 
the cytoplasmic molecules to which the signal is trans- 
ferred. 

The transmission of signal from the kinase at the mem- 
brane to the nucleus for activation of transcription can also 
occur by multiple pathways. Two of the most important 
pathways illustrated in Figure 3b, are Ras- MAP (mitogen- 
activated protein) kinase and J anus kinase- signal transduc- 
tion and transcription (J AK - STAT). The receptor- R as-M A P 
kinase pathway consists of four main elements (Figure 3a 
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Figure 3 Signal transmission from the extracellular space to the nucleus to activate transcription via the Ras- M AP kinase pathway. (a) Signal translocation; 
GF, growth factor (b) Comparison of Ras- MAP kinase pathway with JAK - STAT pathway. (Adapted from Hunter, 1998 with permission of The Royal 


Society.) 
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Table 3 Components of pathways regulating transcription. 


Receptor- Ras-MAPK pathway 





Receptor -JAK-STAT pathway 








Component Function Component Function 

EGFR Receptor EGFR Receptor 

Grb2 Adaptor JAK Non-receptor tyrosine kinase 
SOS GTP exchange protein STAT Transcription factor 

Ras G protein switch 

Raf Ser/Thr kinase 

MEK Dual-function Tyr/Thr kinase 

Erk (MAPK) Ser/Thr kinase 


Transcription factor Transcription factor 


(Adapted from Hunter, 1998 with permission of The Royal Society). MEK, mitogen-activated protein kinase/ERK kinase; SOS, son of sevenless. 


and b; Table 3): the receptor which receives and transmits 
the signal through the membrane; an adaptor system (Grb2- 
SOS), which couples the receptor to a membrane switch 
(Ras); the Ras switch, which is activated by that coupling 
mechanism, then activates downstream kinases; and the MAP 
kinase cascade (Raf-MEK -Erk in Figure 3), which ulti- 
mately transmits the signal to the nucleus. The central feature 
of this pathway is the small G protein/guanosine triphos- 
phatase (GTPase) Ras. It is switched on and off in response to 
its binding of the nucleotide guanosine triphosphate (GTP). 
The binding is controlled by three different types of regu- 
latory proteins: activators, which promote the Ras GTPase 
activity to convert the bound GTP to guanosine diphosphate 
(GDP); exchange proteins, which replace GDP with GTP; 
and inhibitors, which reduce the GTPase activity. In addi- 
tion, Ras is not simply an on/off switch. Depending on the 
cellular context, it can also switch the signal to a different 
pathway, activating different cell functions. The versatility of 
this mechanism is illustrated in Table 4, which shows some 
of the multiple downstream components to which Ras can be 
coupled, again illustrating the multiple cellular functions in 
which the tyrosine kinases can participate (Table 2). Obvi- 
ously, the complexity of the Ras pathway provides many sites 
for regulation and for integration of signals by interactions 
with other pathways. 

In the JAK-STAT pathway (Figure 3b, also described 
in Signalling by Cytokines) the tyrosine kinase JAK phos- 
phorylates a STAT molecule, which translocates to the 
nucleus. This pathway has the advantage of being much 
simpler (Figure 3), but also has fewer opportunities for reg- 
ulation. 


Table 4 Examples of signalling elements and cellular functions coupled 
to ras activation. 


Signalling component Potential cell function? 





Rac Shape, movement 
RalGDS Shape, movement 


P120 GAP Shape, movement 

Raf Transcription, proliferation 

PI3K Proliferation, apoptosis resistance 
MEKK Transcription, stress reaction 


Listed functions are illustrative, not inclusive; M EKK, Mek Kinase. 


RECEPTOR TYROSINE KINASES 


Mechanism of Signal Transduction 


The receptor tyrosine kinase provides a single transmem- 
brane molecule, which can transfer information across the 
membrane from the extracellular milieu to the cytoplasm. 
This transfer involves two related events: stimulation of 
the kinase activity and phosphorylation of tyrosine residues 
accessible to the cytoplasm of the cell. In the most common 
model for this process, ligand binding to the extracellular 
domain results in dimerization of the receptor in the mem- 
brane (Figures 2b, 3a, and 4). This mechanism has been 
demonstrated by high-resolution X -ray crystallographic anal- 
ysis for the growth hormone receptor activated by its dimeric 
ligand (Wells, 1996). In some cases the receptors may form 
larger complexes (e.g., tetramers). Regardless, the recep- 
tor association leads to potentiation of the kinase activity, 
probably through structural (conformational) changes in the 
kinase domain. The second phase of the information transfer 
involves the phosphorylation of one or more tyrosine residues 
of the cytoplasmic domain of the receptor (Figure 4). Avail- 
able evidence suggests that this occurs primarily through 
cross-phosphorylation (trans phosphorylation). In a receptor 
dimer the kinase on one receptor (half-dimer) would phos- 
phorylate tyrosines on the associated receptor (half-dimer) 
and vice versa. Thus, the ligand-induced association not only 
activates the enzyme, but also brings the enzyme and its 
substrate tyrosine residues into proximity. The significance 
of the tyrosine phosphorylation is that the phosphotyrosine 
residues created form sites at which cytoplasmic proteins can 
bind to initiate intracellular signalling (Figure 3a), thus pass- 
ing a signal across the membrane without the passage of the 
activating ligand. 

The primary function of the phosphorylated tyrosine 
residues on the activated receptors is to recruit signalling 
components from the cytoplasm or cytoplasmic surface of the 
plasma membrane to initiate signalling pathways (Figures 3a 
and 4) (Panayotou and Waterfield, 1993). The particular path- 
way initiated is determined by two complementary factors: 
the site of the tyrosine on the receptor polypeptide chain 
and the specificity of the phosphotyrosine-binding domains 
on the cytoplasmic proteins. The sites of tyrosine phos- 
phorylation on a particular receptor are determined by the 
ligand-receptor and receptor- receptor interactions, which 
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Figure 4 Mechanism for transmission of signal across the membrane by binding of ligand, dimerization of receptor, and trans-phosphorylation of 
cytoplasmic domain to create sites for recruitment of cytoplasmic signalling components to initiate signalling pathways. 


regulate the accessibility of any particular tyrosine to the 
kinase catalytic site. Two different types of domains have 
been found in signalling components, which bind to phos- 
photyrosines to initiate their recruitment to the receptor: 
SH2 (Figures 1b and 5) and phosphotyrosine binding (PTB) 
(Figure 5). The SH2 domain is a compact globular unit of 
about 100 amino acids, which was originally discovered in 
Src and is found in a large number of signalling compo- 
nents (Table 5). Its binding specificity is determined primar- 
ily by the phosphotyrosine and 1-5 amino acid residues 
following it (C-terminal direction) in the receptor amino 
acid sequence. The PTB domain is also globular and has 
about 150 amino acids; its specificity is determined by the 
phosphotyrosine and 1-8 amino acid residues preceding it 
(N-terminal direction) in the receptor sequence. Other types 
of phosphotyrosine-binding domains have been suggested, 
but have not been well characterized. 

These observations indicate that most components ini- 
tiating signalling pathways from receptor tyrosine kinases 
should contain either SH2 or PTB domains. Indeed, identifi- 
cation of proteins with these domains has provided significant 


Table 5 Phosphotyrosine-binding proteins which could activate or diver- 
sify signalling pathways by binding phosphorylated receptors. 


Protein Class/function Domains 
PLC-y Phospholipase SH2 (2), SH3 
GAP GTPase activator SH2, SH3 
Src family PTK SH2, SH3 
ZAP/SY K PTK SH2 (2) 
Shp1/2 Tyrosine phosphatase SH2 (2) 

PI3K Lipid kinase SH2 (2), SH3 
Ship Lipid phosphatase SH2 

Vav GTP exchange factor SH2, SH3 
Shc Adaptor SH2, PTB 
Nck A daptor SH2, SH3 (3) 
Grb2, Crk Adaptor SH2, SH3 (2) 
IRS1/2 Docking protein PTB 

Talin Focal adhesion protein SH2 

STAT Transcription factor SH2, SH3 


Enzymes 


SH2 Phosphatase 


SH2 
NGG 


Phospholipase SH2 SH2 SH3_ Phospholipase 
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Figure 5 Schematic structures for enzymes, adaptors, and docking proteins 
involved in initiating cellular signalling pathways by binding to tyro- 
sine-phosphorylated receptors or binary receptor complexes. GAP - GTPase 
activating protein. (Adapted from Hunter, 1998 with permission of The 
Royal Society.) 
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insights into signalling. As shown in Table 5 and Figure 5, 
these proteins include three classes of signalling pathway 
initiators: enzymes, docking proteins, and adaptors. Each of 
these types of molecules facilitates signalling by a differ- 
ent mechanism. Enzymes actively participate in downstream 
signalling events. Docking proteins provide additional or 


6 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


surrogate tyrosine phosphorylation sites for further diversi- 
fication of receptor sites to initiate signalling. Adaptors are 
involved in assembling complexes of signalling components 
for initiating and regulating downstream signalling pathways. 
However, in all three types of mechanisms the key aspect 
of the pathway is the recruitment and relocalization of the 
signalling component to the site of the receptor (exempli- 
fied by Grb2 in Figure 3a) (Panayotou and Waterfield, 1993; 
Carraway and Carraway, 1995). 

Four different rationales can be envisioned for the recruit- 
ment of enzymes to initiate signalling pathways. First, 
recruitment can permit the receptor tyrosine kinase to phos- 
phorylate the recruited molecule, thus changing its activity 
or binding function. An example of this is phospholipase 
Cy, whose recruitment and phosphorylation activates a 
phospholipid-cleaving enzyme to stimulate a pathway lead- 
ing to calcium influx into the cytoplasm (Figure 6). The 
calcium plus lipid hydrolysis product diacylglycerol com- 
bine to stimulate a potent calcium-dependent serine/threonine 
protein kinase, protein kinase C (PK C), which then has multi- 
ple cellular effects. Second, recruitment brings the recruited 
molecule to the membrane, where it may act upon mem- 
brane components as substrates. This mechanism applies to 
phospholipase Cy, which cleaves phospholipid molecules 
found in membranes, and to phosphatidyl-inositide 3 kinase 
(PI3K), one of the signalling enzymes implicated in oncoge- 
nesis, which phosphorylates specific phospholipid molecules 
in membranes (Figure 6). These enzymatic modifications 
of membrane components may change the organization 
of the membranes or produce new signalling molecules, 
such as the lipid phosphate PIP, to initiate and perpet- 
uate downstream signalling pathways. It is important to 
note that the same signalling molecule may initiate dif- 
ferent signalling pathways, depending on the cellular con- 
text. Both PI3K and phospholipase Cy can be involved 
in multiple cellular functions, as previously indicated for 
Ras (Table 4). Third, binding of a molecule to the recep- 
tor phosphotyrosine residues may induce its activation by 


PDGF (ligand) 


U 
Phosphorylated PDGF receptor 
J 
PLCy F Src P 13K (lipid 
kinase) 
u l l 
Diacylglycerol (lipid) ? PIP92 (lipid - P) 
1 l U 
IP3 Myc Akt activation (kinase) 
u (transcription factor) v 
Calcium influx Repression of apoptosis 
l U 
PKC (kinase) Transcription 
activation 


Figure 6 Examples of multiple downstream pathways coupled to receptor 
phosphorylation of PDGF receptor. 


a conformational change (allosteric effect), a mechanism, 
which contributes to the signalling effects of PI3K (Tables 2 
and 4; Figure 6). Fourth, some of the recruited enzymes 
are protein-tyrosine kinases or protein-tyrosine phosphatases. 
Since the receptor tyrosine kinases are often involved in 
large, multimeric signalling complexes (Carraway and Car- 
raway, 1995), such as focal adhesion sites (see subsequent 
text), this recruitment brings the additional kinases and 
phosphatases into proximity of their substrates in these 
complexes and facilitates regulation of the signalling com- 
ponents involved. An important aspect of such complexes 
is that they are often located at sites influencing cell 
behaviour, such as sites for membrane- microfilament inter- 
actions involved in cell shape and movement (Carraway 
et al., 1997). 

Recruitment of proteins can also amplify signalling poten- 
tial through the docking protein mechanism. The best- 
characterized docking proteins are the insulin receptor sub- 
strates (IR Ss) (Figure 5), which regulate a variety of cellular 
functions, including membrane transport, gene expression, 
protein synthesis, and lipid and carbohydrate metabolism. 
IRSs contain a PTB domain (Figure 5), which allows them 
to bind the activated insulin receptor. Formation of this 
insulin- IRS complex increases the number of tyrosines 
available for phosphorylation and increases the insulin recep- 
tor signalling potential. M oreover, IRSs act via multiple 
receptors, including the insulin-like growth factor (IGF) 
receptor and various cytokine receptors. Phosphorylated 
tyrosines on IRSs can interact with a variety of SH2- 
containing components to activate multiple downstream sig- 
nalling pathways. Among these are the adaptors Grb2, Crk, 
and Nck (Figure 5), the phospholipid kinase PI3K , the tyro- 
sine kinase Fyn, and the phosphotyrosine phosphatase SHP 2 
(Figure 5). 

Adaptor molecules participate in the recruitment and 
organization of signalling components from the cytoplasm 
into membrane complexes. The best-studied example is the 
initiation of the Ras-MAP kinase mitogenic pathway by 
the adaptor Grb2 (Figure 3a). Grb2 contains both SH2 and 
SH3 domains, allowing it to link a tyrosine-phosphorylated 
receptor to a cytoplasmic SH3-binding protein containing 
a proline-rich motif. In the cytoplasm of unactivated cells 
Grb2 is present as a complex through its SH3 domain with 
a second protein SOS, a GTP exchange protein, which 
activates Ras. Activation of ErbB1 (EGF receptor) by its 
ligand EGF creates a phosphotyrosine-binding site for the 
Grb2 SH2 domain on the receptor, recruiting the Grb2-SOS 
complex from the cytoplasm to the plasma membrane. W hen 
associated with the membrane, SOS can bind to and activate 
the proto-oncogene product Ras. Activated Ras stimulates a 
series of serine/threonine protein kinases, culminating in the 
activation of a specific MAP kinase (Erk), which can migrate 
to the nucleus as a signal for inducing gene transcription 
(Figure 3a and b). The key step in initiation is the linkage of 
the Ras switch protein to the ErbB receptor via the adaptor 
Grb2. As noted previously, Ras also has the potential to 
activate other signalling pathways (Table 4). 
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Table 6 Multiplicity of receptor tyrosine kinases. 


Receptor family Extracellular domain? Number in family 








ErbB Cysteine rich 4 
PDGF g 5 
FLT g 3 
Insulin Cysteine rich, FN III 2 
TRK g, leucine rich 3 
FGF g, acid box 4 
Eph FN III, CR, Ig 14 
Axl g, FN III 3 
TIE g, EGF, FN III 2 
RET Cadherin 1 
MET Sema 2 
ROR g, CR, kringle 2 
MCK10 Factor VIII 2 
M uSK g 1 
CCK4 g 1 
ROS FNIII 1 


alg - immunoglobulin; FNIII - fibronectin Ill; CR - cysteine rich. 


Table 7 Ligand- receptor couples for the ErbB family. 


Receptor Soluble ligands 

ErbB1 EGF, TGFa, amphiregulin, HB-EGF, 
A-cellulin, epiregulin 

ErbB2 None known 

ErbB3 Neuregulins 

ErbB4 Neuregulins, HB-EGF, £-cellulin, 
epiregulin 


Versatility of Receptor Tyrosine Kinase Signalling 


One of the hallmarks of the receptor tyrosine kinase mech- 
anism is its versatility, mediating signal transduction via 
multiple pathways in different organisms, tissues, and cells. 
This versatility allows these enzymes to regulate many of the 
vast number of cellular processes and interactions required 
in the development and function of complex multicellular 
organisms. The bases for the versatility are several-fold, the 
first being the multiplicity of receptors. A minimum of 20 
families of mammalian receptor tyrosine kinases are avail- 
able, each with different ligand-binding domains and most 
with multiple members (Table 6). Thus, part of the versatil- 
ity of the receptor tyrosine kinase mechanism arises from the 
diversity of ligand- receptor interactions available in differ- 
ent tissues of different organisms at different times. Second, 
many of these individual receptor kinases can bind more than 
one ligand, as exemplified by the ligand-binding patterns of 
the class | (ErbB ) family (Table 7), leading to signal diversi- 
fication. Third, the distribution of receptors in the organism 
is tissue and cell dependent. Some receptors are widely dis- 
tributed; others are specifically localized to a small number of 
sites. Tumours may have aberrant distributions of receptors. 
Fourth, the distribution of many receptor tyrosine kinases 
and their ligands is developmentally regulated, being found 
only during specific stages of the life history of the organ- 
ism. Fifth, ligands are produced at different sites from the 
target cells to exert different levels of control, as shown by 
examples in Table 8. Endocrine ligands are produced in dif- 
ferent organs and transmitted through the circulation to the 


site of action. Paracrine ligands are produced by a different 
cell type or tissue from the target cells, but near the target. 
The juxtacrine mechanism is a special case of the paracrine 
ligand in which the ligand and receptor are expressed on 
the plasma membranes of adjacent cells. A utocrine responses 
arise from ligands produced by the same cell (cell type) as 
the receptor-bearing target cell. The intracrine and intramem- 
brane mechanisms are special cases of the autocrine response, 
in which ligand and receptor are produced in the same cell. 

The receptor structure itself contributes to the diversifi- 
cation of signals. Each receptor contains multiple tyrosine 
residues in its cytoplasmic domains, which can be phos- 
phorylated to form different binding sites for cytoplasmic 
signalling proteins. For example, the platelet-derived growth 
factor (PD GF) receptor contains at least 10 tyrosine residues, 
which have been shown to be phosphorylated in response 
to ligand activation (Table 9). Each different phosphorylated 
tyrosine potentially represents a different signalling pathway, 
which could be initiated (Claesson-Welsh, 1994), some of 
which are shown in Figure 6, though overlaps and redun- 
dancies inevitably reduce that number. B y comparing Table 9 
with Tables 2 and 4, itis clear that the PDGF receptor has the 
potential for participating in a large number of cellular func- 
tions. Diversity and specificity of signalling are achieved in 
part by phosphorylation of different combinations of the tyro- 
sine residues in response to different extracellular ligands, 
an example of a combinatorial mechanism for regulation. A 
second diversification and specificity mechanism arises from 
the type of receptor association during receptor activation. 
Formation of a heterodimer by two different molecules of 
a receptor family can obviously yield more different phos- 
phorylated tyrosine residues than formation of a homodimer 
by two identical molecules from the same family. Therefore, 
the number of potential signals is increased. In the case of 
the ErbB family of receptors (Table 7), the four receptors 
can form 10 different combinations of homodimers and het- 
erodimers in response to different ligands, all of which have 
been observed and have potentially different signalling capa- 
bilities (Riese and Stern, 1998). For this family of receptors, 
heterodimerization appears to be the preferred mechanism of 
activation in many physiological contexts (Riese and Stern, 
1998). Recent crystallographic studies have determined the 
mechanism of interaction of the ErbB receptors. In con- 
trast with the dimeric growth factor for the growth hormone 
receptor cited in the previous text, members of the ErbB 
(EGF receptor) family of receptor tyrosine kinases require 
only monomeric ligand to initiate receptor activation (H ynes 
and Lane, 2005). Binding of ligand induces a conformational 
change in the receptor, which frees a peptide loop involved 
in receptor- receptor interactions. This mechanism provides 
an explanation why ErbB2 is a preferred dimerization part- 
ner with the other receptors and does not require a ligand for 
activation. ErbB2 is constitutively in a conformation with 
its receptor-binding loop exposed and its ligand site closed. 
This conformation of ErbB2 may also account for its role 
in promoting multiple types of cancers, best exemplified by 
its association with a poor prognosis in about 25% of breast 
cancers. 
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Table 8 Examples of ligand sources and binding mechanisms. 











Mechanism Ligand Receptor Definition Example 

Endocrine Insulin Insulin R Ligand reaches the receptor Pancreatic cell insulin; fat cell 
through circulation receptor 

Paracrine Neuregulin ErbB3 Ligand produced by adjacent Mesenchymal NRG; epithelial 
cell or tissue ErbB3 

Autocrine TGF-a@ ErbB1 Ligand secreted by the same TGF-a secretion by tumour 
cell bearing the receptor cells with ErbB1 

Intracrine v-sis PDGF R Ligand and receptor interact v-sis binding to PDGF R in 
inside cell cells 

J uxtacrine Bride of Sevenless (BOSS) Sevenless Ligand and receptor in the BOSS - Sevenless interaction in 
plasma membranes of adjacent the control of Drosophila eye 
cells development 

Intramembrane MUC4 ErbB2 Ligand and receptor in the MUC4/ErbB2 complexes in 


Table 9 Phosphorylated tyrosine-binding sites for signalling components 
in PDGF. 





Sequence position Binding protein Class 
579 Src, STAT PTK, TF 
581 STAT TF 
716 Grb2 Adaptor 
740 P13K Lipid kinase 
751 Nck, PI3K Adaptor, LK 
771 GAP GTPase activator 
775 STAT TF 
778 Grb7 Adaptor 
1009 SHP-2 Tyrosine phosphatase 


1021 PLC-y Phospholipase 


PTK - protein tyrosine kinase; TF - transcription factor; LK - lipid kinase. 


Regulation of Receptor Tyrosine Kinase Signalling 


The complex signalling pathway from the receptor to the 
nucleus (Figure 3, ErobB1 through MAP kinase) involves 
at least seven different components and provides multiple 
levels of control of the signal. In any phosphorylation- 
dependent system, one obvious control mechanism is the 
removal of the phosphate(s). In a complex chain involving 
multiple phosphorylations, reversal of any phosphorylation 
event can potentially break the chain and block the signal. 
Cells contain a large variety of phosphatases to hydrol- 
yse phosphotyrosine and phosphoserine/threonine residues 
(Streuli, 1996; Cohen, 1997). Contrary to early expectations 
that phosphatases would provide non-specific “off” switches 
for kinase signalling, both serine/threonine and tyrosine phos- 
phatases exhibit considerable specificity. They even partic- 
ipate directly in the activation of protein tyrosine kinases, 
such as Src family members, as described in the subse- 
quent text. As with the tyrosine kinases, both membrane 
and non-membrane forms of tyrosine phosphatases have been 
observed. Both also contain multiple domains, which regulate 
their associations and locations in cells. Although membrane 
tyrosine phosphatases contain multiple types of extracellular 
domains (Streuli, 1996), it is not clear whether they can act 
as true receptors, since no ligand activation mechanisms are 
known for their enzyme activities. 

Ligand-activated receptor tyrosine kinases can also be reg- 
ulated by controlling the availability of the ligand to the 





same membrane tumour cells and epithelia 


receptor. Ligands are often synthesized from high molec- 
ular weight membrane precursors, which are cleaved pro- 
teolytically to release the ligand. Thus, ligand release and 
availability are determined in part by the activity of the 
protease(s) involved in the cleavage. One of the factors 
regulating these proteases is calcium-dependent PKC. Lig- 
and degradation may also contribute to determining ligand 
availability. Ligand binding to some receptors triggers endo- 
cytosis of the ligand- receptor complex into the cell (Sorkin 
and Waters, 1993), which can lead to three possible fates: 
(1) the complex may dissociate and the ligands transfer to 
lysosomes for degradation, while the receptor recycles to the 
cell surface; (2) the complex may transfer to the lysosome for 
degradation of both components; (3) both components may 
recycle to the cell surface. Either mechanism for degrading 
the ligand reduces its availability. Finally, ligand availability 
may be determined by interactions with extracellular com- 
ponents, both positively and negatively (Schlessinger et al., 
1995). Many ligands contain positively charged amino acid 
sequences, which interact with glycosaminoglycans (GAGs), 
such as heparin, at the cell surface or in the extracellular 
matrix. This interaction may affect ligand availability in two 
ways. In a positive sense cell-surface GAGs or other cell- 
surface components may recruit ligands to the cell surface 
and vicinity of the receptors. Cell-surface components, such 
as GAGs, may also act as co receptors to form multimeric 
complexes with ligands and receptors which facilitate the 
activation of the receptor kinases. In a negative sense GAGs 
may sequester ligands away from their receptors. By combin- 
ing the two mechanisms, ligands in a tissue may be held in 
a GAG “reservoir” until they are released by an acute event 
that frees the ligand and consequently initiates receptor acti- 
vation. Soluble ligand-binding proteins are produced by some 
tissues and sequester extracellular ligands. For example, a 
whole family of binding proteins regulates the availability of 
IGFs. 

Receptor activation can also be determined by receptor 
availability, often dictated by receptor turnover, as described 
in the previous text for ligand-receptor complex endo- 
cytosis and degradation. These mechanisms appear to be 
rather receptor specific. For example, ligand binding induces 
turnover of ErbB1 (EGF receptor) more readily than other 
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ErbB family members. A second aspect of receptor avail- 
ability is localization. This may occur at either the cellular 
or subcellular level. At the cellular level only certain cell 
types or cells in specific locations may contain a given recep- 
tor in a tissue. At the subcellular level the receptor location 
may be restricted to a specific region of the cell surface, for 
example, to cell-cell contacts. Localization is particularly 
important to receptors which act by juxtacrine mechanisms 
(Table 8), because they require appropriate cell-cell con- 
tacts for their activation. One example is the Eph family 
of receptors (Table 6), which guide movements of cells and 
neuronal growth cones in establishing neuronal connections. 
The mechanism for guidance control involves a repulsive 
reaction to juxtacrine association of an Eph receptor with 
its complementary Ephrin ligand on an adjacent cell. This 
behaviour not only emphasizes the importance of location, 
but also suggests the possibility of reciprocal signalling, in 
which both the receptor and ligand initiate pathways and 
responses to the contact. Once again, this unusual mecha- 
nism underlines the diversity, which has evolved in receptor 
tyrosine kinase functions to regulate cellular behaviours in 
multicellular organisms. 

Although ligand-dependent activation is the most common 
means for stimulation of receptor tyrosine kinase pathways, 
other mechanisms have been proposed. Overexpression of 
ErbB 2 is sufficient for activation of receptor phosphorylation 
and cell transformation in some types of cells and has been 
implicated in neoplasia. One explanation for this effect is 
that the receptors associate when their concentration reaches 
a certain level in the membrane, triggering kinase activation, 
and cross-phosphorylation, although the participation of 
other factors cannot be ruled out. One possible example 
of indirect activation of ErbB2 through multimerization 
involves the cell-surface molecule CD44, a receptor for 
the extracellular GAG hyaluronic acid. CD44 has been 
observed to associate with ErbB2. Hyaluronic acid, an 
extracellular matrix component, can bind and aggregate 
CD44 in the cell membrane, thus also aggregating ErbB2 
and inducing its activation. Other indirect mechanisms for 
initiating receptor tyrosine kinase- signalling pathways are 
less easily rationalized. These include stimulation of G 
protein-coupled receptors, activation by cytokines, cellular 
stress responses, cell adhesion, and membrane depolarization. 
One possible explanation for these other ligand-independent 
signalling mechanisms is that the receptors are not acting as 
enzymes in these instances, but merely serving as docking 
proteins, such as the IRSs (see preceding text), which are 
phosphorylated by cytoplasmic tyrosine kinases, such as 
Src, activated by these other signalling mechanisms. An 
alternative possibility is that these additional mechanisms 
trigger proteolytic activities, which release ligands from their 
precursors or sequestration sites to activate receptor tyrosine 
kinases. 

Not surprisingly, ligand mimics have evolved, which can 
modulate receptor signalling. In the fruit fly (Drosophila) 
the secreted protein Argos contains an EGF-like domain and 
blocks signalling through the ErbB family tyrosine kinase 
receptor, probably acting as a competitor for the activating 
ligands. In contrast, mammalian epithelia contain a mucin 


Muc4 with an EGF-like domain, which binds to ErbB2 
and potentiates ligand-activated phosphorylation through het- 
erodimer ErbB 2/ErbB 3. The sequence of each of these mim- 
ics differs slightly from the sequences of activating ligands of 
the receptors. Other receptor-binding proteins associate with 
the receptor extracellular domains to influence ligand binding 
and signalling or with the cytoplasmic domain to modulate 
downstream signalling, although the exact mechanisms have 
not been well studied. Receptor “desensitization” is a com- 
mon phenomenon for many types of receptors, including 
tyrosine kinases. A frequent mechanism involves phospho- 
rylation of the receptor at specific sites to repress its activity. 
For example, ErbB1 (EGF receptor) can be desensitized by 
phosphorylation of serine residues in its cytoplasmic jux- 
tamembrane domain by PKC. 


BINARY RECEPTORS 


Activation of the JAK/STAT Pathway 


Binary receptors consist of a non-membrane tyrosine kinase 
subunit non-covalently associated at the cytoplasmic sur- 
face of the plasma membrane with a transmembrane receptor 
(Figure 2b). One advantage of the dual subunit system is the 
ability to “mix and match” different gene products for the two 
subunits to create a broader array of different signalling units 
from the same amount of genetic information, increasing 
the diversity of signalling potential. Moreover, binary recep- 
tors often contain multiple receptor (non-kinase) subunits to 
provide further specificity and diversity. However, the mech- 
anism of signal transduction across the membrane is remark- 
ably similar to that of the single subunit receptor tyrosine 
kinases. Binding of ligand to the receptor induces dimeriza- 
tion or multimerization of the receptor with concomitant acti- 
vation of the kinase. Cross-phosphorylation can then occur 
on both the receptor and kinase subunits, creating binding 
sites for cytoplasmic proteins with SH2 or PTB domains. In 
the case of the binary cytokine receptors (reviewed in detail 
in Signalling by Cytokines), the associated tyrosine kinases 
are the JAKs. The JAKs participate with STAT factors in 
a direct mechanism for regulating transcription (Figure 3b). 
STATS are recruited by phosphorylated receptors via their 
SH2 domains. Tyrosine phosphorylation of the STATs by 
receptor-associated JAKs creates SH2 binding sites, which 
can interact reciprocally with the STAT SH2 domains to 
induce STAT dimerization. The STAT dimers translocate to 
the nucleus, where they are able to regulate gene transcrip- 
tion (see Transforming Growth Factor-6 and Cancer). 
The JAK/STAT pathway is therefore more direct than the 
Ras- MAP kinase pathway, which also regulates cell tran- 
scriptional activity. Moreover, the JAK/STAT pathway can 
also be initiated by some receptor tyrosine kinases, such as 
ErbB1. Conversely, adaptors such as Grb2 are able to bind 
to some cytokine receptor phosphotyrosines to couple them 
to Ras and the MAP kinase-signalling pathway, and IRS 
docking proteins can link them to multiple signalling ele- 
ments. Thus, there appears to be substantial redundancy in 


10 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


signalling pathways. A major concern in signalling research 
is the molecular mechanisms for coordinating different sig- 
nalling pathways, whether they derive from the same receptor 
(pleiotropy) or from different receptors (cross talk). 


Lymphocyte T-Cell Complex 


Even more complex binary receptor tyrosine kinase com- 
plexes participate in lymphocyte regulation (Peterson and 
K oretzky, 1998), as exemplified by the T-cell receptor com- 
plex. T lymphocytes are the immune cells responsible for 
defence against invading organisms, such as bacteria and 
viruses. The T cell has evolved a very sophisticated mech- 
anism for recognizing invader cells, involving recognition 
of specific proteins unique to the invaders. However, rather 
than recognizing the intact protein, specialized cells of the 
immune system degrade the foreign proteins to peptides, 
which can then be “presented” for recognition at their cell 
surfaces. This antigen presentation is performed by a cell- 
surface protein complex called the major histocompatibility 
complex (M HC). It is the recognition of the foreign peptide 
on the MHC molecule by a receptor on the T cell (T-cell 
receptor) that triggers T-cell activation. The recognition and 
activation processes are finely tuned to provide a graded 
response to the foreign material. 

The interaction of the peptide on the MHC of the “antigen- 
presenting cell” with the T-cell receptor on the T cell is a 
juxtacrine response (Table 8). Moreover, the T-cell receptor 
itself is a highly complex moiety, a multicomponent binary 
receptor. The full receptor contains at least nine polypeptides, 
which can interact with four tyrosine kinases and one or 
more tyrosine phosphatases. Presumably, this complexity 
facilitates the regulation of the receptor signalling to provide 
a graded response instead of a switch (on/off) type of 
response. The signal development can be best presented as a 
timed series of events. The T-cell receptor initially contains 
two types of moieties. The peptide recognition moiety is 


ao 


hosphatase- 7 
domains *~~, 












































a7 domains 





Figure 7 Schematic structure of T-cell receptor and some key events 
in T-cell receptor signalling. ITAM - immunoreceptor tyrosine-based 
activation motif. (Reproduced from Peterson, E. J. and Koretzky, G. A. 
(1998) by permission of Clinical and Experimental Rheumatology.) 


a heterodimer of two transmembrane proteins (a@/f or y/ô, 
depending on the T-cell type), which bind the peptide on the 
juxtaposed antigen-presenting cell (Figure 7). This receptor 
heterodimer is associated with two additional transmembrane 
complexes, a heterodimer and a heterotetramer (CD 3). These 
complexes appear to serve a dual function. First, they act as 
the tail of a binary receptor to bind specific tyrosine kinases 
of the Src family for signal initiation. Second, they contain 
specific sequences called immunoreceptor tyrosine- based 
activation motifs (ITAM s), which can be phosphorylated to 
provide binding sites for proteins with SH2 domains, thus 
serving the function of docking proteins. The kinetic model 
for T-cell activation proceeds when the T-cell receptor is 
engaged by the peptide on the MHC complex of the adjacent 
cell. This engagement leads to dimerization of the T-cell 
receptor and activation of an associated Src family kinase 
Fyn. The activated kinase can then phosphorylate the ITAM 
motifs of the docking proteins to provide recruitment sites 
for additional molecules. One of the recruited molecules 
is CD4 (or CD8, depending on the cell type), a binary 
co receptor containing a transmembrane component and a 
second member of the Src family Lck. The CD4 association 
stabilizes the T-cell receptor dimer and provides additional 
sites for recruitment of SH2-containing components. A mong 
the components recruited to the phosphotyrosine sites created 
by the Src family members are two additional tyrosine 
kinases of another family, Zap and Syk. 

The result of this complex series of manoeuvers is to 
recruit a collection of initiators of signalling pathways 
(Figure 5 and Table 5) to activate the multiple functions of 
the T cell. The initiators include PLC y, P13K , a Ras activator 
called Vav and the adaptor proteins Shc and Grb2. The activ- 
ities of the tyrosine kinases are tightly regulated by ancillary 
molecules. Since Src family kinases can be both positively 
and negatively regulated by tyrosine phosphorylation (see 
subsequent text), these regulators include the membrane tyro- 
sine phosphatases CD45 and SHP-1 and the non-receptor 
tyrosine kinase Csk. CD45 is an activator, while SHP-1 and 
Csk are both inhibitors of Src family members. The acti- 
vation mechanisms for Src family members are described in 
more detail in the subsequent text. Thus, the balance of these 
activating and inhibiting activities provides mechanisms for 
generating graded responses. Many of the specifics of the 
temporal associations and the regulation remain to be dis- 
covered, but the T-cell receptor provides a clear example of 
how the binary receptor tyrosine kinase model has evolved to 
provide a very specific, highly regulated function for higher 
organisms. 


Focal Adhesions 


The focal adhesion complex provides another example of 
the application of the binary receptor principle to a pri- 
mary cell function. The key tyrosine kinase in this case 
is the focal adhesion kinase (FAK) (see Figure 1b). Focal 
adhesions are sites of cell attachment to the extracellu- 
lar matrix (see The Biology of Tumour Stroma) and of 
microfilaments to the plasma membrane. Thus, they play 
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Figure 8 Autorepression/autoactivation model for Src family kinases. (From Hubbard, S. R. et al. (1998). Autoregulatory mechanisms in protein-tyrosine 
kinases. The J ournal of Biological Chemistry, 273, 11987-11990. Copyright American Society for Biochemistry and Molecular Biology.) 


a critical role in the determination of cell shape and 
cell movement (Carraway etal., 1997). Furthermore, cell 
attachment through focal adhesions has been shown to be 
necessary for normal progression through the cell cycle 
for cell proliferation. One of the hallmarks of neoplas- 
tic transformation is the ability of the transformed cells 
to escape this adhesion requirement. Focal adhesions are 
extremely complex structures, containing dozens of com- 
ponents (Carraway et al., 1997). Precise assembly and dis- 
assembly of these structures is necessary for their roles 
in cell movements and growth regulation. The objec- 
tive here is to show how the binary model and tyrosine 
phosphorylation can contribute to the dynamics of these 
structures. 

The receptors involved in the formation of focal adhe- 
sions are integrins, a family containing two types of subunits 
(œ and 8), which combine to form a large number of dif- 
ferent heterodimeric receptors with different specificities for 
extracellular matrix components. Ligand binding and aggre- 
gation of integrin heterodimers induces their oligomerization 
in the membrane and recruitment of the non-receptor tyro- 
sine kinase FAK (Figure 1B) from the cytoplasm. This event 
also stimulates tyrosine phosphorylation of FAK, providing 
SH2 binding sites for the recruitment of Src. Additional 
phosphorylation of FAK creates sites for binding docking 
proteins paxillin and Cas. FAK appears to serve as both 
kinase and docking protein in these complexes, similar to 
the cytoplasmic domain of a receptor tyrosine kinase. The 
combined binding sites in these proteins can initiate fur- 
ther recruitment through SH 2 domains and other mechanisms 
of both structural components of the focal adhesion, such 
as the actin-binding proteins tensin, talin, vinculin and a- 
actinin, and signalling pathway components. Included among 
the latter are PLCy, PI3K, members of the MAP kinase 


cascade, members of the Src family and the small G pro- 
teins Rac and Rho. These small G proteins are relatives 
of Ras and act as signalling switches for the processes 
involved in the organization of microfilaments in cell move- 
ments (see Signalling by Ras and Rho GTPases). One of 
the enzymes recruited is Csk, which can then serve as a 
regulator of the Src family members. Thus, the tyrosine 
kinase FAK, acting through a binary receptor mechanism, 
is able to initiate the assembly of an extremely complex 
multimeric structure, which is critical to multiple cell func- 
tions required for cell movements, such as those involved in 
tumour invasion. 


Src Regulation 


Because Src family members play such important roles in 
many cellular processes involving binary receptors, one of 
the critical questions in understanding these signalling pro- 
cesses is how the Src activity is regulated. This regulation 
can most easily be considered as an autorepression mecha- 
nism (Hubbard et al., 1998), which limits access to the kinase 
site for catalysis by folding the Src molecule into a more 
compact structure (Figure 8). Two interactions are particu- 
larly important: (1) the binding of the Src SH3 domain to the 
peptide linking the SH2 and kinase domains and (2) the bind- 
ing of the SH2 domain to a phosphorylated tyrosine in the 
C-terminal tail. Both these intramolecular interactions must 
be weak, because they can be displaced by external agents 
with activation of the enzyme. Thus, Src can be activated 
by binding appropriate SH 3-containing proteins or proteins 
with SH3-binding motifs. Src can also be activated by pro- 
tein tyrosine phosphatases, such as CD45 (see Figure 7), 
which cleave the C-terminal phosphotyrosine. Conversely, 
active Src can be inactivated by phosphorylation of the 
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C-terminal tyrosine by Csk. Activation of Src is also pro- 
moted by phosphorylation of a tyrosine near the kinase site 
to prevent folding of the protein into the compact, inactive 
form. 


NON-RECEPTOR TYROSINE KINASE MECHANISMS 


Abl 


The large number of signalling pathways and cellular func- 
tions regulated by the receptor tyrosine kinase and binary 
receptor mechanisms raises the question whether tyrosine 
kinases act by any other mode. Unfortunately, it is often dif- 
ficult to distinguish non-receptor from receptor mechanisms 
at the cell level. One highly studied non-receptor kinase is 
Abl. Abl is a multidomain molecule whose N-terminal half 
is similar to the Src family (kinase, SH3, and SH2 domains), 
but whose C-terminal half has DNA-binding, microfilament- 
binding, and nuclear localization motifs (Figure 1b) (Zou and 
Calame, 1999). Abl is most familiar as the oncogene asso- 
ciated with chronic myelogenous leukaemia (see Blood and 
Bone Marrow: Myeloid Leukaemias and Related Neo- 
plasms). In this cancer Abl is activated as a consequence 
of a chromosome translocation encoding a fusion protein of 
Abl and BCR (break point cluster region). This chimaeric 
protein appears to be primarily localized to microfilaments 
in cells. In contrast, normal unactivated Abl is primarily a 
nuclear protein, although it is able to shuttle between the 
nucleus and cytoplasmic microfilaments in response to cell 
adhesion. In the nucleus A bl has been implicated in response 
to DNA damage and in cell cycle progression by virtue of 
its ability to bind p53 and pRb, respectively, both of which 
are transcription regulators and tumour suppressors. The spe- 
cific mechanisms for these responses are yet unclear. Abl can 
also bind RNA polymerase II, the Crk adaptor (Table 5) and 
the protein tyrosine phosphatase SHP1 (Table 5). Abl has 
been implicated in numerous signalling pathways, including 
those involving PI3K, Pkc, Ras, Jak/Stat, and Rac. Thus, 
it has the capacity for participating in multiple cellular 
functions, arising from both the binding of SH2-containing 
proteins to its phosphotyrosines and other proteins to other 
domains or motifs. Other tyrosine kinases which function 
by non-receptor mechanisms probably act similarly, although 
probably not as globally. 


Membrane Transport and Tyrosine Kinases 


A more direct action of non-receptor tyrosine kinases is sug- 
gested by studies of non-receptor tyrosine kinase effects on 
channel activities (Thomas and Brugge, 1997). For example, 
Src binds K *-ion channels and induces their phosphorylation, 
which decreases channel activity. In other cases the relation- 
ship between channel function and tyrosine kinase activity 
is less clear. Aggregation of acetylcholine receptor ion chan- 
nels can lead to tyrosine phosphorylation of the receptor and 
association of non-receptor kinase with the receptor. This and 


other kinase-channel interaction mechanisms resemble the 
binary receptor tyrosine kinases, although the consequences 
for downstream signalling in the specific cases are often 
unclear. In a number of cases Src family kinases can be acti- 
vated via ion fluxes into cells through regulated channels. The 
mechanisms of these activations are varied, involving both 
receptor and non-receptor processes. These examples again 
underline the versatility of the tyrosine kinase functions in 
many aspects of cell function. 


SIGNALLING PATHWAYS AND CELLULAR 
FUNCTIONS OF TYROSINE KINASES 


It should be obvious from the previous sections that tyrosine 
kinases can initiate multiple signalling pathways. In trying to 
understand the cellular functions of these kinases, it is useful 
to describe the downstream effectors and biological effects 
of these pathways. Such analyses are complicated by the fact 
that information about some of the pathways is incomplete. 
Moreover, many of the pathways are branched and have 
multiple effects. Finally, there are intersections of some path- 
ways, which cannot easily be represented by a linear or even 
a two-dimensional diagram. The major pathways described 
in this chapter include PLC y, PI3K, and Ras- MAP kinase. 
However, there are variants of both the PI3Ks and MAP 
kinases, which involve different cellular functions. For exam- 
ple, at least three different classes of mammalian MAP 
kinases contribute to cell behaviour by regulating transcrip- 
tion: Erk, p38, and Jnk. Each of these responds to different 
stimuli and results in a different cellular response. M oreover, 
it is important to remember that these individual pathways 
are not independent, but form a dynamic network. 

The key to understanding the roles of tyrosine kinases is 
to be able to link these signalling pathways to the cellular 
functions elaborated by the tyrosine kinases. A preliminary 
and simplistic effort is shown in Table 2. However, all 
these complex functions are usually the consequence of 
multiple pathways. As a result there is not necessarily a linear 
relationship between any kinase and a function. Moreover, 
the same pathway may be involved in different, almost 
contradictory, functions in different cellular contexts. EGF 
activation of the Ras-Erk pathway in PC12 cells induces 
proliferation, but nerve growth factor (NGF) stimulation of 
the same pathway in these cells leads to differentiation. 
The difference appears to reside in the temporal aspects 
(kinetics) of the pathway. Another problem in analysing 
kinase functions is redundancy. This issue is illustrated from 
“gene knockout” studies, in which the gene for a particular 
protein has been eliminated from the mouse genome for 
analysis of the phenotype of the mutant. For example, the 
gene for Src can be eliminated from the mouse without severe 
consequences for the reproduction of the animal. Only when 
three genes of the Src family are eliminated do the genetic 
defects become lethal. In contrast, gene deletions are lethal 
for ErbB2, ErbB3, or ErbB 4, and the ErbB ligand heregulin 
because of a failure of heart development at about embryonic 
day 10. These studies indicate that the function of a particular 
kinase in an organism depends on its time and place of 
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expression as well as the consequences of its downstream 
signalling in the cell and tissue of origin. 


TYROSINE KINASES AND CANCER 


The functions listed in Table 2 are important because they 
include many of the cellular behaviours which are modified 
in neoplastic transformation of cells (Nicolson, 1976). Thus, 
the phenotypic changes in tumour cells correspond closely to 
the functions regulated by tyrosine kinases in cells. However, 
the relationship of tyrosine kinases and human cancer is not 
so simple. Formation of diagnosable human tumours appears 
to require about five genetic changes in a single cell lineage. 
Contrary to the original oncogene hypothesis, many of these 
genetic lesions are not in tyrosine kinase-related pathways 
for cell proliferation. This situation results because tissues 
have evolved “tumour” suppressors’ to act as brakes for cell 
proliferation and tumour progression. Thus, removal of these 
suppression mechanisms is as important as enhancement 
of the progression mechanisms. Surprisingly, reversal of 
tyrosine phosphorylation by phosphatase action does not 
appear to be an important tumour-suppressor mechanism. 
The only tumour-suppressor phosphatase, Phosphatase and 
tensin homologue deleted from chromosome 10 (PTEN), to 
be identified to date acts more robustly on inositol (lipid) 
phosphates than on protein phosphates. It may therefore 
be more important in countering the effects of PI3K than 
tyrosine kinases. 

To understand the role of tyrosine kinases in human can- 
cer, itis instructive to analyse those cancers in which tyrosine 
kinases have been implicated as contributors (Table 10). The 
list is necessarily limited because providing evidence that a 
kinase contributes to tumour progression (cause vs effect) 
is difficult. Furthermore, downstream effectors in tyrosine 
kinase pathways, such as RAS and PI3K, are more proximal 
to the phenotypic changes in cells and tissues and may thus 
be more potent oncogenes. However, some tyrosine kinases 
are very potent oncogenes. A good example is ERBB 2, which 
is an inducer of mammary cancer when its gene is expressed 
in the mammary gland of mice. Although the reason for 
this potency is not entirely clear, two observations are likely 
important. One is that ERBB2 is susceptible to mutations 
and other events, which induce the activation of its tyrosine 
kinase. The second is that ERBB2 can activate multiple 
downstream pathways to change the mammary cell pheno- 
type, including both RAS- MAP kinase and PI3K pathways. 

The list in Table 10 suggests that these two factors are 
important in many instances in which tyrosine kinases con- 
tribute to cancer. Particularly noteworthy are activations of 
tyrosine kinase oncogenes by chromosome translocations. 
Since tyrosine kinases are frequently autoregulated, displace- 
ment of the regulatory regions by truncation (ERBB1) or 
by chromosome translocation (ABL) can remove the autore- 
pression and activate the kinase. This mechanism is familiar 
in viral oncogenes. In the instance of v-erbB (ERBB1), the 
extracellular domain has been truncated, facilitating dimer- 
ization and activation of the intracellular kinase. In the case 


Table 10 Tyrosine kinases implicated in neoplasia. 








Tyrosine kinase Mechanism of activation Cancer 

ERBB1 Truncation Glioma 

ERBB2 Amplification Breast 

PDGFRB Chromosome translocation Leukaemia 

KIT M utation Leukaemia 

MET M utation, overexpression Multiple cancers 
FGFR M utation Multiple myeloma 
RET Chromosome translocation Multiple endocrine 
ALK Chromosome translocation Lymphoma 

SRC Overexpression, activation Multiple 

YES Overexpression, activation Multiple 

ABL Chromosome translocation CML 

JAK2 Chromosome translocation Leukaemia 








FGFR, fibroblast growth factor receptor; CML, chronic myelogenous leukemia; R - 
receptor. 


of v-src, the C-terminal tail is missing. Since this sequence 
contains the phosphorylated tyrosine which interacts with the 
SH2 domain (Figure 8), phosphorylation of the enzyme at 
this site is no longer possible as a repression mechanism. 

An alternative mechanism for activation of tyrosine 
kinases in cancer is the autocrine growth loop (K olibaba and 
Druker, 1997), in which overexpression or mislocation of a 
ligand for the receptor kinase aberrantly induces its activa- 
tion. The cause-versus-effect relationship of this mechanism 
in human cancer is also difficult to establish, although it has 
been well characterized in cell culture studies. M ost of the 
evidence is based on statistical analyses of clinical outcomes. 
Such studies have implicated TGF-a in oesophageal cancer 
and IGF in prostate cancer. 

Considerable excitement has been generated in recent 
years by therapies directed at specific tyrosine kinases (Hynes 
and Lane, 2005). Two types of therapeutics have been most 
successful: small molecules targeted to the adenosine triphos- 
phate (ATP) binding sites of both receptor and non-receptor 
tyrosine kinases and antibodies recognizing the extracellular 
domains of receptor tyrosine kinases. An example of the for- 
mer is imatinib, which is directed at BCR-Abl, the oncogene 
associated with chronic myelogenous leukemia. Other sim- 
ilar ATP antagonists, with different specificities, target the 
EGF receptor (gefitinib, erlotinib), and have been approved 
for treating non-small cell lung cancer. Interestingly, most 
of the patients showing responses to these inhibitors have 
tumours with somatic mutations in their EGF receptor kinase 
domains. 

Humanized monoclonal antibody therapeutics directed 
against the EGF receptor (cetuximab) and ERBB2 (tras- 
tuzumab) have been approved for treatments of colorectal 
and breast cancer, respectively. The mechanism of action 
of the latter has been studied extensively and appears 
to be multifaceted, including Fc-dependent immune cell 
killing, blockade of the proteolytic activation of ErbB2, 
interference with receptor signalling, and blockade of ErbB2 
downregulation. One problem with both of these types 
of therapeutics is the development of resistance. Again, 
the mechanisms appear to be multifaceted, including the 
development of alternative signalling pathways promoting 
tumour progression (both types of agents) and the blockade 
of antibody binding. 
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OVERVIEW 


Tyrosine kinases regulate a large number of cellular functions 
via an array of signalling pathways. Most, but not all, of 
these pathways originate at the cell plasma membrane via 
transmembrane receptor tyrosine kinases or binary receptor 
tyrosine kinase couples. Both the tyrosine kinases and their 
effector pathways are highly regulated and must be integrated 
both spatially and temporally into the organization of cellular 
functions. M utational activation or overexpression of tyrosine 
kinases can lead to aberrant cellular behaviours, including 
neoplastic transformation and tumour progression. 
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OVERVIEW 


RAS and RHO proteins constitute two branches of the RAS 
superfamily of small guanosine triphosphatases (GTPases) 
(Figure 1). Like all GTPases, these proteins cycle between 
an active, guanosine triphosphate (GTP)-bound form, and 
an inactive, guanosine diphosphate (GDP)-bound form. Two 
families of proteins, guanine nucleotide exchange factors 
(GEFs) and GTPase activating proteins (GAPs), activate 
and inactivate the GTPases, respectively, and the activity 
of GEFs and GAPs are controlled by a large number of 
cellular cues. Active GTPases interact with a diverse group 
of proteins, termed effectors, which transduce the signal 
from the GTPase, resulting in a range of cellular responses. 
RAS GTPases and components of the signalling pathways 
controlled by them are frequently mutated in human cancers. 
RHO GTPases are key regulators of many normal cellular 
processes which go awry during tumour progression. 


RAS GTPases 


Three closely related members of this family, Harvey-RAS 
(HRAS), Neuroblastoma-RAS (NRAS), and Kirsten-RAS 
(KRAS); there are two splice forms, KRAS4A and the more 
abundant KRAS4B, that are mutated in a large number of 
human cancers, resulting in a constitutively active form 
of the protein. A great deal of the work directed towards 
understanding how the active forms of RAS contribute to 
cancer has focused on the downstream signalling pathways 
regulated by these proteins. A large number of effector 
molecules, which preferentially bind the active form of the 
GTPase, have been identified (Mitin et al., 2005); the down- 
stream pathways that have most convincingly been shown 
to be involved in cancer are the RAF/MAPK (mitogen- 
activated protein kinase), phosphoinositide 3-kinase (PI3K), 
and RAL guanine nucleotide dissociation stimulator (RAL- 
GDS) pathways (Figure 2). Although all active RAS proteins 
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can activate these pathways, there are examples of human 
genetic disorders that are specifically associated with muta- 
tions in individual RAS family members. Recent advances 
in high-throughput genomics and sequencing have indeed 
uncovered distinct associations of each RAS isoform with 
specific tumour types. Understanding how these biological 
differences relate to signalling will be key to our ability to 
treat cancers with mutations in the different members of this 
family of GTPases. 


DOWNSTREAM SIGNALLING PATHWAYS 


RAF 


RAF proteins constitute a branch of a large family of 
mitogen-activated protein kinase kinase kinases (M AP- 
KKKs). There are three RAF proteins in mammals, A- 
RAF, B-RAF, and C-RAF (also called RAF-1), which 
are part of an evolutionarily conserved signalling cas- 
cade that transduces signals from the cell surface to the 
nucleus. Active RAS recruits RAF to the membrane, a 
step generally believed to be required for RAF activa- 
tion, although there is at least one study suggesting that 
C-RAF can be activated in a RAS-independent manner 
(Mischak etal., 1996). Active RAF then phosphorylates 
and activates the MAPKKs, MEK1 and MEK2, which in 
turn activate the MAPKs, Extracellular signal-related kinase 
ERK1 and ERK2. ERK1/2 have a number of cytoplas- 
mic and nuclear targets that regulate gene transcription, the 
cytoskeleton, and other intracellular pathways. Not surpris- 
ingly, therefore, activation of this pathway has been shown 
to mediate diverse cellular processes, such as cell prolifer- 
ation, survival, and differentiation. The regulation of RAF 
activity has turned out to be more complicated than sim- 
ply binding to active RAS, and in addition to membrane 
recruitment, it involves phosphorylation, homo- and het- 
erodimerization, and interaction with other proteins (Well- 
brock et al., 2004). 
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Figure 1 Human RAS superfamily members. Subfamilies of proteins are indicated by coloured arcs: RAS (red), RHO (green), Ga (orange), ARF (yellow), 
and RAB (blue). (Modified with permission from Colicelli, J., Sci STKE 2004, re13, Copyright 2004, AAAS.) 


RAF proteins have long been thought to be key 
players in RAS-mediated tumourigenesis. Many tumours 
and tumour cell lines have increased levels of active 
ERK (Hoshino etal., 1999). More direct evidence has 
come from the finding that B-RAF is frequently mutated 
in a number of tumour types (Table 1) (Davies etal., 
2002). The vast majority of B-RAF mutations (~90%) 
result in the substitution of glutamic acid at position 
600 (http://www.sanger.ac.uk/genetics/CGP/cosmic/), result- 
ing in constitutive kinase activity. Since activating RAS 
mutations and activating B-RAF mutations are mutually 
exclusive in tumours (Davies et al., 2002), activation of the 
RAF/MEK/ERK pathway may be a key event in the for- 
mation of some tumour types. In contrast to B-RAF, only 
one tumour-associated mutation in C-RAF has been reported 
(Davies et al., 2005), and none have been reported for A- 
RAF. This may reflect a difference in their ability to signal 


to MEK and ERK. Cell culture studies indicate that the 
B-RAF kinase domain is much more efficient at activat- 
ing MEK than A-RAF or C-RAF (Pritchard etal., 1995). 
Moreover, fibroblasts from A-Raf and C-Raf knockout mice 
have relatively normal levels of active Erk, while fibrob- 
lasts from B-Raf knockout mice have decreased Erk activity 
(Huser etal., 2001; Mercer etal., 2002; Pritchard etal., 
2004). Although they have the ability to activate MEK in 
various cell culture assays, the primary function of A-RAF 
and C-RAF in vivo may be to phosphorylate other substrates. 
Alternatively, these two RAF family members may have 
kinase-independent functions, such as acting as scaffold pro- 
teins - an intriguing possibility supported by the finding that 
kinase-dead C-Raf can rescue the morphological and migra- 
tion defects seen in C-Raf null fibroblasts (Ehrenreiter et al., 
2005). However, whether kinase-dead C-RAF can fully sub- 
stitute for wild-type C-RAF in vivo, is not known. 
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Figure 2 RAS signalling pathways. Shown are the major signal transduc- 
tion pathways downstream of RA S that have been implicated in cancer. See 
text for details. 


The ability of RAF isoforms to heterodimerize has impor- 
tant consequences on their biological activity, both in nor- 
mal cells and in tumours with B-RAF mutations. Wild-type 
B-RAF can bind to C-RAF in a RAS-dependent manner, 
thereby activating C-RAF and promoting MEK activation 
(Garnett et al., 2005). B-RAF kinase activity is required 
for its ability to activate C-RAF, although it is not known 
whether C-RAF is phosphorylated directly or via another 
kinase (Garnett et al., 2005). Mutant versions of B-RAF 


with impaired kinase activity have been identified in human 
tumours. It appears they activate C-RAF through dimeriza- 
tion and promote MEK activation. In these kinase-defective 
mutants, B-RAF is predicted to be in an “active” or “open” 
conformation, but is unable to directly phosphorylate MEK 
because the mutations are in conserved residues necessary 
for kinase activity (Wan et al., 2004). However, this “open” 
conformation allows B-RAF to bind C-RAF in a RAS- 
independent manner (Garnett et al., 2005), although how it 
then activates C-RAF to signal to MEK is unclear. 

The fact that B-RAF kinase activity is highly specific for 
MEK1 and MEK2, which themselves are only known to 
phosphorylate ERK 1 and ERK 2, make targeting this pathway 
an extremely attractive approach to fighting tumours with 
B-RAF mutations. Indeed, several companies have designed 
chemical inhibitors to target components of this signal 
transduction pathway. One of these inhibitors, Cl-1040, a 
selective MEK inhibitor (Sebolt-L eopold et al., 1999), blocks 
proliferation of cell lines or tumour xenografts with an 
activating B-RAF mutation (Solit etal., 2006). While Cl- 
1040 also blocked ERK activation by MEK in wild-type 
cells, it had no effect on their proliferation. Interestingly, Cl- 
1040 only partially inhibited growth of cell lines or tumour 
xenografts with activating RAS mutations (Solit et al., 2006). 
This indicates that, while MEK activity is required for 
tumours with activating B-RAF mutations, active RAS is 
signalling to other downstream pathways to promote tumour 
formation (see the subsequent text). It would be interesting to 
know whether tumours with less common B-RAF mutations, 





Table 1 Frequency of tumour-associated mutations in RAS pathway components. 

Tissue NRAS HRAS KRAS B-RAF PIK3CA 
Adrenal gland 5% (7/137) 0% (1/137) 0% (0/177) 0% (0/4) 0% (0/2) 
Autonomic ganglia 8% (9/106) 0% (0/65) 2% (1/65) 1% (1/119) 0% (0/27) 
Biliary tract 1% (3/213) 0% (0/151) 32% (440/1373) 14% (23/158) 0% (0/5) 
Bone 0% (0/135) 2% (3/140) 1% (1/103) 0% (0/45) 0% (0/16) 
Breast 0% (0/145) 1% (1/198) 4% (11/259) 1% (2/146) 27% (167/613) 
CNS 2% (6/277) 0% (0/277) 1% (4/269) 4% (15/342) 5% (18/362) 
Cervix 2% (2/132) 8% (23/260) 8% (27/302) 0% (0/57) 12% (1/8) 
Endometrium 0% (1/275) 1% (3/291) 14% (197/1392) 1% (2/212) 50% (4/8) 
Eye 0% (0/32) 0% (0/3) 6% (4/60) 2% (6/280) 0% (0/1) 
Gential tract 100% (2/2) 0% (0/2) 6% (1/15 0% (0/24) 0% (0/2) 
Haematopoietic and lymphoid tissue 11% (617/5370) 0% (7/2357) 4% (135/3200 2% (13/726) 0% (0/227) 


Kidney 0% (1/343) 0% (1/277) 
Large intestine 3% (11/409) 0% (2/506) 
Liver 10% (10/104) 0% (0/62) 
Lung 1% (20/1834) 1% (7/1322) 
Oesophagus 0% (0/119) 1% (1/160) 
Ovary 3% (3/110) 0% (0/96) 
Pancreas 2% (4/211) 0% (0/187) 
Placenta 0% (0/4) 0% (0/4) 
Prostate 1% (8/539) 5% (29/503) 
Salivary gland 0% (0/30) 19% (22/111) 
Skin 17% (463/2680) 6% (89/1592) 
Small intestine 25% (1/4) 0% (0/4) 
Soft tissue 7% (10/147) 8% (32/406) 
Stomach 2% (5/220) 4% (14/389) 
Testis 3% (7/186) 0% (0/100) 
Thyroid 7% (129/1902) 5% (90/1817) 


Upper aerodigestive tract 
Urinary tract 


All data was obtained from the Catalogue of Somatic Mutations in Cancer database at the Wellcome Trust Sanger Institute. (http://www.sanger.ac.uk/genetics/C GP/cosmic/). 
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such as those that promote heterodimerization with C-RAF, 
are also sensitive to MEK inhibition. 


PI3K 


There are multiple forms of the PI3K family of lipid 
kinases in mammalian cells; the class | PI3Ks phosphory- 
late phosphatidylinositol-4,5-bisphosphate (PIP2) to produce 
phosphatidylinositol-3,4,5-triphosphate (PIP3) (Wymann and 
Marone, 2005). Class | PI3Ks exist as heterodimers com- 
posed of a regulatory subunit and a catalytic subunit. A cti- 
vated growth factor receptors recruit PI3K to the cell surface 
by binding the regulatory subunit either directly or indirectly 
through adapter proteins. RAS can also recruit PI3K to the 
membrane by binding to the catalytic subunit, though this 
interaction alters the structure of PI3K, and could there- 
fore affect activity directly through an allosteric mechanism 
(Pacold et al., 2000). 

The generation of PIP3 at the cell surface promotes 
the recruitment of pleckstrin homology (PH) domain- 
containing proteins, such as phosphoinositide-dependent 
kinase 1 (PDK 1) and AKT. PDK1 phosphorylates and acti- 
vates AKT, and AKT can then phosphorylate a number 
of proteins to regulate diverse cellular processes, such as 
growth, proliferation, and survival (Brazil et al., 2004). PI3K 
also mediates RAS-induced cytoskeletal changes and pro- 
motes cancer cell migration and invasion via the RHO family 
GTPase RAC (Rodriguez-Viciana et al., 1997; Shaw et al., 
1997). The mechanism by which PI3K activates RAC is 
unclear; the regulatory subunit of PI3K can bind to a het- 
erotrimeric protein complex containing the GEF SOS-1, and 
together with the production of PIP3 by the catalytic sub- 
unit, stimulate SOS-1 GEF activity towards RAC (Innocenti 
et al., 2003). Other RAC GEFs, such as VAV and Tiam1, can 
be recruited to the membrane and/or activated by binding to 
PIP3 via their PH domain (Han etal., 1998; Stam etal., 
1997). Because RAC plays a critical role in cell migration 
(discussed in the subsequent text), PI3K is well positioned to 
mediate cross talk between Ras activation and RHO GTPases 
during RAS-mediated cancer progression. 

Chemical inhibition of PI3K inhibits RA S-mediated trans- 
formation of immortalized mouse fibroblasts (Rodriguez- 
Viciana et al., 1997), as well as RAS-induced proliferation 
and morphological changes in primary rat pancreatic ductal 
epithelial cells (Agbunag and Bar-Sagi, 2004). In addition 
to being required for the initial events in RAS-induced 
tumour formation, constitutive PI3K activation is sufficient 
for tumour maintenance in mice (Lim etal., 2005). 

Recently, the gene encoding one of the catalytic subunits 
of PI3K, PI3KCA, was found to be frequently mutated in a 
number of human tumours, Table 1 and Samuels et al., 2004. 
The vast majority of PIK3CA mutations (over 80%) cluster 
in one of two “hot spot” regions, which encode the helical 
domain and kinase domain of the protein (Samuels and 
Velculescu, 2004). Many tumours with PI3KCA mutations 
also contain KRAS mutations, which may indicate that 
the two gene products signal through distinct pathways in 
these tumours (Samuels and Velculescu, 2004). Alternatively, 


active KRAS could increase membrane recruitment of mutant 
PI3KCA, thereby potentiating its oncogenic potential. In 
support of this, mutations in PIK3CA and mutations in 
the gene encoding the lipid phosphatase, phosphatase and 
tensin homologue (PTEN), a negative regulator of the 
PI3K pathway, frequently coexist in endometrial carcinomas 
(Oda et al., 2005), although they are mutually exclusive in 
breast carcinoma and glioblastoma (Broderick et al., 2004; 
Saal etal., 2005). Perhaps, some tumours require higher 
levels of PI3K signalling. No tumour-associated mutations 
in the other isoforms of the PI3K catalytic domains have 
been reported, although their overexpression is sufficient 
to transform chicken embryo fibroblasts (CEFs), suggesting 
that merely aberrant expression levels of other PI3Ks may 
contribute to human cancer (K ang et al., 2006). 

A number of studies have examined the biochemical and 
biological activity of the most common tumour-associated 
mutant forms of the PI3KCA protein and shown that these 
have increased lipid kinase activity in vitro (Kang etal., 
2005; Samuels etal., 2004). Overexpressing the tumour- 
associated PIK3CA mutants causes transformation of primary 
CEFs, as judged by focus formation assays (Kang etal., 
2005), and immortalized human mammary epithelial cells, 
as judged by the growth in soft agar (Isakoff et al., 2005). 
Studies using colorectal cancer (CRC) cell lines that are 
heterozygous for a “hot spot” mutation in either the helical 
domain or the kinase domain found that the mutant copy 
of PIK3CA is responsible for the ability of these cells 
to proliferate independently of growth factors, and for 
their ability to form metastases in mice (Samuels et al., 
2005). Together, these experiments indicate that mutations in 
PIK3CA are, at least in some cases, necessary and sufficient 
for some of the cellular alterations associated with cancer. 
One of the most intriguing aspects of these studies is that 
“hot spot” mutations in either the helical domain or the 
kinase domain appear to have equivalent biochemical and 
cellular effects. While mutations in a kinase domain would 
be predicted to increase its enzymatic activity, it is unclear 
how mutations in the helical domain of PIK3CA would result 
in the same effect. 

The signalling events downstream of PIK3CA leading to 
tumour formation are beginning to be uncovered, although 
there may be some differences among tumour types. While 
studies generally agree that PIK3CA mutants promote con- 
stitutive activation of AKT, the isoform(s), as well as the 
pathway(s) activated downstream differ depending on the 
model system used (K ang et al., 2005; Samuels et al., 2005). 
In CRCs, one clue about the relevant signalling components 
comes from a study in which the sequence of 340 kinases in 
over 200 human tumour samples was analysed; genes encod- 
ing 3 kinases in the PI3K signalling pathway had mutations 
(PDK1, AKT2, and PAK4) (Parsons etal., 2005). Further 
analysis with other PI3K signalling components revealed 
that almost 40% of CRCs have an alteration in one of the 
P13K -pathway genes, and that the alterations were essentially 
mutually exclusive among tumours (Parsons etal., 2005), 
suggesting that these gene products signal through the same 
pathway. Intriguingly, no alterations were found in genes 
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encoding the other two AKT isoforms, AKT1 and AKT3, sug- 
gesting signalling specificity downstream of mutant PIK 3CA 
in CRCs. There is at least one report for different contribu- 
tions of different AKT isoforms in cell migration and cell 
morphology, in mammary epithelial cells cultured in three- 
dimensional basement matrix (Irie et al., 2005). It will be 
important to know which pathways are downstream of acti- 
vated PIK 3CA in different tumours to provide more potential 
targets for therapy. 


RalGDS 


RALGDS is a member of a family of GEFs for the 
small GTPases RALA and RALB, which are in the RAS 
branch of the RAS superfamily (Fig. 1). There are four 
RAL GEFs in humans with a C-terminal RAS association 
domain (http://smart.embl-heidelberg.de/). RALGDS binds 
to active RAS, resulting in its translocation to the plasma 
membrane and subsequent activation of RAL (Matsubara, 
etal. 1999). There are five known RAL effectors: the 
transcription factor ZO-1-associated nucleic acid binding 
proteins (ZONAB); the RAC/CDC42 GAP RALBP1; two 
subunits of the exocyst complex, SEC5 and EX 084; and the 
actin-binding protein FILAMIN (Cantor et al., 1995; Frankel 
etal., 2005; Moskalenko etal., 2003; Ohta etal., 1999). 
Ral also binds phospholipase D (PLD) constitutively, and 
regulates a number of transcription factors by mechanisms, 
which are still unidentified (Feig, 2003). 

Although tumour-associated mutations in RALGDS or its 
signalling pathway components have not yet been identi- 
fied, a great deal of evidence indicates that they play a key 
role in RAS-mediated tumourigenesis. RALGDS or active 
RALA can cooperate with activated RAF or limiting amounts 
of RAS in mouse fibroblast focus formation assays (Urano 
etal., 1996; White etal., 1996). Studies using dominant- 
negative forms of RAL and RAS effector loop mutants that 
signal through RAF, PI3K or RALGEFs, indicate a role 
for signalling through RAL in RAS-mediated transformation 
(Rodriguez-Viciana etal., 1997; Urano et al., 1996; White 
et al., 1996). More convincing evidence comes from recent 
studies using mouse knockouts and ribonucleic acid inter- 
ference (RNAi) of components of this signalling pathway. 
Mice lacking RalGDS have reduced tumour incidence, size, 
and progression, in a skin cancer model that results in acti- 
vating mutations in HRas (Gonzalez-Garcia etal., 2005). 
Importantly, RalGDS knockout mice are viable and fertile, 
and have no obvious morphological defects, indicating it is 
dispensable for normal development (Gonzalez-Garcia et al., 
2005) and making it an attractive target for therapy. 

Recent experiments indicate that, while RalGEF-Ral sig- 
nalling is not sufficient for RAS-induced transformation of 
mouse cells, a RAS mutant that only signals through RAL- 
GEFs can transform human cells (Hamad et al., 2002), and 
expression of active form of RLF, another RALGEF, can 
transform human cells (Lim etal., 2005). This activity is 
dependent on the catalytic activity of RLF, indicating that 
signalling through RAL is sufficient to transform human 
cells (Lim etal., 2005). RAS-induced transformation of 


human cells is inhibited by RNAi knockdown of RALA, and 
increased levels of active, GTP-bound RALA are present in 
a number of pancreatic cancer cell lines (Lim et al., 2005), 
further highlighting the importance of this signalling path- 
way in cancer. Interestingly, the activation state of RALA 
in pancreatic cell lines does not always reflect the levels of 
active KRAS, suggesting that RAL is being activated by an 
independent mechanism (Lim et al., 2005). It is not known 
whether the cell lines with low levels of active KRAS but 
high levels of active RALA have mutations in one or more 
RALGEFs, or in RALA itself. 

Precisely how RALGEF-RAL signalling contributes to 
cancer is not clear, but several studies indicate that RALA 
and RALB, and perhaps the different RALGEFs, play dis- 
tinct roles in cancer progression. RalGDS is required for 
tumour cell survival in a mouse skin cancer model, possibly 
via the jun kinase (Jnk)/MAPK pathway (Gonzalez-Garcia 
et al., 2005). RALB, but not RALA, is also required for the 
survival of some human cancer cell lines, as RNAi knock- 
down induces apoptosis (Chien and White, 2003). Interest- 
ingly, loss of RALA, but not RALB, prevents anchorage- 
independent proliferation of the same cell lines (Chien and 
White, 2003). RLF-induced transformation of human cells 
is blocked by RNAi knockdown of RALA, while RALB 
RNAi potentiates it (Lim etal., 2005). These discrepan- 
cies in the RALB RNAi phenotype may reflect cell type 
differences; however, in both cases the cellular effects of 
reducing RALA and RALB levels are different and support 
the notion that they make distinct contributions to cancer. 
Active forms of RALA, but not RALB, can transform human 
cells (Hamad etal., 2002; Lim etal., 2005). This activity 
of RALA depends on its binding to SEC5 and RALBP1, 
but not PLD (Lim etal., 2005). RALA, but not RALB, 
promotes basolateral membrane delivery in Madin-Darby 
canine kidney (MDCK) epithelial cells, which may be due 
to a differential affinity for subunits of the exocyst complex 
(Shipitsin and Feig, 2004). Together these studies suggest 
that at least some of the ability of RALA to mediate tumouri- 
genesis is through deregulated membrane trafficking via the 
exocyst complex, which would lead to changes in cell mor- 
phology and perhaps promote the epithelial-to-mesenchymal 
transition associated with cancer progression. 


RAS ISOFORM SPECIFICITY: LOCATION, 
SIGNALLING, AND BIOLOGICAL ACTIVITIES 


Mutated RAS genes were first identified in human cancer 
cells through their ability to transform immortilized fibrob- 
lasts in deoxyribonucleic acid (DNA) transfection assays 
(Malumbres and Barbacid, 2003). Since then, a large effort 
has been made to characterize RAS mutations associated 
with different types of cancer (Table 1). These studies have 
revealed that, although the different RAS isoforms share the 
same regulators and effector proteins, each isoform is associ- 
ated with different tumour types. For example, KRAS (which 
is the most commonly mutated RAS isoform) is mutant in 
58% of pancreatic tumours, while NRAS and HRAS are 
mutant in 2 and 0% of pancreatic tumours, respectively. 
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In skin cancer, 17% of tumours harbour NRAS mutations, 
compared with 6% for HRAS and 2% for KRAS. Because 
the three RAS proteins are ubiquitously expressed, these 
data suggest that there are differences among RAS proteins 
that account for the varying biological consequences asso- 
ciated with mutations in each RAS isoform. RAS proteins 
are modified post-translationally, resulting in their targeting 
to cellular membranes (Mor and Philips, 2006). All three 
RAS proteins are farnesylated at their C-termini. NRAS and 
HRAS are further modified with one palmitoyl or two palmi- 
toyl groups, respectively, while KRAS contains a polybasic 
stretch of amino acids that is required for its association 
with membranes (Hancock et al., 1990). The differences in 
post-translational modification play a large role in localizing 
each isoform to distinct subdomains of the plasma membrane 
(Prior and Hancock, 2001). NRAS and HRAS also localize to 
the Golgi apparatus (A polloni et al., 2000; Choy et al., 1999) 
and shuttle between the plasma membrane and the Golgi 
via a depalmitoylation/palmytoylation cycle (Rocks et al., 
2005) (Figure 3a). All three RAS isoforms can be activated 
at the plasma membrane (A ugsten et al., 2006; Bivona et al., 
2003; Chiu et al., 2002). NRAS and HRAS activations have 
also been reported to occur on intracellular membranes in 
response to extracellular stimuli (Chiu et al., 2002), although 
another study using a different method to visualize active 
RAS did not observe this (Augsten et al., 2006). 

Constitutively active forms of HRAS activate subsets 
of signalling pathways depending upon their subcellular 
localization (Figure 3b). In one study, tethering of active 
HRAS to the plasma membrane results in activation of ERK, 
AKT, and JNK; tethering HRAS to the Golgi results in 
activation of ERK and AKT, and only weak activation of 
JNK, and tethering HRAS to the endoplasmic reticulum 
(ER) preferentially activates JNK but not ERK or AKT 
(Chiu et al., 2002). In addition to lipid modification, all three 
Ras isoforms are subject to other types of post-translational 
modification, affecting their subcellular localization and 
downstream signalling. Farnesylated, palmitoylated NRAS 
and HRAS can also be ubiquitinated, and at least in the case 
of HRAS, this promotes the association with endosomes (J ura 
et al., 2006) (Figure 3a). Ubiquitination of HRAS impairs 
its ability to activate the RAF/MAPK pathway (Jura et al., 
2006) (Figure 3b); this is consistent with previous studies 
showing that blocking recycling of HRAS back to the 
plasma membrane impairs activation of the Raf/MAPK (Roy 
et al., 2002). How ubiquitination of HRAS is regulated, and 
whether ubiquitinated HRAS signals to other downstream 
pathways, is not known. Interestingly, KRAS, which is a 
more potent activator of RAF than HRAS (Yan et al., 1998) 
is neither endocytosed (Roy etal., 2002) nor ubiquitinated 
(Jura et al., 2006). 

KRAS can, however, relocalize from the plasma mem- 
brane to endomembrane compartments. In neurons, KRAS 
(but not HRAS) relocalizes to the Golgi in response to 
glutamatergic signalling (Fivaz and Meyer, 2005), while in 
other cell types KRAS relocalizes to the ER, Golgi, and 
outer mitochondrial membrane (Bivona et al., 2006; Silvius 
et al., 2006) upon phosphorylation on $181 in the polybasic 
region (Bivona et al., 2006) (Figure 3a). A phospho-mimetic 


mutant of KRAS promotes apoptosis; this cellular effect 
requires BCL-2 family member BCL-XL, which associates 
preferentially with active, phosphorylated KRAS (Bivona 
et al., 2006) (Figure 3b). The potential to “switch” activated 
mutants of KRAS from tumour promoting to apoptosis pro- 
moting by modulating the phosphorylation status has obvious 
appeal as an anticancer therapy strategy. Indeed, treatment of 
K RAS-induced tumours in nude mice with the protein kinase 
C (PKC) agonist bryostatin (which is currently in clinical 
trials) promoted apoptosis, whereas tumours induced by a 
mutant KRAS that cannot be phosphorylated by PKC were 
resistant to bryostatin treatment (Bivona et al., 2006). 

In addition to post-translational modifications RAS sig- 
nalling can be influenced by scaffold proteins. The best 
characterized family of scaffold proteins involved in RAS 
signalling are the MAPK scaffolds (Morrison and Davis, 
2003). One intriguing member of this class of scaffold 
protein is SEF, which binds to MEK/ERK complexes and 
localizes to the Golgi (Torii etal., 2004). SEF binds to 
active MEK and prevents MEK/ERK from dissociating and 
ERK from translocating to the nucleus, thereby restricting 
ERK signalling to cytoplasmic substrates (Torii et al., 2004). 
SEF may therefore act to capture MEK activated by Golgi- 
localized RAS proteins. In agreement with this, SEF1 RNAi 
results in more nuclear ERK and increased expression of 
ERK target genes (Torii et al., 2004). It will be interesting 
to see whether mutations in SEF, or other MAPK scaffolds, 
are associated with human cancers. 


RHO GTPases 


The Rho family of small GTPases consists of 22 members, 
of which RhoA, Racl, and Cdc42 are the best characterized. 
They regulate a range of normal cellular processes including 
proliferation, adhesion, polarity, and migration that are 
relevant to tumour formation and progression. With the 
exception of the RHOH gene, which is rearranged in some 
lymphomas, mutations have not been found in the genes 
of RHO family members in tumours. However, there are 
a number of reports of overexpression of RHO GTPases, as 
well as aberrant expression of some of the regulatory proteins 
that control their activity, which could contribute to tumour 
progression. Here we give a brief overview of the role of 
Rho GTPases in the regulation of the cell cycle, epithelial 
morphogenesis, and cell migration, followed by a discussion 
of how the observed changes in expression of RHO GTPases 
could contribute to cancer. 


Rho GTPases and the Cell Cycle 


Progression of cells through G1 phase of the cell cycle 
is dependent on the activation of cyclin-dependent kinases 
(CDKs), which phosphorylate the retinoblastoma (RB) fam- 
ily of proteins to relieve inhibition of the E2F family of 
transcription factors (Coleman et al., 2004). Microinjection 
of constitutively active mutants of RhoA, Racl, and Cdc42 
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Figure 3 RAS isoform specificity. (a) Effect of post-translational modifications on the subcellular localization of the different RAS isoforms. (b) Effect 
of RAS subcellular localization on downstream signalling. Intracellular organelles are labeled as: E-endosome, ER - endoplasmic reticulum, G - Golgi 
apparatus, M - mitochondria, N - nucleus. See text for details. 
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into quiescent fibroblasts promotes G1 progression, while 
dominant-negative mutants or C3 transferase (which inhibits 
Rho) block serum-induced G1 progression (Olson etal., 
1995), showing that all three play a role in regulating cell 
cycle progression. CDKs are active when complexed with 
cyclins and inhibited by binding to cyclin-dependent kinase 
inhibitors (CKIs), and Rho GTPases exert their effects on 
progression through G1 phase, at least in part, by influencing 
the levels of cyclins and CK Is (Figure 4). 

Induction of cyclin D is a key event for cells to progress 
through G1 phase, and Rho GTPases can regulate induction 
of cyclin D1 in a variety of cell types. Active Racl promotes 
induction of cyclin D1 expression in fibroblasts, myocytes, 
and endothelial cells, although different mechanisms have 
been proposed. In fibroblasts, Rac has been found to act 
via its effector Pak to regulate cyclin D1 transcription 
(Westwick et al., 1997), while another study found that it 
requires an NF-«B-dependent pathway (Joyce et al., 1999). 
These pathways may not be mutually exclusive, because 
at least one study has found Rac to signal to NF-«B via 
Pak (Dadke etal., 2003). In myocytes, active Racl also 
promotes cyclin D1 transcription, and in this case seems 
to be acting through the nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase complex and formation of 
reaction oxygen species (Page et al., 1999). In endothelial 
cells, RAC1 is activated downstream of «51 integrins when 
cells are plated on fibronectin, and this leads to RAC- 
dependent stimulation of CYCLIN D1 translation, rather 
than transcription (M ettouchi etal., 2001). Cdc42 has also 
been shown to promote transcription from the cyclin D1 
promoter in fibroblasts (Gjoerup et al., 1998; Welsh et al., 
2001). However, its role in cyclin D1 induction is less clear, 
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Figure 4 Rho GTPases promote cell cycle progression. Activation of 
Rho GTPases is required for induction of cyclins and downregulation 
of cyclin-dependent kinase inhibitors (CKIs). Rho-family GTPases are 
activated downstream of growth factors and adhesion to the extracellular 
matrix, while Rho (but not Rac or Cdc42) activity decreases in response to 
cell-cell adhesion. See text for details. 


as another study found constitutively active Cdc42 stimulated 
expression of cyclin E, and not cyclin D1 (Chou et al., 2003). 
Constitutively active RhoA was found to have no effect on 
cyclin D1 induction in fibroblasts in some studies (Gjoerup 
etal., 1998; Welsh etal., 2001), while other studies found 
that it does promote cyclin D1 expression in fibroblasts 
(Westwick etal., 1997) and epithelial cells (Liberto et al., 
2002). Regardless of this discrepancy, Rho activity is clearly 
necessary for proper cyclin D1 induction as the use of 
C3 transferase to inhibit endogenous Rho blocks cyclin D1 
expression in fibroblasts (Danen et al., 2000), epithelial cells 
(Liberto et al., 2002), and hepatocytes (Hansen and A Ibrecht, 
1999). In the case of fibroblasts, Rho has been shown to 
control the timing of cyclin D1 expression by promoting 
sustained Erk activation necessary for mid-G1 cyclin D1 
expression and by inhibiting a Rac-dependent cyclin D1 
expression pathway (Welsh etal., 2001). Here, inhibition 
of Rho did not prevent cyclin D1 expression, but instead 
resulted in early expression of cyclin D1 via a Rac-dependent 
pathway and premature S-phase entry. Differences in the 
background levels of active Rac might explain why in some 
cases inhibition of Rho blocks cyclin D1 induction rather 
than hastening it (Danen et al., 2000). Regulating the relative 
levels of active Rho and Rac might therefore provide a 
mechanism to control the timing of cyclin D1 expression 
and therefore the length of the G1 phase of the cell cycle. 
Downregulation of the CKIs p21 and p27 is required for 
progression through G1 phase, and this is also regulated by 
Rho GTPases. Active Rho inhibits transcription from the p21 
promoter (Olson et al., 1998), while inhibition of endogenous 
Rho with C3 transferase results in accumulation of p21 and 
prevents entry into S phase, thereby blocking proliferation in 
response to mitogenic stimulation or expression of oncogenic 
Ras (Danen et al., 2000; Olson et al., 1998). Rac and Cdc42 
have been shown to downregulate p21; however, they do so 
by proteasome-dependent degradation rather than inhibiting 
p21 expression (Bao et al., 2002). The mechanism by which 
Rho represses p21 transcription is not clear. One study 
showed that overexpression of constitutively active Rho- 
associated kinase (ROCK ) suppresses transcription from the 
p21 promoter (Lai et al., 2002). However, it seems unlikely 
that ROCK is the Rho effector mediating p21 downregulation 
in transformed cells as inhibition of ROCK (in contrast to 
inhibition of Rho) does not lead to p21 accumulation or block 
proliferation in transformed fibroblasts (Sahai et al., 2001). 
Rho may also play a role in downregulating p27 expres- 
sion, although there is conflicting evidence. Where Rho has 
been shown to be involved it seems the mechanism is post- 
transcriptional. Rho is required for p27 degradation in Rat 
FRTL-5 thyroid cells and in IIC9 Chinese hamster embryo 
cells following stimulation of cell cycle progression (Hirai 
et al., 1997; Hu etal., 1999; Weber et al., 1997). Another 
study has shown Rho can repress p27 mRNA translation 
(Vidal etal., 2002). However, Rho inhibition had no effect 
on p27 levels in transformed fibroblasts or human colon car- 
cinoma cell lines (Sahai et al., 2001). 
The requirement for Rho GTPase activity for progression 
through the cell cycle allows cells to respond to their environ- 
ment and regulate their proliferation accordingly (Figure 4). 
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For example, Rho GTPases are activated downstream of 
integrins, and untransformed cells require adhesion to the 
extracellular matrix to proliferate. Transformed cells, on the 
other hand, often show anchorage-independent proliferation, 
which is thought to contribute to their ability to overprolifer- 
ate and form tumours. Similarly Rho GTPases are activated 
downstream of growth factor receptors, and transformed cells 
often have altered requirements for growth factors for pro- 
liferation. Overexpression of active forms of Rho GTPases 
in quiescent cells can, therefore, promote cell cycle progres- 
sion in the absence of serum (Olson et al., 1995). In epithelial 
cells RhoA activity is inhibited downstream of E-cadherin as 
cells become confluent and this might contribute to the phe- 
nomenon of contact inhibition of proliferation (Aijaz et al., 
2005; Noren et al., 2003; Noren et al., 2001). Deregulation 
of Rho GTPases and their signalling pathways could there- 
fore contribute to the loss of normal cellular controls on 
proliferation seen in cancer. 


Rho GTPases and Epithelial Morphogenesis 


Epithelial cells form continuous sheets that function as reg- 
ulated barriers between the different environments of a mul- 
ticellular organism. Formation of a functional epithelium 
depends on the formation of adhesive cell-cell contacts, 
polarization of proteins and lipids to facilitate selective and 
directional permeability, and differentiation. Epithelial cells 
are characterized by the presence of intercellular junctions, 
which maintain the functional integrity of the epithelium. 
These junctions are protein complexes formed by the interac- 
tion of cell adhesion molecules on neighbouring cells, which 
link via their cytoplasmic domains to the cytoskeleton and 
signalling complexes. In mammalian epithelial cells, tight 
junctions formed by the transmembrane proteins claudins, 
occludin, and junctional adhesion molecules (JAMs), are the 
most apical of the junctions. They act as a permeability bar- 
rier to regulate diffusion of solutes across the epithelium and 
maintain cell polarity by inhibiting diffusion between the 
apical and basolateral membrane domains. Adherens junc- 
tions are the principal adhesion junctions and form basally 
to tight junctions by the transmembrane proteins cadherins 
and nectins (Figure 5). 

Although mature adherens junctions and tight junctions 
are spatially separated and perform distinct functions, their 
assembly is interdependent. During the initial stages of 
cell-cell contact formation in epithelial cells components 
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Figure 5 Loss of cell junctions and cell polarity contribute to epithe- 
lial-to-mesenchymal transition (EMT). Green- tight junctions, Blue- adhe- 
rens junctions, Red- actin cytoskeleton. See text for details. 


of both adherens junctions and tight junctions colocalize at 
nascent contacts as puncta at the end of actin-rich membrane 
protrusions (Suzuki etal., 2002; Vasioukhin etal., 2000). 
Subsequent remodelling of the actin cytoskeleton to form 
the characteristic junctional actin belt and separation of tight 
junctions and adherens junctions along the lateral membrane 
results in formation of a polarized cell with mature junc- 
tions and distinct apical and basolateral membrane domains. 
These nascent cell-cell contacts are sites of active actin 
polymerization, which seals apposing membranes together 
(Vasioukhin etal., 2000). Studies in various epithelial cell 
types have revealed a requirement for Rho GTPases in junc- 
tion formation (Braga etal., 1997; Kodama etal., 1999; 
Noritake etal., 2004; Nusrat etal., 1995; Takaishi etal., 
1997), and it seems likely that this is primarily through their 
effects on the actin cytoskeleton (Fujita and Braga, 2005). 

As well as being required for junction formation, Rho 
GTPases are also involved in the disassembly of junctions 
as cell undergo epithelial-to-mesenchymal transition (EMT) 
(Figure 5). Loss of cell junctions and loss of polarity con- 
tribute to the process of dedifferentiation during which cells 
lose their epithelial characteristics and become more migra- 
tory and invasive, which correlates with the development of 
cancers from benign to malignant. 

Addition of hepatocyte growth factor (HGF )/scatter factor 
to MDCK cells results in breakdown of cell-cell contacts 
and cell scattering, and dominant-negative Rac blocks these 
effects (Ridley et al., 1995). Racl is transiently activated by 
HGF (Zondag et al., 2000), further supporting a role in HGF- 
induced scattering. RAC also seems to mediate the effect 
of transient expression of active RAS on junctions in ker- 
atinocytes, as dominant-negative Rac blocks RAS-induced 
disassembly of adherens junctions (Braga et al., 2000). Reg- 
ulation of Rho activity is important for transforming growth 
factor (TGF)-B-induced EMT. In NMuMG mouse epithe- 
lial cells, TGF-6 transiently activates RhoA and dominant- 
negative Rho blocks TGF--induced adherens junction dis- 
assembly and migration, suggesting that Rho activity is 
required (Bhowmick et al., 2001). However, another study in 
the same cells showed that TGF-8 mediates RhoA degrada- 
tion at tight junctions downstream of the E3 ubiquitin ligase 
Smad ubiquitin regulatory factor (Smurf) and that this degra- 
dation is necessary for EMT (Ozdamar et al., 2005). The 
precise role of Rho in TGF-6-mediated EMT is therefore 
unclear. 

MDCK cells stably transformed with oncogenic Ras 
undergo a morphological EMT in which cells adopt a fibrob- 
lastic phenotype with loss of cadherin-dependent cell- cell 
contacts (Zondag et al., 2000). These morphological effects 
are associated with decreased expression of the Rac GEF 
Tiam1, decreased Racl activity, and increased RhoA activ- 
ity (Zondag et al., 2000), and restoring expression of Tiam1 
in these cells reverts them to an epithelial morphology with 
intact cell-cell contacts and decreased invasiveness (H ordijk 
etal., 1997). In fibroblasts, activation of Racl by Tiam1 
leads to downregulation of RhoA activity and formation of 
cadherin-dependent cell - cell contacts and an epithelial mor- 
phology (Sander et al., 1999). The relative levels of Rac and 
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Rho thus seem to control whether cells adopt an epithe- 
lial or mesenchymal phenotype. Consistent with this idea, 
subconfluent epithelial cells, which have a more fibroblas- 
tic morphology than confluent cells, have elevated levels 
of active RhoA and decreased levels of active Racl and 
Cdc42. Furthermore, RhoA activity is directly reduced by 
cadherin homophilic ligation during cell- cell contact forma- 
tion (Noren et al., 2001). 

In addition to being required for junction disassem- 
bly downstream of transforming signals, activation of Rho 
GTPases is sufficient to disrupt cell junctions and cell 
polarity. Overexpression of RHOA and RHOC in human 
colon carcinoma cells disrupts adherens junctions (Sahai 
and Marshall, 2002), while overexpression of active RAC1 
disrupts adherens junctions in keratinocytes (Braga etal., 
2000). Overexpression of active RhoA, Racl, or Cdc42 in 
MDCK cells perturbs tight junction structure and function 
(Jou et al., 1998; Rojas et al., 2001). These effects are likely 
to arise from alterations in the actin cytoskeleton. Disrup- 
tion of adherens junctions by RHO is dependent on ROCK 
and acto myosin contractility (Sahai and Marshall, 2002), 
while disruption of tight junctions occurs concomitantly with 
changes in the actin cytoskeleton (Jou etal., 1998; Rojas 
et al., 2001). However, other mechanisms for junction dis- 
assembly involving downregulation of junctional proteins 
by endocytosis or cleavage have been proposed (Lozano 
et al., 2003). Alterations in both apical and basolateral pro- 
tein trafficking pathways, which could contribute to loss of 
polarity, have also been observed in cells expressing con- 
stitutively active Racl and Cdc42 (J oberty et al., 2000; J ou 
et al., 1998). 


Rho GTPases and Cell Migration 


Cell migration is essential for the development of multicel- 
lular organisms, and is required in the adult to respond to 
infection and injury. It also contributes to the progression 
of cancers through the process of metastasis, during which 
transformed cells migrate from the source of tumour forma- 
tion and colonize new tissues. 

The activity of Rho GTPases is required for cell migra- 
tion. In chemotaxing macrophages expression of dominant- 
negative Rac or C3 transferase to inhibit Rho blocks cell 
movement (Allen et al., 1998). Similarly inhibition of Rac 
blocks migration of fibroblasts in various migration assays 
(Anand-A pte et al., 1997; Banyard et al., 2000; Nobes and 
Hall, 1999). Mice lacking Racl are not viable and die dur- 
ing embryogenesis, but primary epiblast cells have been 
extracted from mutant embryos and found to have impaired 
migration, confirming the essential role for Rac in this pro- 
cess (Roberts et al., 1999). Rho GTPases are well known 
regulators of the actin and microtubule cytoskeletons, and 
this plays a major part in their involvement in cell migration 
(Raftopoulou and Hall, 2004). 

Studies using fluorescence resonance energy transfer 
(FRET )-based techniques have allowed the visualization of 
active GTPases in live cells, and have revealed the presence 


of active Rac at the front of migrating fibroblasts and neu- 
trophils (Gardiner et al., 2002; K raynov et al., 2000). Active 
Rac promotes actin polymerization and lamellipodia forma- 
tion to drive the front of the cell forwards, primarily through 
the Arp2/3 complex (Raftopoulou and Hall, 2004). As well 
as promoting lamellipodial extension, Rac also regulates the 
formation and turnover of focal complexes at the leading 
edge of migrating cells, which are important for anchoring 
the extending lamellipodium to the underlying matrix (Rid- 
ley, 2001). Interestingly some RAC activity has also been 
observed at the rear of migrating cells where it seems to 
play arole in tail retraction, although the details of how this 
might be regulated are not known (Gardiner et al., 2002). 

Rho activity is important for mediating cell body contrac- 
tion and rear-end retraction during migration. This effect is 
mediated by the Rho effector ROCK, which through inhi- 
bition of myosin light chain (MLC) phosphatase, promotes 
MLC phosphorylation and activation, leading to the assem- 
bly and contraction of actin filaments. Inhibition of Rho or 
ROCK in single cells does not prevent lamellipodial exten- 
sion but does prevent cell migration because the cell body 
cannot move forward (A lblas et al., 2001; Allen et al., 1998). 
However, not all cells require Rho in this way. Movement 
of a fibroblast monolayer in response to wounding does not 
require the Rho-ROCK pathway and in fact inhibition of 
ROCK leads to increased migration speed, although Rho 
activity is still required to maintain adhesion to the underly- 
ing matrix (Nobes and Hall, 1999). 

While Rac and Rho play a role in the mechanics of 
cell movement by regulating the actin cytoskeleton, Cdc42 
has been implicated in directional sensing and polarized 
cell migration. Inhibition of Cdc42 in macrophages does 
not prevent movement per se but does prevent directional 
movement, as cells fail to respond to a gradient of a 
chemotactic stimulus (Allen et al., 1998). Similarly Cdc42 
is required in fibroblasts to polarize in response to a wound, 
but is not absolutely required for migration (Nobes and 
Hall, 1999). One mechanism by which Cdc42 controls 
polarity is by restricting Rac-dependent protrusions to the 
front of migrating cells (Cau and Hall, 2005), while also 
promoting RhoA degradation at the front (Wang et al., 2003). 
Another important aspect of polarity in migrating cells is 
reorientation of the microtubule-organizing centre (MTOC) 
to a position in front of the nucleus with concomitant 
polarization of the microtubule network and reorientation of 
the Golgi apparatus to allow polarized delivery of vesicles 
to the leading edge, and these processes are also dependent 
on Cdc42 (Etienne-Manneville and Hall, 2001; Etienne- 
M anneville and Hall, 2003). 

The involvement of Rho GTPases in regulating cell migra- 
tion has led to interest in their potential role in cancer. 
Metastasis involves the formation of secondary tumours as 
a result of migration of cells from the site of primary 
tumour formation and invasion of new tissues. Active Rho 
GTPases promote invasion and metastasis in both in vitro 
and in vivo assays and could contribute to cancer pro- 
gression (Del Peso etal., 1997; Keely etal., 1997). Most 
studies of cell migration have been performed using 2D 


SIGNALLING BY RAS AND RHO GTPases 11 


systems in which cells migrate over planar substrates, how- 
ever, recent studies on invasion of cells through 3D matri- 
ces have highlighted some important differences between 
2D migration and 3D invasion. Whereas cells migrating 
over a 2D substrate typically exhibit an elongated polar- 
ized morphology with actin-rich protrusions at the front, 
some cancer cells invade 3D substrates with a rounded 
morphology, showing bleb-like actin structures around the 
cell membrane (Sahai and Marshall, 2003). Cells using this 
rounded mode of invasion have elevated levels of endoge- 
nous active RHOA and their invasion is blocked by inhibitors 
of RHO or ROCK, while migration of the same cells on 
a 2D planar substrate occurs with a typical polarised mor- 
phology and is not dependent on RHO-ROCK signalling. 
Interestingly, overexpression of RHOC, or constitutively 
active RHOA or ROCK, causes cells to switch from an 
elongated to a rounded mode of invasion (Sahai and M ar- 
shall, 2003). Furthermore, overexpression of RhoC has been 
shown to promote invasion of epithelial cells (van Golen 
et al., 2000) and promotes metastasis in vivo (Clark et al., 
2000), while depletion of RhoC by RNAi or genetic knock- 
out inhibits invasion and metastasis (Hakem etal., 2005; 
Simpson et al., 2004). RAC has also been looked at in the 
context of invasion, and while RNAi-mediated depletion of 
either RAC1 or RAC3 inhibits invasion of glioblastoma cells, 
depletion of RAC3 does not have a significant effect on 
migration in a wound-healing assay (Chan et al., 2005). In 
addition to regulating cell motility, Rho GTPases regulate 
the expression, activation, and secretion of matrix metallo- 
proteinases, which cleave matrix components to facilitate 
invasion of tissues (Lozano etal., 2003), and this pro- 
vides another potential mechanism for the promotion of 
invasion by active forms of Rho GTPases (see Invasion and 
M etastasis). 


Rho GTPases and Cancer 


Cancer progression involves overproliferation, dediffer- 
entiation with loss of cell-cell adhesion and cell polarity, 
and invasion of transformed cells to new sites (Figure 6). 
RHO GTPases regulate the cell cycle, morphogenesis, and 
cell migration, and are therefore likely to be key players 
in the progression of cancer. In contrast to RAS, activat- 
ing mutations of RHO GTPases have not been found in 
tumours. However, RHOA and RHOC are overexpressed in 
tumours from a number of different tissues, while RAC1 and 
CDC42 are overexpressed in some breast tumours (Table 2). 
In several cases expression levels correlate with the stage of 
the tumour, suggesting that overexpression could contribute 
to tumour progression. In principle, increased levels of a 
GTPase could lead to increased activity, although this has 
not yet been demonstrated. As discussed in previous sections 
activation of RHO GTPases can promote deregulated cell 
cycle progression, loss of epithelial cell-cell adhesion and 
polarity, and increased invasiveness, and so could contribute 
to cancer progression. Tissue culture studies have revealed 
that overexpression of wild-type RHOC, or constitutively 
active RHOA, in epithelial cells results in disruption of cell 
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Figure 6 Tumour progression is characterized by overproliferation, 
dedifferentiation and invasion. RHO GTPases regulate proliferation, 
adhesion, polarity, and migration, processes relevant for tumour pro- 
gression. See text for details. EM T - epithelial-to-mesenchymal transition; 
ECM - extracellular matrix. 


junctions and loss of epithelial morphology via a ROCK 
and actomyosin contractility-dependent pathway (Sahai and 
M arshall, 2002), and indeed ROCK itself is overexpressed 
in a number of metastatic cancers (Kamai etal., 2003). 
A nother study found that overexpression of RHOC promotes 
anchorage-independent growth and increased migration and 
invasion in vitro (van Golen et al., 2000). RHO-ROCK sig- 
nalling promotes invasion of tumour cells by a mechanism 
involving a rounded morphology, which is independent of 
matrix metalloproteinase activity, and which is likely to 
facilitate invasion of tissues in vivo (Sahai and Marshall, 
2003). Increased expression of RHOC enhances metastasis 
of melanoma cells in vivo (Clark et al., 2000), while tumours 
in RhoC knockout mice show decreased metastatic potential 
(Hakem et al., 2005). 

RHOG is overexpressed in some breast cancers (Jiang 
et al., 2003), while genetic alterations have been observed 
in the RHOH gene in several lymphomas, including point 
mutations in the 5’UTR, which might affect its expression 
(Pasqualucci et al., 2001; Preudhomme et al., 2000). How- 
ever, the functions of these RHO family members have not 
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Table 2 Overexpression of Rho GTPases in human tumours. 


Rho GTPase 
overexpressed Tumour type Reference 
RHOA Testicular germ cell Kamai et al. (2001) 
Breast Fritz et al. (1999) 
Colon Fritz et al. (1999) 
Lung Fritz et al. (1999) 
Head and neck squamous Abraham et al. 
cell (2001) 
Bladder K amai et al., (2003) 
Ovary Horiuchi et al. 
(2003) 
RHOC Pancreatic ductal Suwa et al. (1998) 
adenocarcinoma 
Breast K leer et al. (2002); 
van Golen (2000) 
Bladder Kamai et al., (2003) 
Ovary Horiuchi et al. 
(2003) 
Hepatocellular carcinoma Wang et al. (2004) 
Non- small cell lung Shikada et al. 
(2003) 
Gastric carcinoma Shikada et al. 
(2003) 
RHOG Breast Jiang et al., (2003) 
RACI B reast Fritz etal. (1999) 
RAC1b Colon Jordan et al., (1999) 
B reast Schnelzer et al., 
(2000) 
RAC2 Head and neck squamous A braham et al. 
cell (2001) 
CDC42 Breast Fritz et al. (1999) 


been well characterized and further work is needed to address 
the significance of these alterations. 

A splice variant of RAC1, named RA C1b, is overexpressed 
in breast and colon tumours (Jordan et al., 1999; Schnelzer 
etal., 2000). This isoform has high intrinsic nucleotide 
exchange activity and exists predominantly in the GTP- 
bound state. Expression of wild-type RAC1b transforms 
fibroblasts, similar to a constitutively active RAC1 mutant 
(Singh etal., 2004). Furthermore, Raclb promotes EMT 
and migration of mouse mammary epithelial cells in vitro, 
apparently as a result of increased production of reactive 
oxygen species and changes in gene expression (Radisky 
et al., 2005). 

In addition to overexpression of RHO GTPases, there are 
several examples of alterations in the expression or activity 
of regulators of the GTPase cycle, which would be expected 
to lead to changes in RHO GTPase activity. Chromosomal 
translocations in acute myeloid leukaemia result in the M LL- 
LARG fusion, which is expected to lead to misregulation of 
expression of the RHO GEF LARG (Kourlas et al., 2000). 
Interestingly, overexpression of LARG has been shown to 
cooperate with RAF to transform fibroblasts (Reuther et al., 
2001). Chromosomal translocations found in chronic myeloid 
leukaemia result in formation of a BCR-ABL fusion, in 
which the RHO GEF BCR retains its catalytic Dbl homology 
(DH) domain, although it is not clear whether this still 
has GEF activity (Kin etal., 2001). The RAC-specific GEF 
TIAM1 is overexpressed in some breast tumours (Adam 
et al., 2001), and some renal carcinoma cell lines contain 


a point mutation in the PH domain, which increases its in 
vitro transforming ability (Engers etal., 2000). However, 
the function of Tiam1 in cells is complicated, and it has 
been shown to promote both cell migration and cell- cell 
adhesion, essentially opposite processes (Sander et al., 1998). 
Interestingly, mice lacking Tiam1 are resistant to tumour 
formation, which can be attributed to increased apoptosis 
of transformed cells, but once tumours have formed they 
are more metastatic (M alliri etal., 2002), perhaps as a 
result of loss of Tiaml-dependent cell-cell adhesion. The 
significance of alterations in the TIAM1 gene observed in 
these human tumours warrants further study. The RAC 
and CDC42 GEF £-PIX is overexpressed in some breast 
cancers (Ahn etal., 2003), while VAV1 is overexpressed 
in some neuroblastomas (Hornstein etal., 2003); both of 
these alterations might lead to increased activation of RHO 
GTPases. 

Several RHO GAPs are also disrupted in various cancers, 
which might lead to increased activity of RHO GTPases. In 
acute myeloid leukaemia the RHO GAP GRAF is fused to 
MLL as a result of a chromosomal translocation that results 
in disruption of the GRAF GAP domain (Borkhardt et al., 
2000). The DLC-1 gene, encoding a protein with homology 
to RHO GAP proteins, is lost in some liver tumours (Yuan 
et al., 1998), while PLI9ORHOGAP is lost in some glioblas- 
tomas and astrocytomas (Tikoo etal., 2000). Interestingly 
expression of PI9ORHOGAP blocks Ras-induced transfor- 
mation of fibroblasts (Wang et al., 1997), and PISORHOGAP 
plays a role in downregulating RHOA activity in epithe- 
lial cells in response to cadherin-dependent cell- cell adhe- 
sion, which might be important for contact-inhibition of 
cell growth (Noren etal., 2003). Loss of P19ORHOGAP 
might therefore contribute to overproliferation and tumour 
formation. Finally, expression of RHOGDI, another negative 
regulator of RHO GTPases, is reduced in some breast cancers 
(Jiang et al., 2003). 

Overexpression of RHO GTPases and changes in the 
expression or activities of proteins that regulate the GTPase 
cycle could lead to increased activity of RHO GTPases 
and deregulation of their downstream signalling pathways, 
and this could play a role in cancer progression by the 
mechanisms discussed in the preceding text. An interesting 
question is whether the changes in RHO GTPases observed 
in cancers are playing a causative role in cancer formation 
and progression or whether they are selected for in tumours 
as a result of their regulatory effects on cellular processes 
required for cancer formation and progression. In any case, 
Rho GTPases and the pathways they regulate are attractive 
targets for anti-cancer treatments. 
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Wnt SIGNALLING IN HEALTH AND DISEASE 


The Wnt signalling pathway was first implicated in car- 
cinogenesis in viral mammary tumourigenesis experiments. 
Integration of mouse mammary tumour virus (MMTV) into 
the promoter of a gene called Int-1-induced tumours (N usse 
and Varmus, 1982). Int-1 is orthologous to the Drosophila 
segment polarity gene Wingless (Wg) and the terms were 
combined to produce the name Wnt (Nusse etal., 1991). 
Since the identification of Intl (now called WNT1), the 
WNT gene family has grown and currently comprises 19 
paralogous members. The biology of Wnt signalling, includ- 
ing receptors, downstream events, and functions, has begun 
to unravel, giving insight into how aberrations in Wnt sig- 
nalling can lead to cancer. 

Wnt signalling plays key roles both during embryogen- 
esis and in post-natal life. It is important for embryonic 
patterning through the control of cell proliferation and deter- 
mination of stem cell fate. In mature tissues, Wnt signalling 
is essential for the maintenance of normal architecture and 
function of many tissues through the control of stem cell 
renewal (He etal., 2004; Reya etal., 2003; Ross etal., 
2000; Willert etal., 2003). Germ-line alterations of Wnt 
signalling in animal models lead to a variety of morpho- 
logical abnormalities (Ikeya etal., 1997; Liu etal., 1999; 
Stark et al., 1994). Similarly, in humans, germ-line mutation 
of Wnt signalling genes leads to congenital defects (J ordan 
et al., 2001; Niemann et al., 2004; Rodova et al., 2002). In 
mature tissues, however, activation of Wnt signalling through 
somatic mutations can lead to cancer. Activation is found 
in a diverse range of cancers, suggesting that inappropri- 
ate activation of Wnt signalling may be a “generic” step in 
tumourigenesis. This may be related to the multitude of pro- 
cesses under its control (including stem cell maintenance) 
(see Stem Cells and Tumourigenesis and L ower Gastroin- 
testinal Tract). 
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OVERVIEW OF THE Wnt SIGNALLING PATHWAYS 


The Wnt proteins are a family of small (39- 46 kDa) lipid- 
modified secreted glycoproteins (Figure la). They show 
varying degrees of sequence identity but all of them contain 
23-24 cysteine residues with highly conserved spacing 
(Miller, 2002). Wnt proteins are ligands for the Frizzled 
family of seven-pass transmembrane receptors (B hanot et al., 
1996; Yang-Snyder etal., 1996). There are 10 members 
of this family (Figure 1b), which are characterized by the 
presence of an extracellular cysteine-rich domain (CRD) 
(Huang and Klein, 2004) and an intracytoplasmic PDZ 
domain binding motif. On receptor- ligand interaction, one 
of three different signalling pathways can be activated 
(Figure 2): 


(a) The canonical Wnt signalling pathway - resulting in 
stabilization and increased transcriptional activity of £- 
catenin (Papkoff et al., 1996). 

The Wnt/planar cell polarity (Wnt/PCP) pathway - 
mediated through activation of the c-Jun N-terminal 
kinase (Jnk) pathway (Veeman etal., 2003) and is 
considered to regulate the cytoskeleton and cell polarity. 
The Whnt/calcium (Wnt/Ca2+) pathway - activated 
through heterotrimeric G proteins and resulting in 
increased intracellular calcium and activation of protein 
kinase C (PKC) (Veeman et al., 2003) but of unknown 
function. 


(b 
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Each pathway appears to be transduced initially through 
the cytoplasmic protein Dishevelled (Axelrod etal., 1998; 
Boutros and M lodzik, 1999; Boutros et al., 1998). The Wnt 
and Frizzled proteins are fairly promiscuous in their inter- 
actions and the availability of ligands and the pattern of 
expression of cell surface receptors is probably the most 
important factor in dictating the cellular response during 
Wnt signalling (Mikels and Nusse, 2006). However, Wnt 
signalling does not act in isolation from other signalling path- 
ways, and the ultimate response of a cell to Wnt- Frizzled 
interaction will depend on the cellular context at that time. 
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Figure 1 A dendrogram showing the relationship between the various secreted W nts (a) and the Frizzled (FZD)/secreted Frizzled-related proteins (SFRP) 


(b) based on sequence homology. 


Canonical Wnt signalling is the most relevant of the Wnt 
signalling pathways in cancer development and is discussed 
in more detail in the following text. The role of non- 
canonical pathway signalling is uncertain as it can antagonize 
(Topol etal., 2003) or activate (Nateri etal., 2005) the 
canonical pathway, as well as independently promoting 
tumour progression (Weeraratna et al., 2002). 


THE CANONICAL Wnt SIGNALLING PATHWAY 


Canonical Wnt signallings is only possible through formation 
of a trimeric complex consisting of Wnt ligand, Frizzled 
receptor, and the cell surface receptor low-density lipoprotein 
receptor- related protein (LRP)5/6. This sets into motion a 
series of downstream events culminating in the stabilization 
of f-catenin protein. Free monomeric forms of -catenin 
protein are normally found at low levels in the cytoplasm but 
activation of Wnt signalling will raise 6-catenin levels and 
cause translocation of the protein into the nucleus wherein it 
will stimulate transcription of a number of target genes. It is 


the inappropriate activity of these genes that causes tumour 
development. It is thus essential that W nt signalling is tightly 
controlled. 

Regulation of Wnt signalling occurs at several different 
levels to ensure that cytoplasmic levels of free 6-catenin 
protein remain low. For the sake of simplicity, the Wnt 
signalling activity can be viewed as being in a dichotomous 
state of either “Off” or “On”. This state is maintained 
through molecules acting as inhibitory “Off” switches or 
activating “On” switches and, as will become apparent, 
inappropriate inactivation/activation of “Off”/“On” switches 
leads to tumour development (Table 1). 


Inhibition of Wnt Signalling (the “Off” Switches) 


At the Cell Surface 


A variety of mechanisms serve to inhibit Wnt signalling at 
the cell surface (Figure 3). These include (i) reducing the 
amount of Wnt ligand, (ii) reducing the level/activity of 
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Figure 2 An overview of Wnt signalling. At least three different pathways 
can be activated on receptor- ligand interaction. The canonical pathway 
is most relevant to cancer but it can be influenced by the non-canonical 
pathways and other signalling pathways. In addition, feedback loops can 
serve to reduce or enhance the effect of Wnt signalling. 


receptors, and (iii) sequestering -catenin from the cyto- 
plasmic pools in multiprotein complexes within the cell 
membrane. 

In the extracellular milieu, secreted proteins, such as 
the secreted Frizzled-related proteins (SFRPs) (Jones and 
Jomary, 2002), can complex with Wnt ligand and prevent 
it from binding with its receptor. The human sFRP family 
consists of five members, each containing an N-terminal 
CRD sharing 30-50% sequence homology with the CRD 
of Frizzled receptors (Melkonyan etal., 1997). Besides 
complexing with Wnt proteins, sFRPs are thought to form 
function-inhibiting complexes with Frizzled receptors. The 
biology of sFRPs is complex and in some cases they may 
act as Wnt agonists (Uren etal., 2000). Other proteins 
capable of sequestering Wnt ligands include Wnt inhibitory 
factor-1 (Wif-1) (Hsieh et al., 1999), Cerberus (Piccolo et al., 
1999), and Coco (Bell et al., 2003). Wif-1 contains a unique 
evolutionarily conserved WIF domain together with five 
epidermal growth factor (EGF)-like repeats. Cerberus and 
Coco are proteins related to each other and they can complex 
with a variety of different growth factors, including Wnt 
and bone morphogenetic protein (BM P), to inhibit signalling 
of the respective pathways in Xenopus. Inhibition of Wnt 
signalling by the mammalian orthologues of Cerberus and 
Coco has not yet been shown. 


Reduction of available cell surface LRP5/6 receptor is 
achieved through the Dickkopf (Dkk) family of secreted 
proteins (Brott and Sokol, 2002; Fedi etal., 1999). Three 
members of the Dkk family (Dkk-1, -2, -4) can antagonize 
Wnt signalling through inactivation of the surface receptors 
LRP5 and LRP6 (M ao et al., 2001). The Dkks form a ternary 
complex with LRP5/6 and the single pass transmembrane 
receptors Kremen 1 or Kremen 2 (Mao etal., 2002) that 
undergoes endocytosis, thereby removing LRP5/6 receptors. 
By targeting LRP5/6 receptors specifically, Dkks antagonize 
canonical signalling only, while sFRPs, by targeting Wnt 
ligands, inhibit both the canonical and the non-canonical 
pathways. 

-Catenin is involved in the control of cell adhesion (Ilyas 
and Tomlinson, 1997) and can be found at the cell surface 
in complex with E-cadherin and a-catenin. Cadherins can 
inhibit Wnt signalling by sequestering £-catenin protein in 
membrane adhesion complexes. Forced overexpression of 
E-cadherin in cancer cell lines can inhibit Wnt signalling 
(Stockinger et al., 2001) while, conversely, liberation of 8- 
catenin from the membrane complexes can stimulate Wnt 
signalling (Danilkovitch-M iagkova et al., 2001). 


In the Cytoplasm 


Phosphorylation-dependent $-Catenin Degradation $- 
Catenin is constitutively produced and has a half-life of 
less than 60 minutes (Aberle et al., 1997) (Figures 4, 5). 
The main mechanism for controlling cytoplasmic f-catenin 
levels is through direct physical destruction of the protein 
after recruitment to a multiprotein “degradation” complex. 
Axinl (or its homologue A xin2) forms the central scaffold 
of this complex (Kikuchi, 1999) and provides binding sites 
for B-catenin, adenomatous polyposis coli (APC), glycogen 
synthase kinase 36 (GSK 38), casein kinase la (CK Iæ), and 
protein phosphatase 2A (PP2A) (Hinoi etal., 2000; Ikeda 
et al., 2000; Ikeda et al., 1998; Kishida etal., 1998). APC 
also has binding sites for B-catenin and PP2A (Rubinfeld 
etal., 1996) but GSK3£ only has binding sites for Axin 
and cannot physically associate with either APC or -catenin 
(Sakanaka et al., 1998). Once the complex is formed, it is 
stabilized by the GSK 36-mediated phosphorylation of Axin 
and APC. The complex is further stabilized by the activity of 
PP2A when it contains the B 56 subunit (Seeling et al., 1999). 

Within the stabilized complex, GSK 38 phosphorylates the 
N-terminus of 6-catenin (Figure 5). Thereis a GSK 38 recog- 
nition motif between amino acids 33 and 45 of -catenin 
wherein lie four serine/threonine residues that undergo phos- 
phorylation. The first amino acid in the motif - serine 45 - 
is phosphorylated by CKla, which primes the motif for 
sequential phosphorylation of the remaining target residues 
by GSK 38 (Liu et al., 2002). B-Catenin thus phosphorylated 
is recognized by f-transducin repeat containing protein (A- 
TrCP) as a protein to be ubiquitinated (Hart etal., 1999; 
Latres et al., 1999). 8-TrCP is an F-box-containing protein 
that, together with Skp1, Cullen, and Rbx-1 constitutes the 
enzyme ubiquitin ligase (E3). This, together with ubiquitin 
conjugating enzyme (E2) and ubiquitin activation enzyme 
(E1), causes ubiquitination of B-catenin at lysine residues 
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Table 1 Reported alterations in the Wnt signalling pathway in diverse tumours (with selected references). 
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Wnt pathway component Change Cancer type References 
WNTs Overexpression NSCLC You et al. (2004) 
CLL Lu et al. (2004) 
Gastric cancer Saitoh et al. (2002a) 
HNSCC Rhee et al. (2002) 
Colorectal Holcombe et al. (2002) 
Ovarian Ricken et al. (2002) 
BCC Lo Muzio et al. (2002) 
Downregulation Breast onsson et al. (2002) 
SFRPS Downregulation Breast Klopocki et al. (2004) 
Bladder Stoehr et al. (2004) 
M esothelioma Lee et al. (2004) 
Colorectal Suzuki et al. (2004), Kim et al. (2002b) 
Overexpression Prostate Wissmann et al. (2003) 
WIF-1 Downregulation NSCLC M azieres et al. (2004) 
Prostate Wissmann et al. (2003) 
Breast Wissmann et al. (2003) 
Lung Wissmann et al. (2003) 
Bladder Wissmann et al. (2003) 
LRP5 Overexpression Osteosarcoma Hoang et al. (2004) 
Frizzled Overexpression Prostate Wissmann et al. (2003) 
HNSCC Rhee et al. (2002) 
Colorectal Holcombe et al. (2002) 
Ovarian Wissmann et al. (2003) 
Oesophageal Tanaka et al. (1998) 
Gastric Kirikoshi et al. (2001) 
Dishevelled Overexpression Prostate Wissmann et al. (2003) 
Breast Nagahata et al. (2003) 
M esothelioma Uematsu et al. (2003) 
Cervix Okino et al. (2003) 
Fratl Overexpression Pancreatic Saitoh et al. (2002b) 
Oesophageal Saitoh et al. (2002b) 
Cervical Saitoh et al. (2002b) 
Breast Saitoh et al. (2002b) 
Gastric Saitoh and Katoh (2001) 
CTNNB1 GOF mutation Gastric Clements et al. (2002) 
Colorecta Ilyas et al. (1997) 
Intestinal carcinoid Fujimori et al. (2001) 
Ovarian Gamallo et al. (1999) 
Pulmonary adenocarcinoma Sunaga et al. (2001) 
Endometrial Fukuchi et al. (1998) 
H epatocellular Satoh et al. (2000) 
H epatoblastoma Koch et al. (1999) 
M edulloblastoma Koch et al. (2001) 
Pancreatic Abraham et al. (2002) 
Thyroid Garcia-Rostan et al. (2001) 
Prostate Chesire et al. (2000) 
Melanoma Reifenberger et al. (2002) 
Pilomatricoma Chan et al. (2002) 
Wilm’s tumour K oesters et al. (2003) 
Pancreatoblastomas Abraham et al. (2001a) 
Liposarcoma Sakamoto et al. (2002) 
uvenile nasopharyngeal 
angiofibromas 
Desmoid Abraham et al. (2001b) 
Synovial sarcoma Miyoshi et al. (1998) 
Saito et al. (2000) 
APC LOF mutation Colorectal Rowan et al. (2000) 
Melanoma Reifenberger et al. (2002) 
M edulloblastoma Huang et al. (2000) 
Desmoid Alman et al. (1997) 
Axin LOF mutation H epatocellular Satoh et al. (2000), Taniguchi et al. (2002) 


M edullobastoma 


Dahmen et al. (2001) 


NSCLC - non small- cell lung cancer; HNSCC - head and neck squamous cell carcinoma; CLL - chronic lymphatic leukaemia; BCC - basal cell carcinoma; GOF - gain of 


function; LOF - loss of function. 
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Figure 3 “Off” and “On” switches at the cell surface that can influence Wnt signalling. See main text for details. 
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Figure 4 “Off” and “On” switches in the cytoplasm that can influence Wnt signalling. See main text for details. 


(such as lysine 19 (Wuet al., 2003)), which is then destroyed 
by the proteasome system (Ciechanover, 1998). Amino acids 
32-37 are the recognition motif for 6-TrCP, and serine 
33 and serine 37 must be phosphorylated in order to be 
recognized by £-TrCP for ubiquitination of B-catenin (Wu 
et al., 2003). 


Phosphorylation-independent {$-Catenin Degradation 
Although Axin/APC/GSK38 mediated destruction is the 
main mechanism for controlling levels of B-catenin, another 
degradation pathway has been identified that is independent 
of GSK 38-mediated phosphorylation. Siahl is induced by 
p53 and complexes with both £-catenin and the C-terminus 


of APC (Liu et al., 2001; M atsuzawa and Reed, 2001). Siah1 
can also associate with a ubiquitin E2 conjugating enzyme 
and a ubiquitin E3 ligase. The E3 ligase consists of the 
F-box protein EBI together with Skp1 and SIP. While EBI 
associates with B-catenin, SIP associates with Siah1 and the 
whole complex can cause ubiquitination of -catenin without 
GSK 3£8-mediated phosphorylation. Induction of Siahl (or 
p53) causes a reduction in the levels of cytoplasmic -catenin 
(Sadot et al., 2001). The precise role of this method of inhi- 
bition of Wnt signalling is not understood, although p53 has 
been reported to be a B-catenin target gene and this may 
represent a feedback loop. 
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Figure 5 Phosphorylation and ubiquitination of B-catenin occurs in a large 
complex containing Axin and APC. The g-catenin protein is targeted 
for degradation by phosphorylation of a GSK3 target motif in the 
N-terminus (between residues 33- 45). 6-Catenin must be initially primed 
by phosphorylation of the serine 45 residue by CK la. This is then followed 
by sequential phosphorylation of residues threonine 41, serine 37, and 
serine 33. The phosphorylated protein is then recognized by BTrCP and 
polyubiquinated. Recognition by BTrCP is dependent on phosphorylation 
of serine 33 and 37. Owing to the sequential nature of phosphorylation, 
mutation of any of the serine/threonines in the GSK3£ target motif will 
result in failure to be recognized by BTrCP. The overwhelming majority 
of mutations reported in CTNNB1 result in loss of one of these residues or 
in-frame deletion of the GSK 38 target motif. However, truncating mutations 
in APC or Axin cause destabilization of the multiprotein complex and a 
failure to phosphorylate B-catenin. 


In the Nucleus 


Cytoplasmic B-catenin can translocate to the nucleus but, 
without Wnt ligand stimulation, this will be insufficient to 
activate target gene transcription. -Catenin cannot physi- 
cally bind to DNA and, in order to activate transcription, 
it must complex with members of the LEF/TCF family of 
high mobility group (HMG) proteins (Behrens et al., 1996; 
Brunner et al., 1997), which provide a DNA binding domain 
for B-catenin. The LEF/TCF family consists of four proteins 
(LEF-1, TCF1, TCF3, and TCF4) that complex with DNA 


Nuclear "Off" switches 


at the heptameric consensus motif (A/T)(A/T)CAA(A/T)G 
(Brantjes et al., 2002). In the absence of nuclear -catenin, 
the LEF/TCF proteins are found in complex with transcrip- 
tional repressors such as Groucho and CtBP (Cavallo et al., 
1998; Roose et al., 1998). Other transcriptional repressors, 
such as histone deacetylases, are also recruited to the com- 
plex, thereby helping to maintain gene repression. Should 
-catenin inappropriately enter the nucleus (Figure 6), inhi- 
bition of Wnt signalling can be mediated through Chibby 
(Takemaru etal., 2003), which competes with LEF/TCF 
proteins for B-catenin. Sox proteins, which are also HM G 
proteins, can compete with LEF/TCF for B-catenin (Zorn 
etal., 1999). Duplin and ICAT, also B-catenin binding pro- 
teins present within the nucleus, can prevent formation of 
B-catenin/TCF complexes, although the latter, in addition, 
can lead to dissociation of preformed complexes (K obayashi 
etal., 2002; Tago etal., 2000). Any f-catenin/TCF com- 
plexes that do form can be inhibited through phosphorylation 
of TCFs by Nemo-like kinase (NIk), which prevents the 
B-catenin/TCF complexes from physically binding to DNA 
without disrupting the complex itself (Ishitani et al., 1999). 


Feedback Loops and Other Signalling Pathways 


Given the need to tightly control Wnt signalling, it is not 
unexpected that a number of negative feedback loops have 
been described that help in ensuring that Wnt signalling is 
titrated to the required level. Wnt signalling can upregulate 
the expression of inhibitory molecules such as DKK-1, 
Axin2, B-TrCP, E-cadherin, and NLK (Leung etal., 2002; 
N iida et al., 2004; Smit et al., 2004; Spiegelman et al., 2000; 
Wong et al., 1998; Yan et al., 2001). 

In addition to the inherent negative feedback loops, Wnt 
signalling is modulated by other signalling pathways. Non- 
canonical Wnt signalling itself can inhibit canonical Wnt 
signalling (Topol et al., 2003). Similarly, it has been shown 
that the BMP, TGF£, Notch, and Hedgehog signalling 
pathways are capable of inhibiting Wnt signalling in certain 
circumstances (He et al., 2004; Akiyoshi et al., 2005; Duan 
et al., 2006; van den Brink et al., 2004). 
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Figure 6 “Off” and “On” switches in the nucleus that can influence Wnt signalling. See main text for details. 
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Activation of Wnt Signalling (the “On” Switches) 


At the Cell Membrane 


Wnt signalling is initiated by the interaction of W nt ligands 
with Frizzled receptors. Canonical Wnt signalling pathway 
will only be activated if this interaction takes place in 
the presence of the transmembrane LRP5 or LRP6 (Mao 
et al., 2001; Pinson et al., 2000) (Figure 3). The formation of 
the trimolecular complex (W nt- Frizzled- LRP5/6) has three 
consequences. 

First, Dishevelled is recruited to the cell surface and 
phosphorylated by casein kinase le (CKle) (Kishida et al., 
2001). The phosphorylated Dishevelled protein has a high 
affinity for Fratl, which in turn binds to and inhibits 
the activity of GSK B (Kishida etal., 2001). Secondly, the 
Wnt- Frizzled- LRP5/6 interaction, possibly acting through 
heterotrimeric G proteins, results in phosphorylation of 
LRP5/6 by membrane bound GSK and casein kinase ly 
(CKly) (Zeng etal., 2005). The doubly phosphorylated 
LRP5/6 disrupts the GSK B/Axin complex, recruits Axin 
to the cell surface, and mediates the degradation of Axin 
(Mao et al., 2001). The net result is functional failure of the 
complex responsible for phosphorylating 6-catenin, resulting 
in failure to degrade the protein and a consequent increase 
in B-catenin levels. 

A third consequence of stimulation by Wnt proteins 
is a shift in the binding affinities of the 6-catenin pro- 
tein. -Catenin induced in cells stimulated by exogenous 
Wnt proteins has greater binding affinity for TCFs than 
for cell surface cadherins. This feature resides in the C- 
terminus of f-catenin and may be a result of conforma- 
tional state in which the C-terminus is flipped over the 
central part of the molecule causing steric hindrance for 
cadherin binding but leaving TCF binding unaffected. The 
shift in binding affinities is specific to Wnt signalling 
induced by Wnt- Frz interaction as it is not found when £- 
catenin levels increase owing to other reasons (Gottardi and 
Gumbiner, 2004). 

Just as cadherins can compete for B-catenin in the cyto- 
plasm, releasing B-catenin from the cadherin complexes will 
increase the amount of free B-catenin. M any receptor tyro- 
sine kinases, on binding of their cognate ligand, are able to 
phosphorylate -catenin at tyrosine residues, which causes 
dissociation of -catenin from the cadherin- catenin com- 
plex. In addition, phosphorylation of B-catenin on certain 
residues may lower its affinity for the Axin destruction com- 
plex and enhance its affinity for transcriptional cofactors. 
Thus, surface receptors, such as c-RON, epidermal growth 
factor receptor (EGFR), and c-ERBB2, can stimulate canon- 
ical WNT signalling (Bonvini etal., 2001; Danilkovitch- 
Miagkova, 2003; Graham and Asthagiri, 2004), as well as 
activating the signalling pathways with which they are more 
usually associated. 


In the Cytoplasm 


Within the cytoplasm, further “On” switches are present 
that function to stabilize and efficiently transfer 6-catenin 


to the nucleus (Figure 4). Phosphorylation of a variety of 
residues in -catenin can alter the susceptibility of £- 
catenin to degradation. Protein kinase A (PKA) has been 
shown to stabilize -catenin protein by phosphorylating ser- 
ine 552 and serine 675 (Taurin et al., 2006). This has the 
effect of inhibiting ubiquitination without affecting GSK 38- 
mediated phosphorylation. Similarly, casein kinase II (CK II) 
can phosphorylate -catenin at threonine 393 to prevent 
Axin-mediated degradation and, in a positive feedback 
loop, is itself further induced (Gao and Wang, 2006). 
Another protein kinase, IkBKinasea, has been shown to 
inhibit both the Axin/APC/GSK3g and the Siahl path- 
ways of -catenin degradation (Carayol and Wang, 2006). 
K inase-independent mechanisms of 6-catenin stabilization 
also occur. Prostaglandin E2 is a metabolite of cyclooxyge- 
nase 2 (Cox-2) and on interacting with its receptor stimulates 
Wnt signalling. The receptor- ligand interaction results in the 
association of the G protein a-subunit with the RGS domain 
of Axin and the subsequent dissociation of the £-catenin 
destruction complex. 

The mechanism by which £-catenin translocates into the 
nucleus is not completely clear as it does not contain 
a nuclear localization signal. The 8-importin/karyopherin 
system for nuclear transportation is not essential since 
inhibition of this system will not prevent nuclear localization 
of B-catenin (Fagotto etal., 1998). The APC protein has 
been shown to shuttle in and out of the nucleus and 
may be another method of transporting f-catenin to the 
nucleus (Neufeld et al., 2000; Rosin-A rbesfeld et al., 2000). 
Transcriptional cofactors such as TCF-4 and Bcl-9/legless 
can complex with the central region of -catenin and 
transport it from the cytoplasm into the nucleus. In the latter 
case, addition of Pygopus to form a trimeric complex is 
essential, as it is due to the inherent nuclear localization 
activity of Pygopus that the complex can translocate into 
the nucleus (Townsley etal., 2004). Both termini of the 
-catenin protein contain nuclear localizing activity, with 
the majority of the activity concentrated in the C-terminus. 
It is likely that several mechanisms/transporter proteins 
are used to transfer -catenin from the cytoplasm to the 
nucleus. 


In the Nucleus 


Once within the nucleus, 6-catenin can compete with Grou- 
cho for binding with the LEF/TCF proteins (Figure 6). The 
LEF/TCF proteins allow -catenin to bind to the DNA, 
where it forms the basis of a large complex for activating 
transcription. The complex includes the essential cofactors 
pygopus and Bcl-9/legless (Kramps etal., 2002) together 
with a large array of other proteins (such as p300/Creb bind- 
ing protein (CBP) (Hecht et al., 2000) and Pontin52 (Bauer 
et al., 1998)). These molecules allow specific target genes 
to be transcribed through a number of mechanisms such 
as local histone modification of chromatin and acting as 
bridges between B-catenin and the transcriptional machinery 
(Brantjes et al., 2002). 
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Feedback Loops and Other Signalling Pathways 


M ost feedback loops function to inhibit W nt signalling. There 
are, however, some positive feedback loops that enhance the 
Wnt signalling pathway. Increased levels of 6-catenin can 
lead to an increase in a particular Lef-1 splice variant, which 
favours further B-catenin-mediated transcription. Levels of 
CKII increase after Wnt stimulation, which then can act to 
stabilize B-catenin protein. 

Just as other signalling pathways can inhibit Wnt sig- 
nalling, they are also able to stimulate Wnt signalling 
(Eger etal., 2004). Integrin signalling, through integrin- 
linked kinase, can cause nuclear localization of $-catenin 
while insulin-like growth factor (IGF) signalling can acti- 
vate Wnt signalling through inhibition of GSK 36 (D'A mico 
et al., 2000; Desbois-M outhon et al., 2001). K ras signalling 
can also inhibit GSK 38 to facilitate stabilization of B-catenin 
(Li et al., 2005a) and STAT 3 signalling (K awada et al., 2006) 
can stimulate nuclear translocation of 6-catenin. 

Finally, the Epstein- Barr virus (EBV) is associated with 
both epithelial and lymphoid malignancies. It has been shown 
that EBV can activate canonical Wnt signalling through 
GSK 36 inhibition (Morrison et al., 2004). 


Tipping the Balance 


In order for Wnt signalling to be active, the balance between 
the “On” and “Off” switches must be tipped in favour of 
the “On” state. It is a moot point as to whether crossing 
a particular concentration threshold is all that is required 
or whether B-catenin protein levels need to be at a certain 
level. It has been calculated that reduction of APC protein to 
around 15% of its normal value (Li et al., 2005b) will result 
in a sufficient rise in -catenin protein levels to stimulate 
intestinal tumour development in mice. While a “minimum” 
level of increase in protein is required, it has also been 
argued that the level of -catenin protein must be correct 
and that excessive protein may be disadvantageous to the 
tumour cells (Albuquerque et al., 2002). The consequences 
of persistent activation of Wnt signalling and the choice of 
mechanisms used to achieve this within any particular tumour 
are discussed next. 


Wnt SIGNALLING AND CANCER 


Consequences of Unopposed Wnt Signalling 


In tumours, Wnt signalling is in a constant “On” state, 
resulting in persistently elevated levels of f-catenin and 
a constant aberrant expression of target genes. The list of 
-catenin target genes is constantly growing (for an up- 
to-date list see http://www .stanford.edu/~rnusse/wntwindow. 
html). Studies using microarrays have identified a large 
number of genes that undergo altered expression after 
disruption of Wnt signalling (Chen et al., 2003; Kim etal., 
2002a; Martinez etal., 2005; Paoni etal., 2003; Sansom 


et al., 2004; van de Wetering et al., 2002). Since transcription 
factors (such as c-myc (He et al., 1998)) are included among 
the B-catenin targets, they will in turn alter expression of 
their own target genes. Thus, some of the genes identified in 
such studies will represent secondary events. 

The panoply of genes that are deregulated cause distur- 
bance in a variety of different cellular processes. This may 
explain why aberrant Wnt signalling appears central to the 
development of so many different types of tumours. Each cell 
type is under the control of a number of growth constraints 
and disruption of multiple cellular processes will allow cells 
to overcome many of these constraints. 


Adjusting the Switches 


For tumour development, the switches need to be stably 
altered through either genetic or epigenetic change. Disrup- 
tion of any of the switches at any level of the pathway can 
cause tumourigenesis (Table 1). 

Mutations of the B-catenin gene (CTNNB1) occur fre- 
quently in many cancers. Almost all reported mutations occur 
in exon 3 and specifically disrupt GSK 38-mediated phospho- 
rylation. The effect of the mutations is to produce a protein 
that is transcriptionally active but which cannot be degraded 
by the APC-Axin complex (Korinek et al., 1997; Morin 
et al., 1997). Increased expression of other “On” switches 
such as Frizzled and LRP5 surface receptors together with 
a variety of Wnt proteins has also been reported, although 
mutations of these have not been hitherto described. 

Molecules that normally inhibit Wnt signalling are inacti- 
vated through either loss-of-function mutations or epigenetic 
silencing. M utations are reported in APC and AXIN1/2. These 
are integral to the £-catenin phosphorylation/degradation 
complex and, not surprisingly, the majority of mutations that 
occur are protein-truncating mutations, which cause desta- 
bilization of the complex. Analysis of the location of APC 
mutations shows that there is a very well defined 3’ bound- 
ary in the APC gene that is at the site of the Axin binding 
region of APC (Nakamura, 1993). Almost all somatic APC 
mutations will therefore result in a truncated protein that 
has lost the A xin binding sites, while mutations beyond this 
boundary - which would produce a truncated protein which 
includes the Axin binding domain - are extremely rare. This 
shows that loss of 6-catenin regulation is the major selective 
drive for APC mutations. 

The sFRPs, which would inhibit Wnt signalling at the cell 
surface, have been shown to undergo epigenetic silencing in 
tumours by promoter hypermethylation (Suzuki et al., 2004). 
Reactivation of sFRPs with demethylating agents has an 
inhibitory effect on tumour cells. 


Choice of Switches and Contribution 
to Tumourigenesis 


Although many cancers harbour CTNNB1 mutations, there 
are differences between different types of tumours in relation 
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to the preferred mechanism for activating Wnt signalling. 
Genes involved in regulating Wnt signalling may also have 
other non-Wnt-signalling-related functions that may influ- 
ence the selective advantage conferred by mutation of that 
gene. For example, around 80% of colorectal tumours have 
APC gene mutation (Rowan etal., 2000), while approxi- 
mately 12% contains CTNNB1 mutations (Samowitz et al., 
1999). The predominance of APC mutation over CTNNB1 
mutation in these tumours is unexpected since APC, as a 
tumour suppressor, requires at least two mutagenic events 
for complete loss of APC activity, while, in contrast, only 
a single mutation of CTNNB1 is required for activation of 
b-catenin. Furthermore, it has been shown that, in mice at 
least, mutation of the B-catenin gene alone is sufficient for 
adenoma development in the intestine (Harada et al., 1999). 
Part of the explanation lies in the fact that APC is a large 
multifunctional protein and mutation will lead to loss of other 
functions in addition to that of controlling -catenin levels 
(Nakamura, 1993; Polakis, 1997). The loss of these other 
APC functions obviously gives a selective advantage over 
and above that found from CTNNB1 gene mutation alone. 
The fact that APC mutations are rarely found in other tumour 
types implies that these additional selective advantages are 
restricted to cells in the colon. 

Activation of Wnt signalling (through mutation of either 
AXIN1/2 or CTNNB1) is common in human hepatocellular 
carcinomas. However, inducing mutation of the f-catenin 
gene in the mouse liver is insufficient to cause tumour devel- 
opment and results in epithelial hyperplasia only. In contrast, 
mutation of the -catenin gene alone in the mouse intes- 
tine is sufficient to cause intestinal neoplasia (Harada et al., 
1999; Harada et al., 2002). The differences in the effect of B- 
catenin gene mutation in the liver and intestine show that the 
effect of aberrant Wnt signalling are not the same in all cell 
types. Some of the -catenin target genes will also be regu- 
lated by other pathways; therefore, genes that are deregulated 
in one cell type may not be altered in another cell type where 
other mechanisms or pathways may maintain tight transcrip- 
tional inhibition. It follows from this that, although aberrant 
W nt signalling may make a significant contribution to differ- 
ent types of cancers, the precise contribution it makes may 
differ between tumour types. 


The Mechanics of Tumourigenesis: Subverting 
Normal Processes to Escape from Growth Control 


Stable activation of Wnt signalling will cause unremitting 
change in expression of a number of downstream genes. 
Although £-catenin is a transcriptional activator, some of its 
target genes may code for transcriptional repressors and thus 
the gene expression will alter in both directions. The upreg- 
ulated target genes are not mutated and therefore execute 
their normal functions, albeit in an inappropriate situation. 
The downregulated target genes will result in inappropriate 
loss of function. If other mechanisms cannot compensate, the 
result is derangement of the normal processes and escape 
from growth controls. This raises the question of which pro- 
cesses are actually deranged by Wnt signalling to facilitate 
cancer development. 


Hanahan and Weinberg identified a number of “Hallmarks” 
or features that characterize a malignant tumour (Hanahan 
and Weinberg, 2000). Subsumed within each feature are a 
number of functions and biological processes that need to be 
modulated in order for that feature to emerge. Analysis of 
the genes mutations by Wnt signalling shows that manifold 
processes are affected by these genes and that these can 
contribute to nearly all of the features identified by Hanahan 
and Weinberg. Figure 7 uses a selection of target genes to 
show how aberrant Wnt signalling can contribute to the 
features of malignancy. 

“Limitless replicative potential” is one of the hallmarks 
attributed to cancer, although this has been modified to 
“inappropriate stem cell phenotype”. This takes cognizance 
of the fact that most tumours undergo differentiation towards 
the tissue of origin. Wnt signalling is thought to be essential 
for maintenance and self-renewal of stem cells (He etal., 
2004; Reya et al., 2003; Willert et al., 2003; K orinek et al., 
1998). A number of other genes stimulating the cell cycle 
(such as cyclin D1 (Tetsu and McCormick, 1999)) are also 
induced by B-catenin and these contribute to the process of 
cell proliferation, which is a characteristic of the stem cell 
phenotype (see Stem Cells and Tumourigenesis). 

The effect of Wnt signalling on multiple biological pro- 
cesses is exemplified by the matrix metalloproteinase (M MP ) 
genes. MM Ps are both direct and indirect targets of 6-catenin 
(Martinez etal., 2005; Paoni etal., 2003; Brabletz etal., 
1999). The MM Ps are proteolytic enzymes capable of break- 
ing down stromal collagen to allow tumour cells to acquire 
the feature of “Tissue invasion and metastasis”. The enzy- 
matic activity also allows release of latent growth factors 
in the stroma, which, together with growth factors directly 
secreted by tumour cells and upregulation of growth fac- 
tor receptors, will contribute to “Self sufficiency of growth 
signals” (Egeblad and Werb, 2002). MMPs can also con- 
tribute to the feature of “Sustained angiogenesis” by acting 
on Osteopontin (a secondary Wnt-induced target (M artinez 
etal., 2005; Paoni etal., 2003)) to release fragments that 
together with vascular endothelial growth factor (VEGF - 
a direct -catenin target) (Agnihotri etal., 2001) stimulate 
angiogenesis. 

There are also several genes transcriptionally altered by 
Wnt signalling that facilitate “Evasion of Apoptosis” and 
some of the downregulated genes may result in “Insensitivity 
to Growth Inhibitors”. 

Although cancer is essentially a disease of stem cells, the 
bulk of most tumours will consist of cells that still activate 
the genetic programmes causing differentiation towards the 
tissue of origin. From the earliest stages of tumour devel- 
opment, the differentiation programme is not completed and 
there is thus “Failure of Terminal Differentiation”. Forced 
expression of genes associated with cell differentiation can 
reduce tumourigenicity of cancer cell lines (Leow etal., 
2004). This may be indicative of the importance of down- 
regulation of genes associated with terminal differentiation 
for tumour development. 

An additional feature necessary for tumour cell survival is 
a mechanism for “Evading the immune response”. M utated 
genes may produce a new protein product through either 
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Figure 7 The mechanistic basis of neoplastic change induced by aberrant Wnt signalling (adapted from Hanahan and Weinberg, 2000). Inappropriate 
activation of Wnt signalling results in altered expression of many genes. These genes affect a large number of processes that can contribute to most of the 
features that characterize a malignant tumour. A small selection of deregulated genes is shown (upregulated in red, downregulated in green) together with 
an indication of some of the features they may influence. Single target genes may influence a variety of processes. For example, matrix metalloproteinases, 
through digestion of extracellular matrix, can facilitate tumour invasion. In addition, through cleavage of osteopontin, M M Ps may facilitate cell migration 
and angiogenesis. The extensive range of effects resulting from aberrant W nt signalling explains why canonical Wnt signalling is disrupted so frequently 


and in so many different types of cancers. 


sequence change or gene fusion. The chaotic cellular envi- 
ronment of a tumour may lead to abnormal RNA splice 
variants. These processes may all contribute to the produc- 
tion of novel antigens. However, development of a cytotoxic 
immune response depends on expression of the antigens with 
MHC class | molecules. The latter are shown to be down- 
regulated in human cancers (Browning et al., 1996) and in 
response to aberrant Wnt signalling (Martinez et al., 2005; 
Paoni et al., 2003) and may contribute to a tumour’s ability 
to escape the host defences. 


Wnt Signalling as a Target for Anticancer Therapy 


Given the involvement of Wnt signalling in a wide range 
of tumours, it appears to make a good target for anticancer 
therapy. However, multiple gene mutations are necessary for 
a cancer to develop and, before targeting Wnt signalling 
for cancer treatment, it is essential to ascertain whether, 
in the context of the other mutations, tumour cells are 
still dependent on aberrant Wnt signalling for survival. In 


colorectal cancers, disruption of Wnt signalling is the first 
step to occur during tumour development with several other 
mutations occurring subsequently (Fearon and Vogelstein, 
1990). Some studies in colorectal cancer cell lines have 
shown that inhibition of Wnt signalling results in reduced 
tumourigenicity of the cell lines (Suzuki et al., 2004). This 
shows that advanced cancers may still be dependent on 
aberrant Wnt signalling even though it is the initiating 
event. Another study has, however, shown that somatic 
deletion of the B-catenin gene has little significant effect 
on a colorectal cancer cell line (Chan et al., 2002). Studies 
of lung tumourigenesis in mice have shown that tumours 
induced by forced overexpression of Wnts will regress on 
inhibition of Wnt signalling. If, however, a p53 mutation has 
occurred, the tumours become independent of W nt signalling 
and inhibition of Wnt signalling is ineffective (Gunther 
et al., 2003). Thus, targeting Wnt signalling appears feasible, 
although, in some cases, tumours will be non-responsive 
despite activated Wnt signalling. 

Aberrant Wnt signalling could be targeted at one of four 
different levels. First, it may be possible to directly target the 
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components (i.e., the switches) of the pathway. Direct rever- 
sal of mutated genes will be technically difficult but it may 
be possible to manipulate other switches to achieve the same 
effect. For example, sFRP genes are epigenetically silenced 
in colorectal cancer cell lines and reversal of this using 
demethylating agents is inhibitory to the tumour cells (Suzuki 
et al., 2004). Secondly, it may be possible to stimulate other 
signalling pathways to inhibit Wnt signalling. The BMP 
and WNT signalling pathways have antagonistic effects on 
colonic epithelial stem cells. Activating BM P2 signalling (but 
not BM P4 signalling) can inhibit proliferation in colorectal 
cancer cell lines, showing that this pathway is downstream 
of and inhibitory to Wnt signalling (Nishanian et al., 2004). 

A third option is to target the functions of genes that are 
deregulated by aberrant Wnt signalling. A large number of 
genes are deregulated and it would be necessary to identify 
those that are most important in the process of tumour 
development. For example, Neu transgenic mice are prone to 
mammary tumours. However, crossing Neu transgenic mice 
with cyclin D1 knockout mice abrogates mammary tumour 
development in the compound mutant progeny (Yu etal., 
2001). This demonstrates that, in this model, cyclin D1 is 
absolutely essential to tumour development and, as such, it 
is a good potential therapeutic target. However, intestinal 
tumours arising in mice as a result of APC mutation will 
still develop in the absence of cyclin D1 (Wilding etal., 
2002). In these tumours, therefore, cyclin D1 would be a 
poor therapeutic target. 

Finally, genes aberrantly induced by Wnt signalling may 
be used to localize therapeutic agents to tumour cells. Thus, 
molecules aberrantly expressed on the tumour cell surface 
may be used to guide monoclonal antibodies to the tumour 
cell. In this case, the role played by the targeted molecules 
will be less important since cellular death could be induced 
by the antibodies either by directly tagging with anticancer 
agents or by recruitment of natural methods of antibody- 
dependent cytotoxicity. 


FUTURE PERSPECTIVES 


Wnt signalling is essential during embryogenesis and main- 
tenance of somatic tissues. Although it has been presented 
as being in either an “Off” or “On” state, the reality is 
more complex and it is best to regard as though the vari- 
ous switches combine to act as a rheostat that is adjusted in 
accordance with the cell’s requirements. Wnt signalling is an 
important field of investigation in cancer research as, first, it 
represents a step that is common to the development of many 
different tumours and, secondly, it can be used as a target 
for anticancer therapy. As more is learnt about the mecha- 
nisms that regulate Wnt signalling activity, new therapeutic 
possibilities will emerge through either discovery of new 
switches or a greater understanding of known switches. As 
the important £-catenin target genes become better defined, it 
may be possible to identify function-altering polymorphisms 
in the switches and the target genes. It may then be possible 
to discriminate between levels of risk of tumour development 


and use Wnt signalling to develop predictive screening strate- 
gies as well as anticancer therapies. A greater understanding 
of Wnt signalling will aid the fight against cancer. 
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INTRODUCTION 


The malignant phenotype is associated with an imbalance 
of growth factors and disorders of intercellular commu- 
nication within the microenvironment of tumour cells. 
Transforming growth factor beta (TGF-8) has emerged as 
a leading negative growth factor with inhibitory effects 
on different epithelial cell types. TGF-8 is a multifunc- 
tional protein that initiates its diverse cellular responses by 
binding to and activating specific type | and type II ser- 
ine/threonine kinase receptors. The molecular appeal for 
TGF-B stems from its almost universal production and 
secretion by cells and wide involvement in an extraordi- 
nary range of biological processes, as diverse as embry- 
onic development, wound healing, and angiogenesis. In 
normal growth conditions, a functional TGF-£ signalling 
pathway restricts cell growth by inhibiting cell prolifer- 
ation, mediating differentiation, and inducing cell death. 
During transformation to a tumourigenic phenotype, key 
components of the TGF- signalling pathway become 
dysfunctional via loss or mutational inactivation, thus con- 
tributing to TGF-8 resistance. The paradox arises from 
the following: a dysfunctional TGF-£ signalling is asso- 
ciated with cancer development and progression, while 
TGF-6 ligand secretion and activation enhances tumour 
aggressiveness and correlates with metastatic behaviour in 
diverse human tumours (including breast, colon, stom- 
ach, pancreas, lung, and prostate). Recognition of the 
complexity of the pathway will enhance efforts for under- 
standing additional signal effectors (responsible for the 
tumour-suppressor activity) that would ultimately lead to 
the development of inhibitors that target the TGF-£ sig- 
nalling and are sufficiently efficacious to command clinical 
trials for cancer patients with advanced disease. 
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THE TGF-8 SUPERFAMILY: A CASE OF 
FUNCTIONAL DIVERSITY MEETING GROWTH 
REQUIREMENTS OR REGULATORY PROMISCUITY 
DICTATING CELLULAR ACTIONS? 


The Ligand 


Members of the TGF-f8 family are structurally homol- 
ogous dimeric proteins that regulate diverse biological 
processes, including cell proliferation, extracellular matrix 
(ECM) synthesis, angiogenesis, immune response, apopto- 
sis, and differentiation (M assague et al., 1992; Roberts and 
Sporn, 1993; Roberts, 1998). The number of TGF-6 fam- 
ily members identified so far has reached the 100 mark; 
the protagonists are high-profile players such the TGF-8 
clan (TGF-61 to £5), the bone morphogenetic proteins 
(BMPs), growth/differentiation factors (GDFs) (Saarma, 
2000), V g1 family glial-derived neurotrophic factor (GDNF), 
and activins, inhibins, and M üllerian inhibitory factor (MIF) 
(Jamin etal., 2002). TGF-8/BM P-like proteins are found in 
various species including Xenopus, Caenorhabditis elegans, 
and Drosophila melanogaster (Miyazawa et al., 2002). The 
structural relationship of these polypeptides comes from a 
cluster of conserved cysteine residues, which form a com- 
mon cysteine knot structure, held together by intramolecular 
disulphide bonds (M assague, 1998). 


TGF-B: The Leading Family 


TGF-6 is unrelated to TGF-aw (Coffey etal., 1987) and 
exists in five known isoforms, known as TGF-61, TGF-62, 
TGF-83, TGF-84, and TGF-85. Three isoforms identified 
in mammalian systems, TGF-61, TGF-82, and TGF-£3, 
are highly conserved but have different binding affinity for 
the TGF-8 transmembrane receptors (Millan etal., 1991; 
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Schmid etal., 1991). The different TGF-8 isoforms are 
encoded by different genes (higher than 100 kb in length and 
containing seven exons), located on different chromosomes; 
thus TGF-81 gene maps to human chromosome 19q13, 
while TGF-82 gene maps to human chromosome 1941 and 
TGF-B3 gene located on human chromosome 14q24 (B ar- 
ton etal., 1988). Low-profile players such as TGF-£4, is 
unique to avian species (Jakowlew etal., 1988; Pan and 
Halper, 2003), while TGF-85 expressed in X enopus (K onda- 
iah et al., 1990). 

TGF-£1 was first isolated more than 20 years ago from 
human platelets (A ssoian et al., 1983). The chemical features 
are unique as these growth factors are found to be a 
disulphide-linked homodimer of two 112 amino acid chains, 
with each chain synthesized as the C-terminal domain of a 
390 amino acid precursor. The inactive precursor is cleaved 
from the amino-terminal glycopeptide at a tetrabasic cleavage 
site (Derynck etal., 1985). TGF-81 is cleaved from the 
propeptide before it is secreted by the cell as a latent 
complex, consisting of a non-covalently associated 75-kDa 
glycoprotein, known as the latency associated protein (LAP), 
and a covalently bound 135-kDa binding protein (Diebold 
et al., 1995). 

The three human TGF-£ precursors are characterized by 
a strong conservation of the mature sequence (Derynck 
et al., 1988), but have differential organ-specific expression 
patterns with TGF-61 strongly expressed in the spleen, 
kidney, and prostate, TGF-82 expressed primarily in the 
bone, and TGF-63 highly expressed in embryonic heart and 
lung issues. TGF-62, identified in bone extract (Seyedin 
et al., 1987), shares a 72% homology with TGF-£1 (Cheifetz 
etal., 1987), while TGF-83 is ~80% similar to TGF-81 
(Derynck et al., 1988). 


The Relatives “Less Known” 


Activins and Inhibins 


Activin is a dimeric polypeptide linked by one disulphide 
bond between residue 80 of the mature subunit (M athews, 
1994; Vale etal., 2004). Similar to other GDFs, activins 
and inhibins are involved in cell differentiation and pro- 
liferation. Activin, like TGF-8, can inhibit or stimulate 
cell growth. Accordingly, in tumours in which activin is 
growth inhibitory; the tumour cells must acquire resistance 
to activin to allow malignant progression. In tumours in 
which activin is growth stimulatory, sustained activin sig- 
nalling would promote tumourigenesis (Risbridger et al., 
2001); the inhibin œ subunit is considered a tumour sup- 
pressor on the basis of the results from transgenic mouse 
models in which deficiency of the inhibin œ subunit gene 
was associated with tumourigenesis. In contrast, the clini- 
cal data from women reported upregulation of the inhibin œ 
subunit and its use as a marker to detect and monitor the 
recurrence of some types of ovarian carcinomas (Risbridger 
et al., 2001). 


Bone Morphogenetic Proteins: The Largest Family Makes 
Bone Connections 


The BMP family is the largest subgroup of TGF-£ superfam- 
ily with 20 BMPs identified since the first isoform of BMP 
was discovered in 1965 (for review, De Biase and Capanna, 
2005). Considerable species conservation exists within this 
family and a variety of proteins are identical among sev- 
eral species. Table 1 lists some of the representatives of this 
intriguing subclass. 





Table 1 Ligands of TGF-£ superfamily. 
Alternative 
Ligands names Gene location 
TGF-B 
TGF-61 CED, DPD1 19q13.1 
TGF-B2 MGC116892 1941 
TGF-B3 - 14q24 
TGF-B4 - 1942.1 
TGF-B5 - - 
Activin/inhibin 
Inhibin œ - 2933-q36 
Inhibin BA EDF, FRP 7p15-p13 
Inhibin 6B Activin AB £ polypeptide 2cen-ql13 
Inhibin BC Activin B-C chain 12q13.1 
BMP 
BMP-2 BM P-2 20p12 
BM P-2B BMP-26, BM P-4 14q22-q23 
BMP-3 Osteogenin 4p13-q21 
BM P-3B GDF-10 10q11.22 
BMP-4 BMP-2B, DVR-4 14q22-q23 
BMP-5 - 6p12.1 
BM P-6 DVR-6 6p24-p23 
BMP-7 OP-1 20q13 
BMP-8 OP-2 - 
BM P-8B OP-3 1p35-p32 
BMP-9 GDF-2 10q11.22 
BM P-10 - 2p13.3 
BMP-11 GDF-11 12q13.2 
BMP-12 GDF-7, CDMP-3 - 
BMP-13 GDF-6, CDMP-2 - 
BM P-14 GDF-5, CDMP-1 20q11.2 
BMP-15 - X p11.2 
BMP-16 - - 
GDF 
GDF1 - 19p12 
GDF2 BMP-9 10q11.22 
GDF3 - 12p13.1 
GDF4 - - 
GDF5 CDMP-1, LAP4 20q11.2 
GDF6 - 8q22.1 
GDF7 - 2p24.1 
GDF8 MSTN 2q32.2 
GDF9 - 5q31.1 
GDF10 BM P-3b 10q11.22 
GDF11 BMP-11 12q13.2 
GDF12 - - 
GDF13 - - 
GDF14 - - 
GDF15 MIC-1, NAG-1, PDF, 19p13.1- 13.2 
PLAB, PTGFB 
GDF16 - - 
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Growth and Differentiation Factors 


The proteins encoded by the GDF gene are members of the 
BMP family and the TGF-£ superfamily. This group of pro- 
teins is characterized by a polybasic proteolytic processing 
site that is cleaved to produce a mature protein contain- 
ing seven conserved cysteine residues (M cPherron and Lee, 
1993). The members of this family are regulators of cell 
growth and differentiation in both embryonic and adult tis- 
sues. Studies in rodents suggest that this protein is involved in 
the establishment of left- right asymmetry in early embryo- 
genesis and in neural development in later embryogenesis 
(Rankin etal., 2000). This protein is transcribed from a 
bicistronic MRNA that also encodes the longevity assurance 
gene (Lee, 1990). 


Transmembrane Receptors for TGF-8: Commanding 
Effectors 


There are six types of TGF-£ receptor proteins types, I-VI 
(abbreviated as TARI, TARII, TARII, TABRIV, TRV, and 
TARVI, respectively). TRI and TARII are serine- threonine 
protein kinases that contain an extracellular ligand-binding 
domain, a single transmembrane domain, and a cytoplasmic 
serine- threonine kinase domain. Only TRI has a GS 
domain that immediately precedes the kinase domain; the 
GS domain contains the sequence TTSGSGSG, a cluster of 
glycines (G), serines (S), and threonines (T). Compared to 
TARIIs, TARI has a shorter C-terminal tail at the end of the 
kinase domain and an extracellular domain that is shorter and 
has a different distribution of conserved cysteines (Derynck, 
1991). TARI receptor activation involves phosphorylation of 
its GS domain by T RII bound to the ligand (Figure 1) (Huse 
et al., 1999). Several receptor variants have N- or C-terminal 
extensions, most of them with as yet unknown functions 
(M assague, 1998). 

The TARIII, also known as f-glycan, has a biologi- 
cal function distinct from the other two receptors (T ARI 
and TRII) (Wang et al., 1991; Lopez-Casillas et al., 1991; 
Massague et al., 1994), by selectively binding the autophos- 
phorylated T ARII (via its cytoplasmic domain), consequently 
promoting preferential formation of a complex between the 
autophosphorylated TBRII and T ARI, and rapidly dissociat- 
ing from the active signalling complex (Blobe et al., 2001). 
The identity of TBRIV still awaits confirmation (Yamashita 
etal., 1995); while TBRV coexpresses with TARI, T ARII, 
and TARIII in all normal cells (O’Grady etal., 1991a,b), 
TBRVI expression is found only in specific epithelial cell 
types (Segarini et al., 1992). 

For the BMPs and GDFs, only three type | receptors and 
three type II receptors have been identified (ten Dijke et al., 
2003), all of which are serine- threonine kinases. BM Ps bind 
to distinct type II receptors, BMP type II receptor (BM PR-II), 
activin type Il receptor (ACTR II), and activin type IIB 
receptor (ACTR IIB), and three type | receptors, activin 
receptor-like kinase (ALK )2, ALK 3 (BMPR-IA), and ALK6 
(BM PR-IB) (Table 2) (Miyazono et al., 2005). In mammals, 
only five type Il receptors and seven type! receptors 


Phosphorylation 


| sites 





Figure 1 Structure of TARI. (a) TARI viewed from an oblique angle above 
the kinase N lobe. The TARII phosphorylation sites are indicated, as are 
several residues involved in ionic or polar interactions that stabilize the 
placement of the C helix. The movement of the C helix and the N lobe 
A-sheet into an active conformation appears to be blocked by the GS loop 
and a short stretch within the activation segment. These two steric blockers 
have been coloured magenta. (b) The same view as in (a), with a molecular 
surface representation of the kinase C lobe. The æC side chains have been 
included to indicate the space occupied by the helix. The outward rotation 
of the C helix and the N lobe -sheet is blocked by the barrier treated by 
the activation segment. (Reprinted from Crystal structure of the cytoplasmic 
domain of the type | TGF £ receptor in complex with FK BP12. Cell, 96: 
425 - 36. Huse, M., et al. Copyright (1999), with permission from Elsevier.) 





Table 2 Type | and type II receptors identified in mammals. 





Receptors Alternative names 
Type | receptors 

ALK1 ACVRL1 

ALK2 ACVR1 

ALK3 BMPRIA 

ALK4 ACVR1B 

ALK5 TGFBR1 

ALK6 BMPR1B 

ALK7 ACVRIC 

Type II receptors 

BMPR2 PPH1, BMPR3, T-ALK 
TGFBR2 MFS2, RIIC, HNPCC6 
ACTR2 ARP2 

ACTR2B - 

AMHR MISRII 
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have been identified (summarized in Table 2) (Derynck and 
Zhang, 2003). 


TGF-8 Signal Transduction: Intracellular Effectors 
Determining Tumour Growth 


Intracellular TGF-8 signalling proceeds via binding of the 
ligand TGF- to transmebrane receptors to form a het- 
eromeric complex of type | and type II transmembrane 
serine/threonine kinase receptors that become phosphory- 
lated (Derynck and Zhang, 2003). Type II receptor, TRII 
is a ligand-binding receptor, while TARI is a signalling 
receptor (M assague, 1998). Both receptors consist of small 
cysteine-rich extracellular domains, single transmembrane 
regions, and intracellular serine/threonine kinase domains. 
Upon ligand binding to TARII, TARI receptor is recruited, 
and upon formation of the heteromeric complex, a con- 
served 30 amino acid domain, the GS domain of the TARI, 
is phosphorylated by the TARII receptor (Wrana etal., 
1994). The activated TARII/TBRI complex subsequently 
phosphorylates intracellular effectors Smad2/3 proteins, at 
C-terminal serines, forming a receptor activated Smad com- 
plex. Upon nuclear translocation, activated Smad complexes 
initiate transcriptional regulation of target genes. Continu- 
ous TGF-£ receptor activation for several hours (3- 4 hrs) 
post-ligand binding, is required to ensures the presence of 
functional Smad complexes in the nucleus (Engel etal., 
1998). 

Members of the TGF-8 superfamily activate a broad 
range of cellular responses. TGF-£, the ligand, secreted in 
a latent form and activated by proteolytic cleavage regulates 
diverse biological activities, including apoptosis, prolifera- 
tion, cell motility, and angiogenesis. Intracellular signalling 
by members of the TGF-£ ligand superfamily proceeds via 
transmembrane heterotetrameric complexes composed of two 
types of serine- threonine kinase receptors, type | (TARI) 
and type II (TBRII) (Shi and M assague, 2003). Upon ligand 
binding, TARII receptor phosphorylates and activates T ARI 
receptor, which initiates the downstream signalling cascade 
by phosphorylating the receptor-regulated Smads (R-Smads). 
Smad4 is the downstream effector essential for intracellu- 
lar signal transduction by the R-Smads. Deregulation of the 
TGF-£ signalling plays a key role in the pathogenesis of 
cancer and other diseases, owing to either loss of expres- 
sion or mutational inactivation of its membrane receptors 
or intracellular effectors, the Smads (Blobe et al., 2001). In 
advanced cancer, TGF-8 promotes tumour progression and 
metastasis via induction of tumour cell invasion, enhanced 
angiogenesis, and immunosuppression (Gold, 1999; Thomas 
and M assague, 2005). 


The SMADs: Making the Intracellular Connection 
to TGF-B 


The SMAD-Directed Signalling Pathway 


The Smad proteins are critical intracellular effectors of 
TGF-£ signalling. These are high-profile players; Table 3 


lists the Smads found in vertebrates. SMAD2, SMAD4, and 
SMAD7 are clustered at 18q21.1, a region that is frequently 
deleted in human cancers. SMAD3, SMAD5, and SMAD6 
are found on chromosome 15, while SMAD1 and SMAD8 
are located on chromosomes 4 and 13, respectively (M arquez 
etal., 2001). Structurally, Smad family members contain 
conserved N-terminal M ad-homology (MH1) and C-terminal 
MH2 domains (Sekelsky et al., 1995). The MH1 domain is 
necessary for transcriptional activity and the MH2 domain is 
necessary for forming multi-Smad complexes (Lagna et al., 
1996). SMAD2 and SMAD3 are activated through carboxy- 
terminal phosphorylation by the TGF-6 receptors T BRI and 
ACTRI £6, whereas SMAD1, SMAD5, and SMAD8 are 
activated by ALK1, ALK2, BMPR-IA/ALK3, and BMPR- 
IB/ALK6 in response to BMP or other ligands. These 
receptor-activated SM ADs (R-SM ADs) are released from the 
receptor complex to form a heterotrimeric complex of two 
R-SMADs and a common SMAD4 (C-SMAD), and translo- 
cate into the nucleus; SMAD3 and SMAD4 directly bind to 
SM AD-binding elements (SBEs). SMAD6 and SMAD7 act 
as “inhibitory” SMADs (Derynck and Zhang, 2003). M ost 
R-Smads exhibit sequence-specific DNA-binding activity, 
may play a role in nuclear import, and consequently neg- 
atively regulate the function of the MH2 domain (Shi and 
Massague, 2003). The functional status of SMAD proteins 
can be regulated by several post-translational events, includ- 
ing phosphorylation of the linker region, ubiquitination, 
acetylation, and sumoylation (reviewed by M assague et al., 
2005). The ubiquitin-mediated proteasomal degradation path- 
way is an evolutionary conserved cascade that tightly regu- 
lates TGF-8 superfamily signalling. E3 ligases are compo- 
nents of the ubiquitin-degradation complex that specifically 
recognize targeted proteins, and the E3 ubiquitin ligases are 
components of the ubiquitin-degradation complex that specif- 
ically recognize targeted proteins; the E3 ligases, SMAD 
ubiquitination-related factor 1 (SMURF1), SMURF2, and 
SCF/Rocl, have been implicated in SM A D degradation. The 
SMURFs are of particular importance to TGF-£ signalling, 
as SM A Ds also function as adapters that recruit the SM URFs 
to various pathway components including the TGF-£ recep- 
tor complex and the transcriptional repressor, SnoN, and 
thereby regulate the degradation of these SM A D-associating 
proteins. Thus, by controlling the level of SM A Ds, SMURFs 
provide for a complex and yet refined regulation of signalling 
output. Moreover, growing evidence demonstrates that ubiq- 
uitination and proteasomal degradation are also implicated in 
the generation of tumour-derived SMAD mutants that may 
contribute to disease progression (Xu and Attisano, 2000). 
Generally, the ligand binds a complex (types | and 
Il) and induces transphosphorylation of the GS segments 
in the TRI; the activated TBRI complex phosphorylates 
R-SMADs at C-terminal serines, forming a complex with 
Smad4. As illustrated in Figure 2, activation of R-SMADs 
by their corresponding receptors results in heteromeric com- 
plex formation with SMAD4 and upon nuclear translocation 
this complex results in context-dependent transcriptional reg- 
ulation of TGF-6 targeted genes (Shi and M assague, 2003). 
SMAD 7 is the antagonistic SMAD that functions as a 
negative regulator of TGF-£ signalling (Itoh etal., 1998). 
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Table 3 Smads identified in vertebrates. 











Smads Alternative names Gene location 

Smad1 BSP1, JV 4-1, JV41, MADH1, MADR1 4q31 

Smad2 JV 18, JV 18-1, MADH2, MADR2, MGC22139, MGC34440, hMAD-2, hSMAD2 18q21.1 

Smad3 DK FZP586N0721, DK FZp686) 10186, HSPC193, HsT 17436, JV 15-2, MADH3, MGC60396 15q22.33 

Smad4 DPC4, JIP, MADH4 18q21.1 

Smad5 DK FZp781C1895, DK FZp78101323, Dwfc, JV5-1, MADH5 5q31 

Smad6 HsT 17432, MADH6, MADH7 15q21-q22 

Smad7 MADH7, MADH8 18q21.1 

Smad9 MADH6, Madh9, SMAD8A, SMAD8B, Smad8 13q12-q14 
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Figure 2 Smad-dependent TGF-£ signalling. TGF- regulates growth of 
target cells by inducing apoptosis and inhibiting cell proliferation. Binding 
of TGF-£ to its TARII receptor leads to the phosphorylation of the T ARI 
receptor. TARI receptor subsequently phosphorylates and activates the 
SMAD2/3 proteins (receptor-activated SMADs). SMAD2, in forming a 
complex with SM A D4, is translocated to the nucleus where the activated 
SMAD complex recruits other transcription factors (TF) that activate the 
expression of target genes towards induction of the biological effects 
of TGF-£. 


It is believed that TGF-6 receptors remain active for at 
least 3- 4 hours after ligand binding, and continuous recep- 
tor activation maintains the nuclear localization of SMAD 
complexes for effective transcriptional activation of target 
gene expression (Derynck and Zhang, 2003; Inman et al., 
2002). One might easily argue that the nuclear import of 
a SMAD complex follows “classical” nuclear translocation 
paradigms: without ligand stimulation, R-SMADs are in the 
cytoplasm, whereas SMAD4 is distributed in the nucleus 
and cytoplasm (Inman et al., 2002). Nuclear R-SM ADs are 
constantly dephosphorylated, resulting in a dynamic state of 
dissociation of SMAD complexes and subsequent cytosolic 
export of inactive SM A Ds (Derynck and Zhang, 2003; Inman 
et al., 2002). 


TGF-8 proteins activate transcription through physical 
interaction and functional cooperation of DNA-binding 
SMADs with sequence-specific transcription factors, for 
example, AP-1, runt-related transcription factor (RUNX), 
SP1, bHLH, Menin, and YY1 and the coactivators 
(CBP/p300, SMIF, MSG1, and ARC105) (Derynck and 
Zhang, 2003; Miyazono etal., 2005; Feng and 
Derynck, 2005). 

AP-1 (JUN) is a regulator of major physiological pro- 
cesses such as cell proliferation, differentiation, organo- 
genesis, apoptosis, and response to stress (Shaulian and 
Karin, 2002).c-Fos and c-Jun are the best-studied AP-1 
components, which directly contact coactivators, such as 
the CBP/p300 acetyltransferases (Bannister and K ouzarides, 
1995), and constituents of the basal transcription machin- 
ery, such as the TATA-binding protein (TBP) (Franklin et al., 
1995; Metz et al., 1994). SM A D3 and SM A D4 interact with 
AP-1 family members (Yingling etal., 1997) to form a 
SMAD/AP-1 complex. 

The RUNX genes have come to prominence recently 
because of their role as essential regulators of cell fate 
in development and their paradoxical effects in cancer, in 
which they can function either as tumour-suppressor genes 
or dominant oncogenes according to the context. RUNX 
family of DNA-binding factors contains three members, 
RUNX1 (AML1, AMLCR1, CBFA2, EVI-1, PEBP2A2), 
RUNX2 (AML3, CBFA1, CCD1, OSF2, PEA2aA), and 
RUNX3 (RP3-39819.1, AML2, CBFA3, PEBP2aC). They 
are integral components of signalling cascades mediated 
by both TGF-8 and BMPs in several important biologi- 
cal systems. RUNX1 and RUNX2 participate in prostate 
epithelial cell function and cooperate with an Ets transcrip- 
tion factor to regulate prostate-specific antigen (PSA) gene 
expression (Fowler etal., 2006). RUNX2 functions syn- 
ergistically with SMAD1 and SMAD5 to regulate bone- 
specific genes when BMP induces osteogenesis. Of clini- 
cal significance is the recently growing evidence indicat- 
ing a close association between RUNX2 loss and breast 
cancer metastasis (Pratap etal., 2005; Shore, 2005; Javed 
et al., 2005). Furthermore, RUNX3 has been identified 
as a major tumour suppressor of gastric cancer via its 
action as an important signalling component of the TGF- 
-induced tumour-suppressor pathway (Li etal., 2002; 
Sakakura etal., 2005). Silencing of this integral TGF-6 
effector is frequently demonstrated in human tumours 
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including, lung cancer (Li etal., 2004a; Yanada etal., 
2005; Sato etal., 2006), pancreatic cancer (Wada etal., 
2004; Li etal., 2004b), and colorectal cancer (Imamura 
et al., 2005). Moreover, transcriptional silencing of the 
RUNX3 gene by CpG hypermethylation is associated with 
lung cancer (Li etal., 2004a); while RUNX3 expres- 
sion is detected in metastatic pancreatic cancer (Li et al. 
(2004b). 

It has been established that Spl is a transcription factor 
that cooperates with Smad-induced p15/"“48 (Feng etal., 
2000) and p21”4/1/Cip! (Pardali etal., 2000) transcription 
in response to TGF-8. Recent studies however, utilizing 
chromatin immunoprecipitation assays failed to identify 
TGF-£ as a regulator of a direct interaction between Sp1 and 
p15 and p21 promoters towards induction of TGF-£ response 
(M assague et al., 2005). 


Escaping Tradition: The SMAD-Independent Pathways 


The mechanisms of Smad-dependent TGF-£ signalling and 
its functional consequences are well characterized. Other sig- 
nalling pathways help to define the responses to TGF-£; 
in addition to Smads, TGF-f activates other effectors and 
Smad-independent pathways also exist for TGF-£ signalling. 
Indeed growing evidence implicates Smad-independent sig- 
nalling effectors in the TGF-6 signal transduction path- 
way, including ERK, c-Jun N-terminal kinase (JNK), and 
P38 mitogen-activated protein kinase (MAPK), the Rho- 
like GTPase, PI3 kinase, and PP2A pathways (Derynck and 
Zhang, 2003). 

MAPKs, also Known as extracellular signal-regulated 
kinases (ERK s) or P38, act as an integration point for multi- 
ple biochemical signals and are involved in a wide variety of 
cellular processes such as proliferation, differentiation, tran- 
scription regulation, and development. There are 15 members 
in the MAPK family (Table 4). MAPK 8 is also called c-Jun 
N-terminal kinase. 

TGF-£1 elicits its biological responses through T BRI and 
TARII complexes, and the signal is transduced to trans- 
forming growth factor-f-activated kinase (TAK 1), a mem- 
ber of the mitogen-activated protein kinase kinase kinase 
(MAPKKK) family, which subsequently activates M K K 3/6 


Table 4 Mitogen-activated protein kinase family. 





(MAPKK) and P38 MAPK (Yamaguchi et al., 1996; Zhang 
et al., 2000). Initial evidence for Smad-independent activa- 
tion of MAPK by TGF-£ was obtained in SM AD4-deficient 
cells, or in cells overexpressing dominant-negative SM ADs, 
in which JNK/MAPK pathway activation was still observed 
in response to TGF-£ (despite SM AD deficiency). Moreover, 
mutated TGF-6 type | receptors that cannot phosphorylate 
R-SMAD still activate P38 MAPK signalling in response to 
TGF-8 (Yu etal., 2002). The mechanisms of ERK, JNK, 
or P38 MAPK activation by TGF-£ and its biological con- 
sequences are not fully characterized (Derynck and Zhang, 
2003; J avelaud and Mauviel, 2005). 

The RAS homologue or RHO proteins interact with pro- 
tein kinases and may serve as targets for activated GTPase. 
They play a critical role in muscle differentiation. The pro- 
tein encoded by this gene binds GTP and is a member of 
the small GTPase superfamily. It is involved in endosome 
dynamics and reorganization of the actin cytoskeleton, and 
it may coordinate membrane transport with the function of 
the cytoskeleton (Lee-Hoeflich et al., 2004; Compton et al., 
2006). Recent studies show that Smad2/3 are indispensable 
for TGF-8-mediated growth inhibition and that both p38 and 
Rho pathways affect the linker region phosphorylation of 
Smad2/3. Activity of Rho is necessary for both downregula- 
tion of c-Myc protein and upregulation of p21”%/1 protein, 
directly interfering with p21”¢/! transcription. These results 
not only implicate Rho and p38 MAPK pathways as neces- 
sary for TGF-f-mediated growth inhibition but also demon- 
strate their individual contributions and the basis for their 
cooperation with each other (K amaraju and Roberts, 2005). 


Alterations in TGF-8 Signalling Characterizing 
Human Cancer 


Ligand Overexpression 


TGF-8 ligand overexpression is a hallmark of several 
human malignancies. M ost of the tumour cell lines that har- 
bour mutations in one of the components of the TGF-8 
pathway are resistant to TGF-8 induced growth arrest, 
which is a tumour-suppressive response of TGF-£. The role 


MAPKs Alternative names Gene location 
MAPK1 ERK, ERK2, MAPK2, p38, p40, p41 22q11.22 
MAPK2 - 

MAPK3 ERK 1, P44ERK1, P44MAPK, PRKM3 16p12-p11.2 
MAPK4 ERK3, Erk4, PRKM4, p63MAPK 18q12-q21 
MAPK5 - - 

MAPK6 ERK 3, HsT17250, PRKM 6, p97MAPK 15q21 
MAPK7 BMK1, ERK4, ERK5, PRKM7 17p11.2 
MAPK8 JNK, JNK1, JNK1A2, JNK21B1/2, PRKM8, SAPK1 10q11.22 
MAPK9 JNK-55, JNK2, JNK 2A, JNK2B, PRKM9, 5q35 

MAPK 10 JNK3, JNK3A, PRKM10, p54bSA PK 4q22.1-q23 
MAPK11 P38B, PRKM 11, SAPK2, SAPK 2B, p38-2 22q13.33 
MAPK12 ERK 3, ERK6, P38y, PRKM 12, SAPK3 22q13.33 
MAPK 13 PRK M 13, SAPK 4, p388 6p21.31 

M APK14 CSBP1, CSBP2, PRKM 14, PRKM 15, SAPK 2A, p38, p38a 6p21.3-p21.2 
MAPK15 ERK7, ERK8 Chromosome8 
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of TGF-£ in proliferation, immunosuppression, metastasis, 
and angiogenesis appears to be far more complex than 
that of a classic tumour suppressor. Interestingly enough 
and paradoxically for a cytokine known for its tumour- 
suppressor action, TGF-£, the ligand, is frequently overex- 
pressed either at the mRNA or protein level in most tumour 
types (Walker and Dearing, 1992; Friedman etal., 1995; 
Friess et al., 1993; Wikstrom et al., 1998; Hasegawa et al., 
2001). TGF-8 overexpression is related to tumour metasta- 
sis and poor prognosis. Transgenic mice studies confirm that 
TGF-61 expression in tumours has a tumour-promoting 
effect (Cui et al., 1996). 


Dysfunctional TGF-ß Signalling in Cancer: Mutational 
Inactivation and Loss of Receptors 


The TARII gene has been mapped to chromosome 3p, a chro- 
mosome for which loss of heterozygosity (LOH) is frequently 
observed in both small cell lung carcinoma (SCLC) and 
non-small cell lung carcinoma (NSCLC) (Tani et al., 1997) 
and in gastric cancer (Guo and Kyprianou, 1998). Approx- 
imately 15% of human colon cancers have microsatellite 
instability (M SI) and carry frameshift mutations in a polyade- 
nine tract (BAT-RII) in TARII, a required component of the 
TGF-6 receptor. The BAT-TARII mutations in MSI colon 
cancers make the tumours resistant to the effects of TGF-£. 
Mutation or loss expressions of TARII or TRI were fre- 
quently found in various cancers (Table 5). TARI mutation 
was primarily associated with metastatic cancer (Chen et al., 
1998). Knockdown of the TARII gene in mouse mammary 
fibroblasts (TGF BR2 (fspKO)) resulted in defective mam- 
mary ductal development, characterized by increased ductal 
epithelial cell turnover and enhanced stromal fibroblast abun- 
dance. This evidence strongly implicates a significant role 
for stromal TGF-£ signalling in mammary tissue homeosta- 
sis and mammary tumour progression (Cheng et al., 2005). 
Overexpression of T RII restored TGF-£ signalling pathway 
in human prostate cancer cells (Guo and Kyprianou, 1998), 
lung (Anumanthan et al., 2005), and breast (K alkhoven et al., 
1995; Sun et al., 1994). Taken together, this evidence estab- 
lished the ability of TRII receptor to function as a tumour 


Table 5 Frequency of TRI and TRII mutation in human cancer. 


suppressor in human carcinogenesis, an action that might 
proceed independently of the “classical” TGF-£ signalling. 


SMAD Targeting in Tumour Development and 
Progression 


Encoding sequences for Smads are organized in two gene 
clusters, one at 18q21 (SMAD2, SMAD4, and SMAD7) and 
the other at 15q21-22 (SMAD3 and SMAD6). Losses of 
15q and 18q material are frequent in pancreatic carcinomas 
(Jonson et al., 1999; Wilentz et al., 2001). SM A D4 was iden- 
tified as a candidate tumour suppressor deleted in pancreatic 
cancers (DPC4) (Hahn et al., 1996), and a large number of 
studies have been undertaken to determine if Smad4 is a 
global tumour-suppressor gene (Duff etal., 1998; Riggins 
et al., 1997). A significant number of mutations in SMAD4 
have been identified in colorectal cancers but alterations in 
other tumour types are relatively rare. Mutation of SMAD2 
occurs at very low frequency (Levy and Hill, 2006). While 
specific SM A D3 mutations have not been described in human 
cancers, Smad3 knockout mice succumb at an early age 
to highly invasive colorectal adenocarcinomas (Zhu et al., 
1998). However, loss of expression of SMAD3 in tumour 
samples, compared with surrounding mucosa, has been iden- 
tified in three out of eight gastric cancers and in two out of 
nine gastric cell lines that have lost some TGF-£ responsive- 
ness (Han et al., 2004). SMAD6 and SMAD7 are inhibitory 
SMADs of TGF-£ superfamily and mutations for these genes 
are rare. SMAD4, SMAD2, and the nearby gene deleted in 
colon cancer (DCC) showed high deletion rates (66, 64, and 
59%, respectively), SMAD7 appears to be more frequently 
amplified (10%) than the three other genes (4- 7%) (Boulay 
et al., 2001). 


TGF-B Signalling: Significance in Human Cancer 


Head and Neck Tumours 


In head and neck squamous cell carcinoma cells (HNSCCs), 
induction of p15, p27, p21, and RB hypophosphoryla- 
tion by T81, resulted in P53-independent G1 arrest and 
apoptosis (Tavassoli etal., 2002). Inactivation of TGF-g 

















M utational receptors Cancer Frequency Author 

TR B-cell chronic lymphocytic leukaemia - Schiemann et al. (2004) 
TR Head and neck cancer 23% (7/30) Knobloch et al. (2001) 
TR Hepatocellular carcinoma 80% (8/10) Musch et al. (2005) 

TR Breast cancer 10% (3/31) Chen et al. (1998) 

TR Biliary tract tumour 50% (8/16) Nagai et al. (1999) 

TR Colorectal cancer 11% (11/100) Fukushima et al. (2003) 
TR Colorectal cancer 13% (2/15) Nagayama et al. (2002) 
TR Colorectal cancer 15% Grady et al. (1999) 

TR Colorectal cancer 9% Markowitz et al. (1995) 
TR Endometrial cancer 15.1% (8/53) Sakaguchi et al. (2005) 
TR Gastric carcinoma 83% acopetta et al. (1999) 
TR Gastric carcinoma 68% Pinto et al. (2003) 

TR Hepatocellular carcinoma 60% (6/10) Musch et al. (2005) 

TR Laryngeal squamous carcinoma 42% (5/12) Nerlich et al. (2003) 
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signalling occurs in head and neck cancer metastasis owing 
to TRI mutation (Chen et al., 2001). T81 was significantly 
overexpressed in the tumour-associated stromal compartment 
of HNSCC compared to the normal mucosa (Rosenthal et al., 
2004). In an orthotopic murine model of head and neck can- 
cer, levels of T 1 in the sera suddenly jumped at the time 
when tumour metastasis started (Dasgupta et al., 2006). The 
post-treatment plasma TGF-£1 level can predict late morbid- 
ity grade >1 in advanced head and neck cancer treated with 
radiotherapy and/or chemotherapy (Felt! et al., 2005). 


Lung Cancer 


The frequency and incidence of MSI and frameshift muta- 
tions in TARII poly-A tract observed in NSCLC cell lines 
and tissues strongly support the notion that TRII plays a 
direct and critical role in NSCLC carcinogenesis (Kim et al., 
2000). Defective expression of TARII is associated with a 
CpG methylated promoter in primary NSCLC (Zhang et al., 
2004; Dai etal., 2004), while lack of TARII mRNA or 
defective expression of TARII was also detected in SCLC 
(Norgaard et al., 1996; Hougaard et al., 1999), adenocarci- 
nomas, and squamous cell carcinomas (K ang et al., 2000). 
Stable expression of TRII in these cells restored TGF-£- 
mediated effects including SMAD2/3 and SMAD4 complex 
formation, TGF-f-responsive reporter gene activation, inhi- 
bition of cell proliferation, and increased apoptosis (A numan- 
than et al., 2005). In SCLC, loss of TRII MRNA expression 
is not commonly due to mutations, and inactivation of T RII 
transcription was not due to hypermethylation of the TARII 
promoter or gene (Hougaard etal., 1999). In an intrigu- 
ing mechanistic twist, histone modification in the 7TARII 
gene promoter (Osada et al., 2001) and silencing of RUNX3 
(Li et al., 2004a) also contribute to resistance to TGF-£ sig- 
nalling in lung cancer cells. 


Breast Cancer 


In breast cancer, TGF-8 acts as a tumour suppressor in 
early stages of the disease, when it inhibits the outgrowth 
of carcinomas in situ via its antiproliferative functions. 
This has been demonstrated in transgenic mouse models, in 
which overexpression of TGF-£1 is targeted to the mam- 
mary gland and tumour formation is induced by concomitant 
overexpression of TGF-8 and administration of a chemi- 
cal carcinogen (Pierce et al., 1995). In later stages of the 
disease, TGF-6 is believed to promote tumour progression, 
in part by enhancing tumour cell motility and invasiveness 
and the capacity to form metastases (Welch etal., 1990; 
Kang etal., 2005). Mutations or structural alterations in 
TARII (Lucke etal., 2001), TARI (Chen etal., 1998), and 
Smad4 (Schutte etal., 1996; Xie etal., 2002) have been 
rarely reported; inactivating mutations in Smad2 or Smad3 
have not been reported. In some breast cancer cell lines, 
limited expression of TARII has been correlated with the 
lack of TGF-£ responsiveness (Kalkhoven et al., 1995; Sun 
etal., 1994; Ko etal., 1998). Stable expression of TRII 
in such cell lines can restore TGF-6-induced growth inhi- 
bition, indicating that all other signalling components are 


functional (Kalkhoven et al., 1995; Sun etal., 1994). Sig- 
nificantly enough, interference with endogenous Smad2/3 
signalling enhances tumourigenicity in xenograft models, 
but strongly suppresses lung metastases of more aggres- 
sive carcinoma cells while Smad3 overexpression has the 
opposite effects (Tian et al., 2003). This evidence suggests 
that the Smad2/3 signalling pathway can mediate tumour- 
suppressor and prometastatic outcomes, depending on the 
cellular context. A tumour-suppressor role has also been 
assigned to SM A D4 in breast cancer, on the basis of the clin- 
ical observations revealing a trend towards longer survival in 
SMAD4-negative patients (Stuelten et al., 2006). 


Pancreatic Cancer 


The strongest and the most prominent indication of a TGF-£ 
intracellular signalling effector becoming dysfunctional in 
human pancreatic cancer is, without a doubt, observed in 
SMAD4. Mutations in the SMAD4/DPC4 tumour-suppressor 
gene, established as a key signal transducer in T GF -6-related 
pathways, are detected in more than 50% of pancreatic 
tumours (Wilentz et al., 2001; Yeo et al., 2002; Jaffee et al., 
2002). In spite of the absence of SMAD4, growth inhi- 
bition in BxPC3 cells by TGF-81 is dependent on P21 
upregulation and maintenance of RB in a hypophospho- 
rylated, active state (Yasutome et al., 2005). SMAD7 acts 
to functionally inactivate RB and de-repress E2F without 
blocking the activation of TARI and the nuclear transloca- 
tion of SMAD2/3, thereby allowing TGF-61 to exert its 
negative effects on a cancer cell that would have other- 
wise been resistant to TGF-81-mediated growth inhibition 
(Boyer Arnold and Korc, 2005). Human pancreatic intraep- 
ithelial neoplasias (PanINs) are highly proliferative, with 
activated signalling pathways normally quiescent in ductal 
epithelium. At low frequency, these lesions also progressed 
spontaneously to invasive and metastatic adenocarcinomas, 
establishing PanINs as definitive precursors to the invasive 
disease. K-Ras(G12D) cooperate to promote chromosomal 
instability and widely metastatic pancreatic ductal adenocar- 
cinoma in mice (Hingorani et al., 2005). M utations in tumour 
suppressors (most frequently p16/"*4« and p53) appear to 
occur at a second step in advanced intraductal lesions, 
although loss of p16/"**4 function in mice does not increase 
the susceptibility to pancreas cancer (Sharpless et al., 2001; 
Serrano et al., 1996). 


Gastric Cancer 


Genetic changes in the TGF -£ type II receptor gene itself or 
altered expression of its mRNA in human gastric cancer cells 
(Park et al., 1994) and aberrant methylation of CpG islands 
in the 5’ region of the TRI (Kang etal., 1999) have been 
reported, which suggest that aberrant expression of TGF-8 
receptors is one possible mechanism by which gastric cancer 
cells escape from growth control by TGF-6. A series of stud- 
ies demonstrated that loss of SMAD3 (Han et al., 2004) or 
SMAD4 (Kim etal., 2005) expression increases susceptibil- 
ity to tumourigenicity in human gastric cancer. Indeed, it has 
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been reported that 60% of human gastric cancer specimens do 
not significantly express RUNX 3 owing to hemizygous dele- 
tion and hypermethylation of the RUNX3 promoter region (Li 
et al., 2002). Since silencing of RUNX 3 affects the expres- 
sion of important genes involved in aspects of metastasis, 
including cell adhesion, proliferation, apoptosis, and pro- 
moting the peritoneal metastasis of gastric cancer (Sakakura 
et al., 2005), loss of RUNX 3 function is causally linked to 
the initiation and progression of human gastric cancer. 


Colon Cancer 


Compelling clinical and experimental evidence defines loss 
of TGF- growth control as a critical event in colorec- 
tal tumourigenesis (M assague etal., 2000; de Caestecker 
et al., 2000; Wong and Lai, 2001; Rooke and Crosier, 2001). 
Indeed, analysis of a series of human colon cancer cell 
lines revealed that a large number (75%) lost responsive- 
ness to TGF-6 antigrowth effects (Grady et al., 1999). The 
primary target of signalling pathway inactivation in human 
cancer involves mutational inactivation of TARII receptor. 
Extremely high rates of MSI in the TARII gene has been 
detected in colon cancer specimens and this leads to TRII 
inactivation in both alleles in approximately 90% of cases 
(M arkowitz et al., 1995; Parsons et al., 1995). The functional 
consequences of this T BRII instability in colon cancer devel- 
opment can be appreciated by the fact that TGF-8 respon- 
siveness in human colon cancer cells can be restored by the 
expression of a wild-type T BRII receptor (Wang et al., 1995). 
Approximately 25% of colon cancers have lost or function- 
ally inactivated SMAD4 (Thiagalingam etal., 1996). The 
SMAD2 gene is located in the chromosome 18q21 region, 
along with the gene for DCC, a region with a high rate of 
LOH and chromosomal deletions in both pancreatic and col- 
orectal cancers. SM A D2 is inactivated in only 5- 10% of all 
colon cancers analysed (Eppert etal., 1996; Riggins et al., 
1996). Generation of knockout mice with homozygous dele- 
tion of Smads 2, 4, or 5 resulted in embryonic lethality and 
thus these animals have not been useful for studying colorec- 
tal tumourigenesis (Takaku et al., 1998; Heyer et al., 1999). 
Experimental evidence indicates that oncogenic activation of 
ras is associated with induction of TGF-£ resistance in colon 
cancer cells primarily by blocking nuclear translocation of 
Smads 2/3 (Kretzschmar et al., 1999). 


Ovarian Cancer 


More than 75% of ovarian carcinomas are resistant to TGF- 
B, and have a molecular signalling dysfunction that correlates 
with tumour recurrence (Hu etal., 2000; Yamada etal., 
1999). Alterations in TRII have been identified in 25% of 
ovarian carcinomas (Lynch et al., 1998), whereas mutations 
in TARI were reported in 33% of such cancers (Chen et al., 
2001). Loss of T RI and TRII leads to disruption of TGF-B 
signalling pathways and subsequent loss of cell cycle control; 
however, these alterations only account for a minority of 
TGF-£-resistant ovarian carcinomas, implying that additional 
changes in TGF-£ signalling effectors may be involved in 


the pathogenesis of this type of cancer. For example, K M 23, 
which interacts with the TGF-8 receptor complex, is altered 
at a high frequency in human ovarian cancer patients (Ding 
et al., 2005). 


Prostate Cancer 


The paradoxical role of TGF-6 in the regulation of malig- 
nant prostate growth can be attributed to a change in the 
expression of TGF-6 receptors and the response of the host 
to TGF-8. Normal prostate epithelial cells express relatively 
high levels of the ligand TGF-£ (Perry etal., 1997a). Sig- 
nificantly enough, TGF-81 overexpression is reported in 
human prostate cancer, resulting in elevated levels of both 
urinary TGF-81 and plasma TGF-£ (Perry etal., 1997b). 
Recent immunohistochemical analysis of human prostate 
specimens revealed that SMAD4 protein expression in high- 
grade prostate intraepithelial neoplasia (HGPIN) and prostate 
adenocarcinoma correlated with TARII protein loss among 
the prostate epithelial cells (Zeng et al., 2004), pointing to a 
potential deregulation/loss of these TGF-61 signalling effec- 
tors occurring in the early stages of prostate tumour progres- 
sion. While prostate cancer cells exhibit increased TGF-£ 
(ligand) expression, significant downregulation or loss of 
expression of TERI and TRII receptors was observed 
at both the mRNA and protein levels in human prostate 
tumours (Guo etal., 1997), an event that correlates with 
increasing Gleason grade (Kim et al., 1998). It is becoming 
clearly evident that this TGF-6 receptor loss can “license” 
the abrogation of the growth inhibitory/apoptosis inducing 
effects of TGF-£ signalling in human prostate tumourige- 
nesis despite the abundance of the ligand. Recent exper- 
imental evidence makes a convincing case in support of 
such a concept. In vitro and in vivo studies documented 
that restoration of TRII expression in the TGF-f-resistant 
human prostate cancer cells LNCaP suppresses the in vivo 
growth of prostate cancer xenografts via induction of apop- 
tosis (mediated by caspase-1 activation) and inhibition of 
cell cycle progression (by upregulation of the cell cycle 
inhibitor p27*/?!) (Guo and Kyprianou, 1999). These stud- 
ies demonstrated that genetically mediated overexpression 
of TARII in human prostate cancer cells LNCaP (androgen 
sensitive) restored their apoptotic response to TGF-f, ulti- 
mately resulting in tumour suppression (Guo and K yprianou, 
1998). The biological “twist” that emerged from these studies 
was that androgens dihydrotestosterone (DHT) at physio- 
logically relevant levels can actually enhance the apoptotic 
effect of TGF-81 in these prostate tumour epithelial cells 
(Bruckheimer and Kyprianou, 2001), while Bcl-2 over- 
expression severely antagonizes this apoptosis induction 
(Bruckheimer and Kyprianou, 2002). Several experimental 
and clinical studies documented that although human prostate 
cancer cell lines exhibit partial loss of their ability to secrete 
and activate TGF-8, androgen-sensitive prostate cancer cells 
can compensate for this loss within the context of apopto- 
sis regulation by hormonal “adjustment” (Blanchere et al., 
2002). In the normal and malignant prostate, androgens neg- 
atively regulate TGF-81 ligand (K yprianou and Isaacs, 1988; 
Zatelli etal., 2000) and TGF-8 receptors (Kyprianou and 


10 THE MOLECULAR AND CELLULAR BASIS OF CANCER 


Isaacs, 1988; Wikstrom etal., 1999), as well as SMAD 
expression and activation (Brodin et al., 1999). Furthermore, 
one has to also consider the complexity of this functional 
interaction, as an array of other factors such as p21*45 (Wang 
etal., 2001; Khanna, 2004), Bcl-2 (Lanvin etal., 2003), 
E-box (Stopa et al., 2000) also emerge as key players inti- 
mately involved in TGF-£ signal transduction. 


Therapeutic Targeting of TGF-8 Signalling 


TGF-6 overexpression becomes a characteristic hallmark of 
deregulation of cellular dynamics in many human malignan- 
cies. This is due to the pivotal role of TGF-8 in the key 
mechanisms regulating growth, apoptosis, immune responses 
extracellular matrix (ECM) formation and degradation, and 
cell motility in a number of target cells that become dysfunc- 
tional during tumour initiation and progression. Therefore, 
by virtue of the central regulatory role played by TGF-8 
in coordinating cell growth and apoptosis during normal 
homeostasis, an imbalance in the production of and/or the 
response to TGF- results in growth perturbation that con- 
tributes to tumour development and progression. Dissect- 
ing the functional involvement of TGF-6 signalling as a 
major contributor to prostate cancer development and pro- 
gression, increased expression of TGF-8 (ligand) is found 
in patients with advanced prostate cancer (Ivanovic et al., 
1995) and this elevated TGF-£ is potentially involved in 
promoting tumour suppression, primarily through paracrine 
effects on stromal elements such as increased angiogenesis 
and decreased immune surveillance. TGF-8 may have direct 
tumour-promoting properties on the epithelium in advanced 
tumours through induction of the epithelial to mesenchy- 
mal transition, ECM modulation, and alterations in adhesion 
molecules. Compelling support for this concept stems from 
tumourigenesis studies documenting that stroma promotes 
prostate tumourigenic growth and angiogenesis via targeting 
TGF-£ effectors. Thus expression of the connective tissue 
growth factor (CTGF), a key TGF-£ signalling mediator 
in tumour reactive stroma (Yang et al., 2005), decreased 8- 
catenin signalling in the early stages (J oesting et al., 2005), 
and TGF-8 mediated increased caveolin-1 secretion into 
the microenvironment inhibiting prostate cancer cell apop- 
tosis during perineural invasion (Ayala et al., 2006). TGF-8 
signalling therefore takes a leading role in regulating tumour- 
stroma interactions and consequently the prostate microenvi- 
ronment. 

Biological activities of TGF-8 other than those directed 
at cell growth (such as invasion and migration) and dic- 
tated by SMAD-independent effectors could provide a selec- 
tive advantage to the transformed prostatic epithelial cells 
towards a highly aggressive phenotype with metastastic abil- 
ity, by promoting cell motility, ECM modulation. Recent 
evidence suggests that loss of Phosphatase and Tensin H omo- 
logue Deleted on Chromosome Ten (PTEN) in human can- 
cers may functionally contribute to a role for TGF-61 as a 
tumour enhancer with specific effects on cell motility and 
migration (Hjelmeland et al., 2005). Since the Pten-prostate 


specific knockout mouse model mimics human prostate can- 
cer initiation and progression, from hyperplasia to HGPIN 
and to invasive carcinoma followed by metastasis, it might 
enable the profiling of TGF-61 signalling during tumour pro- 
gression (Wang et al., 2003). The significance of the tumour 
microenvironment in the context of loss of TGF-81 respon- 
siveness is strongly evident from the profound impact of 
stroma on tumourigenesis of adjacent epithelial cells. In vivo 
studies have shown that conditional inactivation of the TARI| 
gene in fibroblasts result in prostate intraepithelial neoplasia 
(Bhowmick etal., 2004). Integrins may not only regulate 
TGF-£1 activation but may also cooperate with TGF-£1 to 
promote cellular responses in the tumour microenvironment 
by regulating stroma and ECM remodelling towards cell 
survival (Tuxhorn et al., 2002). Moreover, there is intrigu- 
ing evidence to suggest that prostate cancer cells exhibiting 
upregulation of TGF-£8 ligand and downregulation of their 
transmembrane receptors can locally inhibit immune surveil- 
lance of prostate tumour growth (Lee et al., 1999). 

The role of TGF-£ in maintaining normal tissue homeosta- 
sis and its dual double-edged-sword action in the process 
of human tumourigenesis present unique molecular chal- 
lenges that must be considered in preclinical and clinical 
drug development programmes (Yingling et al., 2004). At 
present, several therapeutic modalities are being pursued for 
the treatment of human cancer by targeting TGF- signalling, 
including the use of antisense oligonucleotides for TGF-£, 
TGF-£ antibodies, dominant-negative T BRI|, and small drug 
molecules to inhibit T BRI kinase activity, which have exhib- 
ited promise in preclinical studies (K asukabe et al., 2005; 
lyer et al., 2005). Targeting angiogenesis has become one of 
the most exciting therapeutic avenues towards the develop- 
ment of effective anticancer drugs. While the experimen- 
tal preclinical experience so far points to pharmacologic 
exploitation of several angiogenesis inhibitors leading to 
remarkable antitumour effects in animal models, the clini- 
cal trials revealed somewhat uncertain results (Cao, 2004). 
The therapeutic potential of modulating TGF-£ signalling in 
the immune system has been demonstrated via the transgenic 
expression of a dominant-negative TRII receptor specif- 
ically in T cells that led to eradication of thymoma and 
melanoma cell growth in animals carrying the transgene 
(Gorelik and Flavell, 2001). 


SUMMARY 


The TGF-6 superfamily is a versatile and yet exclusive 
“members-only” clan with leading members regulating pro- 
liferation, growth arrest, differentiation, and apoptosis of 
stromal and epithelial cells, as well as the formation of 
osteoblastic metastases. TGF-8-mediated action in target 
cells follows a complex signalling pathway from binding 
and phosphorylation of TARII receptor to the TARI kinase 
to Smad activation, resulting in ligand-induced transcription. 
The “double-agent” action of TGF-£ signalling, that is, serv- 
ing a role as an indirect tumour suppressor in the normal and 
early premalignant stages of tumour initiation, while acting as 
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a tumour promoter in late stages of carcinogenesis, depends 
not only on the functional integrity of the intracellular sig- 
nalling effectors but also on the tumour microenvironment 
and tissue cell-cell interactions. The tremendous biological 
appeal of the double action of this multifunctional growth 
factor merits exploration. The alternate targeting of intracel- 
lular effectors in the signal transduction mechanisms may 
be thwarted by crosstalk between signalling pathways (e.g., 
the SMADs in a dynamic interplay with the androgen recep- 
tor). Whether these complex interactions are beneficial or 
detrimental to the therapeutic value of TGF-6 signalling 
antagonists and their clinical application in cancer patients 
will depend on the molecular mechanism of action of the 
inhibitor, its cell-type selectivity profile, the sensitivity of 
normal tissues to TGF-£ inhibitory effects, and the disease 
stage and context in which the inhibitor is used. The central 
challenge for this decade is to identify the key molecular 
events and characterize the cellular dynamics of the tumour 
microenvironment responsible for converting TGF-£1 action 
from tumour suppressive to oncogenic during cancer pro- 
gression. 
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INTRODUCTION 


The response to cellular damage is complex, involving the 
recognition and repair of the lesions in DNA to minimize the 
risk of genetic instability. Therefore, mutations or alterations 
of protein expression involved in this process predispose 
to genome instability, cancer, and other pathologies (K ops 
et al., 2005). A central player in protecting the integrity of 
the genome is P53. The importance of the role of P53 is 
exemplified by the fact that its activity is ubiquitously lost 
in cancer, either by its protein inactivation or gene mutation. 
Approximately 50% of human tumours express mutant P53 
(Oren, 2003). 

P53 protein is expressed at low levels under unperturbed 
conditions. However, the P53 pathway is activated by any 
cellular stresses that alter the normal cell cycle progression 
or can induce mutations of the genome leading to the 
transformation of a cell into a cancerous cell. Activated 
P53 protein stops the cell cycle or, in many cases, switches 
“on” the programmed cell death pathways (apoptosis) forcing 
the damaged cells to commit suicide. Therefore, the P53 
protein prevents the multiplication of stressed cells that 
are more likely than undamaged cells to contain mutations 
and exhibit abnormal cellular growth. Hence, P53 protein 
is the guardian of the genome preventing cancer formation 
(Vogelstein et al., 2000). 


UPSTREAM SIGNALLING TO P53 


Because of its deadly function, P53 activity must be 
tightly regulated. In the absence of cellular stress, P53 is 
a short-lived protein because of its rapid degradation by 
the proteasome. One of the best-described mechanisms to 
maintain P53 inactivated is the ubiquitin-dependent degra- 
dation of P53 protein, which is mediated by MDM2, a 
dual NEDD8/ubiquitin ligase (H onda et al., 1997; Xirodimas 
et al., 2004). In response to cellular stresses, a series of 
post-translational modifications affect both P53 and MDM 2, 
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facilitating the dissociation of the MDM 2- P53 complex and 
leading to P53 activation. In addition to MDM2, a vari- 
ety of other proteins impact constitutively upon the stability 
of P53, when cells are exposed to different stresses. These 
include protein kinases, proteins that modify P53 in other 
ways (ubiquitination, sumoylation, acetylation, methylation, 
neddylation, etc.), proteins that affect the subcellular local- 
ization of P53, and proteins that influence the P53-M DM2 
interaction. Some of these are illustrated in the schematic 
and their specific effect on P53 is indicated (Figure 1) (for 
review, see Lavin and Gueven, 2006). 


P53, A TRANSCRIPTION FACTOR 


The mechanisms by which P53 accomplishes all its biologi- 
cal functions are still not completely understood. However, in 
the last decade, it has been shown that P53 is a transcription 
factor that binds specifically as a tetramer to sequences of 
DNA (El-Deiry et al., 1992; Funk et al., 1992). On the basis 
of the alignments of the functional P53 responsive elements 
(P53RE) (Bourdon et al., 1997; Bourdon, unpublished data), 
90% of the P53RE are composed of at least three repeats 
of the DNA sequence RRRCWWGYYY (where R =G or 
A, W =A or T, and Y =C or T) separated by 0-13 bp. 
P53 activates expression of the genes containing such P53RE 
in their intron or promoter. The ability of P53 to modu- 
late gene expression is required for its tumour-suppressor 
activity. Therefore, identification of the transcriptional tar- 
gets of P53 is critical in discerning the pathways by which 
P53 affects global cellular outcomes such as growth arrest 
and cell death. Identification of the cyclin-dependent kinase 
(CDK) inhibitor WAF as a P53-responsive gene helps explain 
how P53 can induce cell cycle arrest (El-Deiry et al., 1993; 
Harper et al., 1993). Recently, several p53-inducible genes 
that encode for proteins with apoptotic potential have been 
identified. The p53-inducible proapoptotic genes are involved 
in several death pathways (Figure 2): the death-receptor path- 
way (CD95/Fas, TNF, TRAIL, PIDD), the mitochondrial 
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Figure 1 Post-translational modification of human P53 protein. The amino acids that are modified by phosphorylation, acetylation, methylation, sumoylation, 
ubiquitylation, neddylation, and proline isomerization are indicated on the schematic representation of P53. Where modification occurs at the same or adjacent 
sites this is shown, for example, at K 381 and K 382, methylation and acetylation occur. Ubiquitylation also occurs at these sites, which is shown under the 
P53 schematic. The transactivation (TAD1 and TAD2), proline, DNA binding, and oligomerization domains of P53 are outlined. 








Death receptor 
(FAS, TRAIL family) 










Mitochondria (2) 
(1) 


Effector caspases 






Endoplasmic 
reticulum Cell death 


Figure 2 Schematic representation of the different apoptotic pathways controlled by p53. In response to cellular stress, p53 transactivates proapoptotic 
genes activating (1) the death-receptor pathway (PIDD, CD95, TRAIL, Bid); (2) the mitochondrial pathway (Bax, Noxa, Puma, p53AIP1, Apaf-1); and 
(3) the endoplasmic reticulum pathway (Scotin). All the different pathways converge at a common downstream pathway (4), where caspase 6 is directly 
transactivated by p53, thus modulating the sensitivity of the cell to die. Finally, p53 can also repress the transcription of relevant prosurvival genes (5), 
as shown for Bcl2. The activity of p53 is controlled in different ways depending on the cell context: post-translational modifications (phosphorylation, 
sumoylation, acetylation), cofactors (ASPP, JMY, CBP), and inhibitors (MDM 2, iA SPP). 


pathway (Bax, Noxa, Puma, p53AIP, Bid), and the recently members. The regulation of such activity of endogenous p53 
described ER-stress pathway (Scotin) (Bourdon et al., 2002; in response to stress remains largely unknown. 

Lin etal., 2000; Miyashita and Reed, 1995; Muller etal., 

1998; Munsch et al., 2000; Nakano and Vousden, 2001; Oda 

et al., 2000a; Oda etal., 2000b; Yu etal., 2001). How- P53 DECIDES BETWEEN LIFE AND DEATH 
ever, the tumour suppressor p53 can trigger cell death 

independently of its transcriptional activity through subcellu- Activated P53 can induce cell cycle arrest and apoptosis, 
lar translocation and activation of proapoptotic Bcl2 family but here again we face an open question: what determines 
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whether cells stop proliferating or die? The capability of P53 
to choose between life and death could be due to its ability 
to bind and preferentially transactivate particular subsets 
of genes. For example, some tumour-derived P53 mutants 
can transactivate the promoter of the CDK inhibitor p21 as 
efficiently as wt P53, but cannot transactivate the promoter 
of the proapoptotic gene BAX (Friedlander etal., 1996; 
Ludwig etal., 1996). Reciprocally, the p53 mutant 121F 
can transactivate the proapoptotic gene Bax as efficiently 
as wt p53, but cannot transactivate the p21 promoter (Saller 
et al., 1999). 

Regulators of P53 transcriptional activity can also play 
a role in the choice between life and death. For example, 
ASPP has been shown to enhance the DNA binding and 
the transcriptional activity of P53 on the promoters of 
proapoptotic genes in vivo. Interestingly, the expression of 
ASPP is frequently downregulated in human breast cancer 
expressing wild type but not mutant P53 (Samuels-L ev 
etal., 2001). An inhibitor of ASPP has been identified, 
namely, iASPP. Both human iASPP and its homologue in 
Caenorhabditis elegans, Ce-iAspp, can inhibit P53-mediated 
apoptosis. Therefore, iASPP is the most phylogenetically 
conserved inhibitor of P53 identified so far. This suggests 
that iASPP plays a critical role in inhibiting P53 and 
carcinogenesis (Bergamaschi et al., 2003). 

Different levels of P53 could trigger different responses, 
depending on the high or low affinity of the responsive 
promoters. With reference to cell context, different cell 
types expressing different cofactors would have different 
responses. Blockage of the apoptotic pathway downstream of 
P53 by upregulation of anti-apoptotic genes can also deter- 
mine cell fate and different post-translational modifications 
of P53 would determine the promoter specificity and there- 
fore the pathway that is activated. Additionally, proapoptotic 
proteins often require specific stimuli in order to trigger 
the apoptotic pathways (i.e, binding of Fas ligand to FAS, 
binding of TRAIL to DR5, phosphorylation of Bax for the 
translocation from the cytoplasm to the mitochondria, etc.), 
suggesting therefore that additional intracellular and extra- 
cellular signals represent another level of control over cell 
fate. According to this model, P53 would be required to pro- 
vide the proapoptotic protein network, while cell signalling 
would be necessary to provide the adequate stimuli to fire 
the apoptotic cascade network. Thus, the interdependence 
between the cell signalling (cell context) and P53 may pro- 
tect the cell from inappropriate induction of cell death in 
response to cellular damage, in order to trigger apoptosis 
only when death is the last resort. 


P53, A FAMILY AFFAIR 


Two P53-related genes, P63 and P 73, were identified in 1997 
(Yang etal., 1998; K aghad et al., 1997). The high level of 
sequence similarity between P63, P73, and P53 proteins, par- 
ticularly in the DNA binding domain, allows P63 and P73 to 
transactivate P53-responsive genes causing cell cycle arrest 
and apoptosis. Therefore, P63, P73, and P53 genes form a 


family of transcription factors. However, they are not entirely 
redundant functionally and the primary role of each p53 fam- 
ily member - as determined by transgenetic knockout mice - 
illustrates that each protein has its own unique functions. We 
have recently reported that the p53 gene family has a dual 
gene structure conserved in Drosophila, zebrafish, and man 
(Chen et al., 2005; Bourdon et al., 2005). Like most of the 
genes in the human genome (Stamm et al., 2005), P53 gene 
family members express multiple mRNA variants because 
of multiple splicing and alternative promoters. Hence, P53 
gene family members express different forms of P53 protein 
containing different domains of the protein (isoforms). 


P63 


The human P63 gene is composed of 15 exons, spanning 
over 270000 bp on chromosome 3q27 (GenBank accession 
number: AC078809 (exon 1), AC117486, and AC063939) 
(for review, see McK eon, 2004). The discovery of an inter- 
nal promoter within the P53 family was first made with 
P63 (Yang etal., 1998). Both human and mouse P63 
genes express three alternatively spliced C-terminal iso- 
forms (a, 6B, y) and can be transcribed from an alternative 
promoter located in the intron 3 (Figure 3a). The trans- 
activating isoforms (TAP63) are generated by the activity 
of the promoter upstream of exon 1, whereas the alter- 
native promoter in intron 3 leads to the expression of 
amino-terminally truncated isoforms (ANP63). Altogether, 
the P63 gene expresses at least six MRNA variants, which 
encode for six different P63 protein isoforms (TAP63a, 
TAP636, TAP63y, ANP63a, ANP638, and ANP63y) 
(Figure 3b). 

Like P53, the TAP63 isoforms are able to bind to DNA 
through P53RE and activate transcription of target genes 
involved in cell cycle arrest and apoptosis. Recent studies 
indicate that P63 proteins can bind DNA through the 
response element P63RE, which is slightly different from 
P53RE, conferring responsiveness to P63 but not to P53 
proteins (Osada et al., 2005; Sasaki et al., 2005). The ANP63 
isoforms can bind DNA through P53RE and can exert 
dominant-negative effects over P53, P73, and P63 activities 
either by competing for DNA binding sites or by direct 
protein interaction (for review, see Benard etal., 2003). 
AN P63 isoforms were also shown to directly activate specific 
gene targets not induced by TA isoforms (Dohn et al., 2001; 
Wu et al., 2003). 

Owing to the lack of specific P63 isoform antibodies, there 
have been limited data concerning the expression patterns of 
the P63 isoform. ANP63 isoforms are abundantly expressed 
in the progenitor cell layers of skin, breast, and prostate, 
whereas TAP63 proteins are barely detectable, indicating a 
switch in expression of P63 isoforms during normal cellular 
differentiation (for review, see M cK eon, 2004). In squamous 
carcinomas, ANP63 is the main isoform expressed, and it 
was thought to play an important role in keeping the cells in 
a stem-cell-like state continually allowing proliferation and 
thus promoting tumour growth. 
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Figure 3 Human P63. (a) Schema of the human P63 gene structure: Alternative splicing (a, 6, y) and alternative promoters (P1 and P2) are indicated. 
(b) P63 protein isoforms: TA P63 proteins encoded from promoter P1 contain the conserved N-terminal domain (FxxywW) of transactivation (TA). AN P63 
proteins encoded from promoter P2 are amino-truncated proteins containing an N-terminal domain that is different from TA P63 proteins. Numbers indicate 


the exons encoding P63 protein isoforms. 


P63 AND CANCER 


The role of P63 in cancer is still unclear (for review, 
see Mills, 2006). Knockout p63 mice have shown that 
p63 is essential for epidermal morphogenesis and limb 
development. p63-null animals do not survive beyond a few 
days after birth, show craniofacial malformations and limb 
truncations, and fail to develop skin and other epithelial 
tissues (Mills et al., 1999; Yang et al., 1998). Although less 
severe than the phenotype observed with the knockout mice, 
germ-line mutations of P63 are found in humans (Celli et al., 
1999) and cause similar craniofacial and limb malformation 
(for review, see Mills, 2006). 

Some p63*/— mice are cancer prone (Flores et al., 2005), 
whereas other genetic background p63+/~ mice show prema- 
ture ageing but no cancer (K eyes et al., 2005). In humans, the 
P63 gene can frequently be amplified in squamous cells in 
lung (Massion et al., 2003) and cervical carcinomas (Wang 
etal., 2001). TAP63 proteins are expressed in the nuclei 
of a subpopulation of lymphoid cells and in most malig- 
nant lymphomas, whereas AN P63 proteins are not expressed 
(Nylander et al., 2002; Pruneri et al., 2005). 


P73 


The human P73 gene is composed of 15 exons spanning 
over 80000 bp on chromosome 1p36.3 (GenBank accession 


number: AL 136528). The P73 gene expresses at least seven 
alternatively spliced C-terminal isoforms (a, B, y, ô, £, ¢, n) 
(for review, see Melino et al., 2003; Moll and Slade, 2004) 
and at least four alternatively spliced N-terminal isoforms 
initiated at different ATGs (Stiewe et al., 2002). Like P63, 
the P73 gene can be transcribed from an alternative promoter 
located in the intron 3 (Figure 4a). TAP73 isoforms are 
generated by the activity of the promoter upstream of 
exon 1, whereas the alternative promoter in intron 3 leads 
to the expression of amino-terminally truncated isoforms, 
ANP73. Altogether, the P73 gene expresses at least 35 
mRNA variants, which theoretically can encode 29 different 
P73 protein isoforms (Figure 4b). So far, 14 different P73 
protein isoforms have been described. In contrast to P63, 
P73 isoforms can be initiated from different ATG and contain 
different parts of the N-terminal domain, suggesting that they 
can have distinct protein interactions and specific activities 
(Figure 4b). It should be noted that the total number of P73 
isoforms is probably not definitive because all alternative 
splicing combinations have not been explored. 

The TAP73 isoforms are able to bind specifically to DNA 
through P53RE and activate transcription of target genes. 
Like P53, such activation can induce cell cycle arrest or 
apoptosis. The AN isoforms bind DNA through P53RE and 
can exert dominant-negative effects over P53, P73, and P63 
activities (for review, see Benard et al., 2003; Melino et al., 
2003). ANP 73 isoforms were also shown to directly activate 
specific gene targets not induced by TA isoforms (Liu et al., 
2004). Recent studies indicate that P73 proteins can bind 
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Figure 4 Human P73. (a) Schema of the human P73 gene structure: Alternative splicing (a, B, y, ¢, 5, e, n) and alternative promoters (P1 and P2) 
are indicated. (b) P73 protein isoforms: TA P73 proteins encoded from promoter P1 contain the conserved N-terminal domain (FxxwW) of transactivation 
(TA). ex2P73 proteins are due to alternative splicing of exon 2. They have lost the conserved N-terminal domain (FxxwW) of transactivation (TA) but 
still contain part of the transactivation domain (exon 3). ex2/3P73 proteins are due to alternative splicing of exons 2 and 3. They have entirely lost the 
transactivation domain and are initiated from exon 4. To our knowledge, the protein encoded by AN’P73 mRNA has not been described. AN’P 73 variant 
is often overexpressed at the mRNA level in tumours. AN’P73 is due to alternative splicing of exon 3’ contained in intron 3. Theoretically, AN’P 73 
mRNA would encode either for a short P73 protein or P73 protein isoforms identical to ANP73. AN’P73 mRNA contains the normal initiation site of 
translation in exon 2 (ATG in perfect K ozak sequence) and a stop codon in exon 3’. Therefore, it could encode for a short P73 protein composed only of the 
transactivation domain (FxxwW). It is possible that translation of AN’P73 mRNA is initiated from the third ATG available present in exon 3’ and leading 
to P73 protein identical to ANP73 protein isoforms. ANP73 proteins encoded from promoter P2 are amino-truncated proteins containing an N-terminal 
domain that is different from TA P73 proteins. Numbers indicate the exons encoding P73 protein isoforms. 
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DNA through a response element slightly different from 
P53RE, conferring responsiveness to P73 but not to P53 
proteins (Sasaki et al., 2005). 


BIOLOGICAL ACTIVITIES OF THE P73 ISOFORMS 


Like P63, there is limited data concerning the expression 
patterns of individual P73 proteins, because of a lack of 
antibodies that distinguish between the different isoforms. 
The P73 gene is expressed in all normal tissues studied to 
date, although expression is at very low levels. 

The p73 variants have been shown in mouse and cell 
culture studies to have distinct roles. Rather strikingly, the 
predominant form of p73 in the developing mouse brain 
is in fact ANp73 and not the TA proteins (Pozniak et al., 
2000). The ANp73 isoforms are highly expressed in the 
developing mouse brain. During the normal “sculpting” of 
the developing mouse neuronal system, ANp73 isoforms 
are needed to counteract p53-mediated neuronal death. The 
removal of nerve growth factor (NGF) leads to both an 
induction of p53-mediated cell death and a decrease of 
ANp73. Although the AN isoforms are generally thought to 
be dominant negative in their activity, AN p738 and ANp73y 
have in fact been found to be active in transactivation and 
growth suppression in cell culture models, whereas AN p73a 
is not (Liu et al., 2004). 

The C-terminally spliced p73 variants have also been 
found to have different transcriptional activity (De Laurenzi 
et al., 1998). The expression of certain C-terminal vari- 
ants as opposed to others has been correlated with normal 
myeloid differentiation. p73a@ and p736 are linked with nor- 
mal myeloid differentiation, whereas p73y, p738, p73e, and 
p730 are linked with leukaemic blasts, with p73e being spe- 
cific for leukaemic blast cells (Tschan etal., 2000). Mice 
that were functionally deficient for all p73 isoforms exhibited 
profound defects, including hippocampal dysgenesis, hydro- 
cephalus, chronic infections, and inflammation, as well as 
abnormalities in pheromone sensory pathways; however, they 
did not show any increased susceptibility to cancer (Yang 
et al., 2000). The p73-deficient male mice do not reproduce 
because of a lack of interest in sexually mature females. No 
structural abnormalities in the reproductive organs of either 
male or female p73~/~ mice were observed. 

Unlike P63, no human genetic disorders have been asso- 
ciated as yet with germ-line mutation of the P73 gene. 


P73 AND CANCER 


The P73 gene, though rarely mutated, does show a significant 
incidence of loss of heterozygosity in a number of different 
cancers. P73 isoform is differentially expressed in a number 
of tumours, including those in the bladder, breast, and lung, 
neuroblastoma, and hepatocellular carcinoma, compared to 
the tissue of origin (for review, see M elino et al., 2003; M oll 
and Slade, 2004). However, reverse transcriptase-polymerase 


chain reaction (RT-PCR) was carried out in most of these 
studies, so the levels of P73 protein and its isoforms were 
not assessed. As with P63, the N-terminally truncated P73 
proteins - ANP73, ex2P73, and ex2/3P73, all of which have 
anti-apoptotic functions - have been found to be upregulated 
in many cancers. Moreover, the ex2P73 appears to be a 
cancer-specific isoform given that it is not expressed in 
normal tissues, but has been found in ovarian, vulval, and 
neuroblastoma cancers (Concin etal., 2004; Fillippovich 
et al., 2001). The overexpression of ANP73 has been shown 
to be a poor prognostic marker in patients suffering from 
neuroblastoma. In a study of 52 patients, those who were 
ANP73 negative had an overall survival rate of ~80%, 
compared to the ANP73-positive patients, all of whom died. 
This suggests that ANP73 function is important for tumour 
survival, possibly by inhibiting the apoptotic activities of P53 
and TAP73 (Casciano et al., 2002). 


P53 ISOFORMS 


The human P53 gene is composed of 19200 bp, span- 
ning over 11 exons (GenBank accession number: NT 910718) 
on chromosome 17p13.1. Until recently, our understanding 
of the P53 gene structure was simple. Only one promoter 
and three mRNA splice variants were described for P53, 
which would encode full-length P53 (FLp53), P53i9 (Fla- 
man et al., 1996; Chow etal., 1993), and A40P53 (Ghosh 
etal., 2004; Yin etal., 2002), respectively. However, this 
human P53 gene structure is not consistent with our cur- 
rent understanding of the evolution of the p53 gene family. 
Mammalian genomes contain three members of the p53 
family, whereas only one member has been identified in 
invertebrates, suggesting that the mammalian p53 family 
members are derived from the triplication of one ancestral 
gene. Because the p53 gene was discovered several years 
before PCR and modern molecular biology technologies, 
we revisited P53 gene expression in normal human tissue 
using the novel method of Generacer PCR (Bourdon et al., 
2005). We then established that the human P53 gene has 
indeed a dual gene structure similar to the P73 and P63 
genes (Figure 5a). We showed that P53 gene transcription 
can be initiated in normal human tissue from two distinct 
sites upstream of exon 1 and from an internal promoter 
located in intron 4. The alternative promoter leads to the 
expression of an amino-terminally truncated P53 protein 
initiated at codon 133 (A133P53). The intron 9 can be 
alternatively spliced to produce three isoforms P53, P538 
(identical to P53i9), and P53y, where the P538 and P53y 
isoforms lack the oligomerization domain. Therefore, the 
human P53 gene can encode at least nine different P53 
protein isoforms, which we named according to P63/P73 
nomenclature as P53, P538, P53y, A133P53, A133P53£, 
and A133P53y, because of alternative splicing of the intron 
9 and usage of the alternative promoter in intron 4 and 
as A40P53, A40P536, and A40P53y, because of alterna- 
tive splicing of the intron 9 and alternative initiation of 
translation or alternative splicing of the intron 2 (Ghosh 


P53 FAMILY PATHWAY IN CANCER 7 


etal., 2004) (Figure 5b). P53 variant mRNA is expressed 
in several normal human tissues in a tissue-dependent man- 
ner, suggesting that the internal promoter and the alternative 
splicing of P53 can be regulated. Interestingly, the dual gene 
structure of the p53 gene is conserved in Drosophila (B our- 
don etal., 2005), mouse (Bourdon, unpublished data), and 
zebrafish (Chen et al., 2005), but the alternative splicing is 
species specific. Because the p53 family gene structure is 
conserved through evolution, it reveals an unforeseen com- 
plex regulation that may play a major role in controlling p53 
activity. 

It has recently been reported that alternative splicing of 
the exon 7 of P53 leads to a P53 isoform deleted of 
the conserved box V in the DNA binding domain (AP53) 
(Rohaly et al., 2005). This splicing is quite remarkable as 
it is not consistent with any known rules of splicing, which 
are strictly conserved through all eukaryotes. Despite all our 
efforts, we could not detect, by PCR, the variant AP53 in 21 
normal human tissues that were analysed (brain, heart, lung, 
liver, colon, bone marrow, thymus, spleen, testis, prostate, 
uterus, skeletal muscle, stomach, kidney, placenta, foetal 


Human P53 gene structure 


brain, foetal liver, salivary gland, adrenal gland, thyroid, 
breast) or in tumours originating in different human tissues. 
Therefore, we wonder whether the AP53 isoform is really 
expressed. 

We have shown that endogenous P53 isoforms are 
expressed at the protein level but cannot be identified by 
commonly available P53 antibodies. It is only by raising 
a specific anti-P536 antibody that we demonstrated expres- 
sion of the endogenous P538 and A133P538 protein iso- 
forms. This implies that P53y, A133P53y, and A133P53 
are expressed at the protein level. Specific antibodies to these 
P53 isoforms should be available shortly. 

Importantly, like P63 or P73 isoforms, P53 isoforms can 
have distinct biochemical activities. The presence or absence 
of P538 at P53 responsive promoters is involved in the 
cellular response to P53 activation. P538 binds preferen- 
tially to the P53-responsive promoters P21 and BAX rather 
than to MDM 2, whereas P53 binds preferentially to MDM2 
and P21 rather than to BAX promoters. P538 can form 
a protein complex with P53 and can specifically enhance 
P53 transcriptional activity at the BAX promoter, whereas 
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Figure 5 Human P53. (a) Schema of the human P53 gene structure: Alternative splicing (a, 6, y) and alternative promoters (P1, P1’ and P2) are 
indicated. (b) P53 protein isoforms: P53, P538, and P53y proteins encoded from P1 or P1’ promoters contain the conserved N-terminal domain (FxxyW) 
of transactivation (TA). A133P53 isoforms encoded from promoter P2 are amino-truncated proteins deleted of the entire transactivation domain and part of 
the DNA binding domain. Translation is initiated at ATG-133. A40P53 protein isoforms encoded from P1 or P1’ promoters are amino-truncated proteins 
due to alternative splicing of exon 2 and/or alternative initiation of translation at ATG-40. A40P53 protein isoforms have lost the conserved N-terminal 
domain of transactivation (FxxwW), but still contain part of the transactivation domain. (c) P53 antibodies: P53 isoforms recognized by P53 antibodies. 
A-DO-1, DO-7, DO-2. B - 1801. C - polyclonal anti-P53 (Rabbit CM 1, sheep Ab-7), DO-12, 240. D - 421, 122. E - P538 specific antibodies (KJ C8, KJ C40) 


(Bourdon et al., 2005). 
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it has no effect on the P21 promoter. Co-transfection of 
P53 with P538 slightly increases P53-mediated apopto- 
sis, whereas co-transfection of P53 with A133P53 strongly 
inhibits P53-mediated apoptosis in a dose-dependent manner. 
This indicates that wild type P53 activity may be mod- 
ulated in the presence of these isoforms, and thus that 
regulation of P53 function in normal and tumour tissues 
in man is likely to be more complex than has been hith- 
erto appreciated. In particular, these results suggest that the 
expression of certain P53 isoforms could impair P53 func- 
tion in cells that do not harbour inactivating mutations of 
the parental P53 gene. One can wonder how P53 protein 
isoforms, which can be less abundant than full-length P53 
(FLP53), can modulate P53 biological activities. P53 pro- 
tein is subject to post-translational modifications on multiple 
sites (phosphorylation, acetylation, methylation, ubiquityla- 
tion, sumoylation, and neddylation) (for review, see Lavin 
and Gueven, 2006; Oren, 2003). Therefore, the P53 pro- 
tein is not expressed as a major unique protein but as a 
multitude of different post-translationally modified P53 pro- 
teins. Moreover, P53 binds P53 responsive elements and 
induces gene expression as a tetramer (dimer of a dimer) 
(Clore et al., 1995). A recent study showed that engineered 
N-terminally truncated P53 mutants are potent inhibitors of 
P53, because only one N-terminally truncated P53 mutant 
per P53 tetramer is sufficient to inactivate P53 transcriptional 
activity, whereas at least three DNA -binding-defective P53 
mutants per P53 tetramer are required to obtain the same 
effect (Chan et al., 2004). As a result, P53 protein isoforms 
(P538, P53y, A133P53, A133P536, A133P53y, etc.) may 
be abundant enough to interact directly or indirectly with 
specific subsets of post-translationally modified P53 to bind 
and regulate specific promoters or protein complexes. It is 
also possible that each P53 protein isoform has specific bio- 
logical activities independent of FLP53. This may explain 
how P53 can be involved in the regulation of many biologi- 
cal functions (i.e., cell cycle arrest, apoptosis, differentiation, 
replication, DNA repair, meiosis, mitosis, etc.). 


P53 ISOFORMS IN TUMOURS 


Failure of appropriate regulation of P53 isoform expression 
may have a role in the early stages of tumour formation 
because attenuation of the wt P53 response would render 
the cells more susceptible to further genetic damage and 
therefore to neoplastic transformation and tumour progres- 
sion. Tumours with abnormal p53 isoform expression would 
have a predicted phenotype of wt P53 by sequence, but com- 
promised P53 activity. Such a hypothesis is consistent with 
our RT-PCR analysis of the expression of P53 isoforms in 
30 cases of breast cancer. P538 expression is frequently 
lost and A 133P53 is frequently overexpressed in breast 
tumours, whereas only 25% of breast tumours express mutant 
P53. We also initiated a pilot study on 30 cases of acute 
myeloid leukaemia (AML) where P53 is mutated only in 
10% of the cases; we observed similar abnormal expres- 
sion of P53 isoforms in AML. This strongly suggests that 


the differential expression of P53 isoforms could disrupt the 
P53 response and contribute to tumour formation. M ore- 
over, it may provide some explanation of the difficulties in 
many clinical studies to link P53 status to the biological 
properties and drug sensitivity of human cancers, because 
P53 status is determined either by sequencing and/or by 
immunohistochemistry. 

P53 mutation analysis has to be re-evaluated in the light of 
P53 isoform expression. P53 isoforms are encoded by exons 
that are different from those that encode FLP53; mutations 
occurring upstream of codon 133 (exon 5) or downstream 
of codon 331 (exon 9), would affect some P53 isoforms but 
not others. This may lead to the loss of some P53 biologi- 
cal activities, keeping others unaffected as has already been 
observed for germ-line mutation of the P63 gene (see previ- 
ous text). It would be interesting to re-analyse P53 mutation 
in cancer and Li-Fraumeni syndrome in the light of this. 

P53 immunostaining on tumour sections should also be 
carefully interpreted, as commonly available P53 antibod- 
ies do not detect every P53 isoform and do not identify 
P53 isoforms. The mouse monoclonal antibody DO-1 recog- 
nizes P53, P538, and P53y but not the other P53 isoforms, 
whereas polyclonal P53 antibodies raised against recombi- 
nant full-length P53 protein will recognize all P53 isoforms 
(although A133P538 and A133P53y are weakly recognized 
by polyclonal antibodies as these isoforms have lost most 
immunogenic domains of P53). Only future specific P53 
isoforms antibodies will allow a clear identification of the 
P53 isoforms. Meanwhile, the RT-PCR method is the only 
alternative available to determine P53 isoform expression 
in tumours. However, this method cannot be performed 
on paraffin-embedded tumour sections as paraffin treatment 
destroys low abundant mRNA. For best results, mRNAs have 
to be extracted immediately after surgical resection or from 
tumour samples frozen in liquid nitrogen immediately after 
surgical resection, because MRNAS are rapidly degraded in 
the absence of a blood supply (half-life of 15 minutes). 


INTERPLAY BETWEEN p63/p73/p53 ISOFORMS 


Interaction between the family members and their isoforms 
may prove to be an extremely important aspect of cancer 
research. In this sense, there is evidence that the interaction 
between p53-p73- p63 can be involved in carcinogenesis. 
p53 mutants that have lost their tumour-suppressor capacity 
are significantly capable of binding and inactivating p73 
isoforms (Lang et al., 2004; Olive et al., 2004; Strano et al., 
2000). Taken together, these findings imply that mutant p53 
is not only able to disrupt the function of p53 itself but that 
it is also able to inhibit the apoptotic function of TA p73. 


INTERACTION ON PROMOTERS OF TARGET 
GENES 


The p53 protein family members interact with each other to 
induce a number of common target genes. The significance 
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of p63 and p73 binding to p53-responsive promoters, and the 
importance of each family member, is demonstrated by the 
fact that p53 cannot induce apoptosis in response to DNA 
damage, without the presence of p63 and p73 (Flores et al., 
2002). In p63/p73~/~ double null mouse embryo fibroblasts 
(MEFs), the apoptotic genes Bax, Noxa, and Perp were not 
induced in response to DNA damage, whereas p21 induction 
was normal. p53 was absent at the Bax, Noxa and Perp 
promoters when p63 and p73 were not there. However, 
p63 could still bind these promoters in the absence of 
p53, suggesting that p63 is perhaps required for p53 to be 
recruited and to function properly. Together, this illustrates 
that either p63 or p73 are vital for p53-induced apoptosis, and 
furthermore that they themselves are an important component 
of the p53 tumour-suppressor activity (Flores et al., 2005). 
p63 and p73 isoform expression should be analysed in 
parallel with p53 in tumours. 


INTERACTION ON P53, P63, P73 PROMOTERS 


The P53 family members not only induce a number of 
common target genes but they can also regulate each 
other’s expression. P53 and TA P73 can bind to the ANP73 
promoter (P2) and induce its transcription (Grob etal., 
2001). ANP73 in turn inhibits P53 and TAP73 activity by 
competing for promoter sites or directly binding the proteins. 
Thus, a negative feedback loop is created, analogous to the 
P53/M DM 2 loop. It will be interesting to determine whether 
P53/P63/P73 can bind to and regulate the internal promoter 
of P63 or P53, and whether this generates a feedback loop 
itself. Furthermore, it will be essential to ascertain under 
what circumstances these feedback loops change to favour 
the expression of one isoform over another. 

With this in mind, we may then be able to, for example, 
switch the P53 response from cell cycle arrest to apoptosis 
by altering the dynamics of the P53/P63/P73 isoforms. 

The P53/P63/P73 family members are capable of inter- 
acting in many ways that involve direct or indirect protein 
interactions, regulation of same target gene promoter, and 
regulation of each other's promoters. Although P53/P63/P 73 
proteins and their isoforms are expressed at various levels 
depending on tissue type and developmental stage, the pres- 
ence of an isoform at low levels does not necessarily mean 
it is insignificant. The P53 family members and their iso- 
forms can bind differentially to promoters and it may well 
prove that the ratio between isoforms is an important cell 
fate determinant. Further work on the interplay between the 
P53/P63/P73 proteins will be essential in understanding their 
individual and collective roles. The changes, upon stimuli, 
of the balance and interactions between the isoforms are 
likely to be fundamental to our understanding in the tran- 
sition between normal cell cycling and the onset of tumour 
formation. 

On the basis of our current understanding of the P53 
pathway, an integrated analysis of P53/P63/P73 isoform 
expressions associated with P53 sequence analysis and P53 
target gene expression (P21, BAX, Scotin, etc.) seems to be 


the best method to establish a link between P53 family genes 
and cancer treatment. 
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THE RETINOBLASTOMA TUMOUR SUPPRESSOR 


Retinoblastoma is a malignant tumour of the retina that 
afflicts mainly children, as a result of sporadic or inherited 
mutations in the retinoblastoma tumour-suppressor gene (RB) 
(Knudson, 1971). Since its original identification as the pre- 
disposing genetic lesion in human retinoblastoma (C avenee 
et al., 1983), RB gene mutations have been identified in other 
human cancers, including small cell lung carcinoma (SCLC) 
and osteosarcoma (Hansen et al., 1985; Friend et al., 1986). 
Furthermore, the indirect inhibition of the RB gene product 
(pRB) in other tumour types through mutation or activa- 
tion of upstream regulators, such as p16!N*44 and Cyclin D1 
(CCND1) led to the realization that functional inactivation 
of pRB takes place in most human cancers (Weinberg, 1995) 
(Figure 1). 

The RB gene encodes a nuclear phospho-protein of 
110-115 kD that is characterized by a hydrophobic “pocket 
domain” at its carboxy terminus through which most of its 
protein-protein interactions are mediated (Figure 2). The 
pocket domain is conserved in the two other retinoblastoma 
family members, p107 and p130, although neither p107 nor 
p130 deletion/mutation are known to predispose to human 
cancer. 

The objective of the current review is to examine the 
significance of the most recent research findings for our 
understanding of what specific functions or mechanisms 
of its activation make RB such a critical tumour suppres- 
sor. For instance, pRB plays a role in cell cycle check- 
point control (see Regulation of the Cell Cycle, Cell Cycle 
Checkpoints, and Cancer), cell survival (see Apoptosis), 
cellular senescence (see Signalling by Steroid Receptors) 
and terminal differentiation (Classon etal., 2002). Do all 
these functions contribute to its tumour-suppressor properties 
or is one activity more critical than another? Alternatively, 
is pRB a tumour suppressor due to unique features of 
its activation in response to oncogenic and genotoxic 
stresses? Additionally, to what extent do the activities 
and regulation of p107 and p130 overlap with those of 
pRB? 
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POCKET PROTEIN INTERACTIONS WITH VIRAL 
ONCOPROTEINS 


The importance of RB as a tumour suppressor was under- 
scored by early observations that viral oncoproteins 
encoded by DNA tumour viruses (see Human DNA Tumour 
Viruses) interacted with pRB. SV 40 large T antigen, human 
papillomavirus (HPV) E7 and adenovirus E1A all interact 
with the pocket domain of pRB. M ore recent work has iden- 
tified gene products encoded by other tumour-related viruses 
that also interact with and inactivate pRB, for example, 
the NS5B RNA polymerase of hepatitis C virus (M unakata 
et al., 2005), EBNA3C of Epstein- Barr virus (K night et al., 
2005), and pp71 of human cytomegalovirus (K alejta et al., 
2003). To date, all verifiable protein interactions with pRB 
are made by proteins containing an L-x-C-x-E motif, includ- 
ing the aforementioned viral oncoproteins. The interaction 
of viral oncoproteins with pRB achieves at least two goals: 
(i) displacement of key cellular proteins from a complex with 
pRB and (ii) the targeting of pRB for degradation at the pro- 
teasome, a mechanism for regulation of pRB levels that is 
discussed in more detail in the following text. 

The interaction of viral oncoproteins with pRB is depen- 
dent on the A and B subdomains of the pRB pocket domain 
(Figure 2, “small pocket”) and phosphorylation of pRB on 
key serine/threonine residues blocks this interaction. The A 
and B subdomains are the most highly conserved regions of 
the “pocket protein” family, and the interaction of p107 and 
p130 with viral oncoproteins was the basis of their identi- 
fication (Mulligan etal., 1998). Interestingly, pRB diverges 
significantly from p107 and p130 outside of the A and B 
domains, such that there is greater homology between human 
pRB and Xenopus pRb than there is between human pRB and 
human p107 or p130. The divergence in primary amino acid 
sequence outside the A and B domains is reflected in dis- 
tinct protein-protein interactions. For example, the spacer 
region between the A and B domain that is required for the 
interactions of p107 and p130 with cyclinE/A-CDK2 com- 
plexes is not conserved in pRB, which does not interact with 
cyclinE/A-CDK 2 (Lees et al., 1992). 
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Figure 1 The RB pathway in human cancers. The RB tumour suppressor is functionally inactivated in most human cancers either directly by RB gene 
deletion or mutation, which occurs in SCLC or osteosarcoma, or indirectly by deregulation of upstream components of the RB pathway, such as D-type 
cyclins, p16'"*4@ and BM l-1. Consequently, the selective pressure to inactivate pRB is removed in cancers that have silenced p16, such as acute myeloid 
leukaemia (AML), or have amplified and are over-expressing cyclin D1, such as breast carcinomas. Activation of E2Fs can promote cell cycle progression 
or cell death depending on the integrity of other signalling pathways in the cell, such as the P53 pathway. MCL - mantle cell lymphoma; MDS - 
myelodysplastic syndrome; SCLC - small cell lung carcinoma; APL - acute promyelomonocytic leukaemia; TK - thymidylate kinase. 


























Xe} 
N 
00 
E 
SDN Phosphorylation sites 
NO 0 
nunk 
oOqQN oO mM KON ond mg 
in NAA M M ASG RR& oo Acetylation sites 
bk (ORE | nun nun YY 
2 110 kDa 
A 8 | B @ pRB 
393 572 646 772 928 


A Exon 4 (aa 126-166) 
in bilateral retinoblastoma 


l “Small pocket” | Viral antigen-binding domain 
| “Large pocket” | E2F-binding domain 


Mdm2, Abl, PAI-2- 
binding domain 


LA N 
á N 


1 % 
AspGluAlaAspG ly 
8 87 
Caspase cleavage site 


Figure 2 Diagrammatic representation of functional domains of pRB. The majority of protein- protein interactions with pRB are mediated through its 
“pocket” domain at the carboxy terminus of the protein. The pocket domain contains the regions of strongest homology between pRB and the other “pocket 
proteins” p107 and p130. The “small pocket” comprised of the A and B subdomains is essential for most of these interactions, while the C domain contained 
within the “large pocket” is critical for E2F binding and for regulation of pRB protein activity. The amino terminus is not conserved between pRB and 
p107/p130 but is phylogenetically conserved such that a higher degree of overall homology exists between human pRB and Xenopus pRb than between 
human pRB and human p107/p130. M ost tumour-associated mutations of pRB involve large deletions that remove most, or all, of the gene. In a few cases, 
naturally occurring point mutations are found in tumours and these usually affect the pocket domain and the ability of pRB to bind E2Fs. Rarer mutations 
and deletions are found in the amino terminus, such as the deletion of exon 4, and this suggests that this region of the protein has important undiscovered 
functions. 


REGULATION OF E2F ACTIVITY BY 
RETINOBLASTOMA FAMILY MEMBERS 


The identification of cellular proteins containing an L-x- 
C-x-E motif, the E2F transcription factors, which interact 
with pRB in a cell cycle- dependent manner to regulate the 
expression of genes promoting cell cycle phase transition, 


nucleotide biosynthesis, DNA replication, and other aspects 
of cell cycle was a landmark discovery in biology (Dimova 
et al., 2005). The RB tumour-suppressor gene product has 
been reported to interact with many nuclear transcription 
factors (Morris et al., 2001), but only the interaction of pRB 
with members of the E2F family has been convincingly 
demonstrated to determine its tumour-suppressor properties 
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in vivo. The pocket domain is critical for the interaction of 
RB family members with E2Fs, but in contrast to interactions 
with viral oncoproteins, a third C-terminal domain, or C 
domain is required for effective binding to E2F and for 
growth suppression (Qian et al., 1992). The C domain is an 
important regulatory component of the protein that contains 
most of the phosphorylation sites and both of the acetylation 
sites in pRB. Phosphorylation of pRB on serines 788 and 795 
in the C domain destabilizes the interaction of pRB with E2Fs 
and phosphorylation at threonines 821 and 826 induces an 
intramolecular interaction between the C domain and the RB 
pocket that destabilizes the E2F interaction further (Rubin 
et al., 2005). It has also been proposed that the C domain 
modulates differential interactions between pRB and E2F 
family members and preferentially promotes interaction with 
E2F-1 (Dick etal., 2003). Interestingly, the C domain also 
mediates the interaction of pRB with M dm2, c-Abl and PAI- 
2 (Welch et al., 1993; Darnell et al., 2003; Sdek et al., 2005), 
and caspase cleavage of pRB removes the carboxy-terminal 
41 amino acids of the C domain (Chau et al., 2003). Thus, 
the C domain appears to a key target for modulation of pRB 
activity. 

The E2F family of transcription factors now extends to 
eight members in mammals (Dimova et al., 2005) (Figure 3). 
The more established members of the family (E2Fs 1-5) 
are all pocket protein interacting E2Fs but interestingly, 
the newer members of the family (E2Fs 6-8) lack the 
transactivation domain that mediates pocket protein binding 
in E2Fs 1-5. E2F-6 represses E2F target genes through 
recruitment of polycomb proteins and E2f-6 null mice show 
homeotic transformations suggesting a role for E2f-6 in 
development (Storre et al., 2002). 

Amongst the pocket protein binding E2Fs, there is a 
functional distinction between the different family members 
with pRB preferentially interacting with E2F-1, -2, -3A, and 
-3B, while p107/p130 interact preferentially with E2F-4 and 
-5 (Figure 3). E2F-4 is the most abundant E2F in cells and 
unlike E2Fs 1-3, E2F-4, and E2F-5 have a nuclear export 
signal and require binding to DP-1 and -2 to enter the nucleus 
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(Verona etal., 1997). Early studies from knockout mouse 
embryo fibroblasts (M EFs) indicated that pRb regulated a 
distinct set of E2f target genes from p107/p130 (Hurford 
et al., 1997). However, these studies were carried out using 
constitutively null M EFs and it is now clear that M EFs adapt 
to Rb loss by upregulating p107 (Sage etal., 2003), and 
similar expression analyses have not yet been carried out 
using conditionally targeted M EFs. 

The conventional model for E2F/pocket protein function 
proposes that E2F-1, -2, and -3A are transcriptional activa- 
tors (hence their definition as the “Activator” class of E2Fs) 
that are actively repressed by interaction with hypophospho- 
rylated pRB, whereas E2F-4 and E2F-5 are the “Repressor” 
E2Fs that lack intrinsic transactivation properties and func- 
tion as repressors through their interactions with p107 and 
p130 (Dimova et al., 2005). Consistent with these functions, 
cells with targeted deletion of both E2f-4 and E2f-5 cycled 
proficiently but were unable to exit cell cycle (Gaubatzet al., 
2000). Conversely, cells lacking all three activator E2Fs were 
unable to incorporate BrdU, showed reduced expression of 
E2F target genes and failed to proliferate (Wu et al., 2001). 
In Drosophila, the functional distinction between activator 
and repressor E2Fs is conserved, although in a much simpler 
format such that dE2F1/RBF1 is the activator complex and 
dE 2F 2/RBF2 is the repressor complex (Dimova et al., 2005). 

As with all conceptual frameworks, there are notable 
exceptions to these rules, including the fact that E2F-3B 
(an amino-terminally truncated form of E2F-3A generated 
through use of an alternate promoter) functions as a repressor 
of cell cycle by targeting the promoter of the p14^RF tumour- 
suppressor gene (Aslanian etal., 2004)(see p53 Family 
Pathway in Cancer). It is not yet clear whether pRB is the 
key co-repressor required for E2F-3B-mediated repression 
of p14êRF, but E2F-3B clearly functions distinctly from its 
E2F family members in this respect. It is also interesting 
that in the absence of pRB and E2F-4, the p107 and 
p130 pocket proteins can interact with E2Fs-1, -2, and - 
3 (Lee etal., 2002). Such pocket protein “shuffling” may 
explain how p107/p130 could compensate for pRB loss 
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Figure 3 The pocket proteins interact with different subsets of E2Fs. The three mammalian pocket proteins, pRB, p107, and p130 interact with different 
members of the E2F family of transcription factors. pRB has greatest affinity for “activator” E2F-1, -2 and -3 while p107 and p130 bind most strongly 
to “repressor” E2F-4 and -5. E2F-4 is the most abundant E2F in cells, and loss of E2F-4 and pRB allows detection of complexes between p107/p130 
and E2F-1, -2 and -3 indicating that complex formation in cells reflects relative affinity and overall abundance of the individual E2Fs and pocket protein 
activity. Novel members of the E2F family have been cloned but these lack a pocket protein binding domain and a transactivation domain, indicating a 
role for E2F-6, -7 and -8 as dominant inhibitors. 
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during tumourigenesis, particularly under conditions where 
E2F-4 activity is restricted. Indeed, pocket protein shuffling 
may explain a paradoxical role for E2F-4 as an oncogene, 
despite its molecular function as a repressor of cell cycle 
genes. For instance, loss of E2f-4 represses tumourigenesis 
in Rb-deficient mice (Lee et al., 2002) and delays the onset 
of lymphomas in Eyu-Myc transgenic mice (Rempel and 
Nevins, personal communication). An equally unexpected 
role for E2f-2 (an “activator” E2f) has emerged from 
studies showing that E2f-2 is required for cell cycle exit 
associated with terminal differentiation in vivo most likely 
as a consequence of its expression being coincident with 
the activation of pRb by dephosphorylation (Persengiev 
et al., 2001; Dirlam et al., 2006). Consistent with this role, 
E2f-2 loss was shown to accelerate lymphomagenesis in 
Eu-Myc transgenic mice (Rempel and Nevins, personal 
communication). Thus, a strict interpretation of the roles of 
individual E2Fs based on their molecular function as either 
activators or repressors of cell cycle gene transcription is not 
always valid. 


RB/E2F TARGET GENES IN CELL CYCLE CONTROL 


Honourable exceptions aside, the role of E2Fs in coordi- 
nating cell cycle gene expression with developmental and 
growth-regulatory cues is based on their activity as tran- 
scriptional regulators of these genes (Figure 4). Quiescent 





cells resting in the GO state of cell cycle express very low 
levels of activator E2Fs and cell cycle genes are silenced 
by the combined activity of E2F-4/-5 and p130 (an excellent 
marker of the GO state whose expression is attenuated by 
proteasome-mediated degradation upon cell cycle re-entry) 
(Tedesco et al., 2002). Serum stimulation of quiescent cells 
promotes p130 degradation and the expression of immediate 
early genes, such as c-M Y C and D-type cyclins that induce 
activator E2F expression and pRB inactivation respectively. 
Elevated activator E2F expression and inactivation of pRB in 
turn promotes the expression of genes required for cell cycle 
progression, such as E-type cyclins; enzymes involved in 
nucleotide biosynthesis, such as thymidine kinase, dihydrofo- 
late reductase, and thymidylate synthase; and key regulators 
of DNA replication origin firing such as Cdc6, M cm proteins, 
Orc, and DNA polymerase alpha (Trimarchi et al., 2002). 
The G1- and S-phase classes of E2F target genes are rel- 
atively well defined in terms of the promoter sequences that 
bind E2Fs and their role in cell cycle. More recently, many 
cell cycle genes expressed in G2 and required for mitosis 
have also been identified as E2F targets. This became increas- 
ingly apparent as numerous microarray analyses identified 
mitotic regulators as being deregulated by gain or loss of 
E2F expression (Ishida et al., 2001; Ren et al., 2002; Polager 
et al., 2003). For example, the spindle assembly checkpoint 
regulatory gene Mad2 is a direct target of E2Fs and its 
expression is deregulated in RB-deficient tumour cells (Her- 
nando et al., 2004). M ad2 expression is normally restricted 
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Figure 4 Summary of the role of pocket proteins and E2Fs in cell cycle progression and checkpoint control. Activator E2F expression is regulated by the 
c-MYC oncoprotein and is also subject to auto-regulation. In cycling cells, p130 is not expressed and pRB and p107 are inactivated by phosphorylation 
allowing E2F-1, -2, and -3 to induce expression of genes required for cell cycle progression. Such genes include enzymes required for DNA replication, 
nucleotide biosynthesis, cyclins and CDKs, as well as mitotic checkpoint regulators. In response to DNA damage, serum deprivation, or terminal 
differentiation, pRB is activated by dephosphorylation and by inhibition of CDK activity, allowing complex formation with E2Fs to block transactivation 
of cell cycle genes. p130 upregulation, downregulation of activator E2Fs, and complex formation of p107 and p130 with the repressor E2Fs in quiescent 
cells displaces pRB from the promoters of these genes. This indicates that while pRB is essential to establish cell cycle exit, p107/p130 may be required 


to maintain it. 
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to G2/M butloss of RB resulted in M ad2 expression through- 
out cell cycle causing cells to undergo aberrant mitoses and 
become aneuploid (Hernando etal., 2004). Other mitotic 
genes that are RB/E2F regulated include Cdc2, Aurora B, 
survivin, and others (Jiang et al., 2004; Kimura et al., 2004; 
Zhu etal., 2004). It has been proposed that threshold lev- 
els of cooperating transcription factors, such as B-Myb, 
that are themselves E2F target genes at the G1/S bound- 
ary, are required for induction of G2/M E2F target genes 
(Zhu et al., 2004). Alternatively, some other types of E2F 
target expressed at G1/S, such as a regulatory kinase, may 
be required for activation of the G2/M class of genes, perhaps 
through modulation of pRB activity. Such a “feed-forward 
loop” would explain how the G2/M class of E2F targets is 
delayed in expression relative to the G1/S target genes. 
The different E2Fs show indistinguishable DNA bind- 
ing specificity (consensus DNA recognition site is 5’- 
TTTCGCGCA-3’) and whether a particular E2F target gene 
is activated or repressed is due largely to the control of 
pocket protein expression and activity, and expression, and 
stability of the individual E2fs. Nevertheless, microarray 
analyses have demonstrated that E2F overexpression in cell 
lines induces overlapping but distinct profiles of gene expres- 
sion suggesting that individual E2F family members possess 
some unique transactivation functions (Black et al., 2005). 
Furthermore, the distinctive phenotypes of mice carrying 
germ-line mutations in individual E2fs points to some level 
of functional specificity (Dimova et al., 2005). The interac- 
tion of partner transcription factors, determined by the unique 
properties of the so-called “marked box” in each E2F, may 
provide a mechanistic explanation for specific E2F functions. 
For example, TFE3 preferentially potentiated transcription of 
E2f-3 regulated gene expression (Giangrande et al., 2003), 
while Jab-1 interacted specifically with E2F-1 (Hallstrom 
et al., 2006), and in both cases the specificity was deter- 
mined by interactions with the “marked box”. Alternatively, 
unique functions of individual E2Fs may be determined by 
post-translational modifications. For example, acetylation of 
E2F-1 has been reported to displace E2F-4 from the p73 
promoter and promote E2F-1 binding (Pediconi et al., 2003). 


REGULATION OF pRB ACTIVITY BY 
PHOSPHORYLATION 


The RB tumour suppressor is a key downstream target of 
DNA damage signalling pathways and growth arrest induced 
by active pRB is required to prevent replication of dam- 
aged DNA prior to DNA repair (Harrington etal., 1998; 
Knudsen et al., 2000; Bartek et al., 2001)(see Regulation of 
the Cell Cycle, Cell Cycle Checkpoints, and Cancer). In 
response to DNA damage and oxidative stress, pRB is acti- 
vated by dephosphorylation mediated by Protein Phosphatase 
2A (PP2A) (Avni etal., 2003; Cicchillitti etal., 2003) and 
induction of p21" expression, thereby resulting in inhibi- 
tion of CDK activity (Sherr et al., 2004). As discussed in the 
preceding text, active pRB induces cell cycle arrest by bind- 
ing to and inhibiting the transactivation potential of members 


of the E2F family of transcription factors that regulate genes 
involved in cell cycle progression, DNA replication, and 
mitosis (Trimarchi et al., 2002; Dimova et al., 2005). Thus, 
the expression of E2F target genes is determined by the ratio 
of active to inactive pRB in cells. 

pRB is inactivated by CDK -mediated phosphorylation car- 
ried out primarily by D-type cyclin-associated CDK-4 or 
CDK-6, and by E-type cyclin-associated CDK -2 (Sherr et al., 
2004). CDK -4/6 and CDK -2 activities are modulated in turn 
by interaction with CDK inhibitors, including p16!*44 and 
p15'NK4B for CDK -4/6 and p21"! and p27*!"! for CDK -2 
(Sherr et al., 2004). The plasticity of cyclins and CDKs in 
their ability to compensate for the targeted deletion of one 
of their number has in recent times called into question the 
importance of pRB phosphorylation for cellular proliferation 
in vivo. For example, mice lacking the function of all three 
D-type cyclins, both E-type cyclins, Cdk2, combined loss of 
Cdk4 and Cdk6, or Cdk2 and Cdk6 were surprisingly adept 
at cellular proliferation (Berthet etal., 2003; Geng etal., 
2003; Kozar etal., 2003; Ortega etal., 2003; Malumbres 
et al., 2004). This was attributed to the ability of D- and E- 
type cyclins to compensate for each other and by the ability 
of Cdc2 to compensate for Cdk2 loss (Aleem et al., 2005). 
Furthermore, retinal and mammary epithelial proliferation 
defects observed in cyclin D1 null mice were rescued by tar- 
geted deletion of the Kip1 gene suggesting that direct phos- 
phorylation of pRb by cyclin D1-associated kinases was less 
critical to the development of these tissues than was the role 
of cyclin D1/Cdk in titrating the inhibitory activity of p27*'? 
away from cyclin E/Cdk complexes, whose substrates extend 
beyond pRb (Geng etal., 2001; Sherr et al., 2004). How- 
ever, mice lacking both Cdk4 and Cdk2 were not viable and 
cells derived from these mice showed hypophosphorylation 
of pRb, reduced expression of E2f target genes (including 
Cdc2) and decreased proliferation (Berthet et al., 2006). Tar- 
geting of pRb with HPV E7 in these cells restored normal 
E 2f target gene expression and proliferation rates, illustrating 
the importance of pRb phosphorylation in vivo but also the 
extent to which the developing embryo is able to compensate 
for loss of individual cyclins or Cdks to ensure inactivation 
of pRb and proliferation during mouse development. 


REGULATION OF pRB PROTEIN LEVELS 


Although regulation of pRB activity by phosphorylation/ 
dephosphorylation is a central feature of cell cycle check- 
point control, other mechanisms for regulating pRB activity 
or levels have been identified. These include regulation of 
pRb mRNA levels through the activity of E2f transcription 
factors (Zacksenhaus et al., 1993), caspase-mediated prote- 
olysis during programmed cell death (Chau etal., 2003), 
and increased pRB turnover through MDM 2- and gankyrin- 
mediated targeting to the proteasome (Higashitsuji etal., 
2000; Uchida et al., 2005). 

Regulation of protein degradation is a major mechanism 
used by cells to modulate cell cycle checkpoints under 
different growth conditions (Guardavaccaro etal., 2006). 
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The significance of ubiquitin pathways for the regulation 
of pRB levels has only recently emerged. For example, 
the role of viral oncoproteins in functionally inactivating 
pRB was previously thought to be due primarily to dis- 
ruption of pRB/E2F complexes (Helt etal., 2003). How- 
ever, it is now clear that HPV-encoded E7 binding to pRB 
through its L-x-C-x-E motif targets pRB for proteolysis 
by the proteasome (Helt et al., 2003). Similarly, the inter- 
action of cellular oncoprotein MDM2 with the C-terminal 
domain of pRB has been shown to mediate ubiquitin- 
dependent (Uchida etal., 2005) and ubiquitin-independent 
degradation of pRB (Sdek etal., 2005). This may con- 
tribute to the oncogenic properties of M DM 2 since decreased 
expression of pRB correlates with amplification and over- 
expression of MDM2 in human lung tumours (Uchida 
et al., 2005). Gankyrin is another oncoprotein that inter- 
acts with pRB to increase its degradation and is in fact 
a component of the 26S proteasome whose overexpres- 
sion is associated with human hepatocellular carcinoma 
(Higashitsuji et al., 2000). Thus, regulation of pRB protein 
levels through modulation of proteasome-mediated degra- 
dation has significance for understanding mechanisms of 
tumourigenesis. 

The p130 pocket protein that is structurally and func- 
tionally related to pRB, although lacking tumour-suppressor 
activity, is also regulated by proteolysis during normal cell 
cycle progression (Tedesco et al., 2002). p130 degradation 
is regulated by interaction with Skp2, a substrate recog- 
nition component of the Skpl-cullin-F box (SCF) ubiq- 
uitin ligase complex, in a similar manner to the SCF- 
regulated degradation of p27'® (Ji etal., 2004). Interest- 
ingly, the degradation of p27 by SCF is negatively mod- 
ulated by interaction of Skp2 with pRB, suggesting that 
pRB may itself be a substrate for Skp2-mediated proteol- 
ysis (Ji et al., 2004). In contrast to p130 and p27, however, 
pRB is not degraded during normal cell cycle (Tedesco 
et al., 2002) and identifying the signals that regulate pRB 
degradation or stabilization in vivo is an important area of 
research. 

In addition to phosphorylation, pRB is subject to other 
forms of post-translational modification. In particular, pRb 
is acetylated by p300 on lysines 873 and 874 and this 
appears to block its phosphorylation by CDKs, enhance affin- 
ity for M dm2 but interestingly, also acetylation inhibits pRB 
degradation (Chan et al., 2001; Nguyen etal., 2004). The 
upregulation and dephosphorylation of pRB induced by its 
acetylation promotes muscle differentiation, possibly by tar- 
geting the E3 ubiquitin ligase activity of MDM2 to the 
pRB-associated protein, EID (E1A-like inhibitor of differ- 
entiation) (MacLellan et al., 2000; Miyake et al., 2000). 


THE REQUIREMENT FOR pRB IN CELLULAR 
SENESCENCE REFLECTS ITS ROLE IN CHROMATIN 
CONDENSATIONS 


The concept of “active repression” is key to understanding 
how pRB regulates E2F-mediated gene expression (Brehm 


etal., 1999). Interaction of pRB with E2Fs does not sim- 
ply prevent E2Fs from transactivating cognate promoters, 
but recruits chromatin re-modelling enzymes to these pro- 
moters where they induce histone modifications and chro- 
matin condensation (Brehm et al., 1999)(see The Role of 
Epigenetic Alterations in Cancer). In particular, histone 
deacetylases (HDACs) bind to active pRB and are recruited 
to promoters through trimeric complex formation with E2Fs, 
inducing nucleosome compaction through deacetylation of 
histone tails (Brehm et al., 1999). Phosphorylation of pRB 
by cyclin/CDKs displaces HDACs, allowing E2Fs to recruit 
histone acetyltransferases (HATs), such as CBP and PCAF 
that reverse the effects of HDACs on chromatin conden- 
sation (Trouche etal., 1996). pRB also interacts with the 
SWI/SNF-related proteins BRG1 and BRM, that are DNA- 
dependent ATPases with a role in chromatin re-modelling 
(Brehm et al., 1999). Displacement of HDACs from pRB is 
regulated in a temporally distinct manner from that of BRG- 
1/BRM displacement ensuring the orderly derepression of 
G1- and S-phase genes respectively (Zhang et al., 2000). 

Intriguingly, recent data has identified a role for HM G-A2, 
anon-histone component of chromatin that binds DNA in the 
minor groove, in modulating E2F-1 activity by displacing 
HDAC1 from its interaction with pRB (Fedele et al., 2006). 
HMG-A2 binds pRB directly through its pocket domain 
without displacing E2F-1, thereby promoting acetylation of 
histones and E2F-1, derepression of E2F target genes and 
cellular proliferation. Importantly, the ability of HMG-A2 
to promote pituitary tumourigenesis in mice was dependent 
on its interaction with pRb and targeted deletion of E2F- 
1 blocked HM G-A2-induced tumours (Fedele et al., 2006). 
Tumourigenesis in the pituitary gland is associated with 
loss of heterozygosity for Rb (Jacks etal., 1992) and is 
also delayed by loss of E2F-1 (Yamasaki etal., 1998), 
emphasising the importance of neutralizing E2F-1 in this 
tissue to prevent tumour development. 

In addition to the regulation of histone deacetylation 
and nucleosome assembly at E2F regulated promoters dur- 
ing quiescence, pRB also promotes the formation of hete- 
rochromatin during permanent cell cycle withdrawal, such 
as that which occurs during cellular senescence and termi- 
nal differentiation. The histone methyltransferase, Suv39H1, 
is recruited by direct interaction with active pRB to the 
promoters of E2F regulated genes where it induces methy- 
lation of histone H3 on lysine 9 (Nielsen et al., 2001). His- 
tone methylation in turn recruits the methyl-lysine- binding 
protein, heterochromatin protein 1 (HP1), which induces 
heterochromatin formation (Figure 5). Stable chromatin con- 
densation induced by pRB-dependent recruitment of HP1 to 
DNA causes repression of E2F target genes, such as cyclin 
E and cyclin A (Nielsen et al., 2001). In addition to this role 
in facultative heterochromatin formation, it has also been 
suggested that pRB is required for constitutive heterochro- 
matinization at telomeres and centromeres (Gonzalo et al., 
2005; Isaac et al., 2006). 

Conditional deletion of pRb in MEFs illustrated that 
pRb was essential for maintaining cellular quiescence and 
senescence (Sage etal., 2003). Furthermore, senescence- 
associated heterochromatin foci (SAHFs) and other features 
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Figure 5 The role of pRB in heterochromatin formation. pRB recruits the 
histone methyltransferase SuV 39H 1 to DNA through interaction at E2F sites 
in the genome, where it tri-methylates lysine 9 of histone H3, promoting 
interaction of HP-1 with methylated H3 and heterochromatinization. 


of cellular senescence, including repression of RB target 
genes, induced by overexpression of active Ras in primary 
cells, was dependent on the integrity of the RB pathway 
(Narita et al., 2003). Similarly, analysis of E2F gene silenc- 
ing revealed a critical requirement for histone methylation 
and Suv39H1 in differentiating myotubes (Ait-Si-Ali etal., 
2004). Thus, pRB appears to play a key role in stable gene 
repression associated with cellular senescence and terminal 
differentiation. 


pRB IN THE INTRA-S-PHASE CHECKPOINT 
RESPONSE 


The functions of pRB in cell cycle checkpoint control are 
classically defined by its role at the so-called restriction 
point in late G1 phase (Weinberg, 1991). However, pRB 
also enforces an intra-S-phase checkpoint (Knudsen et al., 
2000; Avni et al., 2003; Bosco et al., 2004)(see Regulation 
of the Cell Cycle, Cell Cycle Checkpoints, and Cancer). 
Intriguingly, it was reported that DNA damage during S 
phase induces relocalization of pRB to specific sites of DNA 
replication where it is proposed to repress re-initiation of 
DNA replication (Kennedy et al., 2000; Avni et al., 2003). 
Association of pRB with specific replication origins was 
non-random and likely to be mediated through E2F -binding 
sites that map close to or at replication origins (M aser 
et al., 2001) and possibly through interactions with other 
replication factors, such as replication factor C (Pennaneach 
et al., 2001). 

The role of E2F-1 in recruiting pRB to replication ori- 
gins has been explored through effects of DNA damage 
on the interaction of pRB/E2F-1 with the MRN complex 
(which includes MRE11, RAD50 and NBS1). E2F-1 inter- 
acts with the MRN complex at sites of DNA replication 
under normal conditions (Maser et al., 2001). E2F-1 inter- 
acts directly with the amino-terminus of NBS1 through a 
domain of E2F-1 that overlaps with its transactivation and 
PRB-binding domain (Maser etal., 2001), although it is 
not clear whether the interaction of E2F-1 with pRB and 


NBS1 was mutually exclusive. The E2F-1/NBS1 interac- 
tion was restricted to S phase and E2F-1 co-localized with 
NBS1 and the MRN complex at origins of DNA repli- 
cation of cycling cells, suggesting that E2F-1/NBS1 was 
present at active replication origins (M aser et al., 2001). In 
response to DNA damage, NBS1 is phosphorylated and the 
MRN complex is found at DNA damage foci (see Genomic 
Instability and DNA Repair). Disruption of the E2F- 
1/NBS1 complex through deletion of the NBS1 amino- 
terminus correlated with a failure to undergo S-phase arrest 
in response to DNA damage, suggesting that E2F-1/NBS1 
may play a role in sensing DNA damage during DNA repli- 
cation or in response to double-strand breaks associated 
with exposure to IR or other DNA-damaging agents (M aser 
et al., 2001). 

An additional element controlling pRB localization to 
replication origins is its interaction with nuclear lamins. In 
early S phase, pRB localizes to perinucleolar sites of DNA 
replication in alamin-A dependent manner and dissociates as 
cells progress into mid-S phase (Johnson et al., 2004). The 
intensely stained nuclear foci in early S phase are thought 
to be clusters of replication origins that are structurally 
maintained by lamins A and C (Kennedy etal., 2000). 
Interestingly, lamin A is also required to protect pRB from 
proteolytic degradation (Johnson et al., 2004). The signals 
that regulate the association of pRB with lamins and/or the 
MRN complex in response to genotoxic stress remain to be 
identified. 


pRB AS A REGULATOR OF PROGRAMMED CELL 
DEATH 


In addition to its role as a regulator of cell cycle checkpoint 
control, numerous studies have demonstrated a critical role 
for pRB in cell survival (Figure 6) (see Apoptosis). The use 
of mouse genetics to assess the role of pRb in tumourigenesis 
and embryonic development (see Transgenic Technology in 
the Study of Oncogenes and Tumour-Suppressor Genes 
and Genetic Models: A Powerful Technology for the 
Study of Cancer), revealed an apparently contradictory 
role for a tumour suppressor, namely to prevent cell death 
(Macleod, 1999). For example, inactivation of pRb by 
expression of a mutant form of SV40 T antigen in the 
choroid plexus that can bind pocket proteins but not p53, 
induced p53-dependent cell death and tumours only emerged 
when p53 was deleted (Symonds etal., 1994). Similarly, 
overexpression of adenovirus E1A in cultured cells promoted 
apoptotic cell death in a p53-dependent manner (Debbas 
et al., 1993; Lowe etal., 1993), while overexpression of 
E2f-1 in vitro or in vivo induced apoptosis by both p53- 
dependent and independent mechanisms (Qin et al., 1994; 
Holmberg etal., 1998). On the basis of these results, it 
has been proposed that the dual/opposing roles of pRb in 
tumourigenesis prevents the accumulation of Rb-deficient 
cells that have acquired proliferation defects, and loss of 
Rb promotes tumour development when accompanied by 
secondary mutations, such as p53 loss, that block cell death 
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Figure 6 pRb is a critical survival factor. Numerous studies point to a role for the RB tumour suppressor in promoting cellular survival. This includes 
analysis of phenotypes in Rb null mice where cell death was observed in the developing nervous system, liver and ocular lens; as well as in vitro analysis 
of the effects of over-expressing E2fs or inactivating pRb with DNA tumour virus encoded oncoproteins, such as SV 40 T antigen, HPV E7 and adenovirus 


d P53 target gene DNA damage : 
E2F, MYC, RAS (chemotherapy), 


hypoxia, telomeric loss 


ElA. 
F Growth factor 
Mitogens POOR 
Senescence Myc, Ras deprivation, 
‘| -B B T DNA damage, 


i stress 


ae “a 





E2A- L 












-m 
f p> 


Gene amplification, 





Figure 7 Functional interaction between the RB and P53 pathways in tumourigenesis. Loss or functional inactivation of the RB tumour suppressor activates 
the P53 pathway through induction of p194*¥ (a target of E2F-mediated repression), and E2Fs have also been proposed to regulate P53 phosphorylation 
through effects on the activity of DNA damage signalling pathways. Induction of cell death induced by E2F overexpression or loss of RB activity promotes 
P53-dependent cell death in many tissues. The P53 pathway regulates the RB pathway through effects of MDM2 on pRB protein stability, and through 
P53-induced expression of p21"! that blocks CDK 2-dependent phosphorylation of pRB. 


(Green etal., 2002). This theory explains the observed mice revealed a critical role in promoting survival during 
cooperativity between mutations that inactivate the RB and development. Genetic analyses of mice carrying targeted 
P53 pathways in tumourigenesis (Figure 7). deletion of the Rb gene revealed extensive cell death in 

In addition to a role in regulating cell death in the context the developing central nervous system (CNS), ocular lens, 
of tumourigenesis in adult mice, the phenotype of Rb null peripheral nervous system (PNS), musculature, and foetal 
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liver (FL) (M orgenbesser et al., 1994; Macleod et al., 1996; 
Zacksenhaus et al., 1996; Tsai et al., 1998; Guo et al., 2001; 
Simpson et al., 2001; Ziebold et al., 2001; Ho et al., 2004). 
Interestingly, p53, E2f-1 and Apaf-1 were required for cell 
death in the CNS and lens but not in the PNS and FL, 
revealing that loss of Rb can activate different cell-death 
mechanisms in different tissues (Macleod et al., 1996; Tsai 
et al., 1998; Guo et al., 2001). Additionally, while cell death 
in the lens and PNS was attributed to cell intrinsic defects in 
cell cycle exit and terminal differentiation (Lipinski etal., 
2001; Wu etal., 2003), cell death in the CNS and FL 
was dependent on non-cell autonomous factors in Rb null 
embryos, most likely hypoxia and ischaemia brought about 
by defective placental development (Ferguson et al., 2002; 
Macpherson etal., 2003; Wu etal., 2003). Although cell 
death in the CNS and FL was induced by systemic ischaemia, 
new studies indicate that there are also cell intrinsic defects in 
the response of Rb null cells to hypoxia (Tracy et al., 2006). 
Intriguingly, these studies also revealed that cell death in 
foetal hepatocytes was non-apoptotic (Tracy et al., 2006), as 
opposed to cell death in the CNS that was apoptotic (M acleod 
et al., 1996). 

The role of pRB in suppressing apoptosis is attributed 
to repression of key cell-death genes, including Apaf-1, 
caspases, p73, Bim, and Smac/Diablo (Irwin etal., 2000; 
Moroni et al., 2001; Nahle et al., 2002; Hershko et al., 2004; 
Xie etal., 2006). However, it is not clear how the cell 
prevents such “death genes” from being expressed during 
normal cell cycle progression (Figure 8). As described in 
the preceding text, for certain E2F target genes, it has been 
proposed that cell-death genes require other transcription 
factors in addition to E2Fs in order to be transactivated. 
For example, A paf-1 is coordinately regulated by both E2Fs 
and p53 (Moroni etal., 2001). An alternative explanation 
is that higher levels of E2Fs are required to induce “death 
genes” compared to the levels required for transactivation 
of cell cycle genes (Trimarchi etal., 2002). This so-called 
“threshold” model postulates that “death” genes have lower 
affinity/alternate E2F sites in their promoters and are only 
activated when the level of active E2Fs rise above a given 
threshold level. A third model postulates that E2Fs are 
specifically modified by “death” signals to activate genes 
involved in apoptosis. For example, E2F-1 is phosphorylated 
by ATM/ATR in response to DNA damage, and this mod- 
ification may promote activation of death genes by E2F-1 
(Lin etal., 1998). E2F-1 is also modified by Chk2 kinase 
activity (Stevaux et al., 2002) and by acetylation (Pediconi 
et al., 2003) in response to DNA damage and this has been 
proposed to activate E2F-1, displace E2F-4 from the p73 
promoter, and results in cell death. 

The ability of E2F-1 to induce apoptosis would appear to 
contradict its putative role as an oncogene. E2F-1 behaves 
analogously to the c-Myc oncogene in this respect by pro- 
moting apoptosis in primary cells and requiring inactivation 
of cell death pathways in order to promote cellular expan- 
sion (Green, 2005). However, E2f-1 knockout mice displayed 
cellular hypoplasia in some tissues, and tumour development 
in others, consistent with a role as both an oncogene and a 
tumour suppressor (Y amasaki et al., 1996). The two activities 


of E2F-1 (promoting cell cycle or inducing cell death) appear 
to be differentially important in tumourigenesis as a function 
of the tissue type and the other cooperating mutational events. 
For example, the oncogenic activity of E2f-1 in promoting 
proliferation predominated over its tumour-suppressor role 
in inducing cell death in E -Myc driven lymphomagenesis 
(Baudino et al., 2003). 

Significant controversy in the field surrounds the contribu- 
tion of different E2F family members to cell death in tissues. 
Early studies suggested that E2F-1 had a unique ability 
amongst E2F family members to induce apoptosis (DeGre- 
gori et al., 1997). Additional work demonstrated that M yc 
required E2F-1 but not E2F-2 or -3 to kill cells (Leone et al., 
2001), and that the marked box of E2F-1 was critical to these 
unique pro-apoptotic properties (Hall et al., 1996). Further 
support comes from studies showing that pRB inhibits E2F-1 
in a unique manner by preventing its DNA-binding activ- 
ity and that disruption of this interaction by DNA-damaging 
agents specifically promoted cell death (Dick etal., 2003). 
Also, targeted deletion of E2f-1 in mice blocked cell death in 
the CNS and lens, indicating a unique requirement for E2f-1 
in these tissues (Tsai et al., 1998). 

However, loss of E2f-1 did not protect against cell death 
in the PNS or the FL of Rb null embryos (Tsai et al., 1998), 
indicating that other pR b targets were at play in these organs. 
Instead, loss of E2f-3 in mice protected peripheral neurons 
from death, suggesting that at least in this tissue, E2f-3 was 
more critical than E2f-1 in promoting cell death (Ziebold 
et al., 2003). This lead Lees and co-workers to propose 
their “threshold” model in which overall levels of activator 
E2Fs, and not a specific E2F family member, determine 
whether cell death occurs or not (Trimarchi etal., 2002). 
However, controversy persists following more recent work 
by Helin and colleagues, showing that the ability of E2f-3 to 
induce cell death in vivo was dependent on E2f-1 (Denchi 
et al., 2005). 


RB STATUS IN TUMOURS DETERMINES THEIR 
CHEMOSENSITIVITY 


The role of pRB in protecting cells from death may be 
exploited to specifically target tumour cells with therapeutic 
agents, while leaving normal cells intact (see Conventional 
Chemotherapeutics). The selective cytotoxicity of chemo- 
therapeutic drugs against tumour cells frequently depends 
on their increased proliferation rate compared to normal 
cells. For example, 5-fluoruracil inhibits thymidylate syn- 
thase, which is required in proliferating cells to maintain 
nucleotide biosynthesis, while taxol targets cells with mitotic 
checkpoint defects. Thus, the increased sensitivity of cells 
with a functionally disrupted RB pathway to chemotherapy- 
induced cell death may be explained by aberrant cell cycle 
checkpoint control (Almasan et al., 1995; Harrington et al., 
1998; Knudsen et al., 2000). Alternatively, it has also been 
proposed that RB-deficient tumour cells are sensitized to 
drug-induced death independent of such cell cycle defects 
(Chau etal., 2003). In particular, the sensitivity of RB- 
deficient tumour cells to cisplatin has been attributed to 
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Figure 8 Proposed models to explain the differential regulation of cell cycle and cell-death genes by E2Fs. To explain how E2Fs differentially regulate cell 
cycle and cell-death genes such that cells can proliferate without dying, studies have proposed that E2F-1 alone is able to induce cell-death (a), cell-death 
genes require additional factors for their activation, such as P53 (b), threshold levels of E2Fs are required to induce cell-death genes (c), or that E2Fs 
require to undergo a specific modification in order to activate cell-death genes (d). It is likely that a combination of all four mechanisms is at play in cells. 


downregulation of the anti-apoptotic regulator, Bcl-X_ that 
is de-amidated and turned over more rapidly in RB -deficient 
tumour cells following drug treatment (Deverman et al., 
2002). However, recent work proposes that the downregu- 
lation of Bcl-X,_ in RB-deficient cells is the consequence of 
increased poly-A DP-ribose-Polymerase (PARP) activity aris- 
ing from proliferation-dependent DNA damage (Liu et al., 
2006), indicating that cell death in this system is ulti- 
mately a consequence of deregulated cell cycle checkpoint 
control. 

Clearly, tumours evolve through circumvention of apop- 
totic sanctions on cell cycle checkpoint defects, and the 
role of apoptosis in preventing cancer is well established 
through use of transformation assays in vitro and pheno- 
type- genotype correlations in vivo using mouse models. 
However, given that the tumour cell has evolved to be resis- 
tant to apoptosis, an alternative avenue to target tumour cells 
may be through the use of agents that induce non-apoptotic 
cell death (Kondo et al., 2005). Interestingly, in addition to 
protecting cells from apoptotic cell death, recent work has 
identified a novel role for pRB in protecting cells against 
autophagic cell death through repression of the BNIP3 gene 
(Tracy et al., 2006). The sensitivity of RB-deficient tumour 
cells to autophagic cell death may therefore be exploited to 
kill cancers with the agents that induce autophagic cell death, 
such as ceramide, arsenic tri-oxide or tamoxifen (Kondo 
et al., 2005). 


pRB IN TERMINAL DIFFERENTIATION 


In addition to roles in regulating cell cycle checkpoint control 
and promoting survival, the RB tumour suppressor is required 
for proper terminal differentiation in several tissues, includ- 
ing muscle, lens, erythroblasts, macrophages, hepatocytes, 
adipocytes, neurons, retinoblasts, keratinocytes, enterocytes, 
trophoblasts, and sensory hair cells (Morgenbesser etal., 
1994; Novitch etal., 1999; Fajas etal., 2003; Wu etal., 
2003; lavarone et al., 2004; Spike et al., 2004; Zhang et al., 
2004; Mayhew etal., 2005; Ruiz etal., 2005; Sage etal., 
2005; Haigis et al., 2006). Given the tissue-restricted effect 
of RB tumour-suppressor gene loss in cancer, it will be 
important to determine whether the role of pRB in dif- 
ferentiation reflects its requirement for cell cycle exit and 
heterochromatin formation, or other more direct roles in 
tissue-specific gene expression. 

pRB has been shown to interact directly with a number of 
tissue-specific transcription factors, including PU.1, GATA- 
1, C/EBP-a, NF-IL6, CBFA-1 and GR-q (Lipinski etal., 
2001) and also with other transcriptional regulators, such as 
RBP2, Id2 and EID (Lasorella et al., 2000; M acLellan et al., 
2000; Miyake et al., 2000; Benevolenskaya et al., 2005) that 
regulate differentiation in a variety of different cell types. 
Additionally, it has been proposed that activation of pRB by 
dephosphorylation promotes tissue-specific gene expression 
by titrating inhibitory HDACs away from tissue-specific 
transcription factors, such as MyoD (Puri et al., 2002). 
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A novel role has been identified for pRB in promot- 
ing senescence and differentiation through repression of 
RBP2 (Benevolenskaya et al., 2005). Inhibition of RBP2 in 
RB-deficient cells, or overexpression of a mutant form of 
RBP2 that cannot bind pRB, promoted differentiation and 
induced activation of key tissue-specific transcription fac- 
tors, including M yoD, GR-a and CBFA-1 (Benevolenskaya 
et al., 2005). This lead to the proposal that pRB promotes 
differentiation by displacing co-repressors from RBP2 bound 
at tissue-specific promoters (Benevolenskaya et al., 2005). 
Interestingly, this may explain the ability of p107 and p130 to 
inhibit adipogenesis induced by pRB (Classon et al., 2000), 
if in contrast to pRB, p107 and p130 act as co-repressors for 
RBP2. 

EID (E1A-like inhibitor of differentiation) is a cellular 
protein that also promises to be a bona fide pRB-interacting 
factor since, like RBP2, it possesses a canonical L-x-C- 
x-E motif (MacLellan etal., 2000; Miyake etal., 2000). 
Like adenovirus E1A, EID binds directly to both pRB and 
p300, blocking both the activity of MyoD and terminal 
differentiation (MacLellan et al., 2000). The ability of EID 
to block differentiation was dependent on inhibition of p300 
HAT activity, and did not require interaction with pRB, rather 
its interaction with pRB promoted the ubiquitin-mediated 
degradation of EID in a cell cycle and Mdm2-dependent 
manner (MacLellan et al., 2000; Miyake et al., 2000). 

E2Fs also regulate differentiation through interaction with 
tissue-specific transcription factors. For example, C/EBP-a 
promoted cell cycle arrest during myelopoiesis through 
interaction with E2F-1 (Porse et al., 2001), and both E2F-1 
and E2F-4 were implicated in adipogenesis through opposing 
effects on the activity of PPAR-y (Fajas etal., 2002). 
Furthermore, microarray analyses examining the effect of 
E2F overexpression identified many genes implicated in 
terminal differentiation and tissue-specific gene expression 
(Muller et al., 2001). Thus, the effects of pRB on terminal 
differentiation could be mediated through E2Fs especially 
since tissue-specific gene expression is often linked to 
permanent cell cycle exit. 

To assess this and to determine the extent to which non- 
E2F interactions contribute to the biological role of pRB in 
vivo, anaturally occurring point mutant of pRB isolated from 
a partially penetrant form of retinoblastoma was studied, 
yielding some interesting data (Sellers et al., 1998; Sun et al., 
2006). This point mutant (R661W ) was reported to retain the 
capacity to induce a senescent phenotype and tissue-specific 
gene expression, despite being defective for E2F-binding 
and cell cycle arrest properties (Sellers et al., 1998). The 
generation of mice expressing the mouse variant (R654W ) of 
the human R661W allele indicated that while pRb functions 
to repress cell cycle progression through interactions with 
E2fs, it also has E2f-independent functions in promoting 
terminal differentiation (Sun etal., 2006). In particular, it 
was shown that this mutant form of pRb could promote 
erythroid maturation and extend the lifespan of Rb null 
mice (Sun etal., 2006). However, a major caveat to these 
studies is the observation that the R661W mutant retains 
capacity for binding E2f-2 (Benevolenskaya et al., 2005), a 
fact that was not realized in earlier studies (Sellers et al., 


1998) due to the low expression of E2f-2 in tumour cell 
lines and non-haematopoietic tissues (Dirlam et al., 2006). 
However, differentiating erythroblasts are one of the few 
cell types in the mouse to express high levels of E2f-2 
(Dirlam et al., 2006). Interestingly, deletion of E2f-2 in mice 
restored normal erythroid differentiation and extended the 
lifespan of Rb null mice to the same extent as expression 
of the R654W mutant (Dirlam etal., 2006). Thus, rescue 
of erythroid maturation in Rb null mice by expression of 
the R654W Rb mutant may be explained by its continued 
ability to repress through E2f-2, and not to secondary non- 
E2f effects. 

The functional significance of the interaction between pRb 
and Id2 has also been investigated in vivo. Id2 is a member 
of the helix-loop-helix family of transcriptional inhibitors 
that bind to E-box proteins (such as E47, E12, E2-2) to block 
their transactivation and differentiation potential (Perk et al., 
2005). Id2 is a Myc target gene that was proposed to be 
required for the ability of the Myc to promote cell cycle 
progression through neutralization of pRB (Lasorella et al., 
2000). However, Id2 deletion did not impact c-M yc-induced 
tumourigenesis (Murphy etal., 2004), and the interaction 
of Id2 with pRB is controversial because Id2 does not 
contain an L-x-C-x-E motif and pRB does not have a 
helix-loop-helix motif. Nevertheless, targeted deletion of 
Id2 compensated for Rb loss during mouse development 
such that there was no cell death in either the nervous 
system or FL of compound Rb-/-;1d2-/~ mice, that now 
survived till birth (Lasorella et al., 2000). Furthermore, it was 
proposed that pRb promotes differentiation of macrophages 
by opposing the inhibitory effect of Id2 expression on 
the lineage commitment factor PU1, and that erythroblast 
differentiation failed in Rb null mice due to a defect 
in macrophages required to promote erythroblast island 
formation (lavarone etal., 2004). However, erythroblasts 
can mature independently of macrophages in vitro and in 
vivo (Yoshida etal., 2005) and PU1 null mice produce 
mature erythrocytes despite a lack of functional macrophages 
(M cK ercher et al., 1996), indicating that the effect of Rb loss 
on erythroid differentiation is unlikely to be explained by 
deregulated Id2 activity in macrophages. 

As discussed previously, cell death in the Rb null mouse is 
induced by ischaemic stress caused by defective trophoblast 
differentiation and placental malfunction (Wu et al., 2003). 
Hypoxia in the Rb null embryo appears to underlie cell death 
in the developing CNS (Macpherson et al., 2003), and also 
disrupts erythroblast island formation (Spike et al., 2006). 
Given that Id2 blocks trophoblast differentiation (J anatpour 
et al., 2000), an alternative explanation for the apparent res- 
cue of Rb null mice to term may be that loss of 1d2 promotes 
normal placental development, and thereby removes the non- 
cell autonomous factor (ischaemia) that drives cell death and 
developmental defects in the developing Rb null mouse. The 
relative importance of E2f or Id2 activity, or other tissue- 
specific transcription factors, in placental development and in 
the non-cell autonomous defect in Rb null mice, as opposed 
to cell intrinsic effects in adversely affected tissues, including 
the neurons, erythroblasts, trophoblasts, and muscle remains 
to be clarified. 
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Figure 9 A model to explain why loss of RB is restricted to certain tumour types. Loss of RB is a feature of retinoblastoma, osteosarcoma, and SCLC 
in humans but is rarely detected in tumours of other cell types. However, it is not clear why this occurs. Mouse models of cancer have identified a role 
for pRB in protecting against cell death and mutations that block death cooperate with RB loss in tumourigenesis. However, unless such mutations occur 
coincidentally in the same cell at the same time, it is difficult to understand how proliferating cells lacking pRB could emerge, except if RB loss occurs 
in the quiescent tissue stem cell pool where proliferation is blocked by RB-independent means. In order for a tumour to emerge from this pool of cells, 
secondary mutations inhibitory to cell death would be selected for that would permit the cells to expand. However, given that the frequency of gene 
mutation in non-cycling cells is extremely low, this would happen very rarely and may explain the paucity of RB deletion/mutation in most tissues (a). By 
contrast, there would be selective pressure in favour of RB mutation in cells that are intrinsically death resistant, such as more differentiated cell types (b). 


UNIQUE FUNCTIONS OF RB IN THE RETINA 


Although the relative importance of key pRB target proteins 
in terminal differentiation is controversial, the importance 
of these studies is emphasized by elegant work to identify 
the cell of origin in retinoblastoma (Chen etal., 2004) 
(see Stem C ells and Tumourigenesis). In their mouse model 
of retinoblastoma in which Rb was conditionally deleted in 
the retina of p107 null mice, Bremner and colleagues showed 
that tumours arose from cells that were intrinsically death- 
resistant but had escaped a pRb/p107-independent growth 
arrest associated with differentiation (Chen etal., 2004). 
Given that the emerging tumours expressed markers of 
amacrine-cell differentiation, and consistent with previous 
work (Robanus-M aandag etal., 1998), it was proposed 
that retinoblastomas arose from amacrine cells that had 
proliferated due to loss of Rb and p107, differentiated to 
express amacrine markers, but then undergone additional 
mutation/epigenetic changes to overcome differentiation- 
associated growth arrest. This work provided a timely 
counterpoint to the theory that inactivation of cell-death 
pathways are the key cooperating event in cancers arising 
through loss of RB (Green etal., 2002) by identifying an 
additional class of genes that would be predicted to cooperate 
with Rb loss in tumourigenesis, namely genes that overcome 
differentiation-associated cell cycle arrest (Figure 9). 


It will be informative to determine why the retinoblastoma 
cell-of-origin is intrinsically resistant to cell death. Do these 
cells express high levels of Bcl-2 or some other anti- 
apoptotic regulator? Additionally, does the resistance of 
these cells to death explain the preferential inactivation of 
RB in retinoblastoma (since cells would not die if they 
lost its function, as discussed in Figure 9)? Interestingly, 
ectopic mitoses in the intestinal epithelium of conditionally 
targeted Rb/!°*/f!ox; 9130-/— mice resulted in upregulation 
of differentiation-specific markers, including M ath1, Cdx1 
and Cdx2 (Haigis etal., 2006). Deletion of Cdx1 partially 
reverted epithelial hyperplasia in these mice by suppressing 
ectopic mitoses, indicating, at least in the intestine, that 
differentiation regulators can affect tumour cell proliferation 
(Haigis et al., 2006). 


WHY IS pRB A TUMOUR SUPPRESSOR BUT NOT 
p107/p130? 


Although mouse studies suggest that p107 and p130 can 
compensate for Rb loss in tissues, such as the retina and 
the intestine, there is a paucity of evidence from humans 
indicating any tumour-suppressor functions for either p107 or 
p130. So why might RB bea tumour-suppressor gene and not 
p107 or p130? Data from M EFs indicated that cell cycle exit 
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was uniquely dependent on Rb function (Sage et al., 2003), 
but in retinal transition cells and in enterocytes, loss of p107 
and/or p130 appeared necessary to promote ectopic mitoses 
(Chen etal., 2004; Haigis etal., 2006) indicating that this 
is not the major distinguishing function between pRB and 
p107/p130 in physiologically relevant tissues. Differential 
roles for pRB and pl07/p130 in adipocyte differentiation 
indicated that while pR b promoted differentiation, p107/p130 
may actually block it and also that the interaction of pRB 
with C/EBP-w was not shared with p107/p130 (Classon 
et al., 2000). Thus, the functions of pRB in promoting 
differentiation may ultimately explain why it is a tumour 
suppressor, and p107/p130 are not, although it seems unlikely 
that these functions will be separable from its growth arrest 
properties. pRB protein stability is regulated by MDM2 and 
other tumour associated proteins, such as gankyrin, whereas 
p107 does not appear to be regulated in this manner. Does 
the stress responsiveness of pRB protein levels and activity 
explain its role as a tumour suppressor? Alternatively, are 
the tumour-suppressor properties of RB explained by the 
specificity of its interaction with E2F-1 to which unique 
roles in regulating programmed cell death are attributed? Of 
course, it is possible, if not likely, that all of these factors 
play into the activity of pRB as a tumour suppressor, and 
that their relative importance is governed by the tissue type 
and environmental stresses. More work is required before 
this issue is settled. 


SUMMARY 


The RB tumour suppressor lies at the centre of multiple 
signalling pathways in cells, acting downstream of RAS, 
MDM 2, P53, and D-type cyclins. pRB is key to the integra- 
tion of developmental, stress-induced and growth regulatory 
cues that modulate proliferation, survival, and differentiation. 
The role of pRB in these processes is primarily dependent on 
its interaction with E2F transcription factors, although inter- 
actions with other factors are clearly important to its activity 
in terminal differentiation and tumourigenesis. Despite its 
status as the “grande dame” of tumour suppressors, research 
into the functions of RB is still providing surprising insight 
into how tumour cells evolve over the lifetime of the animal, 
and this knowledge may be used to therapeutic advantage. 
This chapter has tried to capture the main elements of cur- 
rent research, but the subject will undoubtedly merit frequent 
revisiting as we address the unanswered questions high- 
lighted here. 
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INTRODUCTION 


The single cell zygote contains all the information required 
for the development of the adult organism. Unravelling the 
mechanisms involved in processing this information is a 
major scientific challenge. A group of conserved genes, 
known as homeobox genes, has emerged as important mas- 
ter regulators of development. They are expressed during 
embryonic development in a highly co-ordinated manner 
and continue to be expressed in virtually all tissues and 
organs throughout post-natal life. The existence of home- 
obox genes was postulated following the observation of two 
striking mutations in the fruit fly, Drosophila melanogaster. 
In the bithorax mutation, the haltere (a balancing organ on 
the third thoracic segment) is transformed into part of a 
wing, whereas in the antennapedia mutation the antennae 
are changed into legs. Drosophila geneticists described such 
changes as homeotic transformations from the Greek word 
homeosis, indicating a change of a complete body struc- 
ture into another and devised the term “homeotic selector 
gene” to encapsulate the idea that a master regulatory gene 
could control the development of each segment of the fly. 
Subsequently Drosophila was found to contain a cluster of 
genes consisting of the bithorax complex with three home- 
obox genes (U bx, abd-A, and Abd-B ) and the antennapedia 
complex with five homeobox genes (lab, pb, Dfd, Scr, and 
Antp) (Garcia-Bellido, 1977). 

Homeobox genes are present in the genomes of all animals 
mapped so far, as well as in plants and fungi, indicating 
that the origins are ancient and precede the divergence of 
these kingdoms. The vertebrate counterparts of the bitho- 
rax/antennapedia cluster are the Hox genes, which are 
usually found in four clusters, thought to be the product 
of two duplication events early in the vertebrate evolution 
(reviewed by (Duboule, 1992)). The four human HOX gene 
clusters (A-D) are located on different chromosomes, at 
7p15, 17q21, 12q13, and 2q31. Each cluster consists of 


13 paralogue groups with 9 to 11 members assigned 
on the basis of sequence similarity and relative position 
within the cluster. A high degree of homology is evident 
between the human HOX genes and the HOM-C genes 
of Drosophila, see Figure 1. Thus, the human paralogue 
groups 1-8 are more closely related to antennapedia (Antp), 
with groups 9-13 more closely related to abdominal-B 
(Abd-B ). 

Mammalian Hox genes are small, each containing only 
two exons and a single intron which vary from less than 
200 bases to several Kb, see Figure 2(a). The homeobox is 
always present in the second exon in Hox genes and shows 
a high degree of homology among these genes, especially 
within paralogue groups. At least 200 homeobox genes have 
been identified in the human genome (Tupler et al., 2001). 
M ost are designated as non-HOX or non-clustered homeobox 
genes, are located outside the HOX clusters, and are not 
involved in homeotic transformations. Their structures are 
more variable than HOX genes and frequently the homeobox 
bridges an exon-splicing site. 

The homeodomain of HOX proteins is a highly conserved 
motif of 60 amino acids, which contains a helix-turn-helix 
DNA binding motif with three helical regions. Helix 3 con- 
tacts the major groove of DNA while helices 1 and 2 lie 
above the DNA, see Figure 2(b) and (c). Further contact 
of the homeodomain to the DNA is made by the sequence, 
which proceeds to helix 1, the N-terminal arm. HOX proteins 
have an acidic tail at the C-terminus and a pentamer upstream 
of the homeodomain that binds the TALE (three amino acid 
loop extension) proteins, such as MEIS or PBX, which act as 
cofactors and increase the stability of HOX -DNA binding. 

The oncogenic potential of HOX genes has been clearly 
linked with leukaemia and numerous studies of HOX genes 
in cancer have been reported. Functional redundancy implicit 
in the HOX system complicates the attempts to define the 
role of individual HOX genes and mechanistic studies must 
take account of the factors affecting the HOX network, such 
as upstream regulators and downstream target genes (Grier 
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Figure 1 Conservation of the Drosophila HOM-C and human HOX gene families. In humans, the four HOX gene clusters are conserved in terms of their 
colinearity expression, so that the 3’ genes are expressed more anteriorly than the 5’ genes. The genes are also expressed in a pattern that correlates with 
the spatial expression of the genes during embryonic development, with the 3’ genes being expressed before the 5’ genes. 


et al., 2005). A growing list of genes has been reported to 
be regulated by HOX proteins, but compelling experimental 
evidence currently only exists for about 25 different genes 
(Pearson et al., 2005). The changes in HOX expression pro- 
file observed between the embryonic and postnatal stages of 
development and between normal and neoplastic tissue, have 
led to the postulate that “Oncology recapitulates ontology”. 
This burgeoning field of investigation has been the subject 
of several comprehensive reviews (Look, 1997; Buske and 


Humphries, 2000; A bate-Shen, 2002; Grier et al., 2005). This 
chapter considers the role of HOX genes in embryonic devel- 
opment, postnatal life, and neoplastic disease. 


HOX GENES AND DEVELOPMENT 


During morphogenesis, cells require positional information 
to ensure that uncommitted cells differentiate into the tissue 
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Figure 2 Structure of HOX genes and proteins. (a) Each HOX gene 
consists of two exons and one intron. (b) Each HOX protein contains a 
61-amino acid helix-turn-helix motif, the homeodomain. (c) HOX proteins 
bind DNA in a characteristic manner. 


appropriate for its location within the developing embryo. In 
Drosophila, a complex of eight genes, the HOM -C complex, 
defines the body plan of the developing fly. Sequentially, 
from 3’ to 5’, each of the genes within the HOM-C complex 
is expressed progressively more posteriorly and is responsi- 
ble for assigning segment identity and regulating structural 
development within that segment. This one-dimensional rep- 
resentation of gene expression by a cluster of genes has been 
termed “spatial colinearity” (Lewis, 1978). 

The relationship between the chromosomal arrangement 
of HOM-C genes and the localization of their expression 
was established by Lewis (1978). He determined that the 
effect of the two types of homeotic mutations, loss of 
function and gain of function, on the body form depended 
on their position within the cluster. Mutations of HOM- 
C genes generally result in homeotic transformations of 
the most anterior segment in which the gene is expressed 
even though the gene may be expressed in a number of 
segments. Loss-of-function mutations usually lead to the 
development of structures normally found in more anterior 
segments while gain-of-function mutations result in segments 
developing the appearances and structures associated with 
posterior segments. This effect has been termed “posterior 
dominance” or “posterior prevalence” and is the result of the 
overlapping expression pattern of the HOM-C genes with the 
“posterior” 5’ genes inhibiting the effects of the “anterior” 3’ 
genes. In vertebrates dramatic alterations in morphogenesis 
caused by mutations of single HOX genes are not observed. 

In the developing vertebrate, HOX genes are first 
expressed during early gastrulation at a stage when the 
embryo generates its major body axis (Duboule, 1994). In 
a pattern that correlates with the spatial expression of HOX 
genes, 3’ genes are expressed earlier than 5’ and as the 


embryo develops more progressively 5’ genes are expressed. 
This pattern is termed “temporal colinearity”. HOX gene 
expression along the anterior- posterior axis of the vertebrate 
nervous system demonstrates spatial colinearity (Lumsden 
and Krumlauf, 1996). The 3’ genes in groups 1 to 4 are 
involved in regulating the development of the branchial 
region and the embryonic hindbrain (the rhomboncephalon), 
groups 5 to 8 regulate thoracic development while groups 9 
to 13 regulate development of the lumbrosacral region, the 
genitalia, and the limbs. 


HOX GENES AND LUNG DEVELOPMENT 


Mammalian lungs originate as the laryngotracheal groove in 
the ventral surface of the primitive foregut (R oth-K leiner and 
Post, 2003). The groove elongates into a tube representing 
the primitive trachea, which then branches into two primary 
bronchial buds that undergo dichotomous branching. HOX 
genes have a number of roles during lung morphogenesis and 
maintenance of the respiratory epithelial phenotype. Genes 
from clusters A and B, especially from groups 3 to 8, are the 
most highly expressed in the developing lung but the levels 
of expression of most HOX genes decline with advancing 
maturation (Golpon et al., 2001). 

HOXB5 has a role in early lung development, particularly 
with the regulation of airway branching. In foetal mouse lung 
explants treated with Hoxb5 antisense oligonucleotides there 
was a foreshortening and reduction of the branches arising 
from the mainstem bronchi. Persistent high levels of HOXB5 
expression beyond the early phases of lung development 
are associated with regions of lung having primitive mor- 
phology. HOXB5 is over-expressed in bronchopulmonary 
sequestration and in congenital cystic adenomatoid malfor- 
mation (Volpe etal., 2003), both disorders associated with 
failure of areas of primordial lung tissue to follow normal 
patterns of morphogenesis. HOXB3 has a role in regulat- 
ing the functional phenotype of lung epithelial cells. Hoxb3 
inhibits differentiation of a foetal hamster lung cell line into 
type II pneumocytes (alveolar secretory cells) but promotes 
differentiation into Clara cells (proximal airway secretory 
cells) (Germann et al., 1993). Hoxa5 has an essential role in 
maintaining the function of surfactant producing cells. Mice 
homozygous for a loss-of-function mutation of Hoxa5 die in 
the early neonatal period with lung pathology similar to the 
surfactant-deficient respiratory distress syndrome in preterm 
human neonates (Aubin et al., 1997). 


HOX GENES IN HAEMATOPOIESIS 


After developmental biologists had defined the axial pat- 
terning of Hox expression, haematologists began investigat- 
ing the expression of these genes in normal and abnormal 
haematopoiesis. The majority of HOX genes are well repre- 
sented in the haematopoietic compartment, suggesting that 
developmental decisions within this compartment may be 
influenced by the encoded proteins (M agli et al., 1991). They 
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are expressed in a pattern characteristic of the lineage and 
stage of differentiation. At least 22 of the 39 HOX genes 
have been identified in murine CD34* cells. Genes of clus- 
ters A, B, and C, but not D, are expressed during blood 
cell development, with the 3’ genes of the A and B paral- 
ogous groups highly expressed in the most primitive cells. 
Upon differentiation 3’ gene expression decreases and there 
is increased expression of some of the 5’ genes (Sauvageau 
et al., 1994). 

When murine HOXB4 was overexpressed in haematopoi- 
etic stem cells (HSCs), serial transplantation studies showed 
an enhanced ability to regenerate the most primitive stem 
cell compartment and resulted in a 50-fold increase of trans- 
plantable HSCs, in both primary and secondary recipients 
(Sauvageau et al., 1995). Overexpression of human HOXB4 
also mediates self-renewal of HSCs ex vivo. Since these 
HOXB4-expanded cells retain normal differentiation poten- 
tial and are not leukaemogenic they represent a promising 
approach for human HSC therapy. 


HOX GENES AND LEUKAEMIA 


Individual HOX genes or loci are dysregulated in leukaemic 
cells and models. The first direct evidence of association of 
HOX genes with co-factors in leukaemia was observed in the 
murine BXH-2 model by Nakamura and colleagues (N aka- 
mura et al., 1996b) who identified co-activation of Hoxa9, 
Hoxa7, and Meisl. Subsequently gene-targeting technology 
was used to examine HOX function in developing blood 
cells. Knockout mouse models and overexpression strate- 
gies, often involving retroviral vector systems have been 
deployed to define the role of single or multiple HOX genes 
in lineage commitment and differentiation. Some striking 
findings have emerged from these approaches. For example, 
when primary bone marrow cells were retrovirally engi- 
neered to overexpress HOXB3 or HOXA10 a moderately 
aggressive leukaemia resulted (Thorsteinsdottir et al., 1997). 
These experiments extended the previous observations that 
HOX genes worked at the level of the HSCs and provided 
the foundation to investigate the role of HOX and associated 
co-factors (PBX and MEIS family members) on leukaemic 
HSC function. PBX1 had previously been observed as a 
fusion partner for E2A, resulting in the formation of an onco- 
protein implicated in human pre-B -cell leukaemias and the 
M eis1 locus was identified as a retroviral integration site in 
the BXH-2 murine model of leukaemia. Combined Hoxa9 
and Meisla overexpression resulted in an oligoclonal acute 
myeloid leukaemia (AML) and subsequently death within 
3months. In contrast, transplantation of cells overexpress- 
ing Hoxa9, Meisla, or Pbxlb singly, or both Hoxa9 and 
P bx1b, failed to produce leukaemia in the mice after 6 months 
(Kroon etal., 1998), illustrating the leukaemogenic effect 
of certain combinations of HOX genes and their associated 
cofactors. 

Evidence for a direct role for HOX in the onset of 
leukaemia was provided by the discovery of a rare class 
of AML, harbouring a t(7;11) translocation which resulted 


in the fusion of a nucleoporin genes (NUP98) with HOXA9 
(Nakamura et al., 1996a; Borrow et al., 1996). In a seminal 
paper, Look proposed a mammalian model for the regulation 
of HOX genes, based on Drosophila HOM-C upstream regu- 
lators e.g. trithorax (the homologue of mammalian MLL) and 
chromosomal translocations involved in leukaemia (Look, 
1997). This spawned efforts to evaluate HOX expression 
levels in haematological malignancy using oligonucleotide 
microarrays and Q-PCR technology (Armstrong et al., 2002; 
Thompson et al., 2003), which has contributed to our under- 
standing of the leukaemic process. Whether upregulated H O X 
is merely a marker of the differentiation state of the cells 
(Roche et al., 2004) or can contribute to the identification of 
prognostic subclasses (Bullinger et al., 2004) remains to be 
fully elucidated. 

The MLL gene on chromosome 11q23 is a histone methyl- 
transferase which undergoes heterologous fusion with over 
40 partner proteins (Dimartino and Cleary, 1999) in a range 
of haematological malignancies that includes AML, acute 
lymphoid leukaemias (ALL) of both B-precursor (B-ALL) 
and T-lineage (T-ALL) sub-types and myelodysplastic syn- 
drome (MDS). Specific fusion proteins with MLL are asso- 
ciated with neoplasia affecting cells of different lineages. In 
the last decade, leukaemia models have been developed to 
investigate activation of the HOX pathway by MLL (Milne 
et al., 2002; Horton et al., 2005). 

In an attempt to reach a molecular classification of 
leukaemia, Golub and colleagues (Golub et al., 1999) used a 
DNA microarray approach. HOXA9 was identified as a pre- 
dictive marker for the diagnosis of AML, and was reported 
to be the only single gene among 6817 tested that showed 
a strong correlation with patient outcome. Expression of 
HOXA9 was also correlated with clinical outcome (Golub 
et al., 1999), 

Skeletal congenital abnormalities have been reported to 
occur more frequently in children with haematological malig- 
nancy suggesting the involvement of developmental genes. 
Van Scherpenzeel Thim et al. (2005) examined a cohort of 
86 children with acute lymphoid malignancy, 20 of whom 
had concurrent congenital abnormality of the skeleton. Three 
HOX variants were exclusively found in acute lymphoid 
malignancy cases. There was a germline A242T missense 
mutation in HOXD4 identified in two children with ALL, in 
association with two other specific HOX variants in the D 
cluster. Follow-up studies with the murine homologue H oxb4 
suggested that the mutant protein had a lower transcriptional 
activity than the wild type protein resulting in a partial loss 
of function which contributed to the ALL (Van Scherpenzeel 
Thim et al., 2005) (see Blood and Bone Marrow: M yeloid 
Leukaemias and Related Neoplasms). 

The precise role of HOX genes and their co-factors in the 
leukaemic process remains to be elucidated. Recent reports 
suggest that MEIS family members may also be critical to 
this process and in association with specific HOX proteins 
may act as accelerators of particular leukaemia phenotypes 
(Mamo et al., 2006). Whether the HOX pathway is a valid 
target for novel therapeutic development against leukaemia 
requires further investigation. 
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HOX GENES AND SOLID MALIGNANCIES 


On the basis of the hypothesis that neoplasia arises via a 
process that recapitulates ontogeny, the role of HOX genes 
in the pathogenesis of solid malignancies has become a 
burgeoning area of scientific interest. Table 1 gives examples 
of anomalous expression and mutation of HOX genes, which 
have been found in neoplastic disease. 

The alterations in HOX gene expression linked with 
tumourigenesis may occur in one of three ways (Abate- 
Shen, 2002). The first involves a gain in gene expres- 
sion due to re-expression of HOX genes usually active 
only during embryogenesis. Such aberrant expression has 
been reported in primary tumours and cell lines from brain 
(Peverali etal., 1990; Abdel-Fattah etal., 2006), mam- 
mary gland (Cantile et al., 2003a) and kidney (Cillo etal., 
1992). The second form of genetic alteration occurs infre- 
quently in neoplasia and involves the expression of genes 
not normally expressed in a particular tissue during devel- 
opment. A rare example involves the “de novo” expres- 
sion of the homeobox gene PAX5 in medulloblastoma, a 
gene which is not present in the developing cerebellum 
from which this tumour arises (Kozmik etal., 1995). In 
the third group, the expression of HOX genes normally 
found in the fully differentiated adult tissue are downregu- 
lated in neoplastic cells derived from the same site. HOX 
genes expressed in differentiated adult cells are thought 
to regulate expression of genes involved in cell prolifer- 
ation, cell adhesion and cell matrix interactions (Morgan, 
2006). Homeobox genes expressed in developing tissue are 
often downregulated during differentiation and then found 
to be re-expressed in cancer. In contrast homeobox genes 
expressed in differentiated tissues are often downregulated 
in cancer progression (Abate-Shen, 2002), see Figure 3. To 
date, most reports have compared differences in HOX gene 


expression between normal and neoplastic tissues or cell 
lines derived from them. Few studies have attempted to 
demonstrate a functional relationship with the malignant phe- 
notype. 

In breast cancer, aberrant expression of the cervical HOX 
genes Al, B2, A3, D3, and D4 and the lumbrosacral HOX 
genes A11, B13, D10, and D13 has been found in neoplas- 
tic tissue (Cantile et al., 2003a). Lack of HOXA5 expres- 
sion results in the loss of P53 in breast tumours (Raman 
et al., 2000). Re-expression of HOXA5 using a P53 mutant 
breast cancer cell line induced apoptosis mediated by cas- 
pase 2 and 8 (Chen etal., 2004). Forced expression of 
HOXA1 produced oncogenic transformation of immortalized 
human mammary epithelial cells by enhancing anchorage- 
independent proliferation (Zhang etal., 2003). Further- 
more, promotion of anchorage-independent growth together 
with suppression of apoptosis by HOXA1 is dependent 
on E-Cadherin-mediated cell- cell interactions. Up-regulated 
expression and transcriptional activity of HOXA1 occurred 
via E-Cadherin activation of the RAC1, and not PI3- 
kinase pathways. These findings strongly support HOXA1 
as a downstream effector of E-Cadherin-directed signalling 
(Zhang et al., 2006). 

HOXD10 is thought to act as a tumour suppressor gene 
in breast tumourigenesis. Utilizing a three-dimensional cul- 
ture model an invasive breast tumour cell line reverted 
to a non-malignant state following restoration of HOXD10 
expression (Carrio et al., 2005). Sgroi and colleagues per- 
formed a 22000 gene expression profile analysis on women 
uniformly treated with Tamoxifen for primary breast cancer. 
Comparative gene expression analysis between patients with 
recurrences versus patients without identified 19 differen- 
tially expressed genes. The expression ratio of HOXB13 and 
IL17BR could reliably predict outcomes if the patients were 
node negative at clinical presentation (Sgroi et al., 2004). 
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Figure 3 Changes in homeobox gene expression occur during carcinogenesis. Homeobox genes normally expressed in embryonic tissues are often 
downregulated during differentiation and can be re-expressed in cancer. In contrast, homeobox genes expressed in differentiated tissues are often 
downregulated in cancer progression. (Figure adapted from (A bate-Shen 2002), with permission from Nature Reviews Cancer, copyright 2002 Macmillan 


M agazines Ltd.) 
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Table 1 Malignant diseases associated with HOX mutations and anomalous gene expression. 
Disease type HOX genes affected Mechanism of change Reference 
Leukaemia 
AML M2/4 HOXA9 Formation of NUP98-HOXA9 fusion due to chromosome Borrow et al. (1996), Nakamura 
translocation t(7;11)(p15;p15) et al. (1996a) 
AML HOXA9 Increased expression in leukaemia Golub et al. (1999) 
ALL HOXA4, A5, A7, and A9 Upregulation of HOX expression associated with MLL Armstrong et al. (2002) 
translocations 
ALL HOXD4 Germline missense mutation in HOXD4 in two children Van Scherpenzeel Thim et al. 
diagnosed with ALL (2005) 
Pro-B/pre-B ALL Multiple Upregulation of HOX expression associated with fusion of | Dimartino and Cleary (1999) 
upstream regulator MLL with AF4 t(4;11)(q21;q23) 
APL Multiple Global downregulation of HOX expression in PML-RARa@ Thompson et al. (2003) 
fusion 
Cancer 
Bladder HOXC4, C5, C6, and C11 Constitutively silent in normal urothelium, expression Cantile et al. (2003b) 
increased in bladder carcinomas 
Brain HOXB3, B4, and C6 Strong positivity in neoplastic cells from childhood Bodey et al. (2000) 
medulloblastomas/primitive neuroectodermal tumours 
stained immuohistochemically 
HOXA6, A7, A9, A13, B13, D4, Differential expression between normal and neoplastic Abdel-Fattah et al. (2006) 
D9, and D13 astrocytes 
Breast HOXA1L Forced expression of HOXA1 causes transformation of Zhang et al. (2003) 
mammary cells through anchorage-independent growth 
HOXA1 is a downstream effector of E-Cadherin signalling Zhang et al. (2006) 
HOXA5 Downregulation with a coordinate loss of p53 mRNA and Raman et al. (2000) 
protein expression 
HOXA1, B2, A3, D3, D4, D10, Aberrant expression in tumour compared with normal tissue Cantile et al. (2003a) 
A11, B13, and D13 
HOXD10 Reversion to nonmalignant phenotype following restoration Carrio et al. (2005) 
of HOXD10 expression in a three-dimensional model 
HOXB13 Expression ratio of HOXB13 and IL17BR used to predict Sgroi et al. (2004) 
outcome in breast cancer patients treated with Tamoxifen 
Cervical HOXA1 Upregulation in neoplasia compared to normal cervix Shim et al. (1998) 
HOXA1, B2, B4, C5, C10, and Expression in cervical carcinoma cell lines but not in any of Hung et al. (2003) 
D13 the normal cervical tissues 
HOXA13 Mutations of intron 1 of HOXA13 in 4 of 11 cell lines Hung et al. (2003) 
Colorectal HOXB6, B8, C8, and C9 Upregulation in colorectal cancer with marked decrease in Vider et al. (1997) 
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Multiple HOX genes 


HOXC8 
HOXC4, C5, C6, and C8 


HOXD 


Cdx1 

HOXA 10 downregulates Snail, a repressor of E-Cadherin 
transcription 

Downregulated compared to normal kidney tissue 
Multiple HOX genes found in SCLC but not present in 
normal lung tissue of any controls 

Increased expression in most cases of SCLC, but not 
detected in airway 

Expression partially recapitulates embryonic lung profile 
Upregulation associated with reduced WNT7a 

Set of TGF-f upregulated genes act as downstream effectors 
Promotes metastasis in lung tumours 

Expression of VLA and ICAM-1 is inversely related to 5’ 
HOXC gene expression and metastatic potential 
Increased expression compared to nevus pigmentosus 





Higher expression in melanoma with distant metastasis than 
those without it 

Deregulated expression of 11 HOX genes 

Upregulation of HOXA9, A10, and A11 in epithelial ovarian 
cancers 

Overexpression associated with loss of differentiation 
Upregulation in malignant cell lines, lymph node 
metastases, and primary tumour cells 

Altered expression in prostate epithelial phenotypes in 
response to cAMP 


Yoshida et al. (2006) 


Cillo et al. (1992) 
Tiberio et al. (1994) 


Lechner et al. (2001) 


Lechner et al. (2002) 
Calvo et al. (2000) 
Miyazaki et al. (2002) 
Hamada et al. (2001) 
Cillo et al. (1996) 


M aeda et al. (2005) 





M aeda et al. (2005) 


Chen et al. (2005) 
Cheng et al. (2005) 


Waltregny et al. (2002) 
Miller et al. (2003) 


Cantile et al. (2005) 
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Compelling evidence that HOX genes have an important 
regulatory role in the pathogenesis of epithelial ovarian can- 
cers has been presented (Cheng et al., 2005). HOXA genes 
not only specified regional identity in the female reproductive 
tract but also influenced the lineage infidelity of malignant 
ovarian epithelial cells (Cheng et al., 2005). Forced expres- 
sion of HOXA9 causes ovarian epithelial lining cells to 
adopt a papillary-type character. In contrast, expression of 
HOXA10 produced cells with endometrial characteristics and 
expression of HOXA11 produced mucinous-type cells. Inter- 
estingly, activation of HOXA7 in combination with HOXA9, 
A10, or All resulted in the formation of low-grade tumours 
that were less aggressive than high-grade tumours. A related 
study proposed a role for HOXA10 in the promotion of 
epithelial- mesenchymal transition associated with progres- 
sive endometrial carcinoma (Y oshida et al., 2006). HOXA10 
influenced E-Cadherin expression by downregulating Snail, a 
repressor of E-Cadherin gene transcription. Downregulation 
of HOXA10 expression correlated strongly with the increased 
grade of endometrial tumours as well as with methylation of 
the HOXA10 promoter. 

Deregulation of HOX genes has also been studied in 
prostate neoplasia (Miller et al., 2003; Cantile et al., 2005). 
Upregulated genes from the HOXC cluster were found in 
cell lines derived from prostate tumours and nodal metas- 
tasis. In particular, HOXC8 overexpression progressively 
inhibited transactivation of the androgen receptor in prostate 
cancer cells. Previously, the expression of HOXC8 in tis- 
sue had been correlated with higher Gleason grade in 
prostate tumours compared with normal prostate (Waltregny 
et al., 2002). 

Analysis of paired normal and malignant bladder samples 
suggests a major role for HOXC genes in the develop- 
ment of bladder cancer. Consistently increased expression of 
HOXC4, C5, and C6 was found in bladder tumours compared 
with normal urothelium from the same patients. Additionally, 
HOXC11 was actively expressed in the majority of transi- 
tional cell carcinoma samples despite its complete inactivity 
in normal urothelium (Cantile et al., 2003b). 

Retinoic acid-induced differentiation of neuroblastoma cell 
lines revealed a specific and complex pattern of HOX gene 
expression for the four genes studied (HOXA4, B4, C4, and 
D4). Increased HOX gene expression was demonstrated in all 
cell lines as they matured morphologically towards a differ- 
entiated neuronal phenotype (Peverali et al., 1990). Immuno- 
histochemical investigation of HOXB3, B4, and C6 gene 
products showed strong immunoreactivity in tumour cells in 
childhood medulloblastomas and primitive neuroectodermal 
tumours (Bodey etal., 2000). HOXA6, A7, A9, A13, B13, 
D4, D9, D10, and D13 are either silent or expressed at very 
low levels in normal astrocytes that have been immortalized 
with human telomerase reverse transcriptase and infected 
with retrovirus E6/E7 to inactivate p53 and Rb. Comparative 
analysis with glioblastomas showed higher levels of these 
HOX genes in almost all cell lines studied (A bdel-F attah 
et al., 2006). 

Re-expression of several HOX genes in lung cancers 
normally only expressed in foetal lungs further supports the 
concept that oncology recapitulates ontogeny. Nine HOX 


genes (A10, All, B8, B9, C8, C10, D10, D11, and D13) 
have been detected in more than half of small cell lung 
carcinomas (SCLC) but were absent in normal lungs (Tiberio 
et al., 1994). Calvo and colleagues found that nine HOX 
genes (A1, A7, B8, B9, C4, C5, C6, C9, and D3) were present 
in more than half of SCLC tumours and had previously been 
found in foetal lungs but not in adult lungs. HOXA7 and C5 
were expressed in all of the SCLC tumours examined and, 
since they are not expressed in adult lungs, may prove useful 
as molecular markers to detect lung carcinoma in sputum 
(Lechner et al., 2001). 

HOXA7, C5, and D13 are also expressed in non-SCLC 
tumours (Lechner et al., 2001). Furthermore, they can occa- 
sionally be detected in the grossly normal lung parenchyma 
taken from sites distant from the tumours in smokers, sug- 
gesting that the cigarette smoke had induced changes in HOX 
expression in the apparently normal tissues. Another group 
found that HOXA9, A10, B9, C4, and C9 were not expressed 
in normal lung but were expressed in most of ten cell 
lines derived from various types of lung carcinoma (Calvo 
et al., 2000). HOXA9 was particularly highly expressed in a 
mesothelioma cell line. 

Possible roles for the candidate genes identified by pro- 
filing experiments may be determined by examining the 
association between gene expression and tumour character- 
istics. The transformed human airway cell line, Beas2B, is 
immortalized but not tumourigenic, although tumourigenic 
subclones can be produced by transfection with oncogenes 
or by exposure to carcinogens (Lechner et al., 2002). Beas2B 
cells express HOXA7 but not C5 or D13; however, tumouri- 
genic subclones of Beas2B cells with v-Ki-ras or v-Ha-ras 
oncogenes express HOXC5, D13, and A7. Therefore, inap- 
propriate expression of HOXC5 or D13 in transformed cells 
results in tumourigenicity and suggests that expression of 
these HOX genes could be a late event in lung carcinogen- 
esis (Lechner et al., 2001). The expression of HOX genes 
in malignant cells may therefore change as neoplastic pro- 
gression occurs. HOXA7 expression may be an early event 
occurring in carcinogen-exposed but non-transformed cells 
while expression of HOXD13 and C5 may be a later event 
associated with tumourigenicity. 

Possible targets of abnormal HOX gene expression in 
lung carcinoma include regulation of cell cycle, apoptosis, 
growth factors, adhesion molecules, and components of the 
extracellular matrix (Lechner etal., 2001). A link between 
HOXB9 and liver cell adhesion molecule (L-CAM) in 
an SCLC cell line has been suggested (Alonso Varona 
et al., 1996). 

Deregulated HOX gene expression has been found in 
cervical neoplasia. cDNA expression arrays were used to 
investigate the genes differentially expressed between normal 
cervix and tissue samples of cervical cancer (Shim etal., 
1998). HOXA1, together with a number of other genes, 
were found to be increased in the cervical cancer tissue 
relative to the normal cervix. In contrast, HOXA7 showed 
decreased expression in all cervical cancer samples studied. 
Recent related studies have compared levels of HOX gene 
expression between normal cervix and cervical cancer cell 
lines. HOXA1, B2, B4, C5, C10, and D13 were absent in 
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normal cervix but were expressed in the majority of the 
cervical cancer cell lines. Mutational analysis of HOXA10 
and HOXA13 in the cancer cell lines revealed a G to C 
base substitution in intron 1 of the HOXA13 gene in 4 of 
the 11 cell lines (Hung et al., 2003). These studies provide 
further supportive evidence that HOX genes have a role in 
tumourigenesis. 

Comparative gene expression analysis of cancerous and 
non-cancerous tissue from patients with squamous cell car- 
cinoma of the oesophagus showed that 8 of 39 HOX genes 
were consistently expressed in malignant tissue but were 
not present in non-cancerous oesophagus. A further three 
HOX genes, although expressed in cancerous tissue and 
non-cancerous oesophageal mucosa, were present at higher 
expression levels in the malignant tissue (Chen et al., 2005). 


HOX GENES IN METASTASIS 


The transformation of normal cells to those with malignant 
characteristics requires an alteration in many of the cell pro- 
cesses that are influenced by HOX genes during development 
including cell proliferation, cell adhesion, and cell- matrix 
interactions. It has been hypothesized that HOX proteins 
facilitate migration of cells away from the tissue of origin 
through modulation of cell adhesion molecules, and that loss 
of normal adhesion between cells results in intravasation and 
metastasis (Grier et al., 2005). 

Increased expression of HOXA1, A2, C4, and B13 has 
been associated with the acquistion of invasive and metastatic 
potential in malignant melanoma (M aeda et al., 2005). In col- 
orectal cancer, HOXB6, B8, C8, and C9 are overexpressed at 
various stages (Vider et al., 1997). Colorectal tumour metas- 
tases in the liver express specific HOX genes complementary 
to those in either the primary malignancy or normal colon 
but not those genes found in normal liver (De Vita etal., 
1993). Overexpression of HOXC4, C5, C6, and C8 has been 
reported in malignant prostate cell lines and lymph node 
metastasis (M iller et al., 2003). 

The metastatic potential of separate clonal subpopulations 
of melanoma cells (M e 665/2) was determined on the basis of 
the pattern of expression of genes encoding a small number 
of specific cell adhesion molecules with the concurrent 
expression of genes from the HOXC cluster (Cillo etal., 
1996). Clones with low levels of ICAM-1 and the integrins 
VLA-2, VLA-5, and VLA-6 showed expression of genes 
at the 5’ end of the HOXC locus (C10, C11, C13). An 
inverse relationship was clearly demonstrated between the 
expression of these 5’ HOXC genes and the genes related 
to the expression of cell surface adhesion molecules. This 
led to the hypothesis that cells with low expression of 
these regulatory molecules which influence cell-cell and 
cell- matrix interactions could be expected to have a higher 
metastatic potential. 

HOXD3 has been proposed as a metastasis-promoting 
gene in lung cancer (Hamada et al., 2001). Overexpression 
of HOXD3 in lung cancer A549 cell lines resulted in 
loss of E-Cadherin expression. In addition, a3 and £3 


integrins were upregulated with N-Cadherin and a4 was 
newly expressed. Overexpression of HOXD3 resulted in 
higher mobility and increased invasion of the A549 cells 
compared with control lines. Using a nude mouse model, 
injected HOXD3 transfectants produced a significantly larger 
number of metastatic foci in the lungs compared with control 
transfectants (Hamada etal., 2001). Dysfunction and loss 
of E-Cadherin expression are correlated with invasion and 
metastasis of human cancers (Hirohashi, 1998). 

A set of TGF-8 upregulated genes including MMP2, 
syndecan-1, and CD44 has been highlighted as downstream 
effectors of HOXD3 in A549 cells using 7075 human cDNA 
microarrays (Miyazaki et al., 2002). HOXD3 also decreased 
the expression of the TGF--independent genes coding for 
desmosomal components that are known to inhibit tumour 
invasion and metastasis. These findings demonstrated that the 
mechanisms through which HOXD3 enhanced the metastatic 
potential of lung cancer cells were underpinned by both 
TGF-8-dependent and TGF-f-independent pathways. 


TUMOUR VASCULARIZATION 


Modulation of cell surface molecules by HOX genes has 
profound effects on the process of angiogenesis with both 
promotion (M yers et al., 2000; Boudreau and Varner, 2004; 
M ace et al., 2005) and inhibition (Raman et al., 2000; M yers 
et al., 2002) having been reported. HOXD10 inhibits angio- 
genesis by simultaneously upregulating urokinase plasmino- 
gen activator receptor (uPAR) and downregulating tissue 
inhibitor of metalloproteinases 1 (TIMP-1). As a result, 
degradation of the basement membrane is prevented dur- 
ing vascular remodelling (M yers et al., 2002). HOXA5 also 
blocks angiogenesis by selectively downregulating the proan- 
giogenic genes VEGFR2, ephrin Al, HIF-la@, and COX-2 
and upregulating the anti-angiogenic gene thrombospondin-2 
(Rhoads et al., 2005). Furthermore, HOXA5 was preferen- 
tially expressed in quiescent compared with active angio- 
genic endothelial cells. In related research, Hoxb5 has 
been reported to promote endothelial differentiation also via 
upregulation of the VEGFR2 receptor (Wu etal., 2003). 
It is unclear whether the paralogue HOX gene products 
A5 and B5 compete for binding to the same promoter 
on VEGFR2 or act independently of each other. Overex- 
pression of HOXD3 enhances both the mRNA and protein 
levels of the ws integrin, a cell surface molecule present on 
tumour vessels but not on normal quiescent vascular chan- 
nels (Boudreau and Varner, 2004). A tenfold increase in the 
expression of several angiogenic growth factors including 
VEGF, angiogenin-2 growth-related oncogene a (Gro a), 
and interleukin-8 (IL-8) was found in the breast carcinoma 
cell line SKB13, following retroviral induction of HOXB7 
(Care et al., 2001). Additionally, HOXA9 binds and tran- 
scriptionally regulates the receptor tyrosine kinase EphB 4. 
Downregulation of HOX A 9 decreased the E phB 4 expression, 
resulting in decreased endothelial cell tube formation and 
inhibited endothelial cell migration, confirming that HOXA9 
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has a specific role in the proangiogenic response (Bruhl 
et al., 2004). 


CONCLUSION 


Current investigations of HOX gene expression are providing 
useful information for disease classification and prediction 
of clinical outcome in a range of human cancers. A ttempts 
to elucidate the functional role of HOX genes in malignant 
transformation should benefit from our increasing under- 
standing of their upstream regulators and downstream target 
genes. It will be interesting to see whether the concept that 
“Oncology recapitulates ontogeny” is borne out by future 
work. 
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INTRODUCTION 


Cancer control may be achieved through primary prevention 
(e.g., reduction of exposure to carcinogenic agents or increase 
in resistance towards them by immunization or chemo- 
prevention), down-staging (earlier recognition of clinical 
symptoms or signs), screening for preclinical diagnosis of 
asymptomatic cancer or pre-neoplastic conditions, curative 
treatment, as well as through palliative treatment and rehabil- 
itation schemes. Although these approaches are complemen- 
tary, there is overwhelming empirical evidence that primary 
prevention represents the most promising strategy for effec- 
tive cancer control. Implementation of primary prevention 
requires identification of carcinogenic agents and of the con- 
ditions that favour the exposure of susceptible individuals 
to these agents. An agent is considered to be carcinogenic 
when a change in the frequency or intensity of exposure to 
this agent is accompanied by a predictable change in the fre- 
quency of occurrence of cancer of particular type(s) at a later 
time. 

The issue of causal inference has generated intense debates 
among both philosophers and scientists (Rothman, 1988). In 
a simplified scheme that reflects, to a considerable extent, 
the ideas of Sir Karl Popper (Buck, 1975), causal inference 
follows a pattern of interconnected cycles. Each cycle 
includes an examination of the existing data in the light of the 
prevailing views and questions, formulation of an aetiological 
hypothesis that adequately addresses these questions, and 
evaluation of the compatibility of the hypothesis with new 
sets of data specifically generated or assembled for this 
purpose. Compatibility cannot be equated to proof, but 
a hypothesis gains credibility when it repeatedly resists 
refutation. 

In 1969, the World Health Organization (WHO), through 
its IARC, initiated a program to evaluate carcinogenic risks 
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to humans and to produce monographs on individual agents, 
groups, or mixtures (IARC, 1987, 2004). For the evaluation, 
evidence of carcinogenicity in humans and experimental ani- 
mals, as well as other relevant data in experimental systems 
and humans, is taken into account. However, in the final 
overall evaluation, an agent is judged to be “conclusively” 
carcinogenic in humans generally when there is sufficient 
evidence of carcinogenicity in humans derived from epi- 
demiological studies. The evidence for carcinogenicity in 
experimental animals and in vitro experimental systems is 
given less weight because of well-known problems related 
to species specificity. 


EPIDEMIOLOGICAL IDENTIFICATION 
OF A CANCER CAUSE 


The formulation of aetiological hypotheses is usually based 
on the examination of existing data. These data may represent 
the results of studies in experimental animals, for example, 
the occurrence of papillary carcinoma in the bladder of mice 
after exposure to tobacco tar probed investigators to examine 
whether an association between tobacco smoking and blad- 
der cancer also existed in humans. In other instances, the 
data may refer to “unusual” or “interesting” cases reported 
in the clinical literature, for example, the hypothesis link- 
ing inorganic trivalent arsenic compounds to skin cancer 
(IARC, 1980a) and phenacetin-containing analgesics to renal 
pelvic carcinoma (IARC, 1980b) have been based, to a large 
extent, on clinical observations and pathophysiological con- 
siderations. There have also been situations where hypotheses 
were developed and subsequently tested on the basis of 
biological and theoretical arguments. For example, it was 
hypothesized that passive smoking may cause lung cancer 
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because sidestream smoke is not qualitatively different from 
mainstream smoke, and there is no threshold in the exposure- 
dependent relation between active smoking and risk of lung 
cancer (Trichopoulos, 1994). 

In most instances, however, aetiological hypotheses are 
developed on the basis of statistical associations between 
incidences of the cancer under consideration, on the one 
hand, and various personal characteristics of the affected 
individuals - as well as the time and place occurrence pattern 
of their disease - on the other. These valuable associations, 
collectively considered under the term descriptive epidemiol- 
ogy, represent either the products of routinely recorded infor- 
mation or the by-products of analytic epidemiological studies 
designed to address other specific aetiological hypotheses. 

An aetiological relation presupposes the existence of a sta- 
tistical association, but a cancer cause does not have to be, 
and usually is not, either necessary or sufficient. For example, 
all hepatitis B virus (HBV) carriers do not develop hepa- 
tocellular carcinoma, and this cancer can develop without 
the presence of, or even exposure to, the HBV (Stuver and 
Trichopoulos, 2002) (see Liver, Gallbladder, and Extra- 
hepatic Bile Ducts). Furthermore, the existence of a statis- 
tical association between a particular agent and a particular 
form of cancer does not necessarily imply the existence of 
an underlying causal relation. It is possible, in fact common, 
that the association reflects coexistence of the particular agent 
with another agent (the confounding factor), which represents 
the real cause of the particular cancer. Thus, lung cancer 
patients may report excessive use of alcoholic beverages sim- 
ply because, in several cultures, tobacco smoking and alcohol 
drinking tend to be positively correlated (Figure 1). Even in 
the absence of confounding, a statistical association is not 
an infallible indication of a causal relation. Non-smoking 
lung cancer patients, for example, may report higher alcohol 
intakes compared to healthy individuals because they provide 
more truthful and accurate histories of habits for which there 
is real or perceived social disapproval (information bias). 

Analytic epidemiological studies are designed to explore 
whether a genuine association between a particular agent 
or characteristic and a particular cancer actually exists, and 
what is its real strength. The most commonly used measures 
of strength of the association between a particular agent or 
characteristic and a particular cancer is the relative risk; this 
generic term covers the rate ratio, the risk ratio, and the 
odds ratio. The relative risk indicates how many times higher 
(or lower) is the frequency of occurrence of the particular 
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Figure 1 Confounding of the association between consumption of alco- 
holic beverages and lung cancer by tobacco smoking. 
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Figure 2 A cohort study (Adapted from Walker, 1991). 


cancer among individuals exposed to the agent, compared to 
individuals not exposed to the agent. 

Analytic epidemiological studies have been traditionally 
designated as cohort or case control. In cohort studies, 
exposed and non-exposed individuals are followed over time 
and the frequency of occurrence of the cancer under investi- 
gation in the two (or more, if several exposure levels can be 
ascertained) groups is calculated, allowing the direct esti- 
mation of the incidence rate ratio, which is a variant of 
the relative risk (Figure 2). In case-control studies, patients 
with a recent diagnosis of the cancer under investigation are 
compared with individuals free of this cancer. These indi- 
viduals (controls) should be representative of the population 
that gave rise to the cases with respect to the antecedent fre- 
quency of exposure to the agent under study. It can be shown 
that this design permits calculation of the odds ratio, which 
is another variant of the relative risk. The actual frequency of 
occurrence of the cancer under consideration among exposed 
and non-exposed individuals, however, cannot be calculated 
in most case-control studies (Figure 3). 

In both cohort and case-control studies, measurable con- 
founding factors and identifiable biases can be controlled 
for in the analysis, either by stratification or by multivari- 
ate modelling (Breslow and Day, 1980, 1987). Some authors 
have indicated that a sharp distinction between cohort and 
case-control studies is artificial and unjustifiable (Miettinen, 
1985; Rothman and Greenland, 1998). However, most epi- 
demiological studies are still reported under these headings. 


DESCRIPTIVE CANCER EPIDEMIOLOGY 


Descriptive cancer epidemiology examines the distribution of 
individual cancer types by a number of characteristics. These 
characteristics may refer to individuals themselves (personal 
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Figure 3 A case-control study (Adapted from Walker, 1991). 


characteristics, including age, gender, occupation, education, 
marital status, etc.), to the place of disease initiation or 
occurrence (place characteristics, including the country and 
region of residence, the urban or rural nature of the area, the 
altitude, the latitude, etc.), or to the time pattern of occur- 
rence (time characteristics, including long-term trends, time 
elapsing between exposure to a certain agent and the appear- 
ance of a particular cancer, etc.). Certain characteristics are 
inherently multidimensional. For example, migration refers 
to individuals, as well as to the country of origin and the 
time of migration. 

In most instances, descriptive epidemiological associations 
can only generate aetiological hypotheses because observed 
associations are frequently confounded by many factors and 
are also subject to a number of potential biases. For example, 
the high incidence of stomach cancer in Japan can be 
attributed to a number of inter-correlated genetic, nutritional 
and socio-cultural characteristics of the Japanese people. 
However, on rare occasions, descriptive epidemiological 
data can be revealing by themselves, particularly when an 
otherwise rare tumour occurs frequently among persons with 
a certain defining characteristic, usually their occupation or 
medical treatment for an earlier condition. For example, the 
high incidence of cancer of the nasal cavity among workers 
of nickel refineries strongly suggests that the agents or the 
processes involved in nickel refining are carcinogenic. 


Personal Characteristics 


Among the many personal characteristics, those most fre- 
quently explored in descriptive epidemiology are age, gen- 
der, religion, marital status, occupation, and socio-economic 
class. These characteristics are rarely themselves aetiologi- 
cally relevant, but are commonly correlated with exposure to 


carcinogenic factors, and, for this reason, are frequently con- 
sidered risk indicators or risk factors. Furthermore, several 
of these characteristics are readily available because they are 
routinely recorded for administrative reasons. 

Because the incidence of most cancers increases rapidly 
with age, exceptions to this pattern may have an aetiological 
significance. Acute leukaemia, for example, shows an early 
as well as a late peak, which led investigators to consider 
intrauterine carcinogenesis. The subsequent discovery that 
intrauterine exposure to ionizing radiation may increase the 
risk of childhood leukaemia provided empirical support to 
this hypothesis. Similarly, the bimodal incidence pattern of 
Hodgkin’s disease in many countries led to the prevailing 
hypothesis that the early peak is due to an infectious agent. 
Finally, the slowing down of the rate of increase in the 
incidence of breast cancer after menopause has underlined 
the importance of ovarian oestrogens in the aetiology of this 
disease. 

Many cancers are more common among men than among 
women. This has been attributed, in many instances, to the 
higher past exposure of men to tobacco smoking and alco- 
hol drinking. However, some intriguing gender differences 
remain unexplained. The incidence of hepatitis B-positive 
hepatocellular carcinoma is three times higher among men, 
even though the prevalence of chronic HBV infection is only 
two times higher among them. In contrast, the incidence of 
gall bladder cancer (as well as of cholelithiasis) is more com- 
mon among women. 

Religion, ethnic origin, and race are frequently interre- 
lated. The realization that environmental factors, including 
lifestyles, are more important than hereditary factors in 
explaining cancer variation among population groups has 
suggested that these groupings should be viewed in the 
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socio-cultural, rather than genetic, context. Several hypothe- 
ses concerning cancer causation have been generated by 
the unusual lifestyles and cancer occurrence patterns among 
Mormons and Seventh Day Adventists in the United States. 
Also, the low incidence of cervical cancer among nuns has 
led to the hypothesis that sexual activity is an important 
determinant of this cancer. 

Marital status has been an important parameter for the 
formulation of aetiological hypotheses concerning cancer 
occurrence in the female reproductive organs. Marital sta- 
tus associations, most likely reflecting underlying causal 
links of nulliparity with breast cancer, sexual activity with 
cervical cancer, and low parity with ovarian cancer, are 
stronger in socio-cultural settings in which marital status 
is strongly correlated with sexual activity and reproduc- 
tion. 

Several forms of cancer, notably cancers of the stomach 
and the uterine cervix, are more frequent in the lower socio- 
economic classes, and these observations have led to the 
development of aetiological hypotheses implicating, respec- 
tively, particular dietary patterns (salty foods, inadequate 
intake of vegetables and fruits, etc.), inadequate hygienic 
conditions, and infrequent utilization of barrier contracep- 
tive methods. Furthermore, occupational mortality statistics 
have been extremely valuable in pointing out occupations 
that increase the risk of particular types of cancer. 


Place and Time Characteristics 


Cancer mortality statistics by site, age, and gender are pub- 
lished, on an annual basis, by the WHO for most countries of 
the world. Furthermore, the IARC publishes, every 5 years, 
cancer incidence in the five continents, containing data - 
by site, age, and gender - generated by a worldwide net- 
work of cancer registries (Parkin et al., 1992). Correlations 
between the incidence of, or mortality from, particular can- 
cers in various countries on the one hand, and the per 
capita consumption in these countries of various food groups 
or nutrients on the other, have generated hypotheses about 
the nutritional aetiology of several cancers (Armstrong and 
Doll, 1975). 

National cancer rates have also been used extensively in 
studies of migrant populations to distinguish the relative 
importance of heredity and environment (including lifestyle) 
in the generation of the large international variability of 
cancer occurrence at most sites. In migrant populations, 
for instance, Japanese migrating to the United States, the 
incidence of large bowel cancer approaches that of the 
host country within a few decades, whereas for stomach 
cancer a whole lifetime is needed (Haenszel and Kurihara, 
1968) and for breast cancer several generations may be 
required for incidence assimilation (Ziegler etal., 1993). 
Lastly, large-scale geographical patterns have been used 
to generate hypotheses linking malaria endemicity with 
the occurrence of Burkitt's lymphoma (Burkitt, 1970) and 
sunlight exposure with the incidence of skin cancer (Scotto 
et al., 1982). 


Long-term temporal trends of lung and stomach cancer 
in developed countries have led to hypotheses implicating 
tobacco smoking and food preservation modalities in their 
aetiology (see Tobacco Use and Cancer). Specifically, the 
rapid rise in lung cancer mortality among men during the 
first half of the twentieth century - and much slower rise 
of the corresponding mortality among women - indicated 
that a novel strong carcinogen became widespread among 
men but much less so among women. Few agents, besides 
tobacco, would meet these criteria, and many analytic 
epidemiological studies have demonstrated that smoking was 
indeed the responsible factor. While no comparable clear 
explanation exists for the remarkable decline in stomach 
cancer mortality, many investigators speculate that the large- 
scale introduction of refrigeration for food preservation may 
have been responsible. 

Clustering in both time and place, a characteristic of 
diseases caused by infectious agents, has been investigated 
using an ingenious procedure developed by Knox (1963) 
for cases of acute childhood leukaemia. Notwithstanding 
inconclusive results, the hypothesis postulating involvement 
of infectious agent(s) is still widely entertained. 


FORMULATION OF AETIOLOGICAL HYPOTHESES 


The reasoning leading to the generation of aetiological 
hypotheses follows, explicitly or implicitly, a set of rules 
which focus on difference, agreement, concomitant variation, 
and analogy (MacM ahon and Trichopoulos, 1996). 

According to the rule of difference, when both a particular 
set of factors and the incidence of a particular cancer differ 
between two populations, one or more of these factors will 
likely contribute to the occurrence of the disease. When 
the difference in the incidence is large, in relative terms, 
and only one or two factors are forming the differentiating 
set, then the hypothesis is more likely to be correct and 
vice versa. Thus, the relatively high incidence of K aposi’s 
sarcoma among homosexual men in the United States in the 
early 1980s indicated that sexual preferences was involved 
in the occurrence of the disease, since few other, if any, 
characteristics distinguish homosexual from heterosexual 
men. Also, the lower incidence of cervical cancer among 
nuns points to sexual activity as an important causal factor, 
since nuns differ from other women with respect to only 
a few characteristics and practices. By contrast, the usually 
higher incidence of lung cancer in large cities cannot be 
attributed confidently to air pollution, since city dwellers 
differ from rural inhabitants with respect to a number 
of exposures, including those related to occupation, diet, 
smoking, environmental tobacco smoke, and radon. 

The rule of agreement focuses on common factors identifi- 
able in different settings characterized by the high incidence 
of particular cancers. Thus, exposure to ionizing radiation 
was the common factor characterizing patients with ankylos- 
ing spondylitis therapeutically irradiated and children diag- 
nostically X-rayed in utero, when both groups were found to 
have increased incidence of leukaemia. 
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Concomitant variation represents a quantitative expression 
of the first two rules, particularly the first. The concomitant 
variation of per capita fat consumption and the incidence 
of, or mortality from, colorectal cancer, in international 
correlations (Armstrong and Doll, 1975) was important 
for the hypothesis linking fat consumption to colorectal 
cancer - a hypothesis supported by the results of many, 
though not all, analytic epidemiological studies. Correlations 
based on countries, regions, or other population groups 
(as distinct from correlations based on individuals) are 
termed population, group, or ecological correlations. From 
the epidemiological point of view, they may be considered 
as halfway between descriptive and analytical studies, and 
their aetiological importance is, as a rule, limited. 

Inference by analogy represents the fourth and arguably 
the softest rule. The paradigm of poliomyelitis, in which 
early infection is harmless, whereas late infection causes the 
paralytic form of the disease, has been invoked by several 
authors in their attempts to explore the aetiology of childhood 
leukaemia. 

The credibility of an aetiological hypothesis developed 
on the basis of descriptive epidemiological data increases 
substantially if the suspected agent causes cancer in experi- 
mental animals, preferably in more than one species and in 
the same organ as in humans. In the absence of a satisfactory 
experimental model, demonstration of in vitro mutagenic- 
ity provides supportive evidence, as does the identification 
of a likely pathogenetic mechanism. Nevertheless, the ulti- 
mate criterion of the validity of an aetiological hypothesis - 
whether derived from descriptive epidemiological findings or 
formulated on the basis of experimental data, clinical infor- 
mation, theoretical considerations, or any combination of the 
above - is in most cases epidemiological. Specifically, an 
aetiological hypothesis is refuted when it generates predic- 
tions that appear incompatible with the collective evidence 
of analytic epidemiological studies. In contrast, it remains 
provisionally valid when it generates predictions compati- 
ble with the accumulated empirical evidence from human 
studies. 


EPIDEMIOLOGICAL STUDIES EVALUATING 
CANCER CAUSATION 


In theory, the best empirical evidence regarding causation 
should come from randomized trials in humans. Studies in 
humans do not face the pitfalls inherent in the reasoning by 
analogy from animal to human data, whereas randomization 
allows control for distorting influences by both known 
and unsuspected confounding factors; in addition, double- 
blind designs minimize the potential for several types of 
bias. Indeed, therapeutical clinical trials are also aetiological 
studies exploring the causation of a better clinical outcome by 
a certain process, the study treatment. H owever, experimental 
studies of cancer causation cannot be undertaken in humans 
for ethical reasons, except when there is evidence that 
a particular factor may actually protect from cancer (in 
which instance the absence of the factor can be thought 


of as the carcinogenic agent). Even under these conditions, 
experimental studies in humans are still impractical. Among 
cancer patients, the outcome under investigation (death, 
metastasis, or recurrence) is a relatively frequent effect, and 
the corresponding study size can be manageable. Among 
healthy individuals, the frequency of occurrence of any 
particular cancer is low and the corresponding study size 
must be very large, making the follow-up and compliance 
problems exceedingly difficult. Nevertheless, a few such 
studies have been undertaken, either by investing large 
resources - for example, the Women’s Health Initiative 
Randomized Controlled Dietary Modification Trial targeting 
the prevention of breast cancer through reduction of fat intake 
(Prentice et al., 2006) - or by reducing the required sample 
size by focusing on pre-neoplastic conditions that identify 
high-risk individuals. 

Epidemiological studies specifically designed to address a 
particular aetiological hypothesis are frequently called ana- 
lytical. The objective of analytical studies is to document 
causation between exposures and a certain disease. In analyti- 
cal investigations, measurements and categorical assignments 
apply to individuals, whereas this is not necessary in descrip- 
tive epidemiologic studies. Thus, in order to examine in an 
analytical study whether chronic carriers of HBV are more 
likely to develop liver cancer than non-carriers, it is neces- 
sary to classify the individuals under study according to their 
HBV carrier state and the development or not of liver cancer 
during a specified time period (M acM ahon and Trichopoulos, 
1996; Rothman and Greenland, 1998). 

Ecological studies in epidemiology, as opposed to 
individual-based studies, occupy an intermediate position 
between descriptive and analytical investigations, in that they 
share many characteristics with descriptive studies, but may 
also serve aetiological objectives. In ecological studies, the 
exposure and the disease under investigation are ascertained 
not for individuals but for groups or even whole populations 
(M orgenstern, 1982). Thus, the prevalence of HBV in several 
populations could be correlated with the incidence of liver 
cancer in these populations, even though no information 
could be obtained as to whether any particular individual 
in these populations was or was not an HBV carrier and has 
or has not developed liver cancer. 

When an exposure is fairly common (eg., smoking, 
sunlight, poverty, even prevalence of HBV carriers), ecologic 
studies should be able to reveal the effects of these exposures. 
Thus, following the increase in tobacco consumption, the 
incidence of lung cancer has increased sharply over time; 
skin melanoma is more common in geographic latitudes with 
more sunshine exposure; stomach cancer is generally more 
common in low-income social strata; and the incidence of 
primary liver cancer is higher in populations with higher 
prevalence of HBV. As a corollary, inability of ecologic 
studies to demonstrate an association between a widespread 
exposure that has rapidly increased over time (eg., extremely 
low-frequency magnetic fields) and the incidence of a disease 
allegedly caused by these fields (e.g., childhood leukaemia) 
challenges the causal nature of the positive association 
reported from some analytical investigations. 
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In analytic epidemiologic studies, there are several ways 
through which an association, or lack thereof, is assessed, but 
the most common measure is the relative risk. A value equal 
to 1 implies that the exposure under study does not affect 
the incidence of the disease under consideration. In contrast, 
values below and above 1 indicate, respectively, an inverse or 
a positive association (MacM ahon and Trichopoulos, 1996; 
Rothman and Greenland, 1998). When the relative risk is 
higher than 2 and the association unbiased, unconfounded, 
precise, and causal, an exposed case patient is more likely 
than not to have developed the disease because of the 
exposure. When the relative risk is higher than 1 but less 
than 2, the exposed patient is more likely than not to have 
developed the disease for reasons other than the exposure. 
This is because a relative risk of, say, 1.5 has a baseline 
component equal to 1 that characterizes the unexposed, and 
a component equal to 0.5 that applies only to the exposed. 
For instance, if the risk of a non-smoking 55-year-old man 
to develop lung cancer in the next 10 years is 1%, and that 
of a same age and gender smoker is 5% (relative risk 5), 
only 4% in the smoker's risk (i.e, 4/5 of the total 5%) can 
be attributed to his smoking. 


Cohort Studies 


In cohort studies (Figure 2), individuals are classified accord- 
ing to their exposure and are followed over time for ascertain- 
ment of the frequency of disease occurrence in the various 
exposure-defined categories. In each category, the frequency 
of occurrence is calculated either as risk (proportion of those 
who developed the disease under study among all individuals 
in this category) or as incidence rate (number of those who 
developed the disease divided by the sum of the time each of 
the individuals in this category has been under observation). 
Defining characteristics of cohort studies are that they are 
exposure based and are patently or conceptually longitudinal. 

In cohort studies, the groups to be studied are selected 
on the basis of exposure. In some studies, the groups are 
chosen on the basis of a particular exposure (special exposure 
cohorts), whereas in others, groups offering special resources 
for follow-up are initially chosen and the individuals are 
subsequently allocated according to the exposure status 
(general population cohorts). The first approach may be 
necessary when rare exposures need to be studied, while 
the second approach is appropriate when the exposure under 
consideration is fairly common in general populations (e.g., 
smoking or major dietary components). 

The cohort study groups are observed over a period of time 
to determine the frequency of occurrence of disease among 
them. The distinction between retrospective and prospective 
cohort studies depends on whether or not the cases of disease 
have occurred in the cohort at the time the study began. In 
a retrospective cohort study, all the relevant exposures and 
health outcomes have already occurred when the study is 
initiated. In a prospective cohort study, the relevant causes 
may or may not have occurred at the time the study began, 
but the cases of disease have not yet occurred and, following 


selection of the study cohort, the investigator must wait for 
the disease to appear among cohort members. 

From a methodological point of view, there are two types 
of cohort studies: closed or fixed cohorts and open or 
dynamic cohorts. Closed cohorts are frequent in the study of 
outbreaks, whereas open cohorts dominate cancer epidemi- 
ology. The key distinction between open and closed cohorts 
is how membership in the cohort is determined. In a closed 
cohort, membership is determined by a membership-defining 
event, which occurs at a point in time. Studies based on the 
follow-up of closed cohorts may be analysed using either 
cumulative incidence (risk) measures or by counting person- 
time and calculating incidence rate measures. A nalyses based 
on cumulative incidence measures are only useful under cer- 
tain conditions (i.e., no loss to follow-up; no competing risks; 
exposure status unchanged throughout follow-up; study sub- 
jects followed for the same period of time). Whether or not 
these assumptions are met, it is always valid to conduct anal- 
yses based on person-time, using incidence rate measures in 
the setting of a closed cohort. 

Open cohorts are composed of individuals who contribute 
person-time to the cohort, while meeting criteria for a 
membership-defining state. Once individuals can no longer 
be characterized by this state, they cease to contribute 
person-time to the corresponding cohort. In studies based 
on open cohorts, it is not possible to directly measure 
the cumulative incidence (risk). Instead, analyses are based 
on person-time using incidence rate measures. Thus, if 
among 5000 non-smoking men followed for an average 
period of 10 years (Py = 50000 person-years) and x9 = 25 
were diagnosed with lung cancer, whereas among 10 000 
smoking men followed for an average period of 8 years 
(Pı = 80000 person-years) and xı = 600 were diagnosed 
with lung cancer, the incidence rate among non-exposed 
would be 50 per 10° person-years, that among exposed 750 


per 10° person-years, and the incidence rate ratio would be 
600/80,000 or 15 
25/50,000 i 





Case-Control Studies 


In case-control studies (Figure 3), patients recently diagnosed 
with the disease under consideration form the case series, and 
their exposure to the factor under investigation is ascertained 
through questionnaires, interviews, examination of records, 
undertaking of laboratory tests in biological samples, and 
other means. The pattern of exposure to the study factor in 
the population that generated the case series is then evaluated 
through a properly selected control series. If only two 
categories of exposure are relevant (exposed and unexposed), 
the relative risk can be estimated by multiplying exposed 
cases with unexposed controls and dividing this product by 
the product of unexposed cases and exposed controls (the so- 
called odds ratio that adequately estimates rate ratio and risk 
ratio). Thus, if among 200 male patients diagnosed with lung 
cancer (cases), x; = 150 were smokers and x9 = 50 non- 
smokers, whereas among 300 men of similar age as the cases 
but without lung cancer (controls), yı = 50 were smokers 
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and yọ = 250 were non-smokers, the odds ratio x1yo/xX0y1, 
aa is a good approximation to the relative risk, is 204 
or 15. 

Two features of case-control studies make them susceptible 
to bias: the ascertainment of exposure after the occurrence of 
disease (information bias) and sub-optimal processes for con- 
trol selection (selection bias) (M acM ahon and Trichopoulos, 
1996; Rothman and Greenland, 1998). 

Some case-control designs, in particular, the population- 
based ones, are methodologically superior to other case- 
control variants. A case-control study is called population- 
based when controls are chosen from the clearly defined 
population from which all cases have arisen - in other words, 
had one of the controls developed the disease under study 
it would have definitely been included among the cases. 
Cohort studies, however, generally produce more credible 
results than those emerging from case-control investigations 
because, if properly designed and implemented, they are, as 
a rule, free from information and selection bias. 

Frequently, case-control studies are matched, in the sense 
that controls are chosen so as to match particular cases 
with respect to gender, age, race, or any other factor 
that is likely related to the disease under study but not 
intended to be analysed in the particular study. M atch- 
ing is not strictly necessary, nor does it serve the valid- 
ity of results, but it improves statistical efficiency, that 
is, Statistical power, or the ability to substantiate a true 
association (Rothman and Greenland, 1998). If matching 
has been used in the enrolment of cases and controls, the 
statistical analysis should accommodate the matching pro- 
cess, through either a matched analysis (e.g., conditional 
modelling) or unmatched analysis with explicit control of 
the matching factors (proper application of unconditional 
modelling). 

The advantages and disadvantages of cohort and case- 
control studies in exploring the causes of cancer in humans 
are described in several textbooks on epidemiology. Briefly, 
cohort (or prospective or follow-up) studies trace, in a more 
natural way, the time sequence of causal phenomena. How- 
ever, the case-control approach is, in essence, an extension 
of a practice familiar to physicians, that of case history 
taking. Confounding is just as common in cohort as in case- 
control studies, but information bias concerning exposure to 
suspected agent(s) is more common in case-control inves- 
tigations, since the existence of a serious disease, such as 
cancer, can affect recollection and reporting, as well as sev- 
eral directly ascertainable biochemical and immunological 
variables. By contrast, case-control studies are usually more 
powerful, in the statistical sense, since the frequency of 
exposure to many suspected agents is more common than 
the frequency of occurrence of most cancers during a not- 
too-long period of follow-up. Case-control studies are also 
frequently used in genetic epidemiology studies (see subse- 
quent text) because the relative risk linking certain genetic 
polymorphisms with particular cancers are generally close 
to the null value of 1, making it necessary to have very 
large numbers of cases, which are unlikely to be generated 
in cohort investigations (Clayton and M cK eigue, 2001). 





STUDIES OF THE GENETIC EPIDEMIOLOGY OF 
CANCER 


Genetic influences on the occurrence of cancer are indis- 
putable and evident in the familial clustering of most forms 
of cancer. Epidemiologic investigations focusing on the iden- 
tification of genes predisposing to cancer are mainly of two 
types: genetic linkage studies and genetic association stud- 
ies, the latter category being of either cohort or case-control 
design. 

Genetic linkage studies are generally undertaken in fam- 
ilies and rely on the principle that two genetic loci, or a 
cancer and a particular locus, are linked when they are trans- 
mitted together from the parent to the offspring more often 
than expected by chance. Linkage extends over large regions 
of the genome and refers to a locus, rather than specific 
alleles in that locus, which can vary from study to study and 
from family to family (Teare and Barrett, 2005). Such studies 
have led to the identification of genes that have a substantial 
impact on the occurrence of breast cancer (M iki et al., 1994) 
and colorectal cancer (K olodner et al., 1994), but these genes 
are generally rare because of the natural selection pressure. 

Genetic association studies are frequently undertaken in 
the general population, rather than in families, and are con- 
ceptually similar to traditional epidemiological investigations 
of either cohort or case-control nature. The difference is, 
however, that instead of focusing on environmental factors, 
like smoking or diet, genetic association studies evaluate 
as “exposures” specific alleles (rather than loci) in genetic 
polymorphisms, usually single nucleotide polymorphisms 
(SNPs). The specific alleles may be aetiologically related to 
cancer or, much more frequently, very closely linked to the 
truly aetiological allele, which may not be known, suspected, 
or identified. The actually investigated allele and the true 
aetiological allele are said to be in linkage disequilibrium, 
that is, they are so closely linked that tend to be inherited 
together. Two loci in linkage disequilibrium are obviously 
linked, but two linked loci may not be in linkage disequilib- 
rium if they are sufficiently apart in the chromosome to be 
separated, sooner or later, by the frequent crossover process 
in the meiosis phenomenon during the generation of gametes. 

In other words, linkage covers longer genetic regions 
than linkage disequilibrium and genetic linkage studies 
focus on loci, while genetic association studies evaluate 
the association between the particular cancer and a specific 
allele in an SNP or some other polymorphism (Cordell 
and Clayton, 2005; Teare and Barrett, 2005). The specific 
allele may be chosen for study because the corresponding 
locus is thought to be involved in the aetiology of the 
cancer under investigation (candidate gene). Many SNPs 
over large parts of the genome, or even the total genome, 
may also be evaluated, with little or no prior evidence that 
most of them are aetiologically relevant or are in linkage 
disequilibrium with aetiologically relevant genes. In the latter 
situation, most statistically significant findings are likely to 
be “false positive” and special procedures are recommended 
to delineate which ones among the apparent associations are 
probably genuine and which ones are probably consequences 
of the multitude of comparisons (Wacholder et al., 2004). 
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Genetic association studies have not been very successful 
in identifying genes or polymorphisms involved in cancer 
aetiology, possibly because the respective relative risks 
deviate very little from the null value, so that the relevant 
studies have to be, as already indicated, very large (5000 
cases of cancer or more). It is also possible that the 
responsible polymorphism must interact with a particular 
environmental exposure to manifest its effect on cancer risk, 
thus further increasing the demands on sample size and study 
complexity. 


CHANCE, CONFOUNDING, AND BIAS 


Three issues need to be resolved before an epidemiological 
association could be considered true and therefore deserve 
interpretation in causal terms: chance, confounding, and bias. 

Probabilistic processes always have a built-in uncertainty, 
but we can reduce the chance-related uncertainty by using 
progressively larger numbers in a study, and we can assess 
its possible influence by utilizing statistical procedures that 
generate what has become known as the P value. This value 
indicates how likely one would have been to observe an 
association as extreme as, or more extreme than, the one 
found between a particular exposure and a certain disease, if 
there were in fact no association. 

P values are traditionally expressed as numerical fractions 
of 1. For example, a P value of 0.1 for a particular positive 
association indicates that there is a 10% chance that such 
an association or more extreme (or a symmetrically opposite 
one, i.e., an inverse association) would appear by chance, 
even if there were in reality no association at all. 

In essence, the P value is interpretable as such when 
only one comparison or one test is performed. When multi- 
ple comparisons or multiple tests are carried out, the set of 
the respective P values lose their collective interpretability. 
Procedures for adjusting P values according to the num- 
ber of comparisons undertaken or tests performed have been 
proposed, but they are not universally accepted (Rothman, 
1990). However, other things being equal, the real signifi- 
cance of a certain P value is weaker when the number of 
tests performed is larger. P values can be more confidently 
interpreted as suggestive of real phenomena or genuine asso- 
ciations when there is independent evidence in support of the 
process that generated the P value. 

A P value of 0.05 or smaller is traditionally treated in 
medical research as evidence that an observed association 
may not have arisen by chance. However, small P values, 
including values considerably smaller than 0.05, do not 
guarantee that an association (or difference) is genuine, let 
alone causal. Even when the P value is very small and was 
generated from a randomized trial, it could still be dismissed 
when the relevant result makes little sense (Miettinen, 1985). 
Highly unlikely events associated with extremely small P 
values can happen by chance. In addition to small P values, 
science requires judgement relying on sound substantive 
knowledge in order to discard chance. 


The P value itself does not convey information about the 
strength of the respective association: a weak association may 
be statistically highly significant (very small P) when the 
study is large, and a strong association may be statistically 
non-significant (large P) when the study is small (Rothman 
and Greenland, 1998). In order to integrate information about 
the strength of an association (as reflected in the relative risk 
effect measure) and its statistical significance, the concept 
of confidence interval has been developed. The confidence 
interval describes the range of values that the true relative 
risk is likely to take with, for example, 95% confidence (95% 
confidence interval) on the basis of the data through which 
the association was evaluated. 

Random variation per se in epidemiological studies is not 
an insurmountable problem. Larger studies and eventually 
combined analyses, through systematic statistical evaluations 
of results of several independent investigations, can effec- 
tively address genuine chance-related concerns. Such com- 
bined analyses have been termed meta-analyses and pooled 
analyses. There is no real distinction between the two terms, 
although meta-analysis has been more frequently used when 
published data are combined, whereas in pooled analysis pri- 
mary data from different studies may be made available to 
the investigator who undertakes the task of combining them. 
M eta-analyses and pooled analyses have been widely and 
effectively used for randomized clinical trials and interven- 
tion studies in which confounding and bias are of limited 
concern. For observational epidemiologic studies, however, 
the role of meta-analysis is not universally accepted (Shapiro, 
1994; Feinstein, 1995) because no statistical summariza- 
tion can effectively address problems generated by residual 
confounding, unidentified bias, and the different ways inves- 
tigators choose to present their results. 

Confounding is the phenomenon generated when another 
factor that causes the disease under study, or is otherwise 
strongly related with it, is also independently related to the 
exposure under investigation (Figure 1). Thus, if one wishes 
to examine whether the hepatitis C virus (HCV) causes liver 
cancer, HBV would be a likely confounder because HBV 
causes liver cancer and carriers of HBV are more likely to 
also be carriers of HCV (because these two viruses are largely 
transmitted by the same route). Hence, if the confounding 
influence of hepatitis B is not accounted for in the design 
(by limiting the study to hepatitis B negative subjects) or 
in analyses of the data, then the strength of the association 
between hepatitis C and liver cancer would be overestimated. 

There are several ways to deal with confounding, some 
simple, some more complicated. They all assume that two 
conditions are satisfied: first, that all the confounders have 
been identified or at least suspected; and second, that the 
identified or suspected confounders can be adequately mea- 
sured. When the study is fairly large, it is always possible 
to evaluate in the analysis all suspected confounders, but 
the ability to conceptualize and accurately measure all of 
them frequently go beyond the control of the investigator. 
The result is what has been termed residual confounding 
(MacM ahon and Trichopoulos, 1996; Rothman and Green- 
land, 1998). 
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Compounding the problems of epidemiological studies is 
that the data are never of optimal quality. Data collection 
relies on the memory of and accurate reporting by study 
participants, laboratory procedures, or existing records. None 
of these sources is perfect, and frequently the errors are 
unequal between the compared groups and generate biased 
results. A reasonable concern is that cases, or their relatives, 
are inclined to link the disease under study to particular 
exposures for conscious or subconscious reasons. Cases may 
also try harder than controls or their relatives to recall or 
identify past exposures (information bias). 

A well-thought-out protocol, standardized procedures, and 
built-in quality control measures can reduce bias and allow 
quantification of its potential impact. However, complete 
assurance that bias has been eliminated can never be 
achieved. In addition, the reliance of case-control studies ona 
control series that simultaneously has to meet criteria of com- 
pliance, comparability to the case series, statistical efficiency, 
and general practicality makes them susceptible to a selection 
bias of unpredictable direction and magnitude (Wacholder 
et al., 1992a- c). Hospital controls, neighbourhood controls, 
and controls enrolled through searches of telephone lists have 
their own problems, and these have been extensively dis- 
cussed (M acM ahon and Trichopoulos, 1996). 

When results of an observational epidemiologic study 
designed to address a specific hypothesis are striking, the 
study is large, and there is no evidence of overt confound- 
ing or major biases, it is legitimate to attempt aetiological 
inferences. The rationale is that powerful confounding pre- 
supposes strong risk factors that are unlikely to be missed, 
and that major biases can be traced to gross and easily identi- 
fiable protocol violations. Interpretation becomes particularly 
problematic when a weak association turns out to be “sta- 
tistically significant” perhaps in a large but imperfect data 
set. Although that association could reflect a weak but gen- 
uine causal association, it might also be the result of residual 
confounding, subtle unidentifiable bias, or chance following 
a multiple testing process. 

Repeated demonstration of an association of similar direc- 
tion and magnitude in several studies, undertaken by different 
investigators in different population groups, increases con- 
fidence in a genuine causal basis but cannot conclusively 
establish this. Meta-analyses also do not prove causality; 
these techniques essentially address the issue of chance and 
provide no guarantee that a particular bias, unrecognized 
confounding, or selective reporting have not operated in 
the constituent studies. It is at this stage that biology con- 
fronts epidemiology, and the ability to reconcile the two 
perspectives should be the guiding principle in interpreting 
epidemiologic results. 


INFERENCE OF CANCER CAUSATION 
IN EPIDEMIOLOGY 


Criteria for inferring causation from epidemiological inves- 
tigations have been proposed, over the years, by several 
authors (M acM ahon et al., 1960; US Department of Health, 


Education and Welfare, 1964; Hill, 1965; IARC, 1987; 
Evans, 1993). The philosophy of causation in epidemiol- 
ogy and medicine has also been examined in various essays 
(Rothman, 1988). In spite of differences in emphasis, a sim- 
ilar set of principles have been invoked by most authors. Sir 
Austin Bradford Hill (Hill, 1965) advocated nine widely used 
criteria to distinguish causal from non-causal associations. 
These criteria, although sensible and useful, do not sepa- 
rately address the inherently different issues that are posed 
by the results of a single study, the results of several studies, 
and the likelihood of causation in a certain individual (Cole, 
1997). In reality, the perceived likelihood of an association 
between a particular exposure and a certain disease being 
causal moves forward or backward in a continuous spectrum 
as research results accumulate. The evidence for causality is 
declared as sufficient when a particular threshold has been 
reached (M acM ahon and Trichopoulos, 1996; Cole, 1997). 

Criteria for causality can be invoked, explicitly or implic- 
itly, in evaluating the results of a single epidemiological 
study, although, in this instance, a firm conclusion is all 
but impossible (single study level, or level |, according to 
the classification introduced by Cole and used here (Cole, 
1997)). Criteria for causality are more frequently used for the 
assessment of evidence accumulated from several epidemi- 
ological studies and other biomedical investigations. At this 
stage, the intellectual process is inductive, moving away from 
the specifics towards generalization (several studies level, or 
level Il). 

Regulatory agencies and policy makers may recommend 
standards, set limits, or authorize action even when the 
scientific evidence is weak, particularly at levels surrounding 
the proposed standards or limits. These procedures serve 
public health objectives by introducing a wide safety margin, 
but should not be confused with the establishment of 
causation based on scientific considerations alone. Finally, 
when causation has been established at level II, then, and 
only then, can the cause of the disease in a particular 
individual be considered (specific person level, or level 
III). At this level, the intellectual process is deductive and 
deterministic, moving from the general concept of disease 
causation to the examination of what has caused disease in 
a particular individual. 

W hereas causality can be conclusively established between 
a particular exposure as an entity and a particular disease 
as an entity, it is not possible to conclusively establish 
such a link between an individual exposure and a particular 
disease of a certain individual, for example, smoking and 
development of lung cancer. It is possible, however, to 
deductively infer that the specific individual’s illness more 
likely than not was caused by the specified exposure. For 
this conclusion, all the following criteria must be met 
(Cole, 1997). 


e The exposure under consideration, as an entity, must be 
an established cause of the disease under consideration, as 
an entity (level II). 

e The relevant exposure of the particular individual must 
have properties comparable (in terms of intensity, duration, 
associated latency, etc.) to those of the exposure that, 
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as an entity, has been shown to cause the disease under 
consideration, again as an entity. 

e The disease of the specified person must be identical to, 
or within the symptomatological spectrum of, the disease, 
which, as an entity, has been aetiologically linked to the 
exposure. 

e The patient must not have been exposed to another estab- 
lished or likely cause of this disease. If the patient has 
been exposed to both the factor under consideration (e.g., 
smoking) and to another causal factor (eg., asbestos), 
individual attribution becomes a function of several rel- 
ative risks, all versus the completely unexposed: relative 
risk of those who only had the exposure under considera- 
tion, relative risk of those who had only been exposed to 
the other causal factor(s), and relative risk of those who 
have had a combination of these exposures. 

e The scientifically defensible, properly adjusted, relative 
risk for the disease among individuals who have had 
the exposure under consideration at the given magnitude 
should be higher than 2. Only then (as previously dis- 
cussed) the diseased individual is more likely than not to 
have developed the disease because of the specified expo- 
sure. If, for example, the relative risk is 2.5, the component 
1 of the background risk is less than the component 1.5 of 
the excess risk and the individual is more likely than not 
to have developed the disease because of the exposure. 


CONCLUSION 


M odern epidemiology has become a rich and powerful tool- 
box for the study of biologic phenomena in humans. Because 
manipulation of exposure, many of which may be harm- 
ful, is usually neither feasible nor ethical, epidemiologists 
have to base their inferences on experiments that human 
subjects undertake intentionally, naturally, or even uncon- 
sciously. The study of risk for lung cancer among smok- 
ers compared to non-smokers is one classic example of a 
“natural” experiment. Because human life is characterized 
by a myriad of complex, often interrelated behaviour and 
exposures - ranging from genetic traits and features of the 
intrauterine environment to growth rate, physical activity, 
sexual practices, use of tobacco, alcohol, and pharmaceutical 
compounds, dietary intakes, exposure to infections, environ- 
mental pollutants, occupational hazards, and so on - epi- 
demiologic investigation is difficult and challenging. Given 
this complexity, it is not surprising that from time to time 
epidemiologic studies generate results that appear confus- 
ing or even contradictory. However, it is reassuring that a 
wealth of new knowledge has been generated by epidemi- 
ologic studies over the last few decades. This knowledge 
now lays the scientific ground for the prevention of many 
major cancers and other chronic diseases among humans 
globally. 

Given the multitude of problems that epidemiological 
studies have to deal with, the variability of the conditions 
under which they are undertaken, and the abundance of 


potential sources of confounding and bias, it is remark- 
able that their results are as consistent as they are. How- 
ever, it should be stressed that, in epidemiology, more than 
in any other field of biomedical research, it is the col- 
lective evidence that matters, rather than the results of a 
particular study, however large and well done the latter 
may be. Only the quality-adjusted collective evidence can 
address the issues of hidden bias and confounding that 
may find their ways into any particular study, and only 
the collective evidence can provide an approximation to 
generalizability. 
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INTRODUCTION 


The concept that chemicals can cause cancer (chemical 
carcinogenesis) has been accepted for some time. As long 
ago as 1775, the English physician Sir Percival Pott noted 
the incidence of scrotal cancer in chimney sweeps and 
perceptively suggested that the disease was related to their 
occupation. He further suggested that it was soot that was the 
cause of their disease. A more detailed account of the history 
of chemicals and cancer can be found in Lawley (1994). 

The list of chemicals that can induce cancer is extensive; 
they can show high specificity for the organ in which 
the tumour is induced and in the molecular mechanisms 
through which they operate. Early observations of chemical 
carcinogenicity were often made using crude mixtures such 
as coal tars, and subsequent studies have shown that these 
mixtures comprise a complex range of chemical entities. 
Chemical carcinogens include organics and inorganics, fibres 
and particulates, and biologically active materials such as 
hormones. The organic chemicals probably comprise the 
largest group. 


CHEMICALS CAN CAUSE CANCER 


Many chemicals are direct-acting carcinogens, yet many 
more require metabolic activation. In most cases, it is 
chemical reactivity that dictates this carcinogenicity and 
therefore factors and environments, which influence this 
reactivity, are important in the nature and site of the 
carcinogenic action. 


Organic Chemical Carcinogens 


The diversity of organic chemicals that have been shown to 
Cause cancer is considerable. Notable examples are shown in 
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Figure 1. They range from low-molecular-mass simple halo- 
genated hydrocarbons to very complex multi-heterocyclic 
molecules. All possess, or have the potential to possess, key 
functionalities that are intimately involved in their carcino- 
genic action. Some of the first chemicals found to be car- 
cinogens were the polycyclic aromatic hydrocarbons (PA Hs). 
These chemicals are major components of coal tars and soots, 
and application to the skin of rodents showed them to be 
powerful carcinogens. M any of these PAHs have been iden- 
tified and include benzo[a]pyrene, dibenz[a, clanthracene, 
3-methylcholanthrene, 7,12-dimethylbenz[a]anthracene, and 
chrysene (Figure 2). All are multi-ring aromatic chemi- 
cals composed of carbon and hydrogen. Substituted PAHs 
in which a nitro, amino, or azo function is incorpo- 
rated into the structure are also carcinogenic; examples 
include 4-dimethylaminoazobenzene, 2-naphthylamine, ben- 
zidine and 1-nitropyrene, and 3-nitrobenzanthrone (Figures 1 
and 2). Indeed, 3-nitrobenzanthrone is one of the most 
potent bacterial mutagens ever examined and is a power- 
ful rodent carcinogen (Arlt, 2005). However, aromaticity 
is not an obligatory feature for chemicals that cause can- 
cer, and a group of lower-molecular-mass chemicals, the 
N-nitrosoamines and N-nitrosoamides, are equally potent 
carcinogens. 

Other examples of cancer-causing organic chemicals 
include aflatoxins, which are generated by the mould 
Aspergillus flavus. Indeed, aflatoxin Bı (Figure 1) is one 
of the most potent hepatocarcinogens known, capable of 
inducing tumours in rodents, fish, birds, and primates, includ- 
ing humans. The mould is a contaminant of many food 
crops (e.g., grains and peanuts), especially when stored under 
warm, humid conditions, and is a significant hazard in many 
parts of the world, especially Africa and Asia (Wogan et al., 
1992). However, the aflatoxins are not the only naturally pro- 
duced organic carcinogens that present a hazard to humans; 
other notorious examples include hydrazine derivatives in 
certain mushrooms, cycasin from cycad nuts, pyrrolizidine 
alkaloids, and ptaquiloside in various plants (see Dietary 
Genotoxins and Cancer). 
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Figure 2 Examples of carcinogenic polycyclic aromatic hydrocarbons. 
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Although most of the aforementioned chemicals require 
metabolic activation in order to exert their carcinogenicity, 
there are many examples of chemical carcinogens whose 
structure incorporates inherently reactive functional groups. 
Such chemicals are direct-acting carcinogens (see Figure 3). 
In each case, the reactivity of the key functional group at 
physiological pH favours damage to DNA, proteins, and 
other cellular macromolecules. 


Inorganic Chemical Carcinogens 


Although the carcinogenic potential of many elements has 
not been adequately evaluated, several are known to be 
carcinogenic in laboratory animals, and good epidemiological 
data support their potential as human carcinogens. Notable 
examples include compounds of cadmium, chromium, and 
nickel that have all been shown to cause cancer in animals 
and are established human carcinogens with documented 
industrial exposure. In contrast, in the case of arsenic, there 
is significant evidence for it being a human carcinogen, 
despite negative animal data. Other elements that are clearly 
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Figure 3 Examples of direct-acting chemical carcinogens. 


carcinogenic in animals and therefore are suspect human 
carcinogens include beryllium, cobalt, iron, lead, titanium, 
and zinc (Sky-Peck, 1986; see also Occupational C auses of 
Cancer). 


Inert Chemical Carcinogens 


Some chemicals are carcinogenic even in the absence of 
chemical reactivity; their physical presence in tissues can 
be enough to form a tumour, for example, implantation of 
certain plastics and fibres into animals can induce sarco- 
mas, usually at the site of implantation. It is the physical 
size and nature of the material that appear to be impor- 
tant for the development of cancer and not the chemical 
composition (Brand et al., 1975). Although rodents are sus- 
ceptible to these agents, other species are resistant, for 
example, the guinea pig. Interestingly, there is evidence 
that humans with prolonged exposure to metal debris after 
replacement of joints with metal prosthesis are predisposed 
to lymphoma and leukaemia (Coleman, 1996). Of signifi- 
cant importance to humans are the fibres that are known 
to cause cancer; asbestos is notorious in this respect and 
human exposure results in mesothelioma and bronchiogenic 
carcinoma. The development of asbestos-induced neoplas- 
tic disease is related to the crystal structure and dimensions 
of the fibres rather than the chemical composition of the 
material (Lippmann, 1993; see also Occupational Causes 
of Cancer). 
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Hormonal Chemical Carcinogens 


The first link between hormones and carcinogenesis can 
probably be ascribed to the Italian physician Ramazzini, who, 
in the eighteenth century, observed an increased incidence 
of breast cancer among nuns. It is now well established that 
never having children is associated with an increased breast 
cancer risk and, over a century after Ramazzini’s observa- 
tions, George Thomas Beatson (1896) pointed out that a 
relationship existed between breast cancer and the ovary, the 
major site for the production of oestrogen. Indeed, the case 
for endogenous oestrogens such as 176-oestradiol (Figure 4) 
in cancer promotion is well established, and there is increas- 
ing interest in phyto- and xeno-oestrogens in our environment 
and their role in carcinogenesis (Gikas and Mokbel, 2005). 
Furthermore, the administration of chemicals that alter the 
synthesis or secretion of hormones can lead to neoplastic 
disease. For example, chemical modulation of thyroid and 
pituitary growth hormone can lead to neoplasms and changes 
in human growth hormone, or insulin-like growth factors, 
and testosterone (Figure 4) are all associated with carcino- 
genicity under circumstances where their normal function 
is interfered with. In each case there is an interruption to 
the normal hormonal relationship experienced by the target 
organ. An increasing number of synthetic compounds that 
possess steroid hormone and anti-steroid hormone activity 
have been found to be chemical carcinogens (Figure 4). The 
highly effective anti- breast cancer agent, tamoxifen, which 
also possesses carcinogenic activity in the uterus in a small 
proportion of women using the drug, has been of particular 
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Figure 4 Examples of hormonal carcinogens. 


interest (Carmichael, 1998; see also Non-genotoxic Causes 
of Cancer). 


METABOLISM OF CHEMICAL CARCINOGENS 


Many chemicals require metabolic activation in order to 
exert their carcinogenic potential. The pioneering studies of 
Elizabeth and James M iller showed that metabolic activa- 
tion of azo dyes led to their covalent binding to cellular 
macromolecules. They went on to show with the model car- 
cinogen 2-acetylaminofluorene (2-AAF) that hydroxylation 
of the amide nitrogen generated a metabolite that was more 
carcinogenic than the parent molecule (M iller, 1970; M iller, 
1978). With a clear understanding that these products were 
potent electrophiles, the M illers went on to comprehensively 
describe the rapid covalent interactions of such metabolites 
with cellular macromolecules (M iller and M iller, 1981). This 
led to their proposal that chemical carcinogens that require 
such metabolic conversion in order to exert their carcino- 
genic effect should be called procarcinogens and that their 
highly reactive electrophilic metabolites were the ultimate 
carcinogens. This further led to the concept of proximal 
carcinogens (e.g., N-hydroxy-2-acetylaminofluorene, N-OH- 
2-AAF), which were intermediates between the parental 
procarcinogen and the ultimate carcinogenic metabolite. 
Although this concept has now been with us for more than 
two decades, the structure of many ultimate carcinogens is 
still being elucidated. 

There are a number of these metabolic pathways that 
together are part of a more extensive defence system, whose 
overall role is ideally to process and detoxify noxious chemi- 
cals. Enzyme-catalysed and diverse in nature, these reactions 
have been defined and split into what are called phase! and 
phase II metabolism (Williams, 1971). Phase | can be sepa- 
rated into oxidation, reduction, and hydrolytic reactions and 
phase II comprises a series of conjugation reactions in which 
an endogenous molecule is added to the xenobiotic chemical. 


Ethinyloestradiol 


The overall effect of this biochemistry is to convert xenobi- 
otics, which are often lipophilic molecules, into more polar, 
water-soluble, and therefore more readily excreted products. 
Generally, phase | reactions unmask or introduce a functional 
group into the molecule and phase || metabolism conjugates 
the derivative with a polar, water-soluble, and endogenous 
molecule, which is often acidic in nature. However, it is these 
same pathways of detoxication metabolism that can inadver- 
tently bioactivate chemical carcinogens. For a more detailed 
description of phase | and phase II metabolism reactions 
and associated enzymology, the reader is directed to J akoby 
et al. (1982), Parkinson (1996), Gonzalez (1989), Rodriguez- 
Antona and Ingelman-Sundberg (2006). 

The majority of procarcinogens are activated by mecha- 
nisms involving two-electron-mediated metabolic reactions 
primarily catalysed by the mixed-function oxidase enzyme 
systems, often involving cytochrome P-450 (CY P) enzymes. 
However, a number of one-electron reactions are known to be 
capable of activating xenobiotics in co-oxidation processes. 
For example, PAHs have been found to be bioactivated dur- 
ing the synthesis of prostaglandins from arachidonic acid. 
A key enzyme in this process is cyclooxygenase (COX, 
also known as prostaglandin H synthetase), which catal- 
yses the oxygenation of arachidonic acid to the endoper- 
oxide prostaglandin G2 and also has peroxidase activity, 
whereby it reduces the hydroperoxide prostaglandin G2 to 
the alcohol prostaglandin H2. In these reactions, the per- 
oxidase activity of the enzyme yields a free radical prod- 
uct that can donate electrons to xenobiotics (Eling etal., 
1990). Other enzyme systems that can participate in these 
one-electron activation reactions include constitutive perox- 
idases such as myeloperoxidase and lactoperoxidase, both 
of which are capable of activating xenobiotics. Although 
these co-oxidation pathways are not as quantitatively impor- 
tant as the mixed-function oxidase activities, their presence 
in tissues that lack mixed-function oxidase activity can be 
an important contributor to xenobiotic activation (Weise 
et al., 2001). 


MECHANISMS OF CHEMICAL CARCINOGENESIS 5 


CHEMICALS CAN DAMAGE DNA 


As discussed in the preceding text, the metabolism of 
chemical agents to reactive species is a common feature 
of carcinogenicity. Once bioactivated (often via proximal 
carcinogens or intermediate chemicals formed on the way 
to the creation of the ultimate carcinogen), for most classical 
chemical carcinogens, some form of DNA damage is the 
norm. Because of this DNA-damaging activity, such agents 
are known as genetic or genotoxic carcinogens. Some of the 
common ways in which chemical agents may be genotoxic 
are summarized in Figure 5. However, this is not the case 
for all chemical carcinogens and some agents bring about 
carcinogenicity through no direct alteration or damage to 
the DNA. These agents can be classified as a separate 
group known as non-genotoxic or epigenetic carcinogens and 
their effects are commonly mediated through other changes 
involving growth factor expression or complex effects on 
signal transduction mechanisms (see Non-genotoxic C auses 
of Cancer). 

The nature of carcinogen damage to DNA is dependent 
upon the chemical agent and its metabolism, but can often 
include simple changes to the DNA such as the hydrox- 
ylation of the bases. Products of such damage include 8- 
hydroxydeoxyguanosine (formed by the hydroxylation of 
guanine bases), which is considered to be a mutagenic lesion 
in DNA and believed to be formed by attack of the DNA 
by highly reactive free radicals. Free radicals are a common 
product of a number of chemical carcinogens, which either 
carry an unpaired (and so-called radical) electron on the 
molecule or are formed from oxygen (oxygen free radicals) 
via metabolism. Hydroxylations and other more extensive 
radical damage may result in the loss of bases and the cre- 
ation of abasic sites, either apurinic or apyrimidinic. Free 
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Figure 5 Carcinogen damage to DNA. 


radical attack of DNA is also responsible for the forma- 
tion of genotoxic strand breaks in the DNA. These can 
be formed at either one strand or may span both sides of 
the sugar- phosphate backbone, resulting in a double-strand 
break. 

One of the most important ways, however, in which 
genotoxic carcinogens may bring about DNA damage, is 
through a chemical binding directly to the DNA. For 
some small molecules, this binding may be considered 
an alkylation, although some longer-chain molecules are 
capable of forming cross-links across the bases. For many 
chemical carcinogens, the product of their bioactivation 
(via the creation of an electron-deficient electrophile) is 
the formation of what are known as DNA adducts. These 
covalent modifications of the DNA, normally at the bases, 
are generally considered to be one of the primary initiating 
events in chemical carcinogenesis and they are formed 
by many of the agents described earlier, including PAHs, 
aflatoxins, and aromatic amines. With chronic exposure to 
such genotoxic agents, DNA adducts may reach steady- 
state levels in target tissues. During cell replication, the 
DNA adducts can result directly in mutations in genes 
that control cell growth and thus lead to neoplasia. The 
levels of these DNA adducts appear to be dose related 
and are generally predictive of tumour incidence across 
species. Thus, the accurate estimation and identification of 
human carcinogen- induced DNA adducts is one of the most 
important predictive tools or biomarkers for the assessment 
of human cancer risk (discussed in The Formation of DNA 
Adducts). 

The position and nature of carcinogen-induced DNA 
adducts dictate the type of mutation that can result (Dogliotti, 
1996). For example, small alkylating agents adduct to 
guanine at the N7 position owing to the highly nucleophilic 
nature of the site. In contrast, other more bulky aromatic 
amine agents attack the purine ring at sites such as the C8 
position of guanine, and others, such as diol epoxides of 
PAHS, bind to the N2 and N6 positions (see The Formation 
of DNA Adducts). The adduct products of these reactions 
are converted to mutations when the cell attempts to repair 
the damage or replicate itself. These include point mutations 
and frameshifts involving loss or gain of either a single 
or multiple bases, chromosomal aberrations, aneuploidy, or 
polyploidy. Once introduced, the mutation becomes fixed 
within the DNA sequence and therefore heritable. The type 
of mutation that a chemical induces is dependent upon 
the way in which the chemical interacts with the DNA. 
The site of chemical attack is important but so is the 
influence of the bulk of the chemical and the way in 
which it can alter the structure of the DNA. For example, 
the amide 2-AAF differs from the amine 2-aminofluorene 
only by the presence of a carbonyl group. Both chemicals 
are metabolically activated via their N-hydroxy derivatives, 
yet, the bulk of the amide- DNA adduct intercalates within 
the DNA, distorting the helix, whereas the bulk of the 
amine- DNA adduct remains on the helix exterior. The 
consequence of these different arrangements is that the amide 
adduct results in frameshift mutations, whereas the amine 
causes transversions. 
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Figure 6 Possible fates for carcinogen-damaged DNA. 


The Fate of Carcinogen DNA Damage 


Regardless of the specific nature of the carcinogen damage to 
DNA, it is important to note that aberrations at the primary 
sequence may not necessarily result in cancer. Indeed, in 
simplistic terms, there are at least three possible fates for 
such carcinogen damage. These are summarized in Figure 6. 

In some circumstances, the damage to the genetic machin- 
ery by a potential chemical carcinogen may be so extensive 
or be recognized as so crucial that cells initiate the process of 
apoptosis or programmed cell death. This behaviour and the 
involvement of such important proteins as P53 are discussed 
in detail elsewhere in this book, but, through this activity, 
affected cells may effectively commit suicide and thus pre- 
vent the formation of potentially cancerous clones. However, 
if the carcinogen-altered DNA remains unchanged or if repair 
of the DNA is incorrect, then, following DNA replication and 
cell division, daughter cells may contain fixed mutations. 
Transcription and translation of mutated genes in daughter 
cells gives rise to incorrect or inappropriate proteins being 
produced, but carcinogenesis does not occur unless critical 
gene targets in the DNA are mutated (see following text). 

It follows, therefore, that the repair of DNA-carcinogen 
damage in cells should ideally be fast, efficient, and highly 
accurate. Indeed, mammalian cells invest a great deal of 
effort in order to achieve this, and there are many genes and 
enzymes involved in maintaining the fidelity of the DNA 
sequence. These include enzymes that can bring about the 
reversal of DNA damage or repair the DNA through either 
base excision or nucleotide excision (Friedberg, 2006). 


The Repair of Chemical-Damaged DNA 


The repair of damaged DNA is a very complex pro- 
cedure involving many different proteins and pathways 
(see Genomic Instability and DNA Repair). Clearly, the 
most straightforward way for a cell to repair a gene lesion 
is to remove the damaged bases directly and thus regen- 
erate the normal base sequence. For example, exposure of 
cells to ultraviolet (UV) radiation creates mutagenic pyrimi- 
dine dimers between neighbouring thymine bases in the DNA 


strand. Of these, the cyclobutane- pyrimidine photodimer can 
be repaired by a photoreactivating enzyme, although a 6- 4- 
photoproduct cannot be repaired. The enzyme operates by 
binding to the photodimer and splits it back to the origi- 
nal bases. Another enzyme involved in the direct removal of 
DNA damage is alkyltransferase, which can remove certain 
alkyl groups from altered guanine bases. 

There are several pathways for excision of altered bases, 
often with the concomitant removal of neighbouring bases. 
Some systems recognize any lesion that causes a significant 
distortion of the DNA double helix and create endonucle- 
olytic cuts several bases away on either side of the lesion. 
The simple loss of a purine or pyrimidine may also initiate 
endonuclease cutting. The single-stranded DNA containing 
the damaged or missing base can then be removed and the 
short gap is filled in by DNA polymerases. Through this 
form of excision repair, bulky DNA adducts formed from 
the binding of PAHs and aflatoxins can be removed, as can 
certain UV -damaged bases. For some forms of damage (e.g., 
alkylation), DNA glycosylases remove just the altered base, 
leaving an apurinic or apyrimidinic (AP) site that is sub- 
sequently excised by endonucleases as described previously. 
Some repair pathways are capable of recognizing errors even 
after DNA replication has taken place. One of these systems, 
termed the mismatch repair system, can detect mismatches 
that occur during DNA replication (Friedberg, 2006) (see 
also Genomic Instability and DNA Repair). 


CHEMICALS CAN INDUCE MUTATIONS 


The interaction of a chemical with DNA is not, in itself, a 
mutagenic event. The interaction of a xenobiotic with DNA 
can lead to mutagenesis due to attempts by the cell to repair 
the damaged DNA or during replication of the damaged 
DNA. Either way, a mistake may be made in which an inap- 
propriate base is inserted or is lost (or a series of bases are 
inserted or are lost) from the region of DNA, with the conse- 
quence that a mutation is acquired, which is heritable. If the 
mutation occurs in a crucial piece of DNA, that is, within 
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a structural sequence that codes for an important gene that 
controls cell growth or a sequence that regulates the expres- 
sion of such a gene, then the consequences may be disastrous. 
However, although the human genome (some 3 billion bases) 
codes for approximately 28000 genes, the majority of the 
DNA in a cell does not code for crucial information, and 
mutations at such DNA sites are usually tolerated. 

Since mutation is evidence that a chemical is capable 
of inducing heritable genetic change, and since tumours 
often contain characteristic mutational patterns or mutational 
spectra in critical genes, the notion arises that the carcino- 
genic process is heavily dependent upon the acquisition of 
mutations in key genes (Harris, 1991). Furthermore, the 
observation that acquisition of specific types of mutation in 
such key genes is consistently associated with the forma- 
tion of tumours strengthens the argument that these changes 
are a driver of tumourigenesis. Although it is often dif- 
ficult to detect and evaluate cancer-causing mutations in 
primary target cells and tissues, it is relatively straightfor- 
ward to detect and identify mutations in surrogate reporter 
genes, and, from information such as mutation frequency, 
nature, and sequence context, the potential for a particu- 
lar chemical to participate in the cancer process can be 
evaluated. This realization has driven the development of 
assays designed to evaluate mutagenic potential (and there- 
fore carcinogenic potential). Currently, systems are available 
to assess not only crude mutagenic activity but also the like- 
lihood of specific transitions, transversions (point mutations), 
deletions or insertions (frameshift mutations), clastogenicity, 
or aneuploidy. Since each of these types of DNA damage 
are detectable in tumours, the ability of a xenobiotic to 
induce such damage and therefore the relevance of the chem- 
ical to the neoplastic process can be assessed. For a more 
detailed description, see Short-Term Testing for G enotoxi- 
city. It should be noted, however, that assays assessing such 
mutagenic, clastogenic, and aneugenic end points are dis- 
tant surrogates for the complex interplay of mechanisms that 
combine to bring about neoplastic transformation in human 
organs and tissues, and the performance of these short-term 
assays in accurately assessing the potential carcinogenicity 
of chemicals has recently been questioned (Kirkland et al., 
2005). Furthermore, questions have been posed as to the 
actual target cells which, having acquired the necessary muta- 
tions in key genes, clonally expand to form a tumour - the 
putative activity of stem cells in this role has recently been 
reviewed (Clarke and Becker, 2006) (see Stem Cells and 
Tumourigenesis). 

In vivo chemical-induced mutation is often subtle and 
insidious, and it is usually difficult to ascribe particular muta- 
tions with exposure to a specific chemical because evidence 
of the chemical is removed (loss of the DNA -chemical 
adduct) by introduction of the mutation. However, differ- 
ent classes of reactive chemicals appear to have a preference 
for individual DNA bases. For example, activated aromatic 
amines and PAHs appear to target guanine bases preferen- 
tially, probably due to the fact that guanine is the most basic 
of the four nucleic acid bases. Some activated xenobiotics 
tend to induce transversions, whereas others cause transitions 


or deletions. This has led to the concept of mutational fin- 
gerprints in which a specific activated xenobiotic is thought 
to induce a particular type of mutagenic response with a 
frequency which is greater than that expected by chance 
alone (Thilly, 1990; Aguilar etal., 1993; Yadollahi-F arsani 
et al., 1996). The concept of mutational fingerprints raises 
the prospect of identifying chemical causality in the occur- 
rence of a particular type of mutational event, despite the 
fact that direct evidence for involvement (presence of the 
chemical) is not available. 

The cooked food- borne carcinogen 2-amino-1-methyl-6- 
phenylimidazo[4,5-b]pyridine (PhIP) offers an example of 
a chemical whose mutagenic effects are characteristic and 
predictable (see Table 1). PhIP is an effective bacterial 
and mammalian cell mutagen and a rodent carcinogen 
(Gooderham et al., 1997). It is metabolically activated to 
damaging electrophilic species, resulting in predominantly 
guanine-based mutation events. The spectrum of these muta- 
tions comprise mainly G to T transversions, with a sig- 
nificant percentage of G-C frameshift mutations (Table 1). 
PhIP-induced guanine mutation occurs primarily on the non- 
transcribed DNA strand, implying that the damage induced 
on the transcribed strand is preferentially and successfully 
repaired. Examination of the sequence context of PhIP- 
induced mutation shows that a preferred motif (5’-GGGA -3’) 
is targeted for mutation. It has been suggested that, collec- 
tively, these observations describe a PhIP “mutation finger- 
print” and that the appearance of such a combination of 
mutational changes could be evidence for involvement of 
the chemical in their causation (Gooderham et al., 1996). 
The nature and preferences of PhIP’s DNA -reactive species 
(nitrenium ion) lends mechanistic support to the mutagenic 
outcome. PhIP activated by CY P1 family enzymes is oxi- 
dised to the N-hydroxy derivative, and subsequent esterifi- 
cation generates the acetoxy or sulphoxy derivatives, which 
spontaneously decompose, forming the highly reactive nitre- 
nium ion (see Figure 7). The nitrenium ion shows preference 
for attacking guanine bases, leading to deoxyguanine-C8- 
PhIP (dG-C8-PhIP) and dG-N2-PhIP products. The inherent 
basicity of the purine molecule is a likely driver of the reac- 
tion and therefore it is no surprise that monotonous runs of 
guanine present as highly susceptible targets. 

The mechanisms whereby mutations arise and their chemi- 
cal nature can vary considerably. In some instances, adducted 
DNA base pairs correctly, apparently unaffected by the 
adduct, whereas in other cases base pairing becomes degen- 
erate, and inappropriate bases are used during repair or 
replication. If the adduct is not correctly repaired, then repli- 
cation can result in a mutation being fixed. In other instances, 
the presence of the adduct physically blocks DNA synthesis, 
effectively terminating the process at that point. Since such 
blocks are lethal, the cell uses bypass mechanisms to over- 
come the block and adenine is frequently used to pair with 
the damaged (adducted) base. If adenine is not the original 
complementary base, then a mutation has been introduced 
into the sequence. 
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Table 1 PhIP induces a mutation fingerprint in vitro and in vivo. 
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Percentage of mutations 





M utation type Hprt? HPRT® Dhfr¢ lacz4 lacl® lacif 
Base substitutions 83 89 80 66 71 71 
At GC pairs 
GC — TA 63 56 65 33 49 43 
GC > AT 15 27 5 25 10 10 
GC — CG 5 6 5 5 9 15 
At AT pairs 0 0 5 3 3 3 
Single bp frameshifts 13 9 5 22 26 22 
(GC bp) 13 9 5 20 26 21 
(AT bp) 0 0 0 2 0 1 
Other mutations 4 2 15 12 3 8 
aHprt gene in V79 Chinese hamster fibroblast cells (Y adollahi-Farsani et al., 1996). 
>HPRT gene in TK6 human lymphoblastoid cells (M orgenthaler and Holzhauser, 1995). 
“Dhfr gene in CHO (Chinese hamster ovary) cells (Carothers et al., 1994). 
dlaci gene in Muta™ mouse mice large intestine (Lynch et al., 1998). 
lacZ gene in Big Blue mice large intestine (Okonogi et al., 1997). 
‘lacZ gene in Big Blue rat mammary gland (Okochi et al., 1999). 
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Figure 7 The metabolic activation of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (Phl P). P-450 - cytochrome P-450; NAT - N-acetyltransferase; 


ST - sulphur transferase. 


EXAMPLES OF CHEMICAL CARCINOGENS AND 
THEIR METABOLISM 


2-Acetylaminofluorene 


2-AAF is a potent mutagen and carcinogen, which induces 
tumours in a number of species in the liver, bladder, 
and kidney. As previously mentioned, metabolism of this 
compound is the key to its carcinogenicity. The product 
of CY P-mediated metabolism (Figure 8) is N-OH-2-AAF, 
which is a more potent carcinogen that the parent molecule. 
The formation of N-hydroxy metabolites has been found 
for many aromatic amine, amide, nitro, and nitroso com- 
pounds, many of which exert toxicity through this type 
of derivative. For nitro and nitroso compounds, the N- 
hydroxy metabolite is formed by reduction rather than 
oxidation. 


In the case of 2-AAF, the N-hydroxy metabolite is not 
the ultimate carcinogen but a proximal carcinogen, and this 
compound undergoes several enzymic and non-enzymic rear- 
rangements. The compound can be O-acetylated by cytosolic 
N-acetyltransferase enzyme to yield the N-acetyl- N-acetoxy 
derivative, which can spontaneously rearrange to form the 
arylamidonium ion and a carbonium ion and interact directly 
with DNA to produce DNA adducts. In addition to esterifica- 
tion by acetylation, the N-OH-2-AAF can be O-sulphated by 
cytosolic sulphur transferase enzyme, giving rise to the N- 
acetyl- V-sulphoxy product. This is again unstable and spon- 
taneously generates the arylamidonium ion and carbonium 
ion, which can adduct to DNA. In addition, the cytosolic 
N,O-arylhydroxamic acid acyltransferase enzyme catalyses 
the transfer of the acetyl group from the N atom of the N- 
OH-2-AAF to the O atom of the N-OH group to produce 
N-acetoxy-2-aminofluorene (N-acetoxy-2-A F). This reactive 
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Figure 8 The metabolic activation of 2-acetylaminofluorene. P-450- cytochrome P-450; DeAc - deacetylase; AHAT - N,O-arylhydroxamic acid 
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metabolite spontaneously decomposes to form a nitrenium 
ion, which also reacts with DNA. However, the product of 
this latter reaction is the deacetylated aminofluorene adduct 
(see Figure 8). The interconversion of amide and amine 
metabolites of 2-AAF can further occur via the microsomal 
enzyme deacetylase, producing the N-hydroxy metabolite of 
the amine derivative. Subsequent esterification of the aryl 
hydroxylamine by sulphur transferase yields the reactive sul- 
phate ester, which also spontaneously decomposes to form 
the reactive nitrenium ion. The reactive nitrenium, carbo- 
nium, and arylamidonium ion metabolites of 2-AAF react 
with the nucleophilic groups in DNA, proteins, and endoge- 
nous thiols such as glutathione (Miller and Miller, 1981). 
These interactions can be demonstrated in vitro and in vivo. 
Other metabolites such as the N,O-glucuronide, although 
not directly activated products, can be important in the car- 
cinogenic process due to the fact that they are capable of 
degradation to proximal N-hydroxy metabolites. Thus, the 
N,O-glucuronide of N-OH-2-AAF is less reactive than the 
acetoxy and sulphate esters, yet it may be involved in the 
formation of bladder tumours. The mechanism for this is 
thought to involve degradation of the glucuronide in the 
bladder due to the acidic pH of urine, giving rise to the 
N-hydroxy proximal carcinogen, which is then a substrate 
for esterification. 

N-Hydroxylation of 2-AAF is not the only route of 
metabolism. Ring hydroxylation, catalysed by CY P enzymes, 


can also occur, and these products can be further metabolized 
to glucuronides that are readily excreted. 


Benzidine 


As can be seen from the example of 2-AAF, the reac- 
tivity and carcinogenicity of aromatic amides can involve 
their conversion to aromatic amines. Another example of 
this class of chemical carcinogen is the bifunctional aro- 
matic amine benzidine (Figure 9). It can undergo several 
routes of metabolism, but, with regard to its carcinogenic- 
ity, N-hydroxylation and N-esterification are important. The 
amine function at both ends of the molecule is subjected 
to N-acetylation to the corresponding amide and can also be 
N-hydroxylated by CY P enzymes. The resulting aryl hydrox- 
amic acid is unstable and rearranges to form electrophilic 
nitrenium ion derivatives, which rapidly interact with cel- 
lular nucleophiles such as DNA, forming DNA adducts 
(Searle, 1984). 


Aflatoxin B4 
Aflatoxin Bı is one of a family of mycotoxin contami- 


nants of food crops such as grain and groundnuts. Pro- 
duced by A. flavus, especially in hot and humid conditions, 
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there are four main types of aflatoxin, Bi, B2, Gi, and 
G2. Aflatoxin Bı is the most toxic and is also the most 
carcinogenic. Contamination of food with aflatoxins is a 
significant problem in parts of Africa and Asia, where con- 
ditions are particularly favourable for the growth of the 
Aspergillus organism. Indeed, epidemiological studies show 
that in areas of the world where contamination of food sup- 
plies with aflatoxins is high there is an associated incidence 
of human hepatocellular carcinoma. Although contamina- 
tion of grain crops with aflatoxins is not restricted to these 
parts of the world, in developed countries, food surveil- 
lance programmes, backed up by tight legislative controls 
that regulate maximum permissible levels of aflatoxins in 
food crops, control human exposure to these potent chemical 
carcinogens. 

The basis of the carcinogenicity of aflatoxin Bı centres 
on the carbon-carbon double bond (Figure 10) in the ter- 
minal furan ring of the molecule (Wogan et al., 1971). The 
chemical is a substrate for CY P enzymes that oxidize this 
carbon- carbon double bond. The epoxide product is an elec- 
trophile that rapidly reacts with cellular nucleophiles such as 
DNA, and the resulting DNA -aflatoxin Bı adduct is pow- 
erfully promutagenic. This and the fact that it is highly 
hepatotoxic make aflatoxin B; one of the most powerful 
carcinogens known. 


Benzo[a]lpyrene 


The PAHs are a large group of environmentally important 
chemical carcinogens. Benzola]pyrene is a prominent 
example of these compounds, being ubiquitous in our envi- 
ronment since it is present in the smoke and fumes from 
many diverse sources, including cigarettes, exhaust fumes, 


and the burning of many different organic materials includ- 
ing wood and fossil fuels. One of the most extensively 
studied PAHs, it is a substrate for CYP enzymes, being 
extensively converted to epoxides, phenols, diols, dihydro- 
diols, and their conjugated products, particularly with glu- 
tathione, glucuronic acid, and sulphate. The genetic toxicity 
of the PAHs is based around the formation of their epox- 
ides (Sims et al., 1974). For example, with benzo[a]pyrene, 
CY P1 family enzymes can generate a series of epoxides 
around the different rings of the molecule, some of which are 
known to be more carcinogenic than others. Electronically, 
the most reactive portion of the benzo[a]pyrene molecule 
is the so-called K region (see Figure 11), yet it is epox- 
ides of the “bay region”, which are thought to be the most 
tumourigenic. The formation of the ultimate carcinogen of 
benzo[a]pyrene involves CY P-mediated epoxidation at the 
7,8-position of the molecule. This epoxide is hydrolysed by 
the enzyme epoxide hydrolase to form the 7,8-dihydrodiol. 
The dihydrodiol subsequently undergoes CY P-mediated oxi- 
dation, forming the 7,8-dihydrodiol-9,10-epoxide, which is 
thought to be the ultimate carcinogen. H owever, diastereoiso- 
mers of these metabolites are formed metabolically and the 
(+)-benzo[a]pyrene, (7R,8S)-dihydrodiol-(95,10R)-epoxide 
formed by CYP1A1 and epoxide hydrolase generates a 
species that is more mutagenic than other isomers. Inter- 
estingly, although the K -region 4,5-epoxide is highly muta- 
genic, the bay region 7,8-dihydrodiol-9,10-epoxide is car- 
cinogenic, whereas the 4,5-epoxide and the 9,10-epoxide 
are not, indicating the requirement for the specific dihy- 
drodiol formation. Other metabolites of benzo[a]pyrene are 
known to be cytotoxic and mutagenic, for example, the 3,6- 
quinone derivative, but have poorer carcinogenic potential 
(Conney, 1982). 


MECHANISMS OF CHEMICAL CARCINOGENESIS 11 


Bay region 


1 
Nw 3 
« CIO 


9 3 P-450 ee 
— 
8 4 
7 5 7N (0) 


K-region 
Benzol[a]pyrene 


DNA Adducts ~—— 


Benzola]pyrene-7,8-oxide 


ee eee 
OH 


OH 
Benzol[alpyrene-7,8-dihydrodiol 


P-450 





Benzo[a]pyrene-7,8-dihydrodiol-9,10-oxide 


Figure 11 The metabolic activation of benzo[a]pyrene. P-450 - cytochrome P-450; EH - epoxide hydrolase. 


HaC, p HOH2C, 
‘N-N=0 PA `N-N=0 —— | HaC-N=N—OH | + HCOH 
H3C H3C 
Dimethylnitrosamine Hydroxymethyl-N-methyl 
nitrosamine 


è 
DNA Adducts ~—— CH3 + N2+ H20 


Methylcarbonium ion 


Figure 12 The metabolic activation of dimethylnitrosamine. P-450 - cytochrome P-450. 


Dimethylnitrosamine 


The nitrosamines are another extensively studied family 
of chemical carcinogens. Dimethylnitrosamine, representa- 
tive of this family, is hepatotoxic, mutagenic, and carcino- 
genic, causing kidney tumours with acute exposure and 
liver tumours after chronic exposure (M agee etal., 1976). 
Additionally, tumours of the stomach, oesophagus, and cen- 
tral nervous system are found. Again, CYP enzymes are 
central to the metabolic activation of dimethylnitrosamine, 
involving N-demethylation to N-methylnitrosamine. This 
metabolite rearranges to form methyldiazohydroxide, then 
methyldiazonium ion, and ultimately the methyl carbonium 
ion. It is the methyl carbonium ion that is the DNA-damaging 
species since it is a highly reactive alkylating agent (see 
Figure 12). The degree of DNA methylation that occurs 
after exposure to dimethylnitrosamine correlates with sus- 
ceptibility to tumour formation. The DNA sites that appear 
to be most sensitive to alkylation are the N7 position of 
guanine and, to a lesser extent, the O6 position of gua- 
nine, but it is the latter site that appears to correlate best 
with mutagenicity and carcinogenicity. Alkylation at gua- 
nine O6 leads to guanine- thymidine mispairing, causing a 
GC to AT transition. Paradoxically, acute doses of dimethyl- 
nitrosamine cause greater DNA methylation in the liver 
than the kidney, yet tumours are preferentially found in the 
kidney. Clearly, although the liver has more metabolic acti- 
vation capacity, it also has better protective mechanisms. 
This balance between activation and protective mechanisms 
is also likely to be a significant factor in the susceptibility 


of other organs and tissues to dimethylnitrosamine-induced 
carcinogenesis. 


Vinyl Chloride 


Vinyl chloride is the starting point for a number of 
polymer syntheses, particularly the manufacture of poly(vinyl 
chloride). Vinyl chloride is a gas at room temperature and 
is therefore usually stored under pressure. The use of this 
material in an industrial setting is substantial and numerous 
workers have suffered well-documented accidental occupa- 
tional exposure, for example, being overcome by vinyl chlo- 
ride solvent narcosis during the cleaning of reaction vessels. 
Acute exposure to the material is associated with an unusual 
form of liver tumour, known as haemangiosarcoma, a tumour 
of reticuloendothelial cells, and not hepatocytes, giving rise 
to tumours of the hepatic vasculature. This very rare type of 
liver cancer has only been observed in workers who have 
been exposed to vinyl chloride. 

For tumourigenicity, vinyl chloride requires metabolic 
activation by CY P enzymes (Bolt, 1988). Oxidation to the 
epoxide intermediate (Figure 13) is the first step that results 
in the subsequent formation of chloroacetaldehyde. Although 
a number of other metabolites are known to be generated, 

the tumourigenicity of the compound is likely to be depen- 
dent upon the epoxide and chloroacetaldehyde metabolites, 
both of which react with cellular nucleophiles. Subsequently, 
glutathione is depleted and the excess reactive metabolites 
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can then react with nucleic acids and protein. The available 
evidence suggests that the epoxide is the predominant species 
binding to DNA where it reacts with deoxyguanosine at the 
N7 position and with RNA to give 1, Nĉ-ethenoadenosine and 
3,N*-ethenocytidine, whereas the chloroacetaldehyde proba- 
bly binds to protein. 


THE BIOLOGY OF CHEMICAL CARCINOGENESIS 


The involvement of chemicals in damaging DNA is only one 
part of their potential role in carcinogenesis. In progressing to 
the neoplastic state, cells must undergo fundamental changes 
in their biology and many of these changes can be driven 
by chemical intervention of essential cellular activity. The 
current perception of the neoplastic process has been shaped 
by fundamental studies performed in the 1940s using PAHS 
with the mouse skin carcinogenesis model (Berenblum and 
Shubik, 1947). The concept of the multi-step nature of 
carcinogenesis and the defining of these steps as initiation, 
promotion, and subsequently progression emerged from such 
studies (see Table 2). 


Initiation 


A key feature of the initiation process (Table 2) is the 
requirement for cell replication (Pitot and Dragan, 1996). 
Once a chemical has damaged DNA by forming an adduct, 
or inducing a strand break, and so on, and provided that 
the cell recognizes the damage, repair processes intervene. 


Table 2 The stages of initiation, promotion, and progression. 


Should the damage be misrepaired, or not recognized by the 
cell, then the outcome can be (i) aberrant transcription of 
the affected DNA if it is a structural gene lesion and on the 
transcribed strand, (ii) altered expression if the damage is 
located within a regulatory sequence, or (iii) no effect if the 
damage is within the non-coding or non-regulatory DNA. If 
the damage is at a critical gene site or extensive, then the cell 
may opt to undergo apoptosis. However, since the cell has 
two copies of each autosomal gene loci, compensation for 
the damaged gene is often possible. The only cell directly 
affected is the recipient of the damage, the initiated cell. 
However, if division occurs, a daughter cell inherits the 
mutation, which becomes fixed irrespective of whether it 
was misrepaired or remained as an unrepaired adduct in the 
parent cell, and is inherited in all future generations of this 
lineage. If the cell type is generally quiescent, then the effect 
of the DNA lesion is unlikely to become apparent unless the 
cell experiences a proliferative stimulus (e.g., by promotion). 
However, if the cell is normally proliferative (e.g., a stem 
cell), then there is a much greater chance of a neoplastic 
development, even in the absence of concerted promotion. 


Promotion 


Once the initiated cell has been encouraged to replicate, 
the initiated genetic damage is irreversibly fixed. Yet, the 
phenotypic characteristics of the initiated cell remain insid- 
ious because it is surrounded by (and perhaps compensated 
by) normal cells. When the initiated cell is subjected to 
promotional influences, the effect is to encourage clonal 
expansion of the initiated cell. A key feature of the pro- 
motion response is its reversibility, that is, if the promoting 
agent is removed, the initiated cell population is no longer 
encouraged to proliferate (Boutwell, 1964). The promotional 
stimulus is usually not a direct interaction of the promoting 
agent on DNA but acts to encourage growth and prolifer- 
ation of the cell by exaggerating favourable environmental 
conditions, especially for initiated cells (see Table 2). This 


Initiation 


Promotion 


Progression 





Irreversible 

Cell not morphologically recognizable 
Single exposure to chemical is sufficient 
Can occur spontaneously 


“Fixed” by cell division 

Involves simple mutation (transitions, 
transversions, frameshifts) 

Can involve single genes 


Proto-oncogenes and tumour-suppressor genes 
can be mutated 

Simple genotypic changes with corresponding 
phenotype change 

Limited growth advantage over surrounding 
cells 


(Adapted from Pitot and Dragan, 1996.) 


Reversible 


Requires multiple exposure to chemical 
Endogenous and exogenous chemicals can 
promote 

Expanded through cell division 

Does not necessarily involve mutation 


Often involves multiple genes 

Altered levels of gene expression rather than 
mutation 

Epigenetic phenotype changes 


Chemical-mediated selective growth 
advantage 


Irreversible 

Morphologically discernible 

Driven by multiple and varied exposure 
Cells show altered sensitivity to endogenous 
chemicals 

Driven by cell division and migration 
Frequently involves complex mutation 


Usually involves chromosomal alterations 
(clastogenicity, aneuploidy, polyploidy) 
Substantial alteration in gene expression due 
to multiple mutational events 

Complex phenotypic change 


Significant growth advantage due to genetic 
change and environment 
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can be achieved by chemical interference with normal cellu- 
lar signal transduction mechanisms with the consequence of 
enhanced transcription and translation. 

A number of well-characterized promoting agents are 
shown in Figure 14. A good example is tetradecanoylphor- 
bol acetate (TPA ), a naturally occurring component of croton 
oil. This chemical interacts with protein kinase c, causing 
enhanced signalling via inositol triphosphate and diacylglyc- 
erol pathways, resulting in increased transcription and strong 
stimulation of growth. 2,3,7,8-Tetrachlorodibenzo- p-dioxin 
(TCDD) is another example of a xenobiotic with exceptional 
promoting activity, being particularly effective in the liver, 
lung, and skin. There are also a number of very powerful nat- 
urally occurring promoting agents including androgens and 
oestrogens (see Figure 4) (Taper, 1978). In all cases, removal 
of the agent leads to regression of the pre-neoplastic lesion. 

Another important characteristic of promoting agents is 
the existence of concentration thresholds. Thus, a minimum 
dose of the agent is required before effective promotion can 
be detected, after which there is a dose- response relationship 
before a maximum response is reached. This latter effect is 
probably due to saturation of physiological targets, usually 
endogenous receptors. Other physiological factors can alter 
the impact of promoting chemicals, for example, diet and 
hormonal status influence the promotion of numerous pre- 
neoplastic lesions including those in mammary and hepatic 
tissues (see also Non-genotoxic C auses of Cancer). 


Progression 


As the initiated cell population is expanded during promo- 
tion, individual cells acquire further genetic damage, which 
can be either agent mediated or spontaneous, thereby intro- 
ducing genetic heterogeneity into the promoted population. 
Acquisition of these changes is irreversible and progressive 
(Table 2). Ultimately, some promoted cells acquire karyotype 
instability, which can bestow growth advantage over sur- 
rounding cells. In some cases, this removes environmental 


Tetradecanoylphorbol acetate 


constraints over such cells, allowing them to escape proximal 
cellular and humoral influences. In many cases, such cells 
acquire clastogenic changes that bestow significant pheno- 
typic alteration (Foulds, 1965; Welch and Tomasovic, 1985; 
Hanahan and Weinberg, 2000). 


CRITICAL GENE TARGETS 


The reaction between an activated carcinogen and DNA is 
concentration dependent. Since DNA comprises only four 
bases, in theory, chemicals should damage DNA at any site 
within the genome. In practice, there appear to be preferred 
sites at which attack occurs (see Table 2). The factors that 
govern the chance of attack at such sites are expected to 
include accessibility, the presence of modifying influences 
(extent of methylation or association with nuclear proteins), 
and so on. Furthermore, factors such as (i) DNA repair, (ii) 
the presence of transcriptionally active or silent genes, (iii) 
the role of the gene in normal cell function, (iv) whether 
the chemical attacks a structural domain of the gene or (v) a 
regulatory domain, and (vi) whether the DNA target has any 
function whatsoever can all affect the outcome. Although 
DNA is chemically the same throughout the genome, some 
sections (containing critical genes) are clearly more impor- 
tant to the correct functioning of the cell than others. The 
number of currently recognized critical gene targets is only a 
fraction of the estimated 28 000- 30000 genes of the human 
genome, but is growing. These critical genes are involved in 
controlling the growth and differentiation of cells, damage 
or mutation of which is highly correlated with the neoplastic 
process; such genes are described as oncogenes or tumour- 
Suppressor genes. 


Oncogenes 


Under normal circumstances, oncogenes exist as proto- 
oncogenes (Garrett, 1986); they code for proteins that are 


14 


THE CAUSATION AND PREVENTION OF CANCER 


Table 3 Examples of critical genes involved in carcinogenesis. 


Gene 


Function 


Localization 





Oncogenes 

SIS, FGF, INT2, WNT1 

MET, NEU, EPH, EGRF, FMS, KIT, HER2, 
RET, ROS, 

SRC, ABL1, FPS, FGR, FYN, HCK, LCK, YES 
MAS 

RAS, GIP 2, GSP 

BCR, DBL, ECT2 

RAF, PIM 1, BCR, EST, MOS, 

STY 

BCL1, CRK, ODC, NCK 

MYC, FOS, JUN, BCL3, CBL ERBA, ETS, 
HOX, MYB, MYCL, REL, TAL1, SKI 

BCL2 


Tumour-suppressor genes 
NF1 
RB1 


P53 


WT1 
HMLH1 
BRCA1 
APC 

VHL 

NME 
CMAR/CAR 
WNT 

YES1 


Growth factors 
Receptor/protein tyrosine kinases 


Non-receptor tyrosine kinases 

Receptors lacking protein kinase activity 
Membrane-associated G-proteins 
RHO/RAC-binding proteins 

Cytoplasmic protein serine kinases 

Protein serine, threonine, and tyrosine kinase 
Cytoplasmic regulators 

Nuclear transcription factors 


Mitochondrial membrane factor 


GTPase activation 

Cell cycle- regulated nuclear transcription 
repressor 

Cell cycle- regulated nuclear transcription 
repressor 

Zinc finger transcription factor 

Mismatch DNA repair 

DNA repair enzyme 

Regulates cytoskeletal networks 

Signal transduction or cell- cell contact 
Cell receptor 

Cell attachment 

Growth factor 

Tyrosine kinase 


Extracellular 
Extracellular/cell membrane 


Cell membrane/cytoplasmic 
Cell membrane/cytoplasmic 
Cell membrane/cytoplasmic 
Cytoplasmic 

Cytoplasmic 

Nuclear 

Cytoplasmic 

Nuclear 


M itochondrial/cytoplasmic 


Cell membrane/cytoplasmic 
Nuclear 


Nuclear 


Nuclear 

Nuclear 

Nuclear 
Cytoplasmic 
Plasma membrane 
Plasma membrane 
Plasma membrane 
Extracellular matrix 
Plasma membrane 





(Adapted from Hesketh, 1994.) 


involved in important pathways within the cell such as 
growth, signal transduction, cell cycle, and nuclear transcrip- 
tion. Chemical-induced damage to key sites within the proto- 
oncogene can convert the sequence to one that codes for an 
aberrant protein. The product of this genetic change (conver- 
sion to an oncogenic variant of the gene) is a protein that 
has an altered sequence due to loss, gain, or replacement of 
amino acids, and no longer responds to appropriate control- 
ling stimuli. The activation of proto-oncogenes to oncogenes 
can be achieved by several well-recognized processes. These 
include (i) mutation of the structural gene, (ii) mutation 
of regulatory sequences, (iii) amplification of the structural 
gene, (iv) translocation of the gene to a site of inappropriate 
gene regulation (e.g., within the control of a powerful pro- 
moter sequence) after clastogenic events, or (v) epigenetic 
alteration of either structural or regulatory sequences, lead- 
ing to the altered regulation of gene expression (e.g., altered 
gene methylation). Each of these mechanisms generates a 
functionally dominant gene and can be induced by chemical 
interaction at key sites within DNA. Examples of specific 
oncogenes are described in Table 3 and can be grouped into 
functional biochemical classes, which code for key regula- 
tory activities involved in correct functioning of the cell. 
These genes tend to be involved in pathways that mediate cell 
growth, differentiation, and signalling. The ability of muta- 
genic chemicals to activate oncogenes is well established. A 
good example is the codon 12 K-ras mutation found in aber- 
rant crypt foci in the colon of rats treated with azoxymethane 
(Shivapurkar et al., 1994). 


Tumour-Suppressor Genes 


Tumour-suppressor genes normally act to suppress the neo- 
plastic phenotype. As with oncogenic activation, chemical 
damage to a tumour-suppressor gene can give rise to a pro- 
tein with altered activity; in this case, making it unable to 
operate as a suppressor of the cancer process (Knudson, 
1993). Since these genes tend to be functionally recessive, 
full loss of the phenotypic expression often requires mutation 
or loss of both alleles. Many of these genes have a nuclear 
location/function and are directly involved in maintaining 
genome integrity. Examples of tumour-suppressor genes are 
given in Table 3. Chemical-mediated damage of the P53 
gene is a frequently encountered event in chemical-induced 
neoplastic disease. For example, aflatoxin Bı exposure is 
associated with a high incidence of hepatocellular carcinoma 
in parts of Africa. Examination of the P53 gene in these 
tumours reveals characteristic mutations at specific hot spots 
(e.g., codons 248/249). These tumours and p53 mutations 
can be reproduced in vivo in animals and in vitro in cells 
exposed to pure aflatoxin B; (Aguilar et al., 1993). 


CONCLUSION 


Cancer is often perceived as largely due to inherited defective 
genes. However, the biggest cause of human cancer is 
exposure to chemicals and, indeed, the biggest contributors 
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to the burden of human cancer (estimated to be about 90% of 
all cancers) are chemicals contained within tobacco smoke, 
the diet, and the environment (Doll and Peto, 1981). 

Carcinogenesis is a multi-step process and many of these 
steps can be influenced by chemicals. Clearly, a chemical 
with carcinogenic or mutagenic properties should be handled 
with caution, especially in cases where it would come into 
contact with humans. Yet, there are some instances where 
the benefit of using the chemical outweighs its immediate 
risk, for example, as a chemotherapeutic agent. Under 
such circumstances, its use must be carefully regulated and 
monitored. 

As discussed, many chemicals are carcinogenic through 
metabolic bioactivation and exert their genotoxic activity 
at the level of the genome. However, this primary activ- 
ity is only one factor in a sequence of complex events. 
Of thousands of chemicals tested, a few hundred have 
been identified as carcinogenic in rodents and around 50 
are potentially human carcinogens (IARC, 1972-2006). 
With the development of new pharmaceuticals and indus- 
trial chemicals, carcinogenicity testing has become an 
essential activity and has led to a clearer understand- 
ing of the mechanistic basis of the carcinogenicity 
process. 

The value of understanding the mechanisms whereby a 
chemical causes cancer cannot be underestimated. It provides 
a rational basis for risk assessment allows predictions of pos- 
sible outcomes and informs the development of alternatives 
or strategies, which reduce risk. In the case of therapeutically 
useful agents, it indicates how improved pharmaceuticals can 
be conceived and employed. It is also increasingly evident 
that each chemical with carcinogenic properties is unique 
and that grouping chemical carcinogens on the basis of their 
structural attributes is not always appropriate and thus pre- 
diction of genetic toxicity should always be confirmed by 
experimental data. In this respect, the development of new 
technologies such as transgenic animals that have altered 
expression of proto-oncogenes and tumour-suppressor genes 
greatly add to the battery of systems available for helping 
us understand cancer. Such models will continue to provide 
substantial information on the mechanisms through which 
chemicals and biological processes interact to drive the neo- 
plastic process. 
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DNA DAMAGE BY CARCINOGENS 


A property common to many chemical carcinogens is that 
they, or one or more of their metabolites, are DNA reactive. 
Cellular responses to DNA damage in mammalian cells 
include DNA repair, cytotoxicity, apoptosis, mutagenesis, 
and malignant transformation. These processes are either 
fundamental to maintaining the integrity of the cell or they 
set the cell on a path to mortality or malignancy. Thus 
the study of reactions between carcinogens and DNA, and 
the biological consequences of these reactions, is central to 
understanding the early stages of the carcinogenic process. 
The identification of DNA as the genetic material and the 
solving of its structure occurred about 50 years ago, but it 
was not immediately appreciated that carcinogens exert their 
biological effects by damaging it. Although the discovery that 
carcinogens could form covalent bonds with cellular macro- 
molecules dates from about the same time, for some years 
afterwards the prevailing hypothesis was that the deletion of 
key proteins was critical to the carcinogenic process. How- 
ever, the demonstration in the 1960s that the potency of a 
series of carcinogens correlated with their ability to bind to 
DNA in vivo, and not with the extent of binding to protein or 
RNA (Brookes and Lawley, 1964), led to the acceptance of 
DNA as the critical target in carcinogenesis. Subsequently, 
the discovery of several classes of genes that control cel- 
lular function and maintain cellular integrity and that are 
commonly mutated in tumours (oncogenes, tumour suppres- 
sor genes, and mismatch repair genes) has made it evident 
that if certain critical genes are modified by carcinogens, the 
mutations that may ensue from erroneous replication of the 
damaged gene template will contribute to the transformation 
of a normal cell into a malignant one. Finally, the types 
of genetic alterations commonly found in tumour cells - 
point mutations, deletions, translocations, gene amplifica- 
tions - can also be induced in cells by treatment with DNA 
adduct- forming chemicals. Given the long latency of most 
types of human and experimental cancer, it is not possible to 
directly observe the biological consequences of DNA adduct 
formation in vivo. Nevertheless, the very strong correlation 
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between this early biochemical event and the subsequent bio- 
logical manifestation of malignancy in many different studies 
places the cause-and-effect association beyond reasonable 
doubt (see Epidemiology in the Identification of Cancer 
C auses). 

Carcinogen-induced DNA damage can take several forms. 
It can result in breaks in the sugar- phosphate backbone 
of the molecule, either in one of the two strands of the 
double helix or in both. Covalent binding of the carcino- 
gen results in the formation of a chemically altered base 
(or, occasionally, phosphate group) in DNA that is termed 
an adduct. As DNA adducts are usually studied by frag- 
menting the DNA either chemically or enzymatically, the 
term nucleotide adduct describes a fragment consisting of 
carcinogen-base-deoxyribose-phosphate, nucleoside adduct 
consists of carcinogen-base-deoxyribose, and a base adduct 
is the carcinogen-modified base only. Some carcinogens are 
bifunctional and can give rise to both monoadducts and cross- 
links in DNA, the latter being either intrastrand or interstrand 
cross-links. Many cancer chemotherapeutic agents have this 
property, and it is widely held that interstrand cross-links 
are cytotoxic (accounting for the therapeutic properties of 
the drugs), while the monoadducts and intrastrand cross- 
links are potentially mutagenic and carcinogenic (Lawley and 
Phillips, 1996). 

Most chemical carcinogens are not biologically active as 
such, but undergo metabolic activation in mammalian cells to 
reactive intermediates that react with DNA (see Mechanisms 
of Chemical Carcinogenesis). Why do mammalian cells do 
this? The answer is that it is an aberration of the general 
mechanisms that cells employ to rid themselves of tox- 
ins, generally by making them water soluble. M etabolism 
of xenobiotic (foreign) compounds is carried out in mam- 
malian cells by broad-spectrum oxidative enzymes (phase 
| metabolism) that introduce polar groups (e.g., hydroxyl 
groups) into molecules and render the molecules suitable 
substrates for conjugation (phase I1 metabolism) with one 
of a variety of hydrophilic groups. The resulting conjugate is 
substantially more water soluble than the parent compound 
and thus more readily excreted from the organism. Phase | 
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metabolites are often formed through transient generation of 
reactive compounds such as epoxides, but are rapidly con- 
verted to hydroxyl groups by further enzymatic conversion 
or by non-enzymatic reaction with water. However, if they 
are slow to convert, their presence in the cell may lead to 
their reaction with DNA. Similarly, most phase I! metabolites 
are water soluble and chemically stable - ideal properties 
for their efficient elimination from the cell and subsequent 
excretion from the organism; however, some carcinogens are 
converted to conjugates that are reactive, and the loss of the 
conjugated function generates a highly reactive carbocation 
that reacts with DNA. 

There have been two approaches for determining the path- 
ways of activation of carcinogens. In the first, metabolites 
of the carcinogen are isolated and identified, and their abil- 
ities to induce tumours and other genotoxicity end points 
are investigated. In the second approach, DNA adducts are 
detected and identified, and the pathways by which they are 
formed are deduced by determining the metabolites that can 
also give rise to them and the cofactors necessary for their 
formation. 

An example of a carcinogen that is metabolically acti- 
vated to a reactive phase | metabolite is benzo[a]pyrene 
(BaP), a polycyclic aromatic hydrocarbon (PAH) that is 
widespread in the environment through its formation dur- 
ing the incomplete combustion of organic material (wood, 
coal, petrol, tobacco, etc.). Although it is converted to 
many different metabolites, one cytochrome P450 (CY P)- 
dependent pathway results in metabolic activation (Figure 1). 
The initial epoxide formed is rapidly metabolized further 
by epoxide hydrolase to a dihydrodiol (called the proxi- 
mate carcinogen), but this metabolite then undergoes further 
metabolism to a dihydrodiol epoxide, benzo[w]pyrene-7,8- 
dihydrodiol 9,10-oxide (BPDE) (the ultimate carcinogen). 
This molecule is not a good substrate for epoxide hydrolase 
and although it is chemically unstable (i.e., it is reactive), it 
is sufficiently long-lived in mammalian cells to be able to 
migrate to the nucleus and react with DNA, via formation 
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of a carbocation, to form chemically stable DNA adducts 
(Phillips, 1983). 

An example of a carcinogen activated by phase Il 
metabolism is tamoxifen (Figure 2). In the liver of rats, 
where it causes hepatocellular carcinoma, it is converted 
first to a-hydroxytamoxifen (the proximate carcinogen) by 
a CY P-dependent phase | step. This metabolite then under- 
goes phase II metabolism by sulphotransferase to a sulphate 
ester conjugate. This compound dissociates to form a reac- 
tive carbocation that reacts with DNA to form DNA adducts 
(Davis et al., 1998). 

This chapter describes the formation of DNA adducts by 
carcinogenic chemicals, with particular emphasis on their 
detection in human tissues, and the role of such studies in 
investigating the aetiology of cancer, in monitoring human 
exposure to environmental carcinogens, and in determining 
risk for cancer. 


ADDUCTS FORMED BY CHEMICAL 
CARCINOGENS 


M ost of the covalent binding of carcinogens to DNA involves 
the modification of the purine and pyrimidine bases, although 
some agents react with the phosphodiester linkages as well. 
Guanine is the most commonly and extensively modified 
base, with interactions occurring at N*, N-3, O°, N-7, and 
C-8 (Figure 3). Adducts with adenine are formed at the N-1, 
N-3, N®, and N-7 atoms. Pyrimidine adducts are formed at 
the 07, N-3, N4, and C-5 of cytosine and at the O? and 04 
of thymine. 

Alkylating agents that react by a predominantly Sy2 
mechanism show a greater affinity for the ring nitrogens 
in DNA bases, these being the most nucleophilic sites in 
DNA (Osborne, 1984). As the Syl character of the reaction 
increases (i.e., via generation of an electrophilic carbocation 
that is the reactive species), the proportion of the reaction that 
occurs at exocyclic groups increases (Lawley, 1984). Thus 
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Major pathway of metabolic activation of benzo[a]pyrene. CY P1A1, cytochrome P450 1A1; EH - epoxide hydrolase. 
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Figure 2 Major pathway of metabolic activation of tamoxifen. CY P3A 4, cytochrome P450 3A 4; HST - hydroxysteroid sulphotransferase (SULT2A family). 
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Figure 3 DNA bases and sites at which they are bonded to carcinogens. 


the ratio of Oĉ/N-7 alkylation of guanine in DNA is 0.7 
for N-ethylnitrosourea (ENU), 0.1 for N-methylnitrosourea 
(MNU), and 0.004 for methylmethane sulphonate (MMS) 
(Lawley, 1984). 

Representative examples of active metabolites of carcino- 
gens and of their reaction sites with DNA are shown in 
Table 1. More comprehensive reviews of carcinogen- DNA 
interactions can be found elsewhere (Osborne, 1984; Cooper 
and Grover, 1990; Hemminki et al., 1994). PAHs, activated 
by diol-epoxide formation, mainly form stable DNA adducts 
at the exocyclic amino groups of guanine and adenine. The 
more distorted from planarity the ultimate carcinogen, the 
greater the proportional reactivity with adenine relative to 
guanine (Dipple, 1994). Tamoxifen also reacts at these sites. 
Nitroaromatic polycyclic hydrocarbons, activated at the nitro 
group, react with the C-8 position of guanine. Aromatic 
amines and heterocyclic amines also predominantly modify 
the C-8 position of guanine. Aflatoxin Bı, a mycotoxin, is 
metabolized to an epoxide that reacts at the N-7 position 
of guanine. This adduct structure is electronically charged 
and unstable. It can undergo one of three processes spon- 
taneously: (i) hydrolysis to yield aflatoxin dihydrodiol and 
unmodified DNA; (ii) depurination to yield an aflatoxin-base 
adduct, leaving an apurinic site in DNA; or (iii) imida- 
zole ring opening to yield a stable adduct (Figure 4). Some 
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compounds form cyclic adducts, in which two positions 
on the same base are modified by the same molecule. An 
example is vinyl chloride (and other vinyl halides), which 
forms etheno adducts with cytosine, adenine, and guanine 
(Figure 5). 

The large variety of DNA sites attacked by carcinogens 
leads to the question of whether some modifications are 
more biologically important than others. This is still a 
matter of debate, with some suggesting that adenine adducts 
formed by PAHs are more consequential than guanine 
adducts, even though BaP forms very few of the former. 
Others have proposed that unstable, depurinating adducts 
are more important than stable adducts in causing mutations 
from which tumour initiation proceeds, although this theory 
has been challenged. Substitution at N-7 of guanine by 
simple alkylating agents appears to be ineffectual in causing 
mutations, while adducts at the Oê position are highly 
promutagenic. On the other hand, aflatoxin Bı appears to 
modify only N-7 in guanine, and is among the most potent 
carcinogens known (Osborne, 1984). Methylation of DNA at 
the O° position, a base-pairing position, will cause guanine 
to mispair with thymine, thereby causing a G — A transition 
after a round of replication (Lawley, 1984). The 7-position 
of guanine, however, is non-pairing; methylation produces 
little or no alteration to the tertiary structure of DNA, but 
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Table 1 Some representative carcinogens, their active metabolites, and sites of modification of DNA. 


Carcinogen 
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Major active metabolite 


Sites of modification of DNA 





Benzo[a]pyrene (BaP) 


Benzo[c]phenanthrene (B cPh) 


Oo 0 





(7) 
2-A cetylaminofluorene (AAF) 
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Vinyl chloride 
eI 
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2-A mino-1-methy|-6-phenylimidazo[4,5- 


b]pyridine 
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CH3 
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| )—NH2 
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BaP 7,8-dihydrodiol 9,10-epoxide (BPDE) 
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3,N*-Cytosine, 1,N°-adenine, 
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Table 1 (continued). 


Carcinogen 


Major active metabolite 


Sites of modification of DNA 





1-Nitropyrene (1-NP) 


(15) (16) 
3-Nitrobenzanthrone 


: i 


O (0) 

(17) (18) 
Aristolochic acid | (R = OCH3) and aristolochic N-Hydroxyaristolactam 
acid II (R= H) 
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substitution with a bulky molecule like aflatoxin Bı would 
cause considerable distortion (and also leads to ring opening 
of the purine), which could in itself lead to replication errors 
by DNA polymerases. 

There is also some evidence that DNA modification by 
carcinogens does not occur at random but is influenced to 
some extent by DNA sequence (Osborne, 1984). A ddition- 
ally, the potential for an adduct to give rise to a mutation 
may be dependent, to some extent, on its sequence context, 
giving rise to the concept of hot spots for DNA damage 
and mutation in some genes. Some of these possibilities are 
discussed later in this chapter. 


METHODS OF DNA ADDUCT DETECTION 


The last three decades have seen the development of 
a number of sensitive methods for the detection and 
characterization of DNA adducts in mammalian cells and 
tissues (Phillips, 1990; Strickland et al., 1993; Phillips et al., 
2000; Poirier et al., 2000), the most important of which are 
reviewed briefly here. 


Radiolabelled Compounds 
Because only a very small proportion of an applied dose of 


a carcinogen becomes bound to DNA in the exposed cells 
or tissue, very sensitive methods of detection are required 


N-Hydroxy-1-aminopyrene 


N-Hydroxy-3-aminobenzanthrone 


C8-Guanine 


NHOH 


N?-Guanine, C8-guanine, 
N®-adenine 


NHOH 


N®-Adenine, N2-guanine 


to study DNA adduct formation in vivo. Most of the early 
work on adducts was done using radiolabelled carcinogens 
and, although other methods now provide comparable or 
greater sensitivity, the method still has its uses. With com- 
pounds labelled either with 3H or 14C, at a position of the 
molecule where the isotope will not be lost as a result of 
metabolism, detection of radioactivity in DNA isolated from 
the exposed animal or cultured cells is the starting point 
for the characterization of the DNA binding. Sensitivities of 
detection of 1 adduct in 108 nucleotides are achievable with 
3H-labelling, although ‘4C-labelling is less sensitive because 
of the much longer half-life of *C compared with that of 7H 
(Phillips et al., 2000). Limitations to the use of the method 
are the high costs of synthesizing radiolabelled compounds 
and the difficulty in doing chronic, multi-dose, exposure stud- 
ies due to the hazards of the use of radioactive materials in 
these circumstances. Furthermore, it is seldom possible to 
use radioactive test compounds in studies involving human 
subjects. However, the recent adaptation of accelerator mass 
spectrometry (AMS) enables isotope ratios to be measured 
with great sensitivity in biological samples. With this method, 
the binding of a radiolabelled carcinogen to DNA is detected 
not by means of its decay (thereby linking the sensitivity to 
the half-life of the isotope) but by measuring the abundance 
of the radioisotope relative to that of the natural isotope. For 
14C, it is possible to detect 1 part in 101 parts total carbon, 
and in practice limits of adduct detection of greater than 1 in 
101! nucleotides have been achieved (Phillips etal., 2000). 
Because of this high sensitivity, it has been possible to obtain 
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Figure 4 Conversion of the unstable aflatoxin- V-7-guanine adduct in DNA to stable products. 
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Figure 5 Structures of etheno adducts formed by vinyl halides and by 
products of lipid peroxidation. 


ethical approval to give minute amounts of a radioactive car- 
cinogen, for example, the mutagen formed in cooked food, 
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), to 
human subjects prior to surgery and to detect DNA adducts in 
the excised tissue. AMS does not give structural information 
on DNA adducts, and characterization requires chromato- 
graphic comparison with synthesized standards. Nevertheless 
its ultra-sensitivity provides a means of establishing whether 
carcinogens thought to be non-genotoxic in their mecha- 
nism of action, such as 2,3,7,8-tetrachlorodibenzo- p-dioxin 
(TCDD), are truly devoid of DNA binding activity. 


32P_Post-Labelling 


The 32P-post-labelling method of analysis comprises a pro- 
cedure for introducing a radiolabel into a DNA adduct 


after it has formed, by enzymatic phosphorylation of the 
deoxyribose group of the nucleotide adduct (Phillips, 1997). 
Chromatographic separation of the labelled adducts fol- 
lowed by detection and quantitation by measuring ??P- 
decay provides a highly sensitive assay, requiring only 
small (1-10 pg) quantities of DNA. Adducts from differ- 
ent classes of carcinogens with diverse structures can be 
detected by this method, including PAHs, aromatic amines, 
heterocyclic amines, unsaturated aldehydes, simple alkylat- 
ing agents, reactive oxygen species, and ultraviolet light 
(UV) radiation (Beach and Gupta, 1992). It is also able to 
detect adducts formed from complex mixtures of chemicals, 
such as tobacco smoke and fossil fuel products. It is sensitive 
enough to detect adduct levels as low as 1 per mammalian 
cell. A limitation of the method is that it does not provide 
structural information; identification of adducts is reliant on 
co-chromatography with characterized synthetic standards. 
A dduct levels may be underestimated if the DNA is not com- 
pletely digested or if the nucleotide adduct is not efficiently 
32P-labelled by polynucleotide kinase (Phillips et al., 2000). 


Immunoassays 


Antisera elicited against carcinogen-DNA adducts can be 
used in immunoassays to detect adducts in human or 
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animal tissues. Antibodies have been raised against a vari- 
ety of carcinogen-modified DNAs, including those contain- 
ing adducts of PAHs, aromatic amines, methylating agents, 
tamoxifen, UV radiation, and oxidative damage. Immunoas- 
says are highly sensitive but generally require more DNA 
for analysis than **P-post-labelling. The assay is relatively 
inexpensive to perform and can be automated. Various sen- 
sitive methods (radioactive, colourimetric, fluorescent, and 
chemiluminescent) have been developed for detecting bound 
antiserum. When combined with histochemistry, it can be 
used to localize adducts within biological samples. Anti- 
bodies raised against a particular adduct can show cross- 
reactivity with adducts formed by other carcinogens of the 
same class, which can obscure both the nature of the adducts 
detected and the levels at which they are present. N everthe- 
less, this cross-reactivity does at least afford the opportunity 
to use immunoaffinity chromatography as a means of extract- 
ing adducts of a specific class, such as PAHs, for further 
analysis by other methods. 


Mass Spectrometry and Other Physico-Chemical 
Methods 


M ass spectrometry is the most chemically selective method 
for DNA adduct detection, and it can provide unequivocal 
identification of the nature of an adduct. This selectivity 
comes at a price, that of sensitivity, which has limited its 
application to human DNA adduct studies. However, it is a 
method with rapid, recent technological advances and capa- 
ble of providing much valuable data on the nature of DNA 
modifications in human tissues, as well as in experimental 
studies (Phillips et al., 2000; Poirier et al., 2000; Singh and 
Farmer, 2006). Most studies to date have used mass spec- 
trometry combined either with gas chromatography mass 
spectrometry (GC-MS) or liquid chromatography mass spec- 
trometry (LC-MS). Earlier methods required volatility to bea 
property of a molecule for its characterization by mass spec- 
trometry, necessitating derivatization of polar species such as 
adducts, but softer ionization conditions (e.g. fast atom bom- 
bardment, FAB) have overcome this limitation to some extent 
(Weston, 1993; Phillips and Farmer, 1995). With the advent 
of newer methods, such as electrospray ionization (ESI) and 
matrix-assisted laser desorption ionization (M ALDI), it has 
also become possible to investigate the presence of adducts 
in intact (large molecular weight) biomolecules, including 
DNA and protein. 

A number of carcinogens form adducts that are highly 
fluorescent, enabling their detection by fluorescence spec- 
troscopy. These include adducts formed by PAHs and afla- 
toxins, cyclic (etheno) adducts, and some methylated adducts. 
They can be analysed in intact DNA, DNA digests, or 
as hydrolysis products. Low-temperature fluorescence spec- 
troscopy (e.g., fluorescence line narrowing spectroscopy, 
FLNS; Jankowiak and Small, 1991) reveals considerable 
spectral fine structure that is lost at ambient temperature and 
that can be diagnostic for certain carcinogens, also providing 
information about the conformation of the adducts. 


Some adducts, notably the oxidative DNA lesion 8- 
hydroxy-2’-deoxyguanosine, are readily detected by high- 
performance liquid chromatography (HPLC) combined with 
electrochemical detection (ECD) (Halliwell and Dizdaroglu, 
1992). The method has also been used to detect N-7- 
methylguanine in combination with immunoaffinity purifi- 
cation. 

Another specific method that can be used to detect adducts 
by means of their elemental content is atomic absorption 
spectrometry. An example of its use is the detection of 
platinum bound to DNA as a result of the treatment of cancer 
patients with platinum drugs (Weston, 1993). The method 
gives only the level of the element present, and not any 
structural information. 


EVIDENCE FOR THE BIOLOGICAL SIGNIFICANCE 
OF DNA ADDUCTS 


While it is widely assumed that the formation of DNA 
adducts is an early and obligatory event in the process 
by which many carcinogens initiate tumours, it is by no 
means a sufficient event, and the long delay between car- 
cinogen treatment and tumour appearance precludes a direct 
cause-and-effect demonstration. Nevertheless, it is a fact that 
inhibition of DNA adduct formation will decrease the inci- 
dence of tumours formed subsequently, and increasing the 
adduct levels generally leads to a higher tumour yield. 

That chemical modification of DNA can result in the same 
alterations as observed in mutated genes in tumours was 
observed with the HRAS1 proto-oncogene transfected into 
NIH3T3 cells. Prior modification of the plasmid containing 
the gene resulted in mutations occurring in the DNA after 
transfection and replication of the host cells, manifested as 
the appearance of transformed foci. Mutations that activate 
RAS genes occur in a few codons in the gene, so correlations 
between the sites of mutations in such experiments are less 
informative than in genes where there are many possible sites 
of DNA damage and mutation, which can lead to altered 
function of the gene product. Such a gene is P53, where 
correlations can be usefully sought between the mutation 
spectra observed in different human tumours and clues 
sought to the nature of the initiating agent (Hainaut et al., 
1998). This has led to strong evidence for the involvement 
of aflatoxin Bı in the initiation of liver cancer in regions of 
high incidence in China. With respect to lung cancer, codons 
157, 248, and 273 of the P53 gene are frequently mutated in 
these tumours. G — T transversions are much more common 
in lung cancer of smokers than of non-smokers, and these 
types of mutations are characteristic of bulky carcinogens, 
such as the PAHs, which are present in tobacco smoke. 
When the sites of DNA adduct formation by BPDE, the 
reactive metabolite of BaP, in the P53 gene in HeLa cells 
and bronchial epithelial cells were determined, it was found 
that codons 157, 248, and 273 were preferentially modified 
(Denissenko et al., 1996). 

UV causes DNA damage chiefly by dimerization of 
adjacent pyrimidines in the same DNA strand. The biological 
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importance of these lesions is illustrated by the fact that 
people suffering from xeroderma pigmentosum (XP), who 
have a deficiency in nucleotide excision repair mechanisms 
that remove pyrimidine dimers from DNA, are prone to 
sunlight-induced skin cancer. Moreover, mutations in the 
P53 gene found commonly in such tumours, but rarely in 
tumours of internal organs, are tandem mutations occurring 
at pyrimidine pairs (CC — TT transitions), suggesting that 
they arose from UV-induced pyrimidine dimers (Dumaz 
et al., 1993). 

Thus, there are examples of genetic changes in tumours 
that closely match the genetic changes that can be induced 
experimentally in cellular DNA by specific genotoxic agents. 
These tumour-specific mutations in P53 and the demonstra- 
tion that chemically modified DNA transforms cells show 
that the mutations observed in human tumours could have 
arisen from the formation of carcinogen- DNA adducts in 
vivo. Clonal expansion of the mutated cells and the acquisi- 
tion of further genetic alterations eventually leads to malig- 
nancy (Fearon and Vogelstein, 1990). 

Another piece of evidence that strongly links DNA adduct 
formation to tumour initiation is the demonstration that XPA 
knockout mice, which are deficient in nucleotide excision 
repair, are highly sensitive to tumour induction by carcino- 
gens that form stable adducts that would be removed from 
DNA in normal mice by this repair mechanism (van Steeg 
et al., 1998). 


DNA ADDUCT DOSIMETRY 


From a number of animal studies, it has been demonstrated 
that, at chronic low doses, there is a linear relationship 
between the amount of carcinogen administered and the level 
of DNA adducts that results (Poirier and Beland, 1992). 
Adducts can be lost from DNA by depurination and by 
DNA repair, and can be diluted by DNA replication and cell 
division, so if the exposure is chronic, a steady-state level 
will be attained; typically this takes about 1 month of dosing. 
Where exposure is acute or of limited duration, it is clear 
from animal studies that a small proportion of the adducts 
persist in tissues for long periods, even in the presence 
of cell proliferation (e.g., in skin). Thus, the detection of 
DNA adducts can provide evidence of prior exposure to 
carcinogens even if the exposure was limited to a single 
dose. 

Itis also evident that DNA adducts may be formed in some 
tissues in the absence of tumour formation, indicating that 
adduct formation alone is not sufficient for carcinogenesis 
(Poirier etal., 2000). Other tissue-specific events, such as 
cell proliferation, are required. Nevertheless, tumours do 
not form in the absence of adducts, and interventions that 
reduce adduct formation (e.g., co-administration of enzyme 
inhibitors or inducers) result in inhibition of carcinogenesis. 

An analysis of adduct levels and tumour rates in experi- 
mental animals for 27 different chemicals has shown that the 
adduct levels required to produce a 50% incidence in liver 
tumours in rats or mice vary between 53 and 5543 adducts 


per 108 nucleotides (Otteneder and Lutz, 1999). This is a 
narrow range considering the diversity of the chemicals and 
their interactions with DNA. The analysis also shows that 
low levels of adducts are detectable in animal bioassays in 
which tumours were not observed. Thus, it is accepted that 
there are uncertainties concerning the biological significance 
of low levels of DNA adduct formation, but there are not, as 
yet, sufficient data with which to define a threshold below 
which adduct levels can be deemed biologically irrelevant 
(Phillips et al., 2000). 


ADDUCTS DETECTED IN HUMAN TISSUES 


Studies of humans occupationally exposed to carcinogens 
have demonstrated the formation of DNA adducts in human 
tissues (see Occupational Causes of Cancer). Many of 
these studies have involved exposure to PAHs, with adduct 
formation being monitored in white blood cells or peripheral 
lymphocytes; for example, adduct levels are elevated in 
iron foundry workers, coke oven workers, aluminium plant 
workers, bus drivers exposed to diesel exhausts, and roofers 
(Phillips, 1996). The same is true of residents of polluted 
regions of Poland, the Czech Republic, and the People’s 
Republic of China (Perera, 2000). In some studies, dietary 
exposure to PAHs appears to be a stronger determinant of 
adducts in blood cells than does occupational exposure, so it 
is important that such factors be taken into consideration in 
interpreting the results of human biomonitoring studies. 
Although DNA adducts of some form have been detected 
in many studies of human tissues, there are still only a few 
studies in which the nature of the adduct has been unequiv- 
ocally identified, and fewer still in which the origin of the 
DNA binding species can be defined. These limitations derive 
from the fact that many studies, particularly those employing 
32P-post-labelling analysis, rely on the co-chromatography of 
the human adducts with synthetic standard adducts, rather 
than providing structural identification as such; although this 
can give reasonably reliable indications of the nature of the 
adducts formed in vivo, it cannot be considered sufficient 
evidence of identification. Thus, all the examples listed in 
Table 2 are from studies in which unambiguous physico- 
chemical data (e.g., mass spectra or fluorescent spectra) on 
the properties of the adducts were obtained. In some cases, 
the nature of the DNA-damaging agents can be deduced from 
the adduct, but in others, there is uncertainty or ambiguity 
because there is more than one potential source of the adduct. 
As a general rule, several types of adducts have been 
detected in human DNA at various levels. Thus 8-hydroxy- 
guanine, originating from oxidative and free radical processes 
(see Endogenous DNA Adducts) is typically at levels of 
around 1 in 10° nucleotides (higher estimates in earlier 
studies are now known to be the result of oxidation during 
DNA isolation); etheno adducts, from lipid peroxidation or 
vinyl halides, are formed at between 1 in 10’ and 1 in 
10® nucleotides; O°-methylguanine (formed by alkylating 
agents) is typically at 1 in 10ĉ- 10” nucleotides; and bulky 
adducts (arising from smoking, pollution, and diet) are often 
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Table 2 Identified DNA adducts in human tissues. 





Adduct Tissues 
2-A mino-1-methy|-6-phenylimidazo[4,5- Colon 
b]pyridine (PhIP, a food mutagen/ 
heterocyclic amine) adducts 
4-Aminobiphenyl (ABP, an aromatic Bladder 


amine) adducts 
4( N-M ethyl-N-nitrosamino)-1-(3-pyridyl)- Lung 
1-butanone (NNK, a tobacco-specific 
nitrosamine) adducts 
Benzo[a]pyrene (BaP, a polycyclic Placenta, lung, 
aromatic hydrocarbon) adducts eukocytes, cervix 
Aflatoxin Bı (AfB;, a mycotoxin) adducts Urine 
M alondialdehyde- guanine (M ;dGuo) iver, leukocytes 
Thymine glycol acenta 
5-Hydroxyethyluracil eukocytes 
N-7-(2-Hydroxyethy!)guanine iver 
N?,3-Ethenoguanine ver 
8-Hydroxyguanine Many tissues 





T T T ur 





found at 1 in 107-108 nucleotides. With the exception 
of smoking-related adducts (see Tobacco Exposure), these 
can be regarded as approximate “background” levels of 
DNA damage in human tissues due to environmental and/or 
endogenous DNA-damaging agents. Thus, when measuring 
adducts in a group of individuals suspected of being highly 
exposed to carcinogens and/or at elevated risk of cancer, it 
is important that such measurements be compared with the 
levels in a suitably selected control group of individuals. 

The mountainous region of Linxian in China has one of 
the highest incidences of oesophageal cancer in the world, 
and high levels of PAHs have been recorded in the food 
consumed in the region. That this may be responsible for 
the high risk of oesophageal cancer is given considerable 
credence by the detection, using immunohistochemistry, of 
high levels of PAH-DNA adducts in oesophageal tissues of 
Linxian residents (van Gijssel et al., 2002). 

Aristolochic acid (AA), which is a mixture of two closely 
related compounds, aristolochic acid | (AAI) and aristolochic 
acid Il (AAII) (Table 1), is a carcinogenic plant product of 
the genus Aristolochia. The inadvertent contamination of 
some Chinese herbal slimming remedies with Aristolochia 
fangchi has led to several hundred cases of renal failure and, 
in a high proportion of these, urothelial cancer. The detection, 
by 34P-post-labelling in the urothelial tissues of patients, of 
DNA adducts characteristic of those formed by AAI and 
AAII strongly suggests that this is the causative agent (Arlt 
et al., 2002b). The compound is also now implicated in the 
aetiology of Balkan endemic nephropathy, a much more 
common disease, because similar adducts have been detected 
in individuals from regions where the disease is rife (Arlt 
et al., 2002a), and seeds of the Aristolochia clematatis have 
been found to contaminate wheat grain in the region, leading 
to detectable levels of AA in flour used for baking bread 
(Hranjec et al., 2005). 

DNA adducts have been detected in cancer patients 
undergoing chemotherapy (with, e.g., platinum-based drugs, 
cyclophosphamide, melphalan, mitomycin C, and the methy- 
lating agents dacarbazine and procarbazine), and studies have 
revealed considerable inter-individual variation in adduct 


levels among patients receiving similar dosage (Lawley 
and Phillips, 1996). It remains to be established whether 
such measurements may provide indications of therapeutic 
response. 


ADDUCTS IN URINE 


Because some adducts are chemically unstable and cause 
depurination of DNA, the excreted products, modified bases, 
can be detected in the urine (Shuker and Farmer, 1992). 
Examples of this include aflatoxin-guanine adducts, which 
are prevalent in places where food contamination by this 
mycotoxin is endemic (e.g., in areas of Africa and China). 
Ethylated bases in urine can also serve as markers of expo- 
sure to ethylating agents. The method is of less use as 
a biomarker of exposure to methylating agents because 
there are instances in which methylated bases (e.g., 3- 
methylguanine) are ingested in the diet. Another caution is 
that carcinogen-purine adducts in urine may derive from both 
DNA and RNA. Urine contains significant numbers of exfo- 
liated bladder epithelial cells, whose DNA can be isolated 
and analysed for the presence of adducts. An example is the 
case of a worker acutely exposed to MOCA (4,4’-methylene- 
bis(2-chloroaniline)), whose urine samples yielded significant 
levels of adducts in the exfoliated urothelial cells for some 
weeks following the exposure. 


TOBACCO EXPOSURE 


The relationship between DNA adduct formation and tobacco 
smoke has been a fruitful area of research in which to 
explore the validity of the biomarker for a number of rea- 
sons (see Tobacco Use and Cancer). First, a large propor- 
tion of the human population is regularly and habitually 
exposed to tobacco smoke because smoking is an addiction. 
Secondly, tobacco smoke contains at least 50 compounds 
that are known to be carcinogenic, including representatives 
of several distinct classes of compounds (PAHs, aromatic 
amines, N-nitrosamines, aza-arenes, aldehydes, other organic 
compounds, and inorganic compounds). M ost of these com- 
pounds are genotoxic carcinogens that form DNA adducts. 
Thirdly, epidemiological studies have provided clear evi- 
dence that tobacco smoking causes not just lung cancer but 
cancers in many other organs. 

Many studies have compared DNA from smokers, ex- 
smokers, and non-smokers and have found that the levels 
of adducts in smokers are elevated in many target tissues: 
lung, bronchus, larynx, bladder, cervix, and oral mucosa 
(Phillips, 1996). In some of these studies, a linear correlation 
between estimated tobacco smoke exposure and adduct 
levels has been observed. In tissues of the respiratory 
tract, adduct levels in ex-smokers tend to be intermediate 
between smokers and non-smokers, indicating that adducts 
are removed through DNA repair and/or cell turnover. 
The half-life of adduct persistence appears to be between 
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1l and 2years. This value is somewhat longer than would 
be predicted from adduct persistence studies in animals. 
A possible explanation is that the lungs of an ex-smoker 
continue to accumulate adducts after cessation of smoking 
owing to the continued presence of smoke and tar deposits 
in the lung. 

For some of these studies, specific adducts have been 
detected, but in others a more general measure of DNA dam- 
age has been made, namely, aromatic/hydrophobic adducts 
detected by **P-post-labelling or PAH-DNA adducts detected 
by immunoassay. Recent studies have found that when 
adduct levels are adjusted to take account of the level of 
tobacco smoke exposure, lung DNA from female smokers is 
more highly adducted than that of male smokers. This find- 
ing is interesting in view of the epidemiological evidence that 
women are at a 1.5- 2-fold greater risk of lung cancer caused 
by smoking. It would appear that the adduct analysis provides 
biochemical, mechanistic evidence to support the morbidity 
data. The reason for the higher level of adduction in women 
could be related to levels of expression of metabolizing 
enzymes (e.g., CY P enzymes) that activate tobacco smoke 
carcinogens to DNA binding species (M ollerup et al., 1999). 

Some, but not all, studies have shown elevated levels of 
lung adducts in cancer cases compared with controls. The 
relationship between adduct levels in target tissues (e.g., 
lung) and other tissues (e.g., blood) has been investigated 
to see whether the latter can serve as a more readily 
accessible surrogate source of DNA than the former. Results 
for smoking-related adducts have been inconsistent (Perera, 
2000; Poirier etal., 2000), perhaps because other sources 
of exposure to some classes of carcinogens, such as the 
PAHs, which are also ingested as dietary contaminants, may 
contribute to the overall level of adducts in the blood but not 
to the same extent in the lung. 

It should be emphasized that by measuring adducts in 
smokers at the time of cancer diagnosis, investigators are not 
looking at the biochemical events causal in the initiation of 
those tumours, as these would have occurred decades earlier. 
However, because smoking is addictive and habitual for the 
vast majority of tobacco users, DNA adducts in tumour- 
adjacent tissue at the time of tumour manifestation can 
still serve as a useful biomarker that gives an indication of 
an individual’s probable steady-state level of DNA damage 
maintained over a long period of time. 


ENDOGENOUS DNA ADDUCTS 


Thus far, the emphasis has been on exogenous, environ- 
mental sources of carcinogens, but there is a large body 
of evidence that shows that DNA is also subject to modi- 
fication by a number of endogenous processes arising from 
normal metabolism, oxidative stress, and chronic inflamma- 
tion (Marnett and Burcham, 1993; M arnett, 2000). Table 3 
shows a list of endogenous DNA adducts that have been 
detected in human tissues. 

The most abundant oxidized base is 7,8-dihydro-8-oxo- 
2'-deoxy guanosine (8-o0xo-dGuo), but at least 30 other base 


modifications have been characterized in oxidized DNA. 
Some of these, including 8-oxo-dGuo, can be formed as a 
result of free radical attack on DNA (eg., by the hydroxyl 
radical), while others appear to be a consequence of normal 
aerobic metabolism. Being the most abundant oxidative 
lesion, 8-oxo-dGuo is often used as a biomarker for oxidative 
DNA damage in humans. 

Etheno adducts (see Figure 5) can be generated in DNA as 
a result of lipid peroxidation (Marnett and Burcham, 1993; 
Marnett, 2000), making them adducts of endogenous origin. 
Etheno bases are removed from DNA by a repair mecha- 
nism involving glycosylases, but the rate of removal appears 
to be slow. These lesions are efficient premutagenic lesions, 
and although they can also be formed by exogenous agents 
such as vinyl halides, they appear to have some creden- 
tials for consideration as endogenous origins of mutagenic 
and carcinogenic processes. A nother promutagenic exocyclic 
base adduct that has been detected in human DNA is 
M ,dGuo (3-6-p-2’-deoxyribofuranosylpyrimido[1,2-a]purin- 
10(3H)-one). This has been shown to be a product of the 
reaction of malondialdehyde (itself a product of lipid perox- 
idation and prostaglandin biosynthesis) with DNA (M arnett, 
1999), but recent evidence suggests that the major source 
of its formation in mammalian cells is from base propenals 
derived from deoxyribose 4’-oxidation (Zhou et al., 2005). 

The use of 3P-post-labelling analysis has revealed the 
existence of a large variety of moderately polar lesions in 
DNA, termed |-compounds. The patterns observed are tissue- 
and species-specific and show, in experimental animals, sig- 
nificant increases with age. The levels of many of them are 
also dependent on the diets used to feed the animals. Para- 
doxically, their levels are actually lower in circumstances that 
result in tumour formation, such as feeding rats a choline- 
deficient diet or the administration of enzyme inducers, and 
they are lower in rat liver tumours than in normal liver. 
Furthermore, some I-compounds are subject to circadian 
rhythms. 

There are many uncertainties about the role of endogenous 
DNA adducts in carcinogenesis. Some chemical carcinogens 
have been shown to cause oxidative damage to DNA, as well 
as forming DNA adducts directly themselves. Other so-called 
non-genotoxic carcinogens (see Non-genotoxic Causes of 
Cancer), which do not directly damage DNA, are suspected 
to increase levels of oxidative lesions in DNA, but it remains 
unclear whether this is a mechanism by which they induce 
tumour formation. 

Several of the endogenous DNA adducts are found in 
human DNA at levels significantly higher than the levels 
of adducts from exogenous (environmental) carcinogens. 
Relatively little is known about the relationship between 
endogenous adduct levels and development of cancer. It 
might be expected that their levels would be increased 
in circumstances that ultimately lead to cancer. But aside 
from evidence that oxidative DNA damage appears, in 
some instances, to be higher in tumour tissue than in 
normal adjacent tissue (eg., in breast), other evidence 
for |-compounds suggests that their levels decrease with 
increasing cancer susceptibility. Until the nature of these 
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Table 3 Endogenous DNA adducts detected in human tissues. 








Adduct Tissue Adduct levels (per 10” bases) M ethod 
7,8-Dihydro-8-0xo-2’-deoxyguanosine Leukocytes 1247 EC-HPLC 
(8-0x0-dG uo) 
5-Hydroxy-2’-deoxycytidine (5-OH-dCyd) Leukocytes 10+5 EC-HPLC 
5-Hydroxy-2’-deoxyuridine (5-OH-dU rd) Leukocytes 7+6 EC-HPLC 
5,6-Dihydroxy-5,6-dihydro-2’-deoxyuridine Leukocytes 20 +15 EC-HPLC 
(dU rdg) 
7,8-Dihydro-8-oxo-2’-deoxyadenosine Leukocytes 230 GC/MS 
(8-0xo-dA do) 
5-(Hydroxymethy!)-2’-deoxyuridine White blood cells 2300 + 480 GC/MS 
(5-H mdU rd) 
8-H ydroxy-6-methy|-1, V2-propano-2’- Liver 6 32P-Post-labelling 
deoxyguanosine (8-OH-6-M e-PdGuo) 
8-Hydroxy-1, N2-propano-2’-deoxyguanosine Liver 10 32P-Post-labelling 
(8-OH-PdGuo) 
1,N®-E theno-2’-deoxyadenosine (£ dA do) Liver 0.740.4 32P-Post-labelling 
3,N*-Etheno-2’-deoxycytidine (e dC yd) Liver 2.8+0.9 32P-Post-labelling 
3- B-D-2'-D eoxyribofuranosylpyrimido Liver, white blood cells, 0.1-12 32P-Post-labelling, MS, immunoassay 


[1,2-a]purin-10(37)-one (M ,dGuo) pancreas, breast 


(Adapted from Marnett and Burcham, 1993.) 


compounds is more clearly understood, what their cellular 
function is remains a matter of speculation. 


RISK ASSESSMENT 


Elevated levels of adducts in human tissue are clearly 
biomarkers of exposure. Case-control studies, because they 
are retrospective, cannot establish causality (Perera, 2000). 
In order to determine the potential of DNA adducts as 
biomarkers of risk, it is necessary to examine their pres- 
ence in subjects prior to the onset of disease, and later 
investigate whether those individuals in a cohort with higher 
adduct levels are the ones that subsequently develop tumours. 
To date only a few studies have done such an analysis. 
One study monitored aflatoxin Bı exposure in Chinese men 
in Shanghai (Qian etal., 1994). Each of 18 244 volun- 
teers gave a single urine sample, which was stored for 
future analysis. Fifty-five men subsequently developed liver 
cancer and their urine samples were analysed along with 
matched control samples. Levels of aflatoxin adducts in 
the samples were significantly higher in the cases than in 
the controls, indicating that this parameter was indeed a 
biomarker of risk. Interestingly, the more classical methods 
of measuring exposure, based on estimating dietary con- 
sumption from food analysis and questionnaires, failed to 
identify the cases as being more exposed to aflatoxin Bı 
compared to the controls. Thus, the use of a DNA adduct 
biomarker in this instance revealed a link between expo- 
sure and risk of cancer that more classical epidemiologi- 
cal methods of exposure assessment failed to demonstrate 
(see Molecular Epidemiology of Cancer and the Use of 
Biomarkers). 

In another such nested case-control study, the predictive 
value of DNA adducts in white blood cells for risk of 
lung cancer has been determined among male smokers. 
Those smokers who subsequently developed lung cancer 


had significantly higher levels of aromatic DNA adducts, 
determined by *2P-post-labelling, than those who did not 
(Tang etal., 2001). Other studies have also found that 
higher adduct levels are associated with greater risk of 
subsequent development of cancer (Peluso et al., 2005; Bak 
et al., 2006). 

The limitations to the wider use of these methods for 
risk assessment are those that are generally encountered 
in prospective studies, namely, that a large number of 
subjects need to be recruited to the study and that it 
can take many years for the cases to appear and for 
the analyses on cases and matched controls to be con- 
ducted. In addition, the preservation and long-term storage 
of the biological samples of every individual recruited must 
be accomplished, adding considerably to the costs of the 
study. 

In the field of genetic toxicology testing and regulatory 
affairs, assessment of the potential carcinogenic and muta- 
genic properties of new compounds is of paramount impor- 
tance. A number of in vivo and in vitro tests have been 
developed with different genetic end points, including bac- 
terial mutagenicity, mammalian cell mutagenicity, micronu- 
cleus formation, and aneuploidy (Phillips and Venitt, 1995), 
but no single test is reliably predictive (see Short-Term 
Testing for Genotoxicity). Many compounds are positive 
in some tests but negative in others, leaving uncertainties 
about the true characteristics of the compound. In these cir- 
cumstances, investigating the compound for DNA adduct 
formation in suitable experimental systems may help clar- 
ify the issue (Phillips etal., 2000). A good example of 
such a compound, already mentioned, is tamoxifen, which 
is a potent liver carcinogen in rats but negative in most 
regulatory short-term tests for genotoxicity. Despite this, 
it gives rise to DNA adducts in the target tissue and 
is considered to be carcinogenic to rats by a genotoxic 
mechanism. 
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GENE-ENVIRONMENT INTERACTIONS 


From early studies in which short-term explant cultures of 
human tissue or primary cultures of human cells were treated 
with carcinogens, it was evident that there was a wide 
range in DNA adduct formation with samples from different 
individuals. This variability is also observed in studies 
of DNA adducts formed in vivo in individuals apparently 
exposed to similar levels of carcinogens and points to the 
influence of genetic differences in carcinogen metabolism 
and/or DNA repair. 

Detailed discussion of the potential role of polymorphisms 
in carcinogen metabolizing enzymes in determining cancer 
susceptibility is beyond the scope of this chapter, but 
what can be commented on here are those studies where 
correlations have been sought between DNA adduct levels 
and genotype (see Molecular Epidemiology of C ancer and 
the Use of Biomarkers). 

Polymorphisms in the CYP1A1 gene have been exten- 
sively studied, although there is still disagreement as to 
whether these have functional consequences for the activ- 
ity or inducibility of the enzyme. Two of these are the M spl 
polymorphism (loss/gain of a restriction site) and an exon 7 
polymorphism that results in the coding for valine in place 
of isoleucine (Perera and Weinstein, 2000). One study has 
found that U.S. smokers with the exon 7 variant allele had 
higher levels of DNA adducts in their white blood cells than 
smokers with the normal allele (Perera and Weinstein, 2000). 
Newborn babies with the CYP1A1 MspI restriction site had 
higher levels of adducts in placenta and cord blood than 
those without it (Whyatt etal., 2000). Polymorphisms in 
other CYP genes may also be important but have been less 
well studied. 

A number of polymorphisms in phase II metaboliz- 
ing enzymes are also of interest. The null genotype of 
GSTM1 (in which glutathione S-transferase j11 is absent) 
is associated with greater risk of lung cancer, although, 
curiously, the gene does not appear to be expressed 
in the lung. Individuals with the GSTM1 null geno- 
type have higher levels of lung DNA adducts (Perera 
and Weinstein, 2000). Polymorphisms in other members 
of the glutathione S-transferase gene (GST) family, such 
as GSTP1 and GSTT1, are also suspected of influenc- 
ing carcinogen-DNA adduct levels in the lung. Combina- 
tions of polymorphisms in phases | and II enzymes may 
additionally refine susceptibility to DNA adduct formation 
and cancer risk due to carcinogen (e.g., tobacco smoke) 
exposure. 

In studies on risk of breast cancer, there is evidence 
that possession of the GSTM1 null genotype results in 
higher levels of PAH-DNA adducts in breast tumour tissue 
(Perera and Weinstein, 2000), and in another study possession 
of “slow” alleles of N-acetyltransferase 2 (NAT2), which 
detoxifies carcinogenic aromatic amines, resulted in higher 
levels of aromatic/hydrophobic adducts (Pfau et al., 1998). 

Currently there is much interest in how combinations of 
polymorphisms in different phases | and II metabolizing 
enzymes may, together, confer greater risk of DNA adduct 


formation and, ultimately, risk of cancer on certain individu- 
als than on others (see Molecular Epidemiology of C ancer 
and the Use of Biomarkers). Additionally, there is grow- 
ing evidence that inter-individual variations in DNA repair 
capacity, whether due to genetic polymorphisms in DNA 
repair genes or measured phenotypically (i.e., the ability to 
remove DNA adducts), may have some influence on cancer 
susceptibility (K ennedy et al., 2005; Santella et al., 2005). 


SUMMARY 


The formation of DNA adducts by many carcinogens is 
causally associated with their mechanism of tumour initia- 
tion. Mutations in key genes as a consequence of adduct 
formation are found in many tumours and the altered pro- 
teins that they encode have functions that accord with the 
phenotypic differences between normal cells and malignant 
ones. While the formation of adducts is a necessary, but not 
sufficient, event for malignant transformation, enhancement 
of adduct formation will increase tumour formation, and inhi- 
bition of adduct formation will restrict it (see Mechanisms 
of Chemical C arcinogenesis). 

In recent years, it has become possible to detect adducts 
with high levels of sensitivity and/or selectivity. In the field 
of genetic toxicology, DNA adduct-forming ability is an 
important indicator of a compound's genotoxic potential. 
Among the many uses for DNA adduct determination, those 
currently of greatest interest include monitoring human expo- 
sure to environmental carcinogens, investigating the mech- 
anism of activation and tumour initiation of carcinogens, 
monitoring DNA repair, and investigating endogenous DNA 
damage and oxidative processes. DNA adduct detection has 
an important role to play in the field of molecular epidemiol- 
ogy, where it may provide new clues to the aetiology of some 
cancers, and identify individuals at high risk of developing 
the disease. 
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INTRODUCTION 


Unlike most chemical and viral carcinogens, physical car- 
cinogens act by imparting energy into the biological material. 
If the imparted energy produces changes in the bonds hold- 
ing molecules together, this will yield chemical changes and 
possibly biological effects. Radiation is the primary physical 
agent to which we are exposed in our environment. Radia- 
tion is a ubiquitous component of our environment. We are 
exposed to ultraviolet (UV) radiation from the sun, y rays 
from cosmic radiation and the decay of isotopes in building 
materials, air, water and food, and «œ particles from radon and 
radon daughters that seep into our basements. We are exposed 
to X rays and ultrasound from medical procedures, and both 
microwaves and radiofrequency (RF) radiation from various 
consumer products, including cellular telephones. Power gen- 
eration leads to a host of different types of radiation exposure 
including electric and magnetic fields (EM Fs). There is no 
way to completely avoid exposure to these potentially harm- 
ful levels of radiation. Understanding the risks associated 
with exposure can aid in developing appropriate protection 
standards and approaches to reducing risks. 


Definitions 


The amount of energy deposited in biological tissue, and 
therefore the types of changes seen in cells, depend on the 
nature of the radiation (Table 1). lonizing radiation refers to 
those types of radiation that produce the ejection of an orbital 
electron from an atom or molecule and result in the formation 
of an ion pair. The ionization potential of most molecules in 
biological materials is 10- 15 eV, so in order to be ionizing, 
the radiation must be able to impart at least that much 
energy. lonizing radiation can be either electromagnetic (X 
rays and y rays) or particulate (neutrons and a particles). 
Energy loss varies with the energy of the incoming photon 
or particle, the charge of the particle, and the character 
(atomic number, electron density) of the absorbing medium. 
The density of energy deposition along a track length has a 
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profound influence on the subsequent biological effect. The 
spatial rate of energy loss along a track length is described 
by the term linear energy transfer (LET). LET is defined 
as the energy lost (in kiloelectronvolts) per unit track length 
(in micrometres). X rays and y rays are considered sparsely 
ionizing, low-LET radiation with ionization or ionization 
clusters being spaced relatively far apart. The LET for ©°Co 
y rays is 0.25keV ym}, and that for 250-kV X rays is 
about 3.0keV umt. Energetic particles tend to be more 
densely ionizing and have a higher LET than X rays and y 
rays, although this is very dependent on the energy of the 
particle. The LET for a radon-derived œ particle is between 
80 and 100 keV mt. For energetic particles, the LET varies 
over the track length as the particle interacts and the energy 
spectrum changes. For high-energy particles, the density of 
ionization at the beginning of the track is fairly sparse and 
the LET is correspondingly low. As the particle loses energy, 
the density of ionization and the LET increases. At the end 
of the track, one may see a peak of ionization density (Bragg 
peak). 

The major mode of energy loss for radiation having energy 
of 1-10 eV (non-ionizing radiation) is excitation. Excitation 
refers to elevation of an electron to a higher (“excited”) state. 
This state is transient, and when the electron returns to the 
ground state, the energy released can be in the form of visible 
light (fluorescence, phosphorescence) or chemical change 
(e.g., pyrimidine dimer formation). UV radiation is the major 
non-ionizing radiation hazard in our environment. For UV 
radiation, both the wavelength and the fluence determine 
biological effects. UV radiation is subdivided into three 
wavelength bands, UVA (313-400 nm), UVB (290-315 nm), 
and UVC (220-290nm). UVC is the most potent band for 
biological effects because DNA absorbs most strongly at 
the 254-nm wavelength. However, most UVC radiation is 
quickly absorbed in air. Thus, UVB, which is also DNA 
damaging and potentially carcinogenic, is considered the 
greater environmental hazard. 

For electromagnetic radiation that produces <leV, such 
as microwave and RF radiation, the energy deposited 
results primarily in molecular vibration and heat. These 
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Table 1 Examples of ionizing and non-ionizing radiation. 


lonizing radiation (>10- 15 eV) Non-ionizing radiation (<10 eV ) 





X rays UV 

y rays Microwaves 

a particles RF radiation 

Neutrons Ultrasound 
EMF 


types of radiation are usually expressed by their frequency. 
Microwave radiation ranges from 300MHz to 300GHz, 
RF radiation from 300Hz to 300MHz and extremely low- 
frequency (ELF) radiation from 30 to 300 Hz. 

Ultrasound consists of high-frequency acoustic waves that 
are too fast for us to hear. Human hearing cannot go beyond 
about 18000 vibrations per second, or 18kHz. The effects 
of ultrasound are usually classified into thermal, direct, and 
cavitation effects. For non-thermal effects of ultrasound, 
cavitation is considered to be the most important. Under 
the right conditions, irradiation of a liquid with ultrasound 
leads to the formation and collapse of gas- and vapour-filled 
bubbles or cavities in the solution. The collapse of these 
bubbles can be violent enough to lead to chemical effects. 

X rays and y rays, UV radiation, and microwave and RF 
radiation are all forms of electromagnetic radiation. EM Fs are 
not electromagnetic radiation, but mixtures of EMFs. These 
fields emanate from electric power lines and all devices that 
use electricity. Electricity is usually delivered as alternating 
current. The resulting EM Fs are of extremely low frequency 
and low energy. At the atomic level, weak EMFs are too 
small to produce chemical changes by themselves. However, 
EMFs might act to modify biological processes by causing 
small changes in the frequency of events that trigger different 
signal transduction pathways. In this regard, all aspects of a 
field, including its frequency, amplitude, and pattern, may be 
important. 


Units of Dose and Activity 


Radiation exposure is usually expressed either as energy 
incident on a surface or as energy absorbed per gram of 
tissue. For ionizing radiation (Table 2), the gray (Gy) is the 
Système Internationale (SI) unit of dose that is most often 
used. It is equal to 1J kg}. An older term still in use is 
the rad, which is equal to 0.01 Gy. For ionizing radiation, 
the unit of absorbed dose does not take into account the 
differences in efficiency with which one type of radiation 
might act. Therefore, to describe exposures to different types 
of radiation, a dose equivalent is used. The dose equivalent 
is calculated by multiplying the absorbed dose by a quality 
factor that takes into account the biological effectiveness of 
the radiation. The quality factor for ®°Co y rays is 1. For 
some energies of œ particles, the quality factor can be as 
high as 100. The original term used to compare radiation of 
different qualities was the rem (roentgen equivalent in man), 
which was equal to the dose in rad times a quality factor. 
The present SI term is the sievert (Sv), which is equal to the 
dose in gray times a quality factor. 


Table 2 Ionizing radiation units. 


Type of unit Unit Definition 
Dose Gray (Gy) 1J kg? 
Rad lrad = 0.01 Gy 
Dose equivalent Sievert (Sv) Dose x quality factor 
Rem 1 rem = 0.01 Sv 
Activity Bequerel (Bq) 1 dps? 
Curie (Ci) 1 Ci = 3.7 x 104 MBq 


aDisintegration per second. 


Radioactive isotopes decay, producing ionizing radiation 
at a rate specific for the type and concentration of the 
isotope. The intensity of the source (activity) is determined 
by the rate of nuclear transformations per unit time. The 
SI term used to describe activity is the becquerel (Bq), 
which is equal to one disintegration per second. The older 
term sometimes used is the curie (Ci), which was originally 
defined as the activity associated with 1g of ???Ra and was 
later defined as 3.7 x 10'° disintegrations per second; 1 Ci 
is equal to 3.7 x 10* M Bq. Activity is a rate measure. It is 
not equivalent to dose and, without knowledge of the nature 
of the decay produced, it is not possible to assign dose or 
biological effect solely on the basis of activity measures. 

Exposure to UV radiation is expressed in joules per square 
centimetre (J cm~?). Dose for UV radiation is in joules. The 
UV index is another term used to describe UV dose rate. The 
UV index is a forecast of the amount of skin-damaging UV 
radiation expected to reach the earth’s surface at the time 
when the sun is highest in the sky. The UV index ranges 
from 0 at night time to 15- 16 in the tropics at high elevations 
under clear skies. The higher the UV index, the greater the 
dose rate of skin-damaging UV radiation. 

Incident microwave or RF energy is expressed as energy 
flux or power density in watts per square centimetre 
(W cm~2). The specific absorption rate (in watts per kilo- 
gram) is the measure of energy absorbed. Ultrasound expo- 
sure is similarly expressed in watts per square centimetre 
and also by their frequency in hertz. EM Fs are described by 
frequency, amplitude, and pattern. Magnetic field strength, 
a key component of EMF, is expressed in tesla or gauss 
(1T = 104G). 


Sources of Exposure 


lonizing radiation exposure varies widely for different pop- 
ulations. In part, exposure levels depend on altitude and 
latitude. The atmosphere attenuates dose from extraterrestrial 
sources of radiation; thus higher elevations receive greater 
doses of y rays from cosmic radiation. In the U nited States, 
the highest background exposures in a heavily populated 
area occur in Denver, which experiences about 0.25 mSv 
per year more than the US average. Higher exposure lev- 
els also accompany high-altitude flight. For flights at around 
40 000 feet, the average exposure is between 0.005 and 
0.01 mSv ht. 

The earth’s magnetic field acts to deflect the protons from 
cosmic radiation towards the poles. Thus the polar regions 
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Table 3 Sources of ionizing radiation exposure (in the United States). 





Source Amount (mSv per year) 
Natural 3.0 
Radon 2.0 
Cosmic 0.3 
Terrestrial 0.3 
Internal 0.4 
Artificial 0.6 
M edical 0.5 
Consumer 0.1 
Other 

Work, nuclear power generation, fallout <0.01 
Total 3.6 


tend to receive greater doses of ionizing radiation. There 
are also areas in the world where the natural background is 
higher than the average. These areas include the monozite 
regions of India and Brazil. Background radiation levels in 
these areas may exceed 10 times the world average. 

The average yearly dose of ionizing radiation in the 
United States is 3.6 mSv (360 mrem). To put this number in 
perspective, for a typical dental X ray, the equivalent dose is 
0.01- 0.02 mSv and that for a chest X ray is about 0.1 mSv 
(see Modern Approaches to Radiation Therapy). Cosmic 
rays and y rays from naturally occurring isotopes account for 
about 1mSv per year (Table 3). Radon accounts for about 
2mSv per year. This does not imply that we are exposed 
to large levels of radon. Instead, the œ radiation associated 
with radon decay has a high quality factor of around 20, 
and hence the dose equivalent is high. As for anthropogenic 
radiation exposure, medical exposures account for about 
0.5mSv per year, while exposures from consumer products 
make up about 0.1 mSv per year. There are also exposures 
associated with a variety of other activities, including the 
use of coal-fired power plants, tobacco products, and, as 
mentioned earlier, travel at high altitudes. 

There are substantial daily and seasonal variations in 
UV exposure levels. The atmosphere also acts to attenuate 
dose of UV radiation from the sun. Most UV radiation is 
absorbed by the ozone layer or reflected back into space. 
Atmospheric ozone, which is principally located in the 
stratosphere, is a strong absorber of UVB radiation. Ozone 
is formed when molecular oxygen is split by UV radiation. 
The singlet oxygen atom that results can combine with 
other molecules of molecular oxygen to form ozone. Ozone 
production is normally balanced by its destruction through 
similar photochemical events. In addition, ozone is depleted 
by the chlorine contained in chlorofluorocarbons (CFCs), a 
family of commonly used industrial compounds. In part due 
to these CFCs, the amount of ozone screening the earth 
has decreased by an average of 3% per year over the last 
decade, and a polar ozone hole has developed over the 
south polar region. The reduction in ozone has resulted in 
a corresponding increase in UV levels. 

There are a myriad of consumer products that generate 
radiation. Microwave ovens and cellular telephones provide 
a common source of microwave and RF radiation. There area 
number of medical and consumer devices that use ultrasound. 
All electrical devices also generate EMFs. Transmission 


power lines generate both strong electric fields and strong 
magnetic fields. Distribution lines generate weak electric 
fields but can generate strong magnetic fields. Exposure 
levels to EM Fs around the home are in the range 0.1- 2.5 mG. 
For homes near power lines, these levels may be as high 
as 5-10mG. Immediately under the power line, magnetic 
field levels of 60-100mG may be found. The earth's 
magnetic field has a strength of about 500mG, although, 
unlike EMFs, it is not changing directions 50-60 times 
per second and is therefore not comparable to electrically 
generated EMFs. EMFs also show intermittent spikes in 
frequency (transients) and harmonics, which are multiples 
of the standard frequency. 


GENOTOXICITY 


Cancer is a genetic disease and therefore, at some point, 
carcinogen exposure must result in genetic alterations (see 
also Mechanisms of Chemical C arcinogenesis). These can 
be produced directly through an interaction of the radiation 
with DNA, indirectly through some intermediate molecule 
that in turn damages DNA, or radiation which may produce 
epigenetic alterations in cell growth or metabolism that 
ultimately lead to the transformed phenotype. 


lonizing Radiation 


lonizing radiation induces a variety of different types of 
DNA alterations, including nucleotide-base alterations and 
breaks in the sugar- phosphate backbone (Schwartz, 1995). 
Normally, cells handle these base alterations and single- 
strand breaks very well using base excision repair processes. 
Base excision repair is an error-free process that removes 
damaged bases and then takes advantage of an intact 
complementary strand to fill in missing information. Defects 
in excision repair can lead to mutagen sensitivity and 
cancer susceptibility (see also Genomic Instability and 
DNA Repair). 

For X rays, about one in 10-20 breaks span both strands 
of the DNA molecule. This ratio of double-to-single-strand 
breaks increases with increasing LET. DNA double-strand 
breaks can form directly as a result of radiation exposure 
or develop during excision repair due to the formation of 
overlapping gaps. DNA double-strand breaks are repaired by 
homologous and non-homologous recombination processes. 
These are inherently error prone and can lead to large 
deletions and rearrangements. DNA double-strand breaks 
have been shown to be the primary lethal and mutagenic 
lesion induced by ionizing radiation (see also Genomic 
Instability and DNA Repair). 

Most of the genetic alterations seen in irradiated cells 
are large deletions and rearrangements. This is mostly a 
reflection of the repair of DNA double-strand breaks by 
non-homologous endjoining processes. Because radiation 
involves the loss of so much genetic material, it is a 
relatively weak mutagen. M ost of the genetic changes lead 
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to cytotoxicity. The nature of the alterations induced by 
radiation is very dependent on gene locus. Some loci can 
tolerate the loss of large amounts of genetic material. These 
loci would tend to be more sensitive to mutation induction 
and would show primarily large deletion. Other loci, because 
of their proximity to essential genes, are less tolerant of 
large deletion formation. These loci will be less sensitive 
to mutation induction and show far smaller types of genetic 
changes. 

The dose response for mutation induction by X rays 
and y rays has a quadratic portion to it, suggesting that 
most mutations develop from the interaction of two breaks 
(Figure 1). Fractionating the dose or reducing the dose rate 
will in general lead to a reduction in the effectiveness of 
the radiation by allowing time for repair of these sublethal 
lesions. AS LET increases, both the frequency and the shape 
of the dose response change. High-LET radiation, such as œ 
radiation is more effective at inducing mutations and their 
dose response is linear, suggesting that a single œ track can 
produce enough damage for lesion interaction. Fractionation 
of high-LET radiation usually has little effect on radiation- 
induced genotoxicity. The lack of sparing at low dose rates is 
presumed to be due to the inability of cells to repair damage 
induced by high-LET radiation. 

Recent studies have demonstrated that ionizing radiation 
can induce genetic instability in exposed cells. Delayed 
appearance of elevated frequencies of gene and chromosome 
mutations has been reported for cells exposed both in vitro 
and in vivo. The target for the effect is unknown. Instability 
is a frequent by-product of radiation exposure. Rates as high 
3% Gy! have been reported (see also Genomic Instability 
and DNA Repair). 

Exposure to ionizing radiation can also induce alterations 
in gene expression as part of a generalized stress response. 
This stress response can affect DNA repair, cell toxicity, 
and cell growth. As such, they may lead to more permanent 
genetic effects. While DNA damage can initiate these stress 
responses, other targets of radiation have also been identified. 
Alterations in redox levels or energy levels or specific molec- 
ular alterations in key protein molecules may trigger these 
responses. For example, direct activation of transforming 
growth factor (TGF-8) by ionizing radiation can influence 
cell growth and apoptosis. 
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Figure 1 Examples of low- versus high-LET dose responses. 


UV Radiation 


The excitations induced by UV exposure will also produce 
DNA base changes and breaks in the sugar- phosphate back- 
bone. The most important alterations appear to be cyclobu- 
tanepyrimidine dimers and pyrimidine-(6,4)-pyrimidone pho- 
toproducts. Replication of DNA containing these lesions 
leads to C to T transitions at dipyrimidine sites. Nucleotide 
excision repair processes normally repair these base alter- 
ations efficiently and without error. Like ionizing radiation, 
UV radiation can also induce alterations in gene expression 
as part of a generalized stress response (see also Genomic 
Instability and DNA Repair). 


RF and Microwave Radiation 


RF and microwave radiation do not produce enough energy 
to induce chemical change. They can lead to heat, however, 
and excessive heat may lead to more permanent genotoxic 
changes (Moulder etal., 1999). Heat can also lead to the 
induction of a stress response, the spectrum of which overlaps 
with that seen with ionizing and UV radiation. It remains 
to be shown whether subthermal levels of microwave or 
RF exposure, such as most of us experience, can lead to 
permanent genetic effects. M ost studies report no evidence 
that prolonged exposures to subthermal levels of microwave 
or RF radiation lead to genetic or epigenetic changes. The 
few positive studies suggest that the effects, if any, are small. 


Ultrasound 


Cavitation is considered to be the primary non-thermal effect 
of ultrasound that might lead to biological effects (M iller, 
1987). Cavitation can lead to cell-membrane damage by 
mechanical forces produced by cavitation. Ultimately, this 
can cause cell lysis. Cavitation can also lead to the forma- 
tion of free radicals that can further damage cells. Alterations 
in cell morphology, membrane transport, and cell growth fol- 
lowing ultrasound exposure have all been reported, but the 
effects are small and transient. Ultrasound-induced free rad- 
icals have the potential to damage DNA. However, most 
reports on DNA damage or mutation following ultrasound 
exposure are negative. The few positive studies that demon- 
strate DNA strand breakage and gene mutations are for very 
high-intensity exposures. Almost all of these studies are in 
vitro studies. It is less clear whether similar effects will be 
seen in vivo. 


EMF 


In vitro studies with EMF exposure have focused on end 
points commonly associated with cancer, including cell pro- 
liferation, signal transduction alterations, and differentiation 
inhibition as well as on more traditional DNA damage end 
points (Moulder etal., 1999). Effects on gene expression, 
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Table 4 Relative ionizing radiation sensitivity of tissues. 





Sensitive M oderate Resistant 
Thyroid Lung Kidney 
Breast Colon Bone 
Blood-forming tissues Liver Skin 
Pancreas Salivary gland 
Lymphatic system Brain 


cell growth, and signal transduction were reported for mag- 
netic flux densities>100 uT or internal electric field strengths 
>1mvV m™t, but no consistent alterations have been reported 
for lower intensities. There are no reported direct effects on 
DNA. Disruption of normal circadian rhythm of melatonin 
was one postulated mechanism of EMF action. Studies on 
EMF effects suggest some effect on melatonin, but the signif- 
icance of this observation for carcinogenesis is not obvious. 


CARCINOGENESIS 


It has clearly been established that ionizing and UV radia- 
tion are both carcinogens. In contrast, the epidemiological 
evidence for an association between cancer and microwave 
and RF radiation, ultrasound, or EMF exposure is weak and 
inconsistent. 


lonizing Radiation 


Information on cancer induction by human populations 
comes from epidemiological studies of exposed human pop- 
ulations (National Research Council, 1990, 1999, 2006; 
Schwartz, 1995). For ionizing radiation, the largest single 
group of exposed individuals are those J apanese exposed to 
the atomic bombs at Hiroshima and Nagasaki. A bout 280 000 
individuals survived the immediate effects and about 80 000 
have been followed for long-term effects. Other exposed pop- 
ulations include early radiation workers such as radium dial 
painters, uranium miners, and populations exposed for ther- 
apeutic reasons. These and other smaller groups of exposed 
individuals serve as the human database for estimating risk 
for developing cancer following ionizing radiation exposure 
(see also Epidemiology in the Identification of Cancer 
C auses). 

At the molecular, cell, and tissue levels, cancers induced 
by ionizing radiation are so far indistinguishable from those 
that occur spontaneously. Unlike with many chemical muta- 
gens and UV radiation, there are no specific mutations associ- 
ated with radiation exposure that are also seen in radiation- 
induced tumours. lonizing radiation has been shown to be 
both an initiator of carcinogenesis and a promoter of car- 
cinogenesis. The mechanisms for its action remain unknown. 
M ost assume that it acts primarily by inducing mutations in 
key oncogenes or tumour suppressors. Others suggest that the 
initiating event in radiation carcinogenesis may be the induc- 
tion of genetic instability (see also M olecular E pidemiology 
of Cancer and the Use of Biomarkers). 


The types of tumours seen following radiation exposure 
are usually the same as seen spontaneously. The effect of 
radiation on cancer induction is usually inferred from the 
increase in frequency over background. Radiation-induced 
tumours appear in almost all tissues of the body, but sensitiv- 
ity varies greatly for specific tissues and organs (Table 4). In 
general, the thyroid, female breast, and certain blood-forming 
organs are considered the most sensitive to induction by ion- 
izing radiation in humans, while kidney, bone, skin, brain, 
and salivary gland are considered the least sensitive. The 
lymphatic system, lung, colon, liver, and pancreas are among 
those tissues with moderate sensitivity. The differential sen- 
sitivity probably reflects a complex number of factors; it is 
not simply a reflection of spontaneous frequencies. 

The types of cancers observed are also related to the nature 
of exposure. M any different types of cancer have been seen 
in the atomic bomb- exposed individuals who in general 
experienced total body irradiation. Early radiation workers 
exposed occupationally showed increases in skin cancer and 
leukaemias, reflecting the nature of their exposure. M any 
worked with radium, a bone-seeking isotope. Others studied 
relatively low-energy X rays where skin would be the 
primary tissue exposed. Radium dial painters were a group 
(mostly women) who painted watch dials with a radioactive 
solution. In the course of their work, they ingested radium. 
The radium deposited in bone, resulting primarily in higher 
incidences of bone cancers. Uranium mineworkers inhaled 
radon gas. The œ radiation exposure resulting from this 
inhaled radon led to a higher incidence of lung cancer. 
Thorotrast was a contrast agent used in the late 1920s and 
early 1930s. It is a colloidal preparation of thorium-232 
dioxide that tends to concentrate in the liver. Thorium is 
an a emitter. Excess liver cancers and leukaemias were 
seen in these patients. During the late 1930s, patients in the 
United Kingdom with ankylosing spondylitis were treated 
with radiation to reduce bone pain. An excess of leukaemias 
has been reported in these individuals. In the past, radiation 
has been used to reduce thymus size in children and also for 
the treatment of tinea capitus. The critical organ exposed was 
the thyroid. These exposed children later showed excesses in 
the incidence of thyroid cancers. 

The latent period for cancer induction following radiation 
varies with tumour type, radiation type, dose, and dose 
rate. Leukaemias have the shortest latent periods (mean, 
5-10 years), which no doubt accounts for their being seen 
with most radiation exposures. Solid tumours show latencies 
of between 20 and 30 years. 

The dose response for the induction of tumours by radia- 
tion varies depending on tissue type, dose rate, and tumour 
latency time. Quantitative animal studies show complex pat- 
terns with some tumours types having linear dose responses, 
while others show linear-quadratic relationships. There are 
some tumours that show a threshold at low doses. It is not 
clear that these animal models accurately predict human car- 
cinogenesis. The data from human exposures show a linear- 
quadratic dose response for leukaemias. The dose response 
for solid tumours varies depending on tumour type. Some 
appear to be linear while others appear to be more linear 
quadratic. 


6 THE CAUSATION AND PREVENTION OF CANCER 


As mentioned in the preceding text, most of the available 
data on human carcinogenesis come from individuals exposed 
to moderate doses of greater than 0.1 Sv. No human data 
exist for proven carcinogenic effects of radiation below 0.1 
Sv. Much debate remains about the dose response at low 
levels of exposure. It is clear that low doses of radiation 
can initiate a number of different processes that could poten- 
tially change dose responses at low dose exposure levels. 
For example, low dose exposures have been shown to induce 
genomic instability, defined as elevated rates of spontaneous 
gene and chromosome mutation formation. Genomic insta- 
bility is thought to be important in cancer development. 
Therefore, one might predict higher risks when instability 
is induced. Radiation has also been shown to induce cells 
to release factors that affect neighbouring cells that had not 
been exposed to the radiation. These “bystander” effects can 
lead to increased frequencies of gene and chromosome muta- 
tions, suggested that these abscopal effects could potentially 
increase risk at low doses. On the other hand, these low dose 
exposures have been reported to induce resistance to radi- 
ation effects (adaptive response), and therefore some have 
proposed a threshold or quadratic response for cancer risk 
at low dose exposures. While the recent report from Bio- 
logical Effects of lonizing Radiation (BEIR) VII recognized 
the potential for each phenomena to influence low-dose risk 
estimates, they concluded that too much remains unknown 
about the effect of induced genomic instability, bystander 
effects, and adaptation on human carcinogenesis. Therefore, 
they recommended use of a linear, no threshold model to pre- 
dict risk at low doses. In contrast, the French Academy of 
Sciences, (Tubiana, et al., 2005) using the same information 
on cancer risks and low dose effects, concluded that it was 
not valid to use the linear, no threshold model for predicting 
low-dose (<0.01 Sv) cancer risks. 

As the LET of the radiation increases, the carcinogenic 
effects seen also increase in severity up to about 100 keV 
um? (Figure 2). As LET increases beyond this point, 
the effect on carcinogenesis usually declines. This reflects 
“overkill”, where individual ionization events are not less 
effective, but the increasing amounts of the energy released 
per ionization event are wasted. 
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Figure 2 Variation of biological effect with LET. RBE is defined as the 
ratio of doses (standard:experimental) that yield the same biological effect. 


As with other biological effects, protracting the dose 
over long periods of time reduces cancer incidence, and 
the effectiveness of fractionated or low-dose-rate irradiation 
in causing tumours is different for low- and high-LET 
radiation. Most studies on fractionated low-LET radiation 
have resulted in a reduction of tumour incidence for a given 
total dose. Presumably, fractionation of the dose allows for 
time to repair sublethal and subcarcinogenic damage. In 
contrast, fractionation of high-LET radiation or low-dose 
exposure usually has little effect on radiation-induced tumour 
formation. For some types of radiation, such as fission- 
spectrum neutrons, reducing the dose rate actually leads to 
increased transformation and more tumours. This is known 
as the inverse dose-rate effect. The largest inverse dose- 
rate effects are seen for fission-spectrum neutrons, with 
monoenergetic neutrons yielding reduced enhancements, and 
charged particles having LETs >120keV ym producing 
little or no enhancement. The inverse dose-rate effect is most 
prominent at low doses (<20 cGy) and low dose rates (<0.5 
cGy min-?), 

Sensitivity to tumour induction varies for different species 
and strains of animals, is different for males and females 
and also shows interindividual variability (Schwartz, 1995). 
This variability suggests that the initial damage, which 
is presumed to be the same for a given dose and type 
of radiation, is subject to a number of host factors that 
modify response. Presumably these include repair capa- 
bility, presence of endogenous viruses, cell proliferation 
status, endocrine levels, immune competence, age of irra- 
diation, and factors associated with genetic susceptibil- 
ity. There are a number of genetic syndromes that show 
radiation sensitivity and cancer susceptibility (National 
Research Council, 2006). At present, most view radia- 
tion carcinogenesis as a multifactorial disease, much like 
heart disease; risks will depend on a number of differ- 
ent and interacting genetic elements as well as individual 
lifestyle. 

Radiation risk is defined as the increase in the number 
of cancer deaths over that expected for an unirradiated 
population. It is expressed in units per person exposed per 
gray of radiation. Estimates based on linear extrapolation of 
the atomic bomb data and on other more limited data from 
pooled results of various partial body exposures give total 
cancer mortality risks for a general population exposed to 
whole-body radiation of 1-4 x 1072 per person-Sv. 


UV Radiation 


There is extensive epidemiological evidence supporting the 
direct role that sunlight plays in human skin cancer (van der 
Leun, 1984; de Gruijl, 1999; Green et al., 1999) (see Skin). 
Patients who develop skin cancer generally have decreased 
melanin pigmentation. Melanin normally acts to protect 
skin from UV radiation by absorbing it. People with light 
complexions and who sunburn easily have a higher incidence 
of tumours. Basal cell carcinomas, the most common skin 
cancers in Caucasians, are found primarily on sun-exposed 
areas, such as the head and neck where a dose-response 
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relationship exists. There is even stronger evidence for the 
role of sunlight in causing squamous cell carcinomas of the 
skin. Although both types of tumours are more prevalent 
in geographical areas of high sunlight exposure, there is a 
much greater increase in squamous cell carcinomas with 
decreasing latitude and increasing sunlight exposure. A 
reasonable correlation also exists between sunlight exposure 
and melanoma, but the relationship is not as clear as with 
basal and squamous cell carcinomas. Unlike basal and 
squamous cell carcinomas, melanomas occur most frequently 
on the upper back in males and lower extremities in females. 
Melanoma incidence does not follow a pattern of increased 
risk with cumulative UV exposure, whereas the incidences 
of basal and squamous cell carcinomas do increase with 
cumulative exposure. The risk of skin cancer is highly 
dependent on UV wavelength (see also E pidemiology in the 
Identification of Cancer C auses.) 


Microwave and RF Radiation 


Studies on microwave and RF radiation and cancer have 
included analyses of a wide variety of different populations, 
including radar laboratory workers, foreign service workers, 
military personnel, and electrical workers (National Research 
Council, 1997; Moulder etal., 1999; National Institute of 
Environmental Health Sciences, 1999). In addition, there 
have been a number of animal studies that have looked at the 
effects of exposure. For many of the epidemiological studies, 
there is no precise information on dose. Often occupation is 
used to define exposure groups. In general these studies either 
find no effect of non-thermal levels of microwave or RF 
radiation on tumour induction, or show weak and inconsistent 
results. There is no evidence for any single type of tumour 
being induced by exposure, and no strong evidence for any 
dose-response relationship. 

There have also been a number of long-term exposure 
studies with mice and rats. Too many of the animal studies 
suffer from poorly controlled exposures where heat stress is 
a component of exposure. Still, taken together, these studies 
do not support an effect of non-thermal levels of RF exposure 
on cancer induction. There is also mixed evidence for a 
tumour-promoting effect of RF exposure. Some groups have 
reported that RF exposure shortens tumour latency time and 
increases tumour frequency in carcinogen-exposed mice and 
in lymphoma-prone transgenic mice. Others see no effect 
on the promotion of spontaneous or chemically induced 
tumours. Hence, it is not possible to conclude that non- 
thermal exposures to microwave or RF radiation have any 
effect on cancer induction or progression. 


Ultrasound 


There is no reported evidence for cancer induction by ultra- 
sonic exposure. There are some suggestions that ultrasound 
might encourage neoplastic growth and promote metastases, 
but no strong evidence for either effect (M iller, 1987). 


EMFs 


The evidence for carcinogenic effects of EM Fs is weak. The 
strongest evidence comes from epidemiological studies that 
observe associations between EMF exposure and leukaemia. 
The initial study by Wertheimer and L eeper (1979) suggested 
a causal association between risk of childhood leukaemia 
and exposure to magnetic fields. Wire code classifications 
were used to estimate exposure. Subsequent studies on this 
association have come to mixed conclusions. In general there 
appears to be at most a small increased risk of childhood 
leukaemia associated with EM F exposure (National R esearch 
Council, 1997; Moulder etal., 1999; National Institute of 
Environmental Health Sciences, 1999). There were also 
initial suggestions of an association between EMF exposure 
and brain cancers and lymphomas in children, but subsequent 
studies have not borne out this risk. Epidemiological reports 
of adult cancer induction by EMF were based primarily 
on occupational exposures. As with childhood leukaemia, 
there were mixed results for an association between EMF 
exposure and chronic lymphocytic leukaemia, suggesting at 
most a weak risk. The evidence for increased risk based on 
residential studies of adults is even weaker. 

There have been numerous animal carcinogenicity studies 
of EMFs. The animal studies are all negative. There are 
no data to support any association between leukaemia and 
EMF exposure. Similarly, no evidence for any significantly 
increased frequency of tumours or changes in tumour latency 
or size was observed. The lack of any experimental data to 
back up the epidemiological data suggests that there might 
be other factors that explain the increased risk of cancer. 
However, none has yet been identified. 


RISK MODELS AND PROTECTION STANDARDS 


There are a number of ways to model risk. Absolute risk 
refers to the number of cancers induced over spontaneous 
levels. Relative risk is a multiplicative increase over spon- 
taneous. As cancer latency periods are generally long, time- 
dependent relative risk models are also used. With ionizing 
radiation, there are a number of other dependent variables 
that are considered in developing risk models. These include 
dose and dose-squared, age at exposure, time since exposure 
and gender. 

Risk estimate development for ionizing radiation is han- 
dled by the BEIR Committee in the United States and 
by UNSCEAR (United Nations Scientific Committee on 
the Effects of Atomic Radiation) for the United Nations. 
The NCRP (National Council for Radiation Protection) in 
the United States and the ICRP (International Commis- 
sion of Radiation Protection) for the United Nations use 
BEIR/UNSCEAR information to develop appropriate radi- 
ation protection standards. Total cancer mortality risks for a 
general population exposed to whole-body radiation is cur- 
rently based on linear extrapolation of the atomic bomb data 
and on other more limited data from pooled results of various 
partial body exposures. Risks are 5 x 107? per person-Sv for 
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low dose and low dose rates and 10 x 10-2 per person-Sv 
for high dose and high dose rates. The values for the work- 
ing (adult) population are about 80% of those for the general 
(adult and child) population. Exposures to the general public 
are limited to 1mSv per year, while occupational standards 
are 50 mSv per year. Embryo exposure is limited to 0.5 mSv 
per month. 

There are no corresponding limits for UV or ultrasound 
exposures, although protective measures are usually required 
for working with UV- or ultrasound-producing equipment. 
For microwave radiation, the recommended exposure limit is 
10 mW cm~?. It is based on thermal effects of microwaves. 
RF limits are one-tenth of the microwave standard. The Inter- 
national Commission on Non-lonizing Radiation Protection 
has set up guidelines for EM F exposure. M agnetic field expo- 
sures are limited to 1G for the general public (10G for 
short-term exposure) and 5G (50G for short-term exposure) 
for the occupationally exposed. 


SUMMARY AND CONCLUSIONS 


As mentioned at the beginning of this chapter, radiation 
is a ubiquitous component of our environment. There is 
no way to avoid exposure to radiation. Furthermore, as 
our technology advances, our exposure to various forms of 
radiation increases in both amount and complexity. 

It has clearly been established that ionizing and UV 
radiation are both carcinogens. They represent the primary 
physical carcinogens in our environment and most efforts 
at reducing cancer risks are appropriately focused on these 
agents. There remain questions as to mechanisms of carcino- 
genesis for ionizing radiation, and in particular, the effects 
of low-level exposures. M ost ongoing studies in this area are 
attempting to address these questions. The answers may have 
a profound effect on radiation protection standards. 

In contrast to ionizing and UV radiation, the evidence 
for an association between cancer and microwave and 
RF radiation, ultrasound, or EMF exposure is weak and 
inconsistent. The levels of exposure to these types of 
radiation are increasing, as are the numbers of individuals 
exposed. There is also some uncertainty as to potential 
interactions between different types of radiation. H ence, there 
are likely to be continuing investigations into the effects of 
these different types of radiation exposures. 
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NON-GENOTOXIC CARCINOGENESIS 


The existence of two types of carcinogen, genotoxic and 
non-genotoxic, was first suggested by Weisberger and 
Williams (1981) and consolidated as a concept by the seminal 
works of Ashby and Tennant during the late 1980s and early 
1990s (Ashby et al., 1989; Ashby and Tennant, 1991; see 
also Mechanisms of Chemical Carcinogenesis). Using the 
National Toxicology Program (NTP) database, these authors 
conducted an in-depth analysis of a total of 301 chemi- 
cals tested for carcinogenicity to classify them according to 
chemical structure, mutagenicity to Salmonella, and carcino- 
genicity, including site and severity. Of the 138 carcinogens, 
45 (33%) were non-mutagenic. Secondly, the liver, thyroid, 
and kidney were the organs most affected (Ashby etal., 
1989) (Figure 1). The systematic review presented in these 
papers lent weight to the argument that carcinogens can truly 
be non-genotoxic rather than arising from a failure to detect 
genotoxic potential. Subsequently, much effort was invested 
in understanding the mechanisms and consequences of non- 
genotoxic carcinogenesis; this largely focused on the liver as 
the most frequent target organ but also on kidney, skin, and 
thyroid. 


THE MULTI-STAGE MODEL OF CARCINOGENESIS 


The multi-stage model of carcinogenesis was first described 
for the colon where there are progressive stages of activating 
mutations in oncogenes coupled with deactivation of tumour- 
suppressor genes (Vogelstein etal., 1988; Vogelstein and 
Kinzler, 1993). This built on the two-hit model of tumouri- 
genesis (K nudson, 1971), illustrating how a normal cell can 
progress through increasing genetic abnormality towards pre- 
neoplastic foci and ultimately tumours. Overall, this provides 
a paradigm for understanding how the interplay between 
genotoxic and non-genotoxic agents can influence carcino- 
genesis. Thus, a cell sustains DNA damage either sponta- 
neously or via exposure to genotoxic chemicals/irradiation 


(see Mechanisms of Chemical Carcinogenesis; The For- 
mation of DNA Adducts; and Physical C auses of C ancer). 
This damage can be repaired or fixed into the genome by mis- 
sense/mismatch mutation during DNA synthesis (Figure 2). 
If the damage is fixed into a gene key for cell-growth con- 
trol, the cell is referred to as initiated. This initiated cell 
can then be promoted by further rounds of cell replication 
to form a focus, which in turn may ultimately progress to a 
tumour. In contrast to cell proliferation, apoptosis or pro- 
grammed cell death can remove unwanted or potentially 
damaged cells from the cell pool, protecting from cancer 
and reducing the pool size of initiated cells (Lowe and Lin, 
2000). Thus, proliferation and apoptosis regulate the fixation 
and ultimately the expression of DNA damage as a tumour 
(Roberts, 2004). It follows, therefore, that any xenobiotic that 
can stimulate proliferation and/or suppress apoptosis may 
cause cancer. 

In the absence of overt exposure to a genotoxic carcino- 
gen, the multi-stage model of carcinogenesis assumes a high 
spontaneous level of DNA damage coupled with a probabil- 
ity of error during DNA replication. The key to this is the 
appreciation of the high level of DNA damage from endoge- 
nous oxidants, which is estimated to be 10° oxidative lesions 
per rat cell at any one time (Ames et al., 1996). In addition, 
itis clear that DNA replication is not 100% precise (Aldridge 
et al., 1995; Cohen and Ellwein, 1989, 1991) and mutational 
activity may occur as an event secondary to cell proliferation 
(Butterworth et al., 1992, see also Genomic Instability and 
DNA Repair). 

The role of cell proliferation in carcinogenesis was debated 
extensively in the early 1990s, fuelled by several key opinion 
pieces and the ensuing published discussions (Ames and 
Gold, 1990; Ames et al., 1996). The key points to emerge 
were that an agent can increase the incidence of cancer 
either by damaging DNA or by increasing the number of cell 
divisions, providing an increased likelihood of genetic errors 
(Cohen and Ellwein, 1989, 1991). This thinking ultimately 
moved the field away from the idea that “promoters” are 
not in themselves carcinogenic (Ames and Gold, 1990; 
Ames etal., 1996). In this context, it is interesting to 
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Figure 1 The existence of non-genotoxic carcinogens. A plot depicting 
carcinogens per tissue, divided into genotoxic (Salmonella +ve) and 
non-genotoxic (Salmonella —ve). Data are from a review of 301 chemicals 
in the NTP carcinogen bioassay database (Ashby et al., 1989; Ashby and 
Tennant, 1991). The liver is the most commonly affected tissue followed 
by thyroid and kidney. Of these carcinogens, many are non-genotoxic. 


note that mutagens are much more effective carcinogens at 
doses where they also induce cell proliferation (Butterworth 
et al., 1992). 





CELL-GROWTH PERTURBATION 


Direct and Regenerative Hyperplasia 


In terms of understanding non-genotoxic causes of cancer, 
cell proliferation is clearly important and two broad cat- 
egories of induced cell proliferation have been described: 
mitogens directly induce cell proliferation in the target tissue, 
whereas cytotoxicants produce cell death followed by regen- 
erative cell proliferation (Butterworth etal., 1992). These 
two types of cell proliferation will be considered separately 
in the following sections. The overall role of the differ- 
ent pathways will be considered together with discussion 
of the interplay with cell death. Several examples will be 
presented to allow a broad illustration of the ideas and 
concepts. 


Mitogens 


Compounds such as the peroxisome proliferators (PPs) and 
phenobarbitals (PBs) are well-studied examples of direct- 
acting mitogens. Both of these are hepatocarcinogenic in the 
rodent and cause a wave of proliferation and an accompa- 
nying suppression of apoptosis. Replicative DNA synthesis 
is detectable in the liver peaking around day 2 to day 5 
after commencement of daily administration but with a 
sharp decline even with continued compound administra- 
tion (Roberts et al., 2000b). This cell proliferation occurs 
in the absence of cytotoxicity and results in around a dou- 
bling of liver weight. Subsequently, foci and tumours develop 
at 6-24months; the latency period generally depends on 
the magnitude and longevity of the induction of prolifera- 
tion. In contrast, other direct-acting mitogens may cause a 
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Figure 2 The multi-stage model of carcinogenesis. A normal cell sustains DNA damage, which is then “fixed” into the DNA by missense/mismatch 
mutation during DNA synthesis. If this mutation is in a gene key for growth the cell is considered “initiated” and progresses through more rounds of DNA 
synthesis via early foci to tumours. Apoptosis can remove DNA -damaged cells from the tissue. Thus, any xenobiotic that suppressed apoptosis and/or 


induces DNA synthesis can increase the probability of tumour formation. 
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chronic but low (sometimes undetectable) level of hyperpla- 
sia in the target organ that persists with exposure leading 
ultimately to tumours. This is well illustrated by PB -induced 
rat thyroid tumours as discussed later (see M odels for Liver 
Cancer). 


Nuclear Hormone Receptors 


M any direct-acting liver mitogens elicit their effects via acti- 
vation of a closely related family of transcription factors (Sig- 
nalling by Steroid Receptors). These in turn are linked to 
the regulation of a spectrum of biological responses such as 
metabolism, biosynthesis, and cell-growth regulation (A uw- 
erx, 1992; Francis et al., 2003) (Figure 3). The pregnane 
X receptor (PXR) and the constitutive androgen receptor 
(CAR) are involved principally in detoxification and drug 
interactions, whereas the peroxisome proliferator activated 
receptor œ (PPARa) and y (PPARy) are drug targets for 
modulation of metabolism. Thyroid hormone receptor (TR) 
and oestrogen receptor (ER) are both targets for synthetic 
and endogenous ligands, whereas the aryl hydrocarbon recep- 
tor (AhR) is well described as the mediator of the adverse 
responses to dioxins and dioxin-like ligands. Only a few of 
these receptors, and thus their ligands, are clearly associated 
with non-genotoxic carcinogenesis: these are PPA Ræ (PPs), 
AhR (dioxins), and CAR (PB). These also share the ability 
to directly activate transcription of enzyme genes, such as 
CYP2B, CYP1A1, and CYP4A1 for CAR, AhR, and PPARa, 
respectively. 





Regenerative Hyperplasia 


Regenerative hyperplasia can also be a stimulus to carcino- 
genesis as a response to continued cell damage and death. 
The principles are the same as described for direct-acting 
mitogens in that continued proliferation enhances the prob- 
ability of fixation and promotion of DNA damage and also 
the probability of error-prone DNA replication. This is well 
illustrated by chemicals such as melamine, chloroform, or 
d-limonene, which cause cell proliferation as a repair 
response to cell death or irritation; these are discussed later 
in the chapter. 


The Mitosis—Apoptosis Balance: Role in 
Non-Genotoxic Carcinogenesis 


During chemical-induced carcinogenesis, the tightly con- 
trolled balance that exists normally in tissues between cell 
growth and cell death is disrupted (Hasmall and Roberts, 
1999; Pitot, 1998; Roberts et al., 1997; Schulte-Hermann 
et al., 1990, 1993, 1995 see also Apoptosis). Rodent hep- 
atocarcinogenesis in response to non-genotoxic stimuli is 
preceded by liver enlargement due to hepatocyte hypertro- 
phy and an induction of cell proliferation coupled with a 
suppression of hepatocyte apoptosis. Thus, non-genotoxic 
carcinogens may prevent the removal of damaged or excess 
cells that would normally be deleted, these cells then remain- 
ing as targets for further mitogenic stimulation. 

Studies of the suppression of apoptosis by xenobiotics 
are technically difficult because they require detection of a 
reduction in an already low rate and additionally, apoptotic 
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Figure 3 The nuclear hormone receptor family and associated cellular responses. There is an extensive family of related nuclear hormone receptors (listed 
on the left), which have been associated with many cellular phenotypes and biochemical responses (listed on the right). 
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cells can be very short-lived (Foster, 2000). Two comple- 
mentary approaches have served to demonstrate the ability 
of non-genotoxic carcinogens to alter rates of apoptotic cell 
death; using in vitro models of liver, PPs, such as nafenopin 
have been shown to suppress spontaneous apoptosis (Bayly 
et al., 1994; Oberhammer et al., 1992) as well as that induced 
by diverse stimuli including transforming growth factor- 1 
(TGF 61). Additionally, in vivo studies have shown that com- 
pound withdrawal after prolonged administration results in a 
rapid reduction in liver weight driven by an increased rate 
of apoptosis (Bursch et al., 1986). 


Regulation of Apoptosis 


Apoptosis describes a highly conserved morphology asso- 
ciated with the death of many different cell types from 
diverse species (Schulte-Hermann et al., 1990; Wyllie, 1993; 
see also Apoptosis). This mode of cell death is involved 
in development and in tissue homeostasis but may also be 
initiated after cellular perturbation by toxicants. Highly con- 
served genetic controls of apoptosis have been described, 
relating to some but not necessarily all features of the mor- 
phology of cell death (Schulte-H ermann et al., 1990; Wyllie, 
1995). Toxin-induced cell death may be genetically con- 
trolled and the ability of a cell to survive or die is determined 
by cellular context including cell and tissue sensitivity as 
specified by gene expression. 

Although the data demonstrate a suppression of apoptosis 
as an early response to non-genotoxic carcinogens, evidence 
from the liver suggests the opposite in developing pre- 
neoplastic foci and tumours. These areas are characterized by 













both an enhanced rate of cell proliferation and an enhanced 
rate of apoptosis; presumably this reflects increasing lack of 
regulation associated in turn with increasing genetic insta- 
bility (Grasl-Kraupp etal., 1997; Schulte-Hermann etal., 
1990). As discussed earlier, DNA replication is not 100% 
accurate so that this increased number of cell divisions 
increases the probability of further genetic errors. 

An extensive literature exists to describe the multiple 
pathways implicated in regulating apoptosis (Gill and Dive, 
2000). Apoptosis can be induced via two main pathways, 
the stress/damage pathway and the death-receptor pathway 
(Figure 4). As ever, there are exceptions, but, in general, 
stresses such as DNA damage, oxidative stress, and chemical 
stress signal via the mitochondria to activate caspase 9, 
which in turn feeds into caspase 3 (Degterev et al., 2003). 
In contrast, death ligands, such as FasL and tumour necrosis 
factor œ (TNFa) activate an extensive family of specific cell- 
surface receptors and cascade through to caspase 3 activation 
via the death-inducing signalling complex (DISC) (Latruffe, 
1992; Lavrik et al., 2005). These pathways of induced cell 
death are highly relevant to our understanding of the role of 
regenerative hyperplasia as a non-genotoxic cause of cancer. 
Non-specific chemical stress and irritation are likely to 
engage the stress and the death-receptor pathways leading to 
widespread cell death. In this context apoptosis and necrosis 
can be thought of as a continuum because the consequences 
are the same for the organ (Raffray and Cohen, 1997). For 
example, treatment of mice with FasL at low concentrations 
induces apoptosis, whereas increased doses lead to waves of 
necrosis as the pathways of phagocytosis are overwhelmed 
(Cleveland and Ihle, 1995; Ni etal., 1994). 
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Figure 4 Pathways to apoptosis. As discussed in the text, apoptosis can be induced via the extrinsic death-receptor pathway or via the intrinsic pathway 
that requires mitochondrial signalling. In addition, type 1 cells signal from DISC to caspase 8, whereas type I! cells may act via the mitochondria. Survival 
pathways, such as those driven by insulin can signal via kinases to drive transcription, which in turn may block apoptosis. 
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For those non-genotoxic carcinogens that are associated 
with direct hyperplasia, the more relevant pathways are 
those involved in suppressing cell death. For example, non- 
genotoxic carcinogens have been shown to engage the sur- 
vival and stress kinases, such as p38 mitogen-activated 
protein (MAP) kinase (Barger etal., 2001; Raingeaud 
et al., 1995; Roberts et al., 2000a), and extracellular signal- 
regulated kinase (ERK) (Cosulich et al., 2000) probably via 
the cytokine-signalling network (Roberts and Kimber, 1999, 
see also Signalling by Cytokines). The Bcl2 family of pro- 
teins are also key to the regulation of apoptotic cell death 
in response to toxicants (Gill and Dive, 2000; Hoffman 
et al., 1991). In contrast, there is no evidence to date to 
support the hypothesis that non-genotoxic carcinogens sup- 
press apoptosis via modulation of Bcl2 family members (Gill 
et al., 1998). 


NON-GENOTOXIC CAUSES OF CANCER 
IN THE RODENT 


Direct Hyperplasia — Phenobarbital 


PB is one of the most widely studied non-genotoxic rodent 
carcinogens and is of particular interest because it causes 
both liver and thyroid tumours, both via direct hyperplasia 
but with different underlying mechanisms. These will be 
discussed separately. 

In the liver, PB is a classic inducer of xenobiotic- 
metabolizing enzymes, such as the P450s and the phase 
Il conjugating enzymes. Even though PB was one of the 
first compounds to be described as a liver tumour pro- 
moter, the search for the PB receptor was still ongoing 
long after PPARa was revealed as the molecular target 
for PPs (Issemann and Green, 1990). Eventually, this was 
resolved in the late 1990s when the nuclear receptor con- 
stitutive active/androstane receptor (CAR) was cloned and 
found to be activated by various xenobiotics including PB 
(Kawamoto etal., 1999; Qatanani and Moore, 2005). As 
described previously, CAR activation results in the tran- 
scriptional induction of numerous hepatic genes including 
those that encode xenobiotic-metabolizing enzymes, such 
as the cytochrome P450s. CAR activation promotes hep- 
atocyte proliferation and blocks apoptosis, and is essential 
for the tumourigenesis induced by its activators (Yamamoto 
et al., 2004). Although CAR was first described as the recep- 
tor for PB, it has since become clear that it mediates the 
response to other tumour promoters such as 1,4-bis-(2-(3,5,- 
dichloropyridyloxy)) benzene (TCPOBOP). This and other 
data have re-labelled CAR as a sensor of xenobiotic expo- 
sure. CAR is highly expressed not only in the liver but also 
in the small intestine where it regulates expression of phase 
| and II metabolism enzymes (Qatanani and M oore, 2005). 

PB causes cell proliferation in the liver accompanied 
by liver enlargement. It is likely that PB also suppresses 
apoptosis although this has not been demonstrated. Thus, the 
overall mechanism for PB-mediated hepatocarcinogenesis is 
remarkably similar to that for PPs. Receptor activation leads 


to a hepatic growth perturbation, which in turn leads to the 
formation of foci and tumours. 

In addition to causing rodent liver tumours, PB is a 
rat but not a mouse thyroid carcinogen. As already men- 
tioned, PB induces P450s and also the phase II conjugation 
enzymes, such as UDP-glucuronosyltransferases (UDP-GTs) 
and glutathione-S-transferases. This in turn is associated 
with altered thyroid hormone homeostasis and promotion of 
rat thyroid tumours. Specifically, PB-induced liver enzyme 
changes lead to decreased circulating T4 due to increased 
conjugation and excretion. This in turn elevates thyroid- 
stimulating hormone (TSH) leading to follicular cell hyper- 
plasia (McClean, 1992). Thus, long-term stimulation of the 
thyroid-pituitary axis drives hyperplasia ultimately leading to 
tumours. 


Direct Hyperplasia — Peroxisome Proliferators 


PPs constitute a large and chemically diverse family of non- 
genotoxic rodent hepatocarcinogens (Ashby etal., 1994). 
This family includes fibrate hypolipidaemic drugs, such as 
bezafibrate and gemfibrozil, given to patients at risk of heart 
disease to lower blood cholesterol and restore lipid balance. 
Also, the PP class includes chemicals of environmental 
and industrial significance, such as the plasticizer di-(2- 
ethylhexyl)phthalate (DEHP). Rodent hepatocarcinogenesis 
in response to PPs is preceded by liver enlargement due to 
hepatocyte hypertrophy and an induction of cell proliferation 
coupled with a suppression of hepatocyte apoptosis. 

The effects of PPs in the rodent are mediated by Ppara, 
which is extensively expressed in rodent liver. Once acti- 
vated by PPs, Pparæ heterodimerizes with retinoid-X receptor 
(RXR) and binds to peroxisome proliferator response ele- 
ments (PPREs) upstream of PP responsive genes, such as 
cytochrome P450 4A1 and acyl CoA oxidase (ACO). Trans- 
genic mice where the Ppara gene is deleted are refractory 
to the effects of PPs, such as P450 expression, liver enlarge- 
ment, proliferation, and carcinogenesis (Lee etal., 1995; 
Peters et al., 1997). In vitro, PPs can no longer induce DNA 
synthesis nor suppress apoptosis in hepatocytes isolated from 
Ppara-null mice (Roberts et al., 2000b). 

Overall, PPs cause rodent liver tumours via suppression 
of apoptosis coupled with induction of cell proliferation in 
the absence of cytotoxicity. All of the effects of PPs are 
mediated by Ppara and as such PPs provide a paradigm for 
receptor-mediated non-genotoxic carcinogenesis. 


Regenerative Hyperplasia — Chloroform 


Chloroform probably provides one of the best-understood 
examples of regenerative hyperplasia as a non-genotoxic 
cause of cancer. Chloroform is clearly not genotoxic, yet 
it causes liver and kidney tumours in mice and liver tumours 
in the rat. The toxicity of chloroform has been attributed to 
the generation of metabolites via the oxidative pathway that 
predominates at low exposures. The primary enzyme impli- 
cated in metabolism at low concentrations of chloroform is 
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CY P2E, generating phosgene and HCI. Toxicity coincides 
with covalent binding to tissue macromolecules, which in 
turn coincides with the extent of cellular necrosis in both the 
liver and kidney (Ilett et al., 1973). Additionally, regional 
distribution of lesions in liver and kidney shows a positive 
correlation with expression of CY P2E and a negative cor- 
relation with phosgene-scavenging glutathione. Doses and 
dose routes that induce tumours are associated with sustained 
proliferation in target organs (Pereira, 1994; Templin et al., 
1998). Overall, its clear that chloroform causes tumours via 
non-gentotoxic mechanisms; the evidence for regenerative 
hyperplasia as the mode of action (MOA) for chloroform is 
compelling (M eek et al., 2003). 


Regenerative Hyperplasia - d-Limonene 


d-Limonene is a hydrocarbon that occurs naturally in cit- 
rus plants and is used widely as a flavour and a fragrance. 
It is a non-gentotoxic carcinogen that acts via regenerative 
hyperplasia but with very different aetiology to that of chlo- 
roform; it shows exquisite tissue, species, and sex specificity 
giving clues on its MOA (Meek etal., 2003). Specifically, 
d-limonene is carcinogenic to the male rat kidney but not 
to mice or female rats (Swenberg and Lehman-M cK eeman, 
1999). This unusual specificity is explained by mechanis- 
tic data that show that carcinogenicity is attributable to 
regenerative hyperplasia following tissue damage; this tissue 
damage is due to binding of d-limonene metabolites exclu- 
sively to w2-globulin, a protein expressed highly in male 
rat kidney but not elsewhere (Lehman-M cK eeman, 1997; 
Lehman-M cKeeman and Caudill, 1992). This complex of 
d-limonene and w2-globulin causes a chronic renal cellu- 
lar protein overload and compensatory proliferation almost 
exclusively in the P2 segment of the proximal tubule. 

The unusually restrictive pattern of w2-globulin expression 
is explained by the fact that its expression is under hormonal 
control. Female rats do possess the gene but its expression 
is repressed by oestrogen. As predicted by the mechanistic 
data, there is no evidence of toxicity following exposure of 
female rats to d-limonene. Mice possess a similar protein 
but it does not bind d-limonene metabolites and as such 
mice are resistant to this toxicity (Swenberg and Lehman- 
M cK eeman, 1999). 

In summary, d-limonene provides an interesting example 
of non-genotoxic carcinogenesis driven by cell death. This 
is an unusual case in that the mechanism is clear as are the 
reasons for the marked tissue, sex, and species specificity. 


Regenerative Hyperplasia — Melamine 


Melamine is a non-genotoxic chemical used in the manu- 
facture of resins. It causes bladder tumours in male rats but 
not in mice of either sex (NTP, 1983). These tumours arise 
from regenerative hyperplasia driven by urothelial irritation, 
ulceration, and toxicity. This in turn is driven by the for- 
mation of melamine/uric acid containing calculi, resulting 


from the precipitation of melamine. Evidence suggests rapid 
ulceration and repair after calculus formation associated with 
a high level of proliferation in the bladder. The precipitation 
of melamine is a high dose effect and can be decreased by 
administration of 10% NaCl leading to an increased inges- 
tion of water and presumably a dilution of urinary melamine 
(IARC, 1999). 

Numerous factors appear to impact on the timing, magni- 
tude, and persistence of the irritation and subsequent prolifer- 
ative response to administration of melamine. These include 
the size, number, and surface properties of the calculi, lend- 
ing weight to an overall picture of carcinogenesis driven 
by persistent irritation. Similarly, the correlation between 
the presence of calculi and tumours is not perfect, proba- 
bly because calculi can disappear either via dissolution or 
evacuation from the bladder. 

In summary, melamine provides an interesting example 
of where irritation driven largely by the physicochemical 
properties of the administered compound cause cell death 
and proliferation followed by tumour development. 


MECHANISMS 


The literature provides a compelling case that cell-growth 
perturbation is a unifying and common cause of non- 
genotoxic carcinogenesis. However, what are the mecha- 
nisms that drive these growth changes? M any of the cases 
discussed are compound specific as in the case of melamine 
or d-limonene. However, there are some unifying themes 
that span across different tissues and are relevant to several 
compounds. These provide the basis for some more general 
considerations of mechanisms (Figure 5). 


Receptor-Mediated Perturbation of Growth 


Although it is clear that non-genotoxic carcinogens act via 
perturbation of cell death and cell proliferation, the mech- 
anisms leading to these cell-growth changes remain to be 
defined. For regenerative hyperplasia following tissue dam- 
age, it seems reasonable to assume that proliferation results 
from the cells’ intrinsic ability to activate normal path- 
ways of inflammation, repair, and proliferation. However, 
for direct-acting mitogens, what are the pathways that lead 
from xenobiotic exposure to cell-growth changes? 

As mentioned earlier, most is known about PP-mediated 
Carcinogenesis and as such PPARa provides a paradigm for 
understanding receptor-mediated carcinogenesis. The obser- 
vation that deletion of the transcription factor, PPARa, 
renders hepatocytes refractory to PP-induced growth pertur- 
bation suggest that PPARa mediated gene transcription is 
causative in this response. With this in mind, much effort 
has been invested in determining the identity of PP-regulated 
genes involved in maintaining hepatocyte survival and prolif- 
eration. Interestingly, altered expression of cell cycle genes, 
such as Cdk-1, Cdk-2, Cdk-4, Pcna, and c-myc proteins 
and Cdk-1, Cdk-4, cyclin D1, and c-myc mRNA, was seen 
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Figure 5 The big picture; most aspects of mechanisms of non-genotoxic carcinogenesis mentioned in this chapter and their interrelationships are captured 


here. 


in wild-type mice fed Wy-14,643 but was not observed in 
Ppara-null mice (Peters et al., 1997). However, disappoint- 
ingly, there is no evidence to suggest that these growth 
regulatory genes contain a PPRE that would render them 
directly Pparæ responsive. 

Some data support a role for cytokines, such as TNFa 
and interleukin 1 a@/B (IL la/B) in mediating the response 
to PPs via engagement of nuclear factor «B (NF«B) and 
MAP kinase (Eder, 1997) survival pathways. However, 
the evidence on transcriptional regulation of cytokines by 
PPs is conflicting and there is no evidence of a direct 
regulation of cytokines by PPARa. In addition to the 
approach of investigating expression of genes for cytokines 
already implicated in the response to PPs, many papers have 
described the use of gene microarray analysis and proteomics 
to identify PP-regulated genes. M any changes in expression 
have been described but again, there is no evidence that any 
genes associated with proliferation or apoptosis are directly 
regulated by PPA Rg. 

Thus, the mechanistic connection between PPA Ra activa- 
tion and growth perturbation remains to be determined. This 
is also true of other xenobiotics that act via receptor activa- 
tion, such as PB and the dioxins. Each of the cognate nuclear 
hormone receptors may act differently to cause cell prolif- 
eration but maybe there are common pathways connecting 
these transcription factors to cell growth via specific gene 
expression. 


Gap Junctional Intercellular Communciation (GJIC) 


Gap junctions are thought to contribute to the mainte- 
nance of tissue homeostasis by allowing exchange of small 


molecular regulators of cellular growth. Thus, inhibition 
of gap junctional intercellular communication (GJIC) by 
loss of connexin (Cx) plaques may play a role in the 
induction of cell proliferation and suppression of apopto- 
sis associated with non-genotoxic carcinogenesis (M ally and 
Chipman, 2002). Several non-genotoxic carcinogens have 
been shown to inhibit GJIC in their target tissues. These 
include the PPs (Elcock et al., 1997; Kamenulis et al., 2002), 
2,3,7,8-tetrachlorodibenzo-p-dioxin and chloroform (M ally 
and Chipman, 2002). 

Although it is clear that there is a correlation between inhi- 
bition of GJIC, altered cell proliferation, and carcinogenesis, 
the mechanisms of regulation of connexins by non-genotoxic 
agents are unclear. For example, there are as yet no data to 
directly connect PPA Ræ or Ah activation with the observed 
GJIC changes in response to PPs or dioxins, respectively. 
Thus, it remains a possibility that inhibition of GJIC is a 
consequence of the onset of growth rather than a cause; 
despite this, altered GJIC could be a useful alert for poten- 
tial non-genotoxic carcinogens in short-term tests (M ally and 
Chipman, 2002). 


Epigenetic Regulation of Gene Expression and 
Growth 


Evidence suggests that gene expression can be altered 
markedly via several diverse epigenetic mechanisms that can 
lead to permanent or reversible changes in cellular behaviour 
(M oggs et al., 2004). K ey molecular events underlying these 
mechanisms include the alteration of DNA methylation and 
changes in the function of cell-surface molecules. Thus, 
for example, DNA methyltransferase enzymes together with 
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Figure 6 Epigenetic mechanism of gene silencing. Transcriptionally active genes can be silenced via methylation of the N-terminal tails of histones, which 


in turn permits association of methyl binding proteins and chromatin silencing. 


chromatin-associated proteins, such as histone-modifying 
enzymes and remodelling factors can modify the genetic 
code and contribute to the establishment and maintenance 
of altered epigenetic states (see The Role of Epigenetic 
Alterations in Cancer). This is relevant to many types 
of toxicity, especially carcinogenesis (Counts and Good- 
man, 1995). 

Chromatin is a nucleoprotein complex consisting of a 
basic repeating unit known as the nucleosome, which rep- 
resents the first level of compaction in chromatin, restrict- 
ing access to enzymes involved in DNA metabolism 
(Figure 6). The transcriptional status of all genes (silent, 
repressed, or active) is determined by their chromatin 
environment and many molecular responses to toxicants 
involve alterations in gene expression that are elicited 
via changes in the chromatin structure of target genes 
(M oggs et al., 2004). Histones have emerged as key chro- 
matin regulators both by regulating physical accessibility 
of the genetic code and as carriers of epigenetic infor- 
mation. The N-terminal tails of histones exhibit a wide 
range of post-translational modifications including acetyla- 
tion, phosphorylation, methylation, ubiquitination, and ADP 
ribosylation. The occurrence of multiple combinations of 
post-translational modifications on the same histone tail, and 
their correlation with distinct biological events, led to the 
formulation of the histone code hypothesis in which spe- 
cific patterns of histone modifications function to switch 


genes between their active and inactive states (Moggs 
et al., 2004). 

It is clear that epigenetic changes could alter gene 
expression and as such drive altered cell proliferation and 
apoptosis leading to tumours. In terms of specific non- 
genotoxic carcinogens, the best evidence for this derives 
from studies of chloroform and PB. Specifically, Ha-ras 
and, less frequently, Ki-ras have been reported to be acti- 
vated in B6C3F1 mouse liver tumours. When the methy- 
lation states of these genes were examined in sponta- 
neous liver tumours or those induced by PB or chloroform, 
Ha-ras was found to be hypomethylated in all tumours 
examined, whereas Ki-ras was sometimes hypomethylated; 
such hypomethylation might play a role in the promo- 
tion stage of carcinogenesis (Vorce and Goodman, 1991). 
More recently, it has been shown that PB alters patterns 
of DNA methylation in tumour-prone mice within spe- 
cific genes (Bachman et al., 2006). The identity of these 
genes remains to be determined and will provide inter- 
esting insight into the molecular drivers of PB-induced 
carcinogenesis. In addition, a study of methylation in the 
promoter regions of DNA showed that cigarette smoke 
condensate (CSC) promotes 7,12-dimethylbenz[aJanthracene 
(DM BA)-initiated skin tumours. This promotion was asso- 
ciated with increased methylation and repressed expression 
of the tumour-suppressor genes HoxA5 and pl6 (Watson 
et al., 2004). 
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SPECIES DIFFERENCES 


As already mentioned, there are marked species differences 
in response to non-genotoxic carcinogens. At a simplistic 
level, this can be attributed to species differences in expres- 
sion of the target or of another molecule key for the MOA, 
such as a specific metabolic pathway. In addition to species 
differences, non-genotoxic carcinogens exhibit species and 
sex restrictions. This is in contrast with genotoxic carcino- 
gens that tend to affect multiple tissues and multiple species. 

Several examples of non-genotoxic causes of cancer that 
exhibit marked species differences have already been dis- 
cussed, such as melamine, d-limonene, and PPs. In the case 
of melamine, assuming comparable animal and human modes 
of action, humans would have to be exposed to high daily 
doses. Such high exposures are highly unlikely either now or 
in the future (IARC, 1999). In addition, it would seem that 
rodents are more likely to retain calculi on the basis of the 
structure and anatomy of the urinary bladder. Thus, humans 
would need significant daily exposure and are at less risk 
even if the calculi form. In the case of d-limonene, carcino- 
genesis is attributable to expression of a rat-specific protein 
whose expression is repressed by oestrogens. Thus, this is 
unlikely to occur in humans and the MOA is considered 
irrelevant. 

Receptor-mediated mechanisms of non-genotoxic carcino- 
genesis require more complex analyses to understand species 
differences. Again, more is understood about species dif- 
ferences with PPA Ræ than with the other receptor-mediated 
mechanisms so this will be considered in detail. In rodents, 
PPs are non-genotoxic hepatocarcinogens, raising concerns 
regarding the potential of PPs to harm human health. How- 
ever, humans differ from rodents in their response to PPs 
and the weight of evidence supports the position that PPs 
do not pose a carcinogenic risk to humans (Roberts et al., 
2000b). Humans and guinea pigs appear refractory or less 
responsive to the adverse liver effects of PPs noted in rodents 
(Elcombe, 1985; Hasmall et al., 1998; Perrone et al., 1998; 
Williams and Perrone, 1996). In guinea pig liver in vivo, 
there is no induction of peroxisome proliferation, DNA syn- 
thesis, or Suppression of apoptosis in response to the PPs 
nafenopin or DEHP. Similarly, human hepatocytes in vitro do 
not respond to PPs, unlike rat hepatocytes where nafenopin 
or monoethylhexylphthalate (M EHP) cause peroxisome pro- 
liferation, cell proliferation, and a suppression of apoptosis. 
Despite the lack of human hepatocyte response to the adverse 
effects of PPs, humans produce a therapeutic response to the 
fibrate PPs via an alteration in lipid metabolism mediated by 
PPARa. Such marked species differences may be explained 
by the quantity of PPA Ræ and/or the quality of the PPA Ræ- 
mediated response. Because PPA Ra is a transcription factor, 
it drives the phenotype associated with the rodent response 
to PPs by regulating the transcription of genes, such as Aco 
and Cyp4A1. To achieve this, Ppara must bind to the gene 
promoter regions. Thus, the ability of Ppara to drive gene 
transcription can be affected by levels of Ppara as well as 
by the presence or absence of a Ppara-specific binding site 
(a PPRE) in the gene promoter. There is a reduced quan- 
tity of full-length functional Ppara; this suggests that levels 


of Ppara are sufficient to mediate hypolipidaemia but insuf- 
ficient to activate the full gene battery associated with the 
rodent response. These lower levels of full-length Ppara 
could be explained by splicing errors since a truncated form 
of Ppara, hP PARg8/14 resulting from skipping at exon 6, 
has been cloned from human liver (Tugwood etal., 1996) 
and is expressed at 10-50 % of the full-length message in 
all human livers examined to Palmer et al.. (1998). 

In addition to quantitative differences in PPA Ræ, species 
differences could be attributed to qualitative differences in 
the PPA Ra-mediated response. The rat Aco gene is a marker 
for rodent peroxisome proliferation and is transcriptionally 
regulated by Ppara (Tugwood etal., 1992). Ppara het- 
erodimerizes with RXR and binds to the rat Aco gene 
promoter to drive gene transcription. However, the pro- 
moter for human ACO differs in sequence and activity from 
the rat equivalent (Woodyatt etal., 1999). Thus, even in 
the presence of sufficient PPA Ræ, the human equivalent of 
rodent genes associated with peroxisome proliferation may 
remain inactive. These data contribute to our understanding 
of how chemicals may cause tumours in rodents and how 
this response may differ in humans. 


HOW DO WE EVALUATE THE RELEVANCE AND 
RISK TO HUMANS? 


Itis critical that all chemicals, such as pesticides, medicines, 
or food additives, are screened for their ability to cause 
cancer and an appropriate risk assessment is carried out 
(see Cancer Bioassays). For those that damage DNA, there 
are tiered batteries of in vitro and in vivo tests that can 
be applied to assess genotoxic potential (see Short-Term 
Testing for G enotoxicity). For those substances found to be 
negative and thus considered non-genotoxic, the predicted 
pattern of human exposure will determine whether it is 
appropriate to assess the potential carcinogenic effects of 
longer-term exposures using rodent bioassays. For those 
substances found to cause cancer in rodents, it is necessary 
to understand how exposure in the rodent is causing cancer 
to extrapolate to humans. What changes are taking place 
at the cellular level? Is this a genotoxic or non-genotoxic 
mechanism? Is cancer developing because of the effect on 
cell proliferation and apoptosis or some other effect? What 
impact does the dose have - is there a threshold below which 
effects will not be seen and most importantly would these 
same effects occur in human cells? All these factors must be 
taken into account when assessing potential risk to exposed 
humans and in deciding on measures to limit exposure. 

In June 2001, the Risk Science Institute (RSI) of the 
International Life Sciences Institute (ILSI) formed a working 
party aimed at developing a framework for understanding 
rodent MOA and human relevance for carcinogens. M any 
of the non-genotoxic carcinogens discussed in this chapter 
(and many that were not) were considered in depth by the 
working party, and a framework was proposed that can 
accommodate many diverse modes of action (Meek etal., 
2003) (see Figure 7). The key stages of this process are to 
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Acetonitrile, a@-limonene, atrazine, 
PPs, PB, melamine, chloroform 





1. Is the weight of evidence sufficient 
to establish the MOA in animals? 


Not relevant 
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o 
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2. Are key events in the animal MOA 
plausible in humans? 


3. Taking into account kinetic and 
dynamic factors, is the animal 
MOA plausible in humans? 


— © 
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No 


Ethylene oxide 
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Figure 7 A MOA framework decision tree for some non-genotoxic carcinogens (M eek et al., 2003). Each of the non-genotoxic carcinogens discussed can 
be considered and placed by each of the three questions listed. Where there is an established MOA that is not relevant for humans, no risk assessment is 
required. However, for those compounds where the established rodent MOA could be relevant, a risk assessment taking into account exposure, kinetics, 


and dynamics is required. 


establish a rodent MOA, then to determine whether this is 
applicable or could occur in humans. In some examples, such 
as d-limonene, the MOA is male rat specific and as such the 
risk to humans can be dismissed. For others where the MOA 
is potentially relevant, it is recommended that a human risk 
assessment is conducted and takes into account exposure, 
dose response, and risk characterization. 


HUMAN RELEVANCE AND HUMAN 
NON-GENOTOXIC CAUSES OF CANCER 


It is clear from the extensive literature that rodent cells and 
tissues are far more susceptible to induced cell proliferation 
and thus tumourigenesis when compared with human cells 
and tissues. It is also clear that human cells in culture do 
not undergo transformation towards the neoplastic phenotype 
at the same rate as those derived from mice (Balmain and 
Harris, 2000). These mechanistic observations are reflected 
in the observation that humans have a lower lifetime can- 
cer incidence when compared with mice (Rangarajan and 
Weinberg, 2003). 

As discussed earlier, epigenetic mechanisms play a key 
role in carcinogenesis (Counts and Goodman, 1995); inter- 
estingly, several authors have proposed that the observed 
interspecies differences in carcinogenesis are attributable 
to interspecies differences in methylation status (Holliday, 


1988; Ono etal., 2006; Wilson and Jones, 1983; Yoo and 
Jones, 2006). Overall, the available data suggest that those 
species that can maintain methylation status are less suscepti- 
ble to tumours - this observation could explain the differing 
susceptibilities noted between humans and rodents. 

Rather than asking which rodent-non-genotoxic carcino- 
gens are relevant to humans, it may be more practical to 
ask what we know about human cancer incidence and the 
factors that affect it (Cancer Causes Control, 1996). M any 
human cancers can be attributed either to inherited genetic 
factors or to exposure to known genotoxicants, such as 
tobacco smoke (Cancer Causes Control, 1996). However, 
there are certain known human cancer-inducing agents that 
have a non-genotoxic component to their mechanism of 
action. One of the best examples is asbestos which causes 
lung cancer via mechanisms that include local irritation, cell 
death, and regenerative proliferation; oxidative stress and 
subsequent DNA damage may also play a role (Nelson and 
Kelsey, 2002). 

Much attention has also been focused on the role of diet 
in human cancer (see Dietary Genotoxins and Cancer); it 
is clear that dietary factors interact with genetic factors to 
influence cancer development but the mechanisms remain 
to be defined. Most is probably known about colon cancer 
where there is strong evidence that perturbed energy home- 
ostasis is a causative factor (Gunter and Leizmann, 2006). 
Epidemiological data have consistently demonstrated a pos- 
itive relation between increased body size and colorectal 
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malignancy. M echanistically, obesity-induced insulin resis- 
tance could elevate plasma insulin (Gunter and Leizmann, 
2006), which in turn may induce a mitogenic effect in sus- 
ceptible cells in the colon or elsewhere. Complementary to 
this, evidence has accumulated from laboratory-based animal 
experiments that caloric intake can influence cancer devel- 
opment and progression; in these models, calorie restric- 
tion decreases tumour burden, increases tumour latency, and 
decreases serum insulin-like growth factor (IGF )-1 and leptin 
levels (Patel et al., 2004). 

Of current concern is the potential association between 
alcohol consumption and breast cancer (Cancer Research 
UK, 2006; UK Department of Health, 2004). Evidence 
suggests that a small proportion of the breast cancers reported 
each year in the UK (around 6%) are attributable to alcohol 
and that the risk accumulates with prolonged consumption 
(UK Department of Health, 2004). The mechanistic link, 
if any, between alcohol and breast cancer remains to be 
determined. M ost work has focused on the effects of alcohol 
on oestrogen metabolism because there is evidence, albeit 
limited, for an effect of alcohol on circulating oestrogens in 
both pre- and postmenopausal women. 


CONCLUSIONS 


There are multiple non-genotoxic causes of cancer that 
impact on many different tissues and organ systems. Because 
an agent can increase the incidence of cancer either by dam- 
aging DNA or by increasing the number of cell divisions, the 
key driver for non-genotoxic carcinogenesis is hyperplasia in 
the target tissue, which in turn increases the probability of 
tumours developing (see Figure 5). Key also is the suppres- 
sion of apoptosis that would normally remove unwanted or 
damaged cells from the system. Significant progress has been 
made in understanding the pathways that lead from exposure 
to cell proliferation, suppression of cell death, and tumours. 
However, there are key data gaps that remain to be filled. 
A review of the extensive database of cancer bioassays 
reveals that non-genotoxic carcinogenesis in response to 
xenobiotics tends to be a high-dose response occurring via 
a mechanism that is often rodent specific. As such, there 
seems to be little or no risk to humans either because their 
exposure would be significantly below that used in rodent 
cancer bioassays or because the pathways leading to cancer 
are absent or different in humans. Nonetheless, it remains 
important to understand the MOA in animals such that an 
accurate assessment of risk to humans can be conducted. 
Because the key purpose of developing our understanding 
is to protect human health, future work should focus more on 
non-genotoxic causes of human cancer derived from human 
epidemiology and mechanistic studies and less on high-dose 
rodent bioassays that are often largely irrelevant to human 
biology and exposures. However, animal studies should still 
continue to play an important role both in providing a 
risk- benefit analysis for pharmaceutical medicines and in 
generating mechanistic data to guide health advice and policy 
in such areas as dietary restriction and alcohol consumption. 
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Infection is second only to smoking as a cause of 
malignancy, worldwide. Parkin (2006) estimated that 18% 
of cancers - 26% in developing countries - were attributable 
to infection. These values increased from the 1990 estimates 
(16% of total and 21% in developing countries) (Pisani 
et al., 1997) as more data has accumulated and improved 
the precision of estimates. The overall proportion is expected 
to rise still further with the ageing of the population in the 
developing world. 

Three types of micro-organisms have been linked to malig- 
nancy: viruses (causing two-thirds of infection-related can- 
cers), eubacteria, and helminths. As yet, no archaea, fungi, 
protozoa, cyanobacteria, or algae have a known association 
with cancers. Because they are relatively uncomplicated 
compared to mammals, microbes provide an excellent oppor- 
tunity for understanding oncogenesis. Indeed, the Nobel 
prizes related to malignancy have uniformly concerned 
infection. The winners include Johannes Fibiger for prov- 
ing - erroneously as it turns out - that a parasite caused 
stomach cancer (1926), Peyton Rous for his discovery of 
tumour-inducing viruses (1966), David Baltimore, Renato 
Dulbecco, and Howard Temin for their work on tumour 
viruses (1974), J. Michael Bishop and Harold Varmus for 
their discovery of retroviral oncogenes (1989), and periph- 
erally, Barry Marshall and Robin Warren (2006) for their 
discovery of Helicobacter pylori as the pre-eminent cause 
of stomach cancer. Taken together, these works have facil- 
itated the understanding of viral oncogenes, their corre- 
sponding human oncogenes, and the role of inflammation 
in oncogenesis. 

Three cancers comprise the great majority of infection- 
related malignancy (Table 1): stomach cancer (the second 
leading cause of cancer death worldwide), liver cancer (the 
eighth leading cause of cancer death worldwide), and cer- 
vical cancer (the leading cause of cancer death in women) 
(Ferlay et al., 2004). The infections linked to these cancers 
have widespread distribution and engender high relative risks 
for malignancy; consequently, the proportion of malignan- 
cies attributable to these infections is similarly distributed. 
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Other cancers, such as liver-fluke-related biliary cancer and 
schistosomiasis-associated bladder cancer have geographic 
zones of high incidence (southeast Asia and North Africa, 
respectively), but are not major cancers on a global scale. 
Still other cancers have been putatively linked to infection 
although the magnitude of the association and proportion 
attributable are not well defined. 

In this chapter, we will first discuss the viral causes 
of malignancy, followed by bacterial and parasitic causes, 
and end with some hypothetical links being investigated 
between infection and cancer. (Detailed descriptions of the 
links between most of these infections and malignancy 
can be found in the International Agency for Research 
on Cancer Monographs on the Evaluation of Carcino- 
genic Risks to Humans, Volumes 59 (Hepatitis Viruses), 
61 (Schistosomes, Liver Flukes and Helicobacter pylori), 
64 (Human Papillomaviruses), 67 (Human Immunodefi- 
ciency Viruses and Human T-cell Lymphotropic Viruses), 
and 70 (Epstein-Barr Virus and Kaposi’s Sarcoma Her- 
pesvirus/Human Herpesvirus 8)) (see The Links between 
Inflammation and Cancer). 


VIRUSES 


Viral tumours, like non-infectious tumours, are biologic 
accidents. Tumour formation is not central to the viral 
life cycle for any of the mammalian tumour viruses. For 
human tumour viruses, only a minor fraction of infected 
persons develop tumours and these tumours are dead-end 
reservoirs that do not significantly contribute to transmission. 
For example, in cervical cancer, fragmented and integrated 
papillomavirus genome is incapable of being infectious 
and tumour formation does not contribute to viral genetic 
fitness (Boshart et al., 1984). Similarly, herpesviral tumours 
occur when these viruses are in a non-transmissible, naked 
episomal (latent) form. For hepatitis B and C viruses, primary 
infection from persons with hepatocellular carcinoma (HCC) 
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Table 1 Incidence and infection-associated attributable risk of cancers 
worldwide. 

Number (%) 

Number of cases Associated attributable 

Cancer site worldwide infection to infection 
Liver 623 500 HCV, HBV 523 000 (84%) 
Cervix 492 800 HPV 492 800 (100%) 
Stomach 930 400 H. pylori 592 000 (64%) 
K aposi’s KSHV (HHV8) 
sarcoma 
Non- 300 300 Several? 57 640 (19%) 
Hodgkin's 
ymphoma 
Anogenital 96 700 HPV 53 880 (56%) 
Nasopharynx 79 800 EBV 78 100 (98%) 
M outh/ 326 200 HPV 14 400 (4%) 
pharynx 
Hodgkin's 62 300 EBV 28500 (46%) 
ymphoma 
Bladder 356 200 Schistosomes 10 600 (3%) 


(Adapted from Parkin, 2006.) 
Includes: H. pylori, HIV, EBV, and HTLV-1 


accounts for a miniscule fraction of infections. To understand 
the causes of viral tumourigenesis, we must look beyond the 
idea that these viruses have evolved to cause human cancer. 

Infectious cancer agents have been divided into direct 
carcinogenic agents that deliver extraneous oncogenes to 
the infected cell and indirect carcinogenic agents for which 
stochastic accumulation of oncogenic mutations during pro- 
longed infection and inflammation leads to cancer (Parsonnet, 
1999). Insertional mutagenesis, most notably occurring dur- 
ing retroviral gene therapy trials (K ohn et al., 2003) in which 
the virus inserts and disrupts critical genes or regulatory 
regions, has characteristics of both direct and indirect car- 
cinogenesis in which dysregulation of cellular, not viral, 
oncogenes contributes to tumour formation. 

Despite differences in phylogeny mechanisms and life 
cycles, there are several features common to the human 
tumour viruses: 


1. Viral tumours generally occur after prolonged infec- 
tion, particularly for indirect carcinogens. Acute human 
tumours have been reported for some direct carcinogens 
(Oksenhendler et al., 1998; Gao etal., 1996a), particu- 
larly when infection occurs in severely immunocompro- 
mised individuals. 

2. Viruses causing tumours either have true viral latency or 
are capable of generating chronic replicating infections. 
In general, productive viral replication leads to cytolytic 
apoptosis, a cytopathic effect (CPE), which counteracts 
tumour formation. This has been exploited recently by 
the development of oncolytic viruses that have been 
introduced into clinical trials. 

3. Incubation periods for infectious tumours depend on both 
the duration of the infection and the host immune sta- 
tus. Some direct carcinogens, Epstein- Barr virus (EBV) 
and Kaposi’s sarcoma- associated herpesvirus (KSHV), 
can cause acute cell proliferation within days to weeks 
after infection in severely immunocompromised hosts. 
Indirect carcinogens may require decades before sufficient 


mutations accumulate to cause tumour cell outgrowth. In 
contrast to direct carcinogens, the inflammatory immune 
response against these chronic infections appears to be the 
principal contributor to tumourigenesis. 


Molecular Mechanisms for Viral Tumourigenesis 


Early hypotheses on viral tumourigenesis involved the idea 
that increasing infected-cell burden results in a greater 
chance for viral survival and transmission. Although there is 
evidence that this may occur for some benign fish tumours 
(Martineau et al., 1992), this is unlikely to be the case for 
human tumour viruses. As previously indicated, tumour cell 
generation per se is unlikely to be beneficial to any of the 
human tumour viruses. 

Discovery of viral oncogenes suggested the possibility 
that viruses use these oncogenes to prepare infected cells 
for productive, lytic replication. A common feature among 
the human tumour viruses, and among model animal tumour 
viruses, such as SV 40 and human adenovirus, is the disrup- 
tion of cellular P53 and retinoblastoma signalling pathways 
(Pipas and Levine, 2001). Viruses can achieve this directly, as 
in the papillomavirus E6 and E7 proteins, or may use cellular 
regulatory proteins to achieve this through viral proteins such 
as EBV LMP-1 or KSHV v-Cyclin. Some of the common 
signalling targets found among different tumour viruses are 
P53, RB1, p300, NF-«B, B-catenin, and ataxia telangiecta- 
sia (mutated) ATM (see Human DNA Tumour Viruses and 
RNA Tumour Viruses). The exact cellular targets may dif- 
fer between different host cells but a common result of viral 
oncogene infection is unscheduled entry into the S phase of 
the cell cycle and prevention of apoptosis caused by this dys- 
regulation of the cell cycle. These cellular preconditions are 
optimal for virus production. 

Productive virus infection must override cellular replica- 
tion controls so that large amounts of viral nucleic acids 
can be generated rapidly. Viruses must also delay apoptosis 
to achieve efficient virion production, although some viruses 
may actually use apoptotic processes to enhance virion egress 
from cells. Use of viral oncogenes to prepare the cell for virus 
replication has been called the limited-resource hypothesis 
since the tumour virus attempts to dysregulate the cell cycle 
to generate sufficient cellular resources for virus replication. 

An alternative but related idea is that the cell is not a pas- 
sive participant in virus infection and viral oncogenes disarm 
cellular responses that promote cell cycle arrest and apopto- 
sis during infection (M oore and Chang, 1998). Evidence for 
this comes from the herpes tumour viruses, one of the few 
models for latent human viral infection. Herpesvirus onco- 
genes are expressed during latent not lytic replication and 
thus cannot contribute to virion production. This alternative, 
called the anti-antiviral hypothesis, builds on research show- 
ing that key tumour-suppressor components, such as p53 and 
p300/CBP (Takaoka et al., 2003; Avantaggiati et al., 1996), 
also act in innate immune signalling responses. Viral “onco- 
proteins” would then serve to inhibit this defensive arrest 
and apoptosis strategy (Moore and Chang, 2003), which 
is consistent with the identification of viral genes capable 
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of inducing cell transformation among non-tumour viruses 
(Doniger et al., 1999). Lytic virus replication may exagger- 
ate this cellular response, thus requiring viruses to target cell 
cycle and apoptotic control pathways during lytic replica- 
tion as well. Tumour formation would then be a secondary 
consequence of the dysregulated expression of these viral 
regulatory control proteins that actually target key compo- 
nents of the innate immune system. 

A final possibility is that viral dysregulation of the cell 
cycle induces genomic instability that may be the initiating 
event in tumourigenesis (see Genomic Instability and DNA 
Repair). This has been most clearly demonstrated for the 
papillomavirus E7 protein (Duensing and Munger, 2002), 
which induces centrosome abnormalities and aneuploidy. 
Similar results have been found for other tumour viruses, 
and it is attractive to speculate that tumour virus genomic 
instability increases the evolution rate for tumour cells 
during chronic infections and may contribute to hit-and-run 
tumourigenesis. It is likely that all three major mechanisms - 
cell cycle dysregulation for lytic virion production, inhibition 
of innate or tumour-suppressor signalling, and virus-induced 
genomic instability - contribute to various human cancers 
directly caused by viruses. For indirect carcinogens, chronic 
inflammation presumably leads to a stochastic accumulation 
of mutations over time. These genetic changes together 
with a pro-proliferative cytokine milieu at a site of chronic 
inflammation may contribute to tumour outgrowth. The exact 
nature of these mutations and the role of inflammation in 
tumourigenesis remains to be defined. 


Epstein-Barr Virus (EBV, or Human Herpesvirus 4) 


EBV, discovered by Epstein, Achong, and Barr in 1964, 
is a widespread human infection in over 90% of the 
human population (Epstein et al., 1964). EBV is spread 
through oro-mucosal contact and infection is lifelong after 
initial infection. Infection usually occurs in childhood and 
is asymptomatic; when primary infection is delayed until 
teenage or adult years, it can result in mononucleosis 
associated with a massive polyclonal proliferation of T cells 
targeting viral antigens. Delayed infection is thought to 
predispose the patient to some EBV-positive subtypes of 
Hodgkin's disease (HD) (Weiss et al., 1989). 

After initial infection, EBV becomes persistent in memory 
B cells in a virologically latent form (Thorley-Lawson and 
Gross, 2004). Virologic (as opposed to clinical) latency is 
characterized by limited viral gene expression to prevent 
immune recognition and the virus genome replicates in 
tandem with the host cell as a naked episome. Lytic virus 
replication, in contrast, leads to the production of infectious 
virions. Lytic replication of EBV begins with widespread and 
highly choreographed viral gene expression that ultimately 
generates enveloped viruses and leads to cell death. For this 
reason, EB virus in tumours is generally latent and viral gene 
products expressed during latency are the likely oncoproteins 
responsible for cell proliferation. Lytic replication is initiated 
by the viral transactivator proteins Rta (BRLF1) and Zta 
(BZLF1) after specific signalling events, such as surface 


immunoglobulin cross-linking of infected B cells, activation 
of protein kinase C signalling, or inhibition of histone 
deacetylases. Unfortunately, most antiviral drugs targeting 
EBV inhibit the lytic-phase viral polymerase, which is 
not expressed in tumours, and thus have little impact on 
established EBV -related malignancies. 

One unique feature of EBV not found among other tumour 
viruses is its ability to immortalize B cells in vitro (Henle 
et al., 1967). When human peripheral B cells from persons 
naturally infected with EBV are treated with cyclosporin to 
inhibit cytotoxic T lymphocyte (CTL) and natural killer (NK) 
surveillance, clonal populations of EBV-infected lympho- 
cytes will emerge. These B-cell lines, called lymphoblastoid 
cell lines (LCL), have features reminiscent of EBV -infected 
cells in post-transplant lymphoproliferative disorders (PTLD) 
that occur among severely immunosuppressed populations. In 
vitro immortalization of B cells is an extremely powerful tool 
in studying virus-induced transformation, but it is unlikely to 
recapitulate the features of some EBV -associated malignan- 
cies such as Burkitt's lymphoma (BL) and nasopharyngeal 
carcinoma (NPC). 


EBV and Malignancy 


Because of its ubiquity, EBV as a cause of human cancer 
has been controversial. EBV virions were first identified in 
African BL, a B-cell tumour that occurs in children, and 
>90% of Burkitt's tumours occurring in people in develop- 
ing countries are EBV infected (de The, 1993). Chromosomal 
translocations t(8;14) of c-MYC tolgH,IgK, or IgL promot- 
ers, resulting in overexpression of this cellular oncoprotein, 
are anear-universal feature of BL tumours. Surprisingly, rare 
spontaneous BL tumours in people belonging to industrial- 
ized countries are generally EBV negative. This suggests that 
at least two different pathogenic mechanisms to generate BL 
exist, only one of which requires EBV infection. BL occur- 
ring among patients with AIDS is generally EBV positive 
and resembles African BL on a molecular level. 

In addition to BL, undifferentiated NPC, an epithelial 
cell tumour most frequently found in Asian and some 
Mediterranean African and Eskimo/Inuit populations, is 
highly associated with EBV. In highly endemic regions, 
NPC is a common tumour that may be triggered by dietary 
mutagens in preserved and salted fish (Koo etal., 1997) 
suggesting that, like c-MYC rearrangements in BL, NPC 
results from EB viral oncogene expression in the setting of 
specific host cell mutations. In addition, familial clustering 
of NPC provides evidence that host genetics contribute to 
this cancer (Friborg et al., 2005). The contribution of EBV 
to NPC tumours is in little doubt due to studies showing 
monoclonality of the virus in tumour cells, suggesting that 
infection preceded tumour development (Raab-Traub and 
Flynn, 1986). IgA antibodies against EBV are predictive for 
NPC, consistent with high-level oropharyngeal shedding of 
the virus. 

HD, a B-cell lymphoproliferative disorder, is also associ- 
ated with EBV infection in 20-25% of cases. HD is char- 
acterized by monoclonal expansion of Reed- Sternberg cells, 
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but the bulk of the tumour is composed of hyperplastic, poly- 
clonal non-malignant B cells (Thorley-Lawson and Gross, 
2004). Almost all forms of the lymphocyte-depleted form of 
HD are EBV positive, but EBV is found in only a minor- 
ity of nodular-sclerosis and lymphocyte-predominant forms 
of this tumour. For this reason, HD is likely to represent 
a syndrome having multiple underlying aetiologic causes, 
one of which is related to EBV infection. Single cell studies 
of Reed- Sternberg cells in EBV-positive HD tumours have 
shown that the virus is monoclonal, again highly suggestive 
for viral infection preceding onset of the tumour. 

BL, NPC, and HD ostensibly occur in immunocompetent 
children and adults, but EBV also contributes to a variety 
of tumours frequently seen in immunocompromised popula- 
tions. PTLDs are the most frequent EB V -associated tumours 
occurring in transplant populations, occurring among EBV- 
naive patients exposed to the virus during bone marrow 
transplantation. The importance of immune surveillance in 
routine control of this tumour is illustrated by successful 
treatment of PTLD through adoptive T-cell therapy against 
EBV. Similarly, a rare X -linked lymphoproliferative disease 
(XLP) results from mutations in the X -linked (X q24) signal- 
ing lymphocyte activation molecule-associated protein (SAP ) 
locus responsible for controlling NKT cell differentiation 
(Chung etal., 2005). Boys with this mutation universally 
develop severe T-cell mononucleosis on first exposure to the 
virus, which is often fatal unless treated by bone marrow 
transplantation. 

These diseases, together with in vitro immortalization 
studies, illustrate that EBV alone is fully capable of inducing 
cell proliferation, but it is kept in check in healthy adults by 
cellular immune surveillance. Given the ubiquity of EBV 
infection, that is, most adult humans are chimaeric for EBV, 
it is likely that specific mechanisms have evolved to control 
EBV infections such as SAP. With the onset of the AIDS 
epidemic, several new EBV-related neoplastic conditions 
have been recognized. These include paediatric smooth 
muscle cell leiomyosarcomas, oral hairy leukoplakias, and 
primary central nervous system lymphomas (Wood and 
Harrington, 2005). EBV has been reported to contribute to 
lymphoepithelioma-like gastric cancers and breast cancers, 
but these claims remain controversial. Given that EBV is 
present in circulating lymphocytes, inadvertent detection of 
the virus in tumours is common. Evidence that EBV directly 
contributes to a tumour phenotype is required before it can 
be widely accepted as contributing to other human cancers. 


EBV Oncoproteins EBV gene expression is limited in 
most tumours and several patterns of viral gene expres- 
sion have been described (Williams and Crawford, 2006). 
Type | expression is the most highly restricted, occurring 
in African BL, in which only Epstein-Barr virus nuclear 
antigen (EBNA)-1, latent membrane protein (LMP)-2A, 
viral small RNAs, Epstein- B arr virus- expressed ribonucleic 
acids (EBERs), and virus-encoded microRNAs (Pfeffer et al., 
2004) are expressed. Whether EBNA-1, the episome mainte- 
nance protein, has oncoprotein activity remains controversial 
and the exact contributions of these genes to BL remain 
poorly understood. 


More widespread viral gene expression occurs in type II 
and IIl latencies, represented by NPC and most cases of 
PTLD, respectively. In NPC, EBNA-2, BARF-0, and LMP- 
1 are expressed in addition to those genes expressed in 
type | latency. EBNA-2 acts as a transactivator protein 
targeted to promoter sequences through interactions with 
RBP-Jx. It not only activates other EBV genes but also 
has intrinsic anti-apoptotic activity. LM P-1 engages tumour 
necrosis factor receptor- associated factor (TRAF) proteins 
resulting in activation of downstream signalling cascades, 
including NF-«B activation. Functionally, LMP-1 has pro- 
proliferative B-cell activities that mimic CD40 activation, 
and recent evidence suggests that its expression is regulated 
by cellular signalling pathways as well as by EBNA-2 (Kis 
et al., 2006). Type III latency expands on the range of viral 
genes expressed in type II latency and includes multiple 
EBNA proteins (EBNA-3A, EBNA-3B, and EBNA-3C) and 
LMP-2. EBNA-2 acts as a transactivator protein targeted 
to promoter sequences through interactions with RBP-J«. It 
not only activates other EBV genes but also has intrinsic 
anti-apoptotic activity. This same signalling pattern is seen 
when lymphocytes are immortalized in vitro by EB virus. 
Taken together, EBV gene expression generates a complex 
pattern of cellular signalling that blocks apoptotic responses 
and promotes cell cycle entry, particularly in B cells (see 
also Human DNA Tumour Viruses). 


Kaposi’s Sarcoma—Associated Herpesvirus (KSHV, 
or Human Herpesvirus 8) 


KSHV - a herpesvirus distantly related to EBV - causes 
three neoplastic conditions: Kaposi's sarcoma (KS, an 
endothelial cell tumour), primary effusion lymphoma (PEL, 
a monoclonal B-cell lymphoma), and some forms of mul- 
ticentric Castleman’s disease (MCD, a mixed hyperplastic 
lymphoproliferative disorder). The burden of disease caused 
by this virus is frequently underappreciated; KS is now the 
most frequently reported tumour in most of sub-Saharan 
Africa (Wabinga et al., 2000; Dedicoat and Newton, 2003), 
it is a common, severe neoplastic condition among patients 
undergoing transplant (M endez and Paya, 2000), and it is a 
common blood transfusion contaminant that may result in as 
many as 4000 infection events in the United States each year 
(Dollard et al., 2005). 

KSHV was discovered in 1993 (Chang et al., 1994) during 
a search for the infectious cause for KS, which had been 
postulated to have an infectious aetiology on the basis of 
its peculiar epidemiology (Beral etal., 1990). Prior to the 
AIDS epidemic, KS was a rare tumour in North America 
and Europe although it was still one of the most common 
tumours reported in parts of central and eastern Africa. The 
emergence of AIDS was heralded by an epidemic of severe 
KS, particularly among gay and bisexual men, causing a 
more than 50 000-fold increase in KS rates among HIV/AIDS 
patients compared to pre-HIV incidence rates. All forms 
of KS, both HIV-associated and HIV-negative, show near- 
universal evidence for infection with this virus (M oore and 
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Chang, 1995), and it is now widely acknowledged as the 
infectious trigger for KS. 

Like EBV, KSHV is thought to spread through oro- 
mucosal contact although differences in transmission 
between homosexuals and heterosexuals remain unexplained. 
In part, the severity of the AIDS-KS epidemic resulted 
from high KSHV prevalence among gay and bisexual 
men (20-40% prevalence), whereas the general prevalence 
among US blood donors is less than 3% (Pellett et al., 2003). 
Virus secretion into seminal fluids is minimal, and the exact 
mode for sexual transmission remains unknown. 

Outside of gay and bisexual populations, KSHV is also 
transmitted through non-sexual routes. The population preva- 
lence of KSHV infection is increased in M editerranean-basin 
countries (southern Italy, Greece, and France, 5- 20%) and 
hyperendemic throughout sub-Saharan Africa, where infec- 
tion rates of 30-50% commonly occur (Whitby et al., 1998). 
In these populations, horizontal childhood spread is seen and 
apparently occurs through casual contact of mucosal secre- 
tions. Vertical transmission prior to birth is uncommon and 
breast-milk transmission probably does not occur to a sig- 
nificant extent, although mother-to-infant transmission after 
birth is frequent. KSHV has clearly coevolved with humans, 
where it has been lost in most European and Asian popula- 
tions, and viral clades mirror the major human out-migrations 
from Africa (Hayward, 1999). However, unusual pockets of 
infection such as among Amazonian Indian populations have 
been found and remain unexplained (Biggar et al., 2000). 

Like other herpesviral infections, KSHV infection is life- 
long and the virus is controlled through cellular immune 
surveillance. The reservoir host cell is probably of 
B-cell lineage, and the virus can be detected at low rates 
in peripheral blood cells from infected persons. Primary 
infection is largely asymptomatic, and infected healthy indi- 
viduals have low risk for disease. If a K SHV -infected person, 
however, becomes immunosuppressed as a consequence of 
iatrogenic treatment or AIDS, the situation is reversed, and 
KSHV has one of the highest levels of disease expression 
among the human tumour viruses. One study found that 68% 
of KSHV-infected transplant recipients developed KSHV- 
related malignancies (Farge et al., 1999). 

K aposi’s sarcoma is atumour of lymphatic endothelial cell 
origin in which tumours are composed of a mixed population 
of infected and uninfected cells. Tumour angiogenesis results 
in disorganized, microscopic vascular clefts that fill with 
blood, giving the tumour a bruiselike appearance. Simulta- 
neously, neovascularization by uninfected cells occurs in the 
tumours, presumably because of the release of angiogenic 
viral and cellular cytokines. KS tumours are frequently poly- 
clonal at early stages of development but can evolve into 
monoclonal tumours (Russo et al., 1996; J udde et al., 2000). 

In contrast to KS, the two B-cell neoplastic processes 
also associated with KSHV infection, PEL (formerly called 
body-cavity-based lymphoma) and MCD, are uncommon 
manifestations of infection (Cesarman et al., 1995a; Soulier 
etal., 1995). PEL forms serous effusions composed of 
KSHV -positive plasmablastoid, post-germinal centre B cells 
lacking most B-cell surface markers. PELs arising in AIDS 
patients are frequently co-infected with EBV, but EBV 


infection is not required for PEL formation. PEL in elderly 
HIV -negative persons can be indolent, but it is an aggressive, 
highly anaplastic lymphoma among AIDS patients with a 
rapidly progressive course (Cesarman and Knowles, 1999). 

KSHV is found in only a subset of MCDs, a B-cell 
lymphoproliferative disorder, particularly in the plasmacytic 
form of this disease. A bout 50% of HIV-negative M CD cases 
are KSHV infected, suggesting that this is a multifactorial 
syndrome. MCD tumours are composed of adventitious, 
hyperplastic germinal centres in which only a minority 
of cells are KSHV infected. These cells express a virus- 
encoded IL-6, which is readily identifiable in tumours, 
and is responsible for the hyperplastic B-cell expansion 
(Parravicini et al., 1997). KSHV -negative MCD tumours, in 
contrast, have hypersecretion of cellular IL-6 suggesting that 
both diseases possess underlying biochemical similarities. 
Although initial descriptions of KSHV MCD had very 
high mortality rates, primarily from autoimmune haemolytic 
anaemia, treatment of these patients with ganciclovir and 
rituximab has markedly improved clinical outcome (Casper 
et al., 2004). 


Mechanisms of KSHV Tumourigenesis 


Unlike other human tumour viruses, KSHV has directly 
pirated cellular regulatory genes into its genome during 
evolution (Russo etal., 1996). These genes include an 
IL-6, three different CC chemokines, a BCL2, four different 
interferon regulatory factors, a D-type cyclin, a Fas-ligand 
inhibitory protein (FLIP), and a G-protein coupled recep- 
tor among others. In addition, viral proteins such as the 
latency-associated nuclear antigen 1 (LANA1) have been 
shown to be able to inhibit P53 signalling and activate 
-catenin signalling. Recently, microRNAs have been dis- 
covered to be encoded by KSHV that are expressed in 
constitutively infected cells but their cellular targets remain 
largely unknown (Pfeffer et al., 2005). 

Although the gene repertoire for this virus looks very dif- 
ferent from that of other well-characterized tumour viruses, 
there are surprising functional similarities between KSHV 
and other tumour viruses. For example, small DNA tumour 
viruses are known to target the tumour-suppressor proteins, 
retinoblastoma protein (RB)-1 and P53. KSHV also tar- 
gets these proteins through expression of its viral cyclin, 
viral interferon regulatory factor proteins, and LANAL1. In 
addition, KSHV targets other regulatory pathways includ- 
ing B-catenin signalling and alternative NF-«B signalling, 
which have later been found to be important for other tumour 
viruses as well. For this reason, KSHV has been referred to 
as a “Rosetta Stone” of tumour virology since its genes are 
readily identifiable with their cellular counterparts but the 
functions of the viral genes are conserved with more distantly 
related viruses (Choi et al., 2001). 

KSHV is readily grown in the laboratory in PEL cell lines 
but cannot be directly cultured from KS lesions (Cesarman 
et al., 1995b; Renne et al., 1996). Again like EBV, KSHV- 
induced tumours principally occur while the virus is in a 
latent state. For this reason, research has focused on viral 
genes that are expressed constitutively in cells including 
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LANAI, v-Cyclin, and v-F LIP. A fourth latent protein (v-IR F- 
3/LANA 2) having homology to interferon regulatory factors 
is latently expressed in haematopoietic cells. Recent studies, 
however, suggest a plasticity of virus gene expression that 
has not been reported for other viruses. For example, v-IL- 
6 expression increases in response to interferon signalling, 
and a broad array of non-structural genes are activated by 
intracellular Notch pathway signalling (Chang et al., 2005). 
For this reason, a number of proteins such as v-GPCR, 
v-BCL2, v-CCL1 and v-CCL2, and v-IL-6 may play an 
overlooked role in tumourigenesis. 


Diagnosis and Treatment of KSHV 


Two early studies on this virus demonstrated that highly 
specific serologic assays readily detect viral infection (Gao 
etal., 1996b; Kedes etal., 1996) and sequential improve- 
ments have occurred so that current assays have ~95% 
sensitivity and specificity (Laney et al., 2006). However,no 
assays have been approved for use outside of the research 
setting for diagnosis of infection among high-risk individu- 
als such as HIV patients and transplant recipients. Although 
antiviral drugs such as ganciclovir have little effect on estab- 
lished KS tumours (Little and Y archoan, 2003), these drugs 
are remarkably effective in preventing KS, having 75-93% 
protective efficacy in randomized blinded clinical trials (M ar- 
tin et al., 1999). Given the tremendous burden of KSHV- 
related disease in sub-Saharan Africa and the clear clinical 
need for diagnosis and prevention among AIDS and trans- 
plant patients, lack of currently established KSHV control 
measures in the clinic is a clear public health failure (see 
also Human DNA Tumour Viruses). 


Human Papillomaviruses (HPVs) 


HPVs are small double-stranded DNA tumour viruses that 
infect epithelial cells of the skin (cutaneous HPV types) 
or the anogenital tract (mucosal HPV types) (zur Hausen, 
1996). Mucosal HPVs can be subdivided into “low-risk” 
types that cause genital warts (condyloma acuminata), which 
usually do not progress to cancer, and “high-risk” types, 
which are intimately associated with premalignant intraep- 
ithelial lesions and anogenital cancers. The main route of 
transmission of mucosal HPVs is through sexual contact. 
High-risk HPV types are the causative agents of cervical 
cancer, the leading cause of cancer-related death in women 
worldwide with over 470000 new cases annually. The top 
five HPV types detected in cervical carcinomas are HPV- 
16, HPV-18, HPV-31, HPV-33, and HPV-45 (Munoz et al., 
2003). Besides cervical cancer, high-risk HPVs are detected 
in vulvar, penile, and anal squamous cell carcinomas. HIV - 
positive women and men have an increased risk for cervical 
and anal HPV -associated intraepithelial lesions and carcino- 
mas, respectively. High-risk HPV DNA can also be detected 
in a subset of head and neck squamous cell carcinomas. 
Patients with DNA repair deficiency syndromes, for exam- 
ple, Fanconi anaemia, can have an increased incidence of 


HPV -associated carcinomas. In addition to mucosal HPVs, 
certain cutaneous HPV types, most prominently HPV-5 or 
HPV-8, have been implicated in cancer. These HPV types 
are linked to the rare skin disease epidermodysplasia verru- 
ciformis (EV), which is associated with an increased risk for 
non-melanoma skin cancer in UV -exposed areas. 

M ore than 99% of cervical carcinomas contain HPV DNA, 
usually integrated into host cell chromosomes (Walboomers 
et al., 1999). Although virus integration frequently involves 
common fragile sites, there is no evidence for insertional 
mutagenesis. Viral integration, however, usually leads to the 
disruption of the viral genome itself and termination of the 
productive viral life cycle. Two open reading frames that 
encode the E6 and E7 oncoproteins are usually retained 
after integration. Since viral integration is usually associated 
with loss of the E2 transcriptional regulator, tumour cells 
containing integrated HPV genomes show an overexpression 
of the E6 and E7 oncoproteins. 

High-risk HPV E6 and E7 can extend the lifespan of 
primary human keratinocytes in vitro and facilitate cellular 
immortalization (Munger and Howley, 2002). However, cell 
transformation is usually a rare event in vitro and requires 
additional oncogenic stimuli. 

High-risk HPV E6 and E7 are not homologous to any 
known human genes, have no intrinsic enzymatic activity, 
and function through physical interactions with host cellular 
proteins. High-risk HPVs have developed strategies to disrupt 
multiple host cell regulatory pathways in order to establish 
and maintain a cellular environment that supports viral 
replication. 

High-risk HPV E6 targets the p53 tumour-suppressor pro- 
tein for proteasomal degradation through re-programming 
of a host cell HECT (homology to E6 C terminus)- 
domain ubiquitin ligase, E6-AP (Scheffner etal., 1993). 
The C terminus of high-risk HPV E6 proteins contains a 
PDZ binding domain and mediates interactions with cellu- 
lar proteins including MUPP-1, hDLG, and hSCRIB, PDZ 
domain- containing proteins that are involved in cell- cell 
contact and signal transduction. These interactions are rele- 
vant for tumour formation since transgenic mice expressing 
high-risk HPV E6 without the PDZ interaction domain are 
deficient in the induction of epidermal hyperplasia (Lam- 
bert etal., 1993), which frequently precedes neoplastic 
transformation. Additional targets of high-risk HPV E6 are 
IRF-3, paxillin, and E6-BP (reticulocalbin). High-risk HPV 
E6 also activates expression of hTERT, the telomerase cat- 
alytic subunit, which can contribute to lifespan extension and 
ultimately cellular immortalization of infected cells (Veldman 
et al., 2001). 

High-risk HPV E7 uncouples cell proliferation from the 
differentiation programme by disrupting the retinoblastoma 
protein (pRB) tumour-suppressor pathway at multiple levels 
(M unger et al., 2001). High-risk HPV E7 oncoproteins bind 
and degrade the retinoblastoma tumour-suppressor protein 
(pRB) and the related pRB family members p107 and p130 
through their LXCXE motif as well as additional sequences 
that are conserved with the adenovirus E1A protein and SV 40 
T-antigen. Besides inactivation of pRB family members, 
the HPV E7 oncoprotein targets several other important 
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cell cycle regulatory proteins including the CDK inhibitors 
p21CiP} and p27*'P!. High-risk HPV E7 has been found 
to directly interact with cyclin A and to indirectly interact 
with cyclin E through p107. High-risk HPV E7 can bind to 
histone deacetylases (H DA Cs) 1 and 2 independently of pRB 
through M i2b, a component of the NURD histone deacetylase 
complex. Moreover, high-risk HPV E7 transactivates the 
CDC25A promoter thereby accelerating S phase entry. High- 
risk HPV E7 oncoproteins also interact with several host 
cellular proteins including transcription factors (TBP, AP-1, 
p300, and others); the S4 subunit of the proteasome, hTID; 
the protein phosphatase PP 2A; the retinoblastoma- associated 
protein p600; and SRC1, a component of steroid hormone 
signalling. 

In contrast to high-risk HPV oncoproteins, E6 and E7 
proteins encoded by low-risk HPVs such as HPV -6 or HPV- 
11 either do not interact with the targets of high-risk HPV- 
encoded oncoproteins or do so much less efficiently. 

High-risk HPV oncoproteins were found to promote the 
formation multipolar mitotic spindles by uncoupling cen- 
trosome duplication from the cell division cycle (Duensing 
et al., 2000) and to provoke premature chromosome segrega- 
tion and anaphase bridge formation (Plug-DeM aggio et al., 
2004). Moreover, HPV oncoproteins have been found to 
interact with DNA repair factors such as BRCA1. 

The vast majority of HPV infections are transient and 
limited by the host immune system, in particular, by 
mucosa-associated immune functions. Recent advances in the 
development of prophylactic HPV vaccines using viruslike 
particles consisting of L1 viral capsid proteins resulted in 
a high level of protection against high-risk HPV infection 
and premalignant cervical lesions in young women (K outsky 
et al., 2002). 


Human T-Cell Leukaemia Virus Type 1 (HTLV-I) 


HTLV-1 is a human retrovirus and the aetiological agent 
of adult T-cell leukaemia (ATL), an aggressive malig- 
nancy of CD4-positive T lymphocytes. It has been esti- 
mated that 10-20million people worldwide are infected 
with this retrovirus. ATL is endemic in Japan, where 
approximately 1-5% of individuals who have acquired the 
infection will develop ATL over their lifetime. In non- 
endemic geographic regions such as Africa, South Amer- 
ica, the Carribean islands, and the United States, HTLV- 
1 has also been implicated in certain T-cell lymphomas 
and mycosis fungoides. The transmission of the virus 
occurs via infected T cells. Routes of infection involve 
transmission from mothers to children through breast- 
feeding or transplacentally or by sexual or intravenous con- 
tact with virus-containing body fluids (see RNA Tumour 
Viruses). 

HTLV-1 integrates randomly into the genome of infected 
cells and the development of leukaemia usually requires 
a long latency period that can comprise several decades. 
These findings underscore that secondary genetic events are 
important for the development of malignant T-cell clones. 
The HTLV-encoded protein Tax is not only critical for 


viral replication, it has also been implicated as the primary 
virus-encoded factor involved in malignant transformation 
(Grassmann et al., 2005). Tax has been shown to trans- 
form rodent fibroblasts and to immortalize primary human 
T lymphocytes. It is noteworthy that infected individuals 
frequently show clonally expanded and growth-stimulated 
T lymphocyte populations without malignant conversion. Tax 
induces an activation of cellular signalling pathways includ- 
ing upregulation of transcription factors (NF-«B, CREB, 
AP-1, and SRF), recruitment of transcriptional coactiva- 
tors (CBP, p300, and P/CAF), and enhancement of tran- 
scription through interaction with TBP. Tax-expressing cells 
are characterized by striking differences in the expres- 
sion pattern of cytokines and cytokine receptors. M ore- 
over, the Tax protein was found to disrupt cell cycle 
checkpoints through binding and upregulation of cyclin D, 
interaction with CDK 4, and inactivation of several CDK 
inhibitors. Tax does not bind p21°'P! but instead leads to 
an upregulation of this CDK inhibitor. Tax also inacti- 
vates critical host cell tumour-suppressor proteins, specif- 
ically P53, pRB, and hDLG. Tax can impair base exci- 
sion repair through repression of DNA polymerase 8 and 
interferes with nucleotide excision repair. In addition, Tax 
may contribute to chromosomal instability through inter- 
action with Madi, a protein involved in mitotic check- 
point control (Jin etal., 1998). Tax has also been found 
to provoke abnormal centrosome numbers, a hallmark of 
cancer and a potential cause for cell division errors and 
aneuploidy. 

Although prevention of disease through vaccination has 
been successfully performed in animals, no human vaccine 
is currently available. 


Hepatitis B Virus (HBV) 


HBV is a non-cytopathic partially double-stranded DNA 
virus of the hepadnavirus family with a strong tropism for 
liver cells. It has been estimated that over 350 million peo- 
ple worldwide are chronically infected with HBV and a 
significant proportion of these patients will develop liver cir- 
rhosis, HCC, or both (Lavanchy, 2005). There are remarkable 
geographic differences between HBV transmission and the 
course of the disease. In regions with a high-prevalence of 
HBV infections such as Africa or Asia, transmission of the 
virus frequently occurs perinatally or within the first years of 
life. In these patients, chronic infection is associated with a 
lifetime risk of death from HBV -associated HCC of approxi- 
mately 25%. In regions with low HBV prevalence, infections 
are commonly acquired during adult life through contact with 
infectious body fluids. Patients develop an acute viral hep- 
atitis that, in most cases, is contained by the host immune 
system. In this context, it is notable that HBV is very stable 
outside the body, and blood can remain infectious for a week 
at room temperature. 

Approximately 3-5% of patients infected with HBV dur- 
ing adult life will develop chronic HBV infection, and a 
significant proportion of those who have developed chronic 
infection will develop liver cirrhosis and/or liver cancer. 
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Important cofactors for tumour development include dietary 
exposure to aflatoxins and alcohol abuse. Although incom- 
plete HBV genomes have been found integrated into host 
chromosomes in about 80% of HCCs, there is no common 
chromosomal region in which integration occurs (in contrast 
to the woodchuck hepatitis virus where integration targets 
the MYC locus). Some integration sites have been mapped 
to genomic regions encoding for genes that have been impli- 
cated in cancer development, and there is the possibility 
that certain integration events or subsequent chromosomal 
rearrangements may confer a growth advantage on infected 
hepatocytes (Bonilla Guerrero and Roberts, 2005). 

The development of HCC is usually a late event fol- 
lowing HBV infection suggesting a multi-step process of 
tumourigenesis. The precise nature and timing of oncogenic 
events, however, remain elusive. It has been proposed that 
the continuing inflammatory response of the host plays an 
important role in this process. Moreover, the persistent stim- 
ulus to regenerate hepatocytes during chronic infection may 
be intrinsically mutagenic. Liver cells are normally pro- 
liferatively quiescent and unscheduled entry into the cell 
division cycle may cause enhanced genotoxic stress. It can 
be envisioned that aberrant cell divisions in the presence of 
inflammatory mediators such as reactive oxygen species may 
be particularly detrimental (Moss and Blaser, 2005). 

In addition, there is mounting evidence for HBV -encoded 
proteins contributing to carcinogenesis. The HBV genome 
consists of four ORFs that encode viral proteins including 
the 154-amino acid protein X (HBx). Although HBx may 
not be the only virus-encoded protein involved in hepato- 
cyte transformation, it has received much attention because 
of its various, potentially oncogenic functions and the fact 
that it has been reported to be commonly integrated into the 
host genome in HCCs. HBx binds and inactivates the P53 
tumour suppressor, thus interfering with P53-mediated apop- 
tosis and it impedes P53 transcriptional activity. HBx also 
interacts with DNA repair proteins. It is a potent transcrip- 
tional coactivator that leads to the deregulation of a variety 
of host cell genes including c-MYC and NF -xB (Staib et al., 
2003). HBx has been shown to deregulate the activity of 
cyclin-dependent kinases and interferes with nuclear export 
pathways. HBx can activate the J AK/STAT and MAPK path- 
way. It has also been found to provoke cell division errors 
through an increased formation of multipolar mitotic spin- 
dles. HBx transgenic mice develop liver cancer, and expres- 
sion of this protein promotes cell transformation in vitro. 
Collectively, these findings suggest that host cell factors and 
virus-associated functions cooperate to stimulate genetic and 
epigenetic changes that ultimately lead to hepatocyte trans- 
formation and cancer development (see also Human DNA 
Tumour Viruses). 

Safe and effective HBV vaccines are available but HBV- 
associated diseases remain, despite mass immunization pro- 
grams, a major global health problem. 


Hepatitis C Virus (HCV) 


The HCV is a single-stranded RNA virus of the flavivirus 
family that shares the tropism for liver cells with HBV and 


can also lead to chronic infection with cirrhosis and develop- 
ment of HCC (Giannini and Brechot, 2003). The prevalence 
of chronic HCV infection has been estimated at approxi- 
mately 350 million patients worldwide with significant geo- 
graphic differences. The virus is mainly transmitted through 
blood transfusions from unscreened donors, injection-drug 
use, and other forms of percutaneous exposure to blood or 
blood-derived body fluids. There are several important dif- 
ferences between HBV and HCV. In contrast to HBV, the 
majority of HCV infections are not self-limiting and over 
70% of HCV infections have been estimated to develop into 
a chronic state. As a consequence, HCV leads to a higher 
rate of liver cirrhosis and more patients with liver cirrho- 
sis develop HCC when compared to HBV -infected patients. 
Chronic HCV infection also leads to a significantly higher 
rate of liver steatosis than HBV infection, although the 
pathogenic role of this alteration remains unclear. A striking 
feature of HCV is the extremely high mutation rate of the 
viral genome that may allow the virus to rapidly escape host 
cell immune responses. A nother major difference in compar- 
ison to HBV is that HCV genomes do not integrate into host 
cell chromosomes. 

The general concept of liver cell injury and regeneration 
as a pathogenic mechanism involved in HCC development is 
likely to apply also to HCV. Several virus-encoded proteins 
have been suggested to play a role in liver carcinogenesis 
including the HCV core protein and the non-structural 
proteins NS3 and NS5A (Giannini and Brechot, 2003). HCV 
core protein is a multifunctional cytoplasmic protein that 
has been implicated in modulating cell cycle progression, 
apoptosis, and gene transcription. HCV core was found to 
interfere with RAF/MAPK/ERK signalling and to activate 
cellular promoters. In addition, HCV core can interfere with 
p53-dependent gene transcription and induce oxidative stress. 
HCV core protein has transforming activities in vitro, and 
transgenic mice develop liver cancer. NS3 has serine protease 
activity and can transform rodent cells in vitro. The ability of 
NS3 to interfere with PKA activity and p53 functions and the 
induction of reactive oxygen species have been implicated 
in its transforming potential. NS5A is a phosphoprotein that 
interacts with a variety of host cell proteins involved in the 
interferon response and cell cycle control. It can modulate 
gene transcription and disrupts host cell signalling pathways 
by targeting Grb2, PI3K, and the TGF£ signalling pathway. 
NS5A has been suggested to protect cells from TNFa and 
p53-mediated apoptosis. Overexpression of NS5A promotes 
genomic instability, anchorage-independent cell growth, and 
tumour formation in nude mice. 

There are currently no vaccines available to prevent HCV 
infection and emphasis on primary prevention is crucial for 
the reduction of global morbidity and mortality. 


BACTERIA 


Unlike the oncogenic viruses, bacteria and parasites induce 
cancer without inserting their genetic material into the host 
cell. Instead, cancer appears to be consequent to the host's 
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inflammatory response to the infection. This mechanism of 
oncogenesis was first proposed by Virchow years ago, in 
the 1860s, when he maintained that cancer derived from 
tissue irritation (Virchow, 1867; O'Byrne and Dalgleish, 
2001). Almost a century and a half later, we now know 
that inflammation promotes cell proliferation, differentiation, 
mutation, angiogenesis, survival, and migration (Balkwill 
and Mantovani, 2001; Coussens and Werb, 2002). Although 
inflammatory mechanisms may also pertain to virally induced 
tumours (see hepatitis B in the preceding text) and to tumours 
as yet not known to be infectious in aetiology (e.g., colon 
cancer linked to inflammatory bowel disease), they are the 
pre-eminent mechanisms for cancers linked to parasites and 
bacteria. 


H. pylori 


H. pylori is a Gram-negative rod that thrives in the mucous 
layer of the human stomach. It is a highly prevalent organism, 
infecting 20 to 30% of adults in industrialized countries and a 
great majority of adults in developing countries. Infection is 
typically acquired in childhood, particularly in the developing 
world, and lasts for decades if not for life (Brown, 2000). 

H. pylori invariably causes inflammation in the gastric 
mucosa. The degree and location of this inflammation varies 
from individual to individual. Determinants of inflamma- 
tion include characteristics of the organism and of the host. 
The organism-related characteristics include the presence or 
absence of a cassette of genes called the cag pathogenicity 
island (PAI) and specific polymorphisms of the organism's 
vacuolating cytotoxin (vacA) gene. The PAI encodes a type 
IV secretion system that injects a bacterial protein (CagA) 
into the host gastric epithelial cell. This injection results in 
tyrosine phosphorylation of CagA (pathogenicity), which in 
turn activates the host SHP2 phosphatase and ERK. The end 
result is morphologic change in the host epithelium, includ- 
ing breakdown of epithelial cell junctions and enhanced 
cell motility. In addition, the Cag PAI is associated with 
activation of NF-«B, enhanced epithelial cytokine induc- 
tion (including IL-1, IL-6, IL-8, IL-10, IL-12, and TNFa), 
and higher degrees of acute and chronic inflammation in 
the mucosa (Israel et al., 2001; Hida et al., 1999; Yamaoka 
et al., 1997). The host characteristics most strongly linked 
to the inflammatory responses are the host's genotype of 
interleukin-1, interleukin-18 receptor antagonist, and TNF 
(Basso and Plebani, 2004). Those with the deleterious poly- 
morphisms have greater progression of infection within the 
mucosa, higher degrees of inflammation, and diminished acid 
secretory capacity. 

H. pylori causes both gastric adenocarcinoma and gastric 
lymphoma. Because these two diseases have distinct distri- 
butions and pathogenesis, they will be discussed separately 
(see also Upper Gastrointestinal Tract). 


Gastric Adenocarcinoma 


Gastric adenocarcinoma is one of the most common malig- 
nancies worldwide, causing 650 000 deaths annually (Ferlay 


et al., 2004). Globally, it is the second leading cause of can- 
cer death with particularly high mortality in east Asia and 
Latin America. Epidemiologic studies of gastric cancer indi- 
cate that H. pylori markedly increases risk, that infection 
precedes gastric cancer, and that adenocarcinoma is quite 
rare in uninfected hosts (Shibata and Parsonnet, 2006). It has 
been estimated that 75% of stomach cancers are attributable 
to H. pylori (Parkin, 2006). Despite this high attributable pro- 
portion, only a small minority of H. pylori - infected hosts, 
however, will develop adenocarcinoma. Thus, infection may 
be necessary (or almost necessary), but does not seem suf- 
ficient to induce malignancy. The combination of adverse 
bacterial and host genotypes described in the preceding text 
appears to be a particularly critical determinant of infec- 
tion outcome. For example, organisms containing the Cag 
PAI increase the risk of cancer twofold (Huang et al., 2003); 
whereas, on the host side, increasing combinations of adverse 
polymorphisms in IL-18, IL-18 receptor antagonist, TNF, 
and IL-10 yielded up to 27-fold increased risk of cancer 
(El-Omar et al., 2003). Diet - specifically high salt and low 
antioxidant intake - has been found in epidemiologic stud- 
ies to also increase cancer risk, although these factors have 
not been well studied in conjunction with H. pylori infection 
(Shibata and Parsonnet, 2006). Of recent interest is the effect 
of co-infection with intestinal helminths on cancer outcome. 
By enhancing Th-2 responses and abrogating Th-1-mediated 
gastric inflammation, helminths might reduce cancer risk and 
explain the variability in cancer incidence in countries with 
high H. pylori prevalence (Fox et al., 2000). This hypothesis 
is an area of active enquiry. 

How H. pylori causes adenocarcinoma remains an area 
of great academic interest, both because of the importance 
of the disease and its relevance to other inflammation- 
related tumours. Morphologically, the most common type 
of stomach carcinoma - the intestinal type - is preceded by 
a sequence of preneoplastic conditions: multifocal atrophic 
gastritis, intestinal metaplasia, and dysplasia (Correa et al., 
1976). The leading theory holds that H. pylori -related 
inflammation precipitates this progression by increasing cell 
proliferation and inducing creation of reactive oxygen and 
nitrogen species (Crowe, 2005). Together, these phenomena 
promote DNA damage; stochastic mutation particularly in 
CpG sites within the host genome (Shibata et al., 2002); 
and malignant transformation. Changes in cell morphology, 
polarity, and motility induced by the injection of Cag into the 
epithelial cell may also play a role in malignant transforma- 
tion (Bagnoli et al., 2005). Despite these profound effects on 
the epithelial tissue, however, some investigators now specu- 
late that the cell of origin of the malignancy is not the native 
epithelial cell, but rather bone marrow - derived stem cells 
that have been recruited to the site by inflammatory stimuli 
(Houghton et al., 2004). These cells then differentiate aber- 
rantly into metaplastic and ultimately dysplastic epithelium. 

Although most research has been devoted towards the 
inflammation hypothesis of gastric cancer, it is important 
to note that not all gastric adenocarcinomas are associated 
with heightened inflammatory response. For example, the 
diffuse type of gastric tumour, although linked to H. pylori, 
is not associated with inflammation or polymorphisms in 
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inflammatory cytokines. Occurrence of a hereditary form of 
this tumour - which is not H. pylori related - corresponds 
to polymorphisms in the E-cadherin gene (Carneiro et al., 
2004). Whether H. pylori can precipitate a parallel path- 
way to the same histopathologic end point remains unknown. 
Nevertheless, the mechanisms of H. pylori - induced carcino- 
genesis appear to be diverse and not easily confined to one 
overarching theory. 

Because H. pylori is curable with antibiotic combinations, 
there has been great enthusiasm in determining whether erad- 
ication or prevention of infection can prevent malignancy. 
To date, studies have been mixed. Although H. pylori erad- 
ication appears to reverse a subset of preneoplastic lesions 
(You et al., 2006), the only large randomized trial completed 
to date does not indicate that such treatment had a benefit on 
preventing cancer (Wong et al., 2004). Owing to the limited 
size, duration, and scope of this one study, however, many 
investigators retain hope that treatment will ultimately prove 
beneficial. This hope must be balanced with a competing 
hypothesis that H. pylori prevention or eradication may ulti- 
mately increase the incidence of oesophageal reflux, B arrett’s 
oesophagus, and oesophageal adenocarcinoma (Raghunath 
et al., 2003; de Martel et al., 2005). 


Gastric Non-Hodgkin’s Lymphoma 


Although the stomach is the most common extranodal site 
for non-Hodgkin's lymphoma (NHL), gastric lymphoma is 
rare, occurring in less than one person per million individuals 
per year (Ullrich et al., 2002). The most common type of 
gastric NHL is mucosal-associated lymphoid tissue (MALT) 
lymphoma, a tumour that has been strongly linked to 
H. pylori infection. MALT, the tissue of origin of MALT 
lymphomas, is the accumulation of lymphoid follicles that 
occur in epithelial tissues. In the stomach, MALT only occurs 
in the setting of H. pylori infection (Stolte et al., 2002). 
Thus, it should come as no surprise that MALT lymphoma 
would be found predominantly in H. pylori - infected hosts. 
Indeed, probably all cases of gastric MALT lymphoma are 
antecedent to H. pylori infection (Chen et al., 2005; Stolte 
et al., 2002). The most compelling evidence for a role of 
H. pylori in MALT lymphoma, however, is the regression 
of early-stage tumours with H. pylori eradication and the 
recrudescence of the tumour with H. pylori recurrence; 
80% of infected patients with MALT lymphoma will have 
complete regression of their tumours with antibiotic therapy 
(Wundisch et al., 2005; Cammarota et al., 1995). Even more 
advanced gastric lymphomas, that is, diffuse large cell 
lymphomas, have occasionally been shown to respond to 
H. pylori eradication therapy (Alsolaiman et al., 2003). 
Little is known about the pathogenesis of gastric lym- 
phoma than about gastric adenocarcinoma. In the typical 
H. pylori-related MALT, the monoclonal tumour cells 
appear to be directed against autoantigens in the gastric 
mucosa and driven to proliferate by T cells responding 
to H. pylori infection (Wotherspoon etal., 2002). Eradi- 
cation of H. pylori at this stage eliminates this drive to 
proliferate, and the tumour regresses. The malignant clone, 


however, may not disappear; following H. pylori eradi- 
cation, residual monoclonal tumour cells are often iden- 
tifiable within the normal appearing mucosa. There are 
genetic differences in low-grade tumours that will regress 
and high-grade tumours that will not. Specifically, in 
the early reversible tumours, t(11;18)(q21;q21) transloca- 
tions are common as is trisomy 3 (Stolte etal., 2002). 
High-grade tumours may develop additional translocations 
[t(1;14)(p22;q32) and t(14;18)(q32;q21)] that ultimately ren- 
der the tumour resistant to H. pylori - eradication therapy 
(Isaacson and Du, 2003). 


Other Bacterial Infections and Malignancy 


No other bacterium has been as extensively researched as 
H. pylori in the pathogenesis of malignancy. Other asso- 
ciations, however, do warrant mention. Conforming to the 
inflammation pathway are squamous cell carcinomas of 
the skin occurring in the setting of chronic infection with 
both Mycobacterium ulcerans (Buruli ulcer; Evans etal., 
1999) and Mycobacterium leprae (Kampirapap and Poon- 
pracha, 2005). Squamous cell carcinomas are also a well- 
known complication in the fistulae of chronically draining 
osteomyelitis, regardless of the specific underlying pathogen 
(Altay etal., 2004). Although it has been speculated that 
recurrent urinary tract infections predispose to bladder can- 
cer, this remains an area of dispute (K jaer et al., 1989). The 
best evidence for such an association is the high frequency 
with which bladder cancer occurs following tuberculous 
cystitis (K amyshan et al., 2000) and the occurrence of squa- 
mous cell carcinomas in patients with long-term indwelling 
catheters (Locke et al., 1985). Less debate exists regarding 
the association between gallbladder carcinoma and chronic 
Salmonella typhi or Salmonella paratyphi infection (Randi 
et al., 2006); these infections consistently appear to increase 
the risk of gallbladder tumours fivefold. 

Bacteria have also been associated with MALT lymphomas 
outside the stomach. Examples include the following: Borre- 
lia burdorferii in MALT lymphoma of the skin, Chlamy- 
dia psittaci in MALT lymphoma of the tear ducts, and 
Campylobacter jejuni with immunoproliferative disease of 
the small intestine (also known as M editerranean lymphoma) 
(Guidoboni et al., 2006). Each of these tumours may remit 
with antibiotic therapy. 


HELMINTHS 


Helminths are among the most common infections of 
humans, infecting billions of people worldwide. Among the 
many types of human-infecting helminths - including nema- 
todes (roundworms), cestodes (tapeworms), and trematodes 
(flukes) - only a small subset of trematodes have been 
causally associated with human malignancy. These carcino- 
genic trematodes fall into the families of schistosomes and 
liver flukes. Unfortunately, detailed investigations of the role 
of helminths in cancer remain sparse. 
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Schistosomes 


Three species of schistosomes commonly infect humans: 
Schistosoma haematobium, Schistosoma japonicum, and 
Schistosoma mansoni. The three species have different distri- 
butions worldwide, with S. haematobium prevalent in Africa 
and the Middle East, S. japonicum (as the name portends) 
in the Far East, and S. mansoni in South America, the 
Caribbean, Africa, and the M iddle East. 

The life cycle of human schistosomes is complex. A dult 
worms residing in the definitive mammalian host lay eggs 
that are excreted in stools or urine. Miracidia released from 
the hatched eggs infect the intermediate host, a schistosome- 
species-specific snail. After several stages of life cycle in the 
Snail, cercariae are released into water and penetrate the skin 
of humans who are wading or swimming. The cercariae then 
become schistosomulae, which migrate through the human 
body to take residence in the mesenteric venules of the 
intestine (S. japonicum and S. mansoni) or the pelvic venules 
of the bladder (S. haematobium). There, the females lay eggs 
that migrate to the lumen of the intestine or bladder and are 
excreted in the stool or urine, respectively. Some eggs may 
coincidentally enter the portal venous system and become 
lodged in the liver. Humans are the only definitive host for 
S. haematobium and S. mansoni, but other mammals can 
serve as definitive hosts for S. japonicum (Centers for 
Disease Control, 2004c). 

As with most infections that cause malignancy, the major- 
ity of schistosomiasis infections are silent. Whether symp- 
toms occur depends on egg burden, their location, the 
immune response, and the location of the adult worms. In 
human hosts, however, infection is associated with an inflam- 
matory response and, as the eggs and adult worms die, 
localized calcification and fibrosis (IARC, 1994b). If eggs 
are deposited in the liver, large granulomas may surround the 
eggs in the portal triads, resulting in hepatomegaly. As fibro- 
sis and scarring progress, portal hypertension may ensue. In 
the bladder and ureters, similar fibrosis may be found; with 
high burden infections, such scarring leads to deformation 
of the bladder, ureteral obstruction, mucosal ulceration, and 
recurrent urinary tract infections. 

Public health measures - broad treatment of infected hosts, 
preclusion of human defecation in water, and elimination 
of snail infestation - can be highly effective in preventing 
schistosomiasis. Through these efforts, schistosomiasis has 
been completely eliminated from some countries (Centers 
for Disease Control, 2004c). As an example, since initiat- 
ing a national campaign, Egypt has seen the prevalence of 
S. haematobium infection drop from 35% in 1983 to 1.3% 
in 2003 (Ibrahim and Khaled, 2006). Yet such successes 
are not universally observed. Owing to limited public health 
resources, many areas of the world continue to have high 
rates of infection. With 200 million prevalent cases world- 
wide, schistosomiasis remains second only to malaria as an 
important parasitic infection in humans (Centers for Disease 
Control, 2004c). 


S. haematobium and Bladder Cancer 


There are two major histologic types of bladder cancer: 
transitional cell, which comprises 90-95% of tumours in 
industrialized countries, and squamous cell, which comprises 
the majority of tumours in focal areas of Africa and the 
Middle East (Ibrahim and Khaled, 2006). For example, 
squamous cell cancer is the leading cause of cancer in 
Egyptian men, where it occurs predominantly among farmers 
in their 40s. The incidence of squamous cell tumours in 
Egypt - where much of the research in this field has been 
conducted - is the highest reported in the world, exceeding 
the US registry rates 12- to 25-fold (see also Urinary Tract). 

S. haematobium has long been linked to squamous bladder 
cancer through widespread recognition of the coincidental 
occurrence of the two diseases in similar geographic dis- 
tributions and similar histopathologic distributions within 
the bladder itself. Formal epidemiologic studies dating back 
over five decades confirm this common wisdom. Among 
the important information gleaned from these studies is the 
increasing risk of disease with higher worm burden and the 
lack of an additive effect with smoking. On the basis of 
the breadth of the epidemiologic studies, the International 
Agency for Research on Cancer concluded that S. haema- 
tobium, like H. pylori, is a type 1 carcinogen, or a definite 
cause of cancer in humans (IARC, 1994b). 

Pathogenesis of schistosome-related bladder cancer is 
incompletely understood. Some maintain that carcinogen- 
esis results from the recurrent bacterial infections that 
plague individuals with bladders deformed by schistoso- 
miasis (Shokeir, 2004). Bacterial cystitis would tend to 
inflame the bladder - resulting in the attendant proliferation 
and oxidative damage described for H. pylori (Rosin et al., 
1994b) - and convert procarcinogens in urine into carcino- 
gens. Investigators specifically cite the N-nitrosating capacity 
of bladder organisms that convert nitrates to mutagenic N- 
nitrosoamines (M ostafa et al., 1999). Others maintain that 
inflammation related to the schistosomes themselves leads 
to genetic instability that is reversible through anti-parasitic 
therapy (Rosin et al., 1994a). Still others speculate that con- 
comitant schistosomes in the liver impair its ability to detox- 
ify carcinogens, allowing the mutagenic compounds to bathe 
the damaged bladder (M ostafa et al., 1999). Most recently, 
attention has focused on HPV infection as a cofactor for 
schistosome-induced malignancy (Yang et al., 2005). Yang 
and colleagues reported that all patients with schistosome- 
related bladder cancer had high-risk HPV DNA (HPV-16) 
in their tumours. M oreover, they report that infection could 
be detected in urine and in serum, providing an opportu- 
nity for screening. However, HPV in schistosome-related 
bladder cancers has not been reported by others, and this 
interaction remains controversial (Cooper et al., 1997). Vita- 
min A deficiency has also been implicated in progression 
of the schistosome-infected mucosa to squamous metaplasia 
(Tawfik, 1987). 

No consistent mutation in bladder tumours has been 
associated with S. haematobium. This, in itself, supports 
the rather stochastic nature of inflammation-related mutation. 
The gene most commonly implicated is P53. Mutations in 
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P53, many of which are multiple, have been observed in 
33-86% of cases and tend to occur as transitions at CpG 
sites (Ramchurren et al., 1995; Mostafa et al., 1999). Also 
reported are deletions or mutations of the cyclin-dependent 
kinase p16'N** | alterations in RAS deletions on chromosome 
9p, and damage to chromosome 11. 


S. japonicum and S.mansoni 


S. japonicum and S. mansoni adult worms reside in the 
venules of the mesenteric system. Eggs commonly invade 
the intestinal mucosa, but also migrate through the portal 
system to the liver. S. japonicum has been linked to both 
liver and colon cancer, whereas S. mansoni has been tied 
to colon cancer. For both infections, the data supporting 
these associations are sparse, based more on anecdotal 
observations and historical associations than on systematic 
studies. In PubMed, for example, only 28 studies include 
japonicum in the title with cancer, carcinoma, or neoplasia 
as a keyword. The limited epidemiologic studies supporting 
the linkages between S. japonicum and liver or colon 
cancer frequently lack control for confounders such as 
hepatitis viruses (particularly hepatitis C), alcohol, and 
diet, making the confidence in the associations questionable 
(IARC, 1994b; Qiu et al., 2005; Takemura et al., 1998). For 
S. mansoni, data are even sparser, consisting largely of case 
reports. A recent case series, however, found that subjects 
with S. mansoni-associated colon cancer were younger than 
those without S. mansoni and were more likely to have 
mucinous, aggressive, multifocal disease (M adbouly et al., 
2007). A causal role, however, is far from established 
(IARC, 1994b). 

Needless to say, given the small amount of information 
on both S. japonicum and S. mansoni, mechanisms of 
carcinogenesis remain unknown. 


Liver Flukes 


Three liver flukes infect humans: Opisthorchis viverrini, 
Opisthorchis felineus, and Clonorchis sinensis. O. viverrini 
is prevalent in Thailand, Laos, and Kampuchea; O. felineus 
is found in eastern Europe; and C. sinensis is found focally 
in Korea, China, Taiwan, and Vietnam (Centers for Disease 
Control, 2004a,b; IARC, 1994a). 

Like the schistosomes, the liver flukes have a complex life 
cycle. Adult worms that live in the definitive mammalian 
host's intestinal tract lay eggs that are shed in the stool. 
In water, the eggs hatch and the resultant miracidia enter 
the first intermediate host, a liver-fluke-specific snail species. 
After additional life cycle stages, the snail releases cercariae, 
which enter freshwater fish and encyst in the muscle. 
When mammals (including humans and other carnivorous 
mammals) eat uncooked fish, the metacercariae excyst in the 
duodenum and ascend the biliary tract, where they mature 
into adults and the cycle begins again. Infection can be 
prevented by provision of latrines, use of molluscicides, and 


education about the hazards of eating raw or undercooked 
fish. 

Although the three liver flukes appear to behave similarly 
within the human body, they are linked to cancer of the 
biliary tree (cholangiocarcinoma) with varying degrees of 
certitude. The International Agency for Research on Cancer 
classifies O. viverrini as a definite cause of cancer in 
humans, C. sinensis as a probable cause of cancer, and 
O. felineus as not classifiable (IARC, 1994a). The variability 
in categorization relates not to the truth of carcinogenicity, 
but rather to the quality and quantity of research conducted 
on the specific pathogen. The bulk of studies come from 
Thailand, and, thus, data on O. viverrini are most robust. 

In villages of Khon Kaen province of northeastern Thai- 
land, rates of cholangiocarcinoma exceed 100/100 000 popu- 
lation per year compared to more typical rates globally of less 
than 4/100 000 per year (Sriplung et al., 2005; Ferlay et al., 
2004). Case series in Thailand yield O. viverrini in the great 
majority of cases, with case-control studies indicating up to 
a fivefold increased risk (IARC, 1994a). Data on C. sinen- 
sis are similar. It is important to note, however, that only 
a minority of O. viverrini - infected individuals have adeno- 
matous hyperplasia, a putative precursor to cancer (Pairojkul 
et al., 1991). 

Whatever little is known about mechanisms of carcino- 
genesis for the liver flukes comes from a hamster model 
of O. viverrini (Chaimuangraj etal., 2003). In these ani- 
mals, O. viverrini is insufficient to induce cancer. Infection 
alone does cause inflammation and fibrotic lesions in the 
biliary tree, however, and these become malignant when a 
chemical carcinogen - typically a nitrosamine - is adminis- 
tered; the chemical carcinogen alone is insufficient. Humans, 
too, may require nitrosamine exposure to induce liver-fluke- 
related cholangiocarcinoma. Urinary excretion of N-nitroso 
compounds has been reported to be higher in O. viverrini- 
infected subjects than in non-infected subjects, suggesting 
that the pathogen itself affects nitrate metabolism (Parkin 
et al., 1993). As with schistosomes and H. pylori, inflamma- 
tion is again potentially a critical factor causing prolifera- 
tion and formation of reactive oxygen species. Interestingly, 
treatment of O. viverrini in hamsters with praziquantel can 
reverse the bile duct proliferation that is thought to precede 
malignancy, but does not reverse the carcinogenic process 
once adverse mutations have been caused through chemical 
carcinogenesis (Thamavit et al., 1992a,b). 


CONCLUSIONS 


The human body is a microbial zoo. We have yet to grasp 
the vast complexity of the many different microbes that 
chronically colonize our skin, respiratory, gastrointestinal, 
and genitourinary systems (Eckburg et al., 2005; Gill et al., 
2006; Kroes et al., 1999). Without an understanding of our 
“microbiome”, it is impossible to evaluate the variability in 
flora as a factor in disease. Some speculate that the absence 
of infection can lead to malignancy (see protective role 
of H. pylori in oesophageal cancer in the preceding text). 
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Others argue that metabolic by-products of infection induce 
carcinogenesis (Ridlon et al., 2006). Still others consider that 
the complex interactions between multiple microbes and the 
human immune system determine outcome. 

With these diverse mechanisms in mind, numerous 
tumours are actively being investigated as having an 
infectious aetiology, including breast cancer (Szabo et al., 
2005), colon cancer (Guarner, 2006), prostate cancer 
(Urisman etal., 2006), mesothelioma, (Manfredi etal., 
2005), and leukaemias (Hamblin, 2006; Heath, 2005). 
Indeed, the increasing breadth of chronic diseases - including 
cancers - that are newly known to have infectious aetiologies 
has led to the question of whether all diseases might be 
infectious (Lorber, 1999). Although this hypothesis may 
appear hyperbolic to some, it is almost a certainty that new 
infectious causes of cancer will be discovered, and that these 
agents will surprise us and provide insights into disease 
pathogenesis more broadly. 
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INTRODUCTION 


It has been known for several hundred years that exposure to 
particular chemicals or complex mixtures can lead to cancer 
in later life. There has been accumulating evidence that many 
cancers can arise from damage to DNA and the resulting 
mutations. This has been discussed in detail in the preceding 
chapters. As a consequence of this, it has become necessary 
to determine whether widely used chemicals or potentially 
useful new chemicals possess the ability to damage DNA. 
Data concerning the genotoxicity of a new chemical have 
become part of the basic toxicological information package. 
They are needed for decision-making and to reduce risks that 
might otherwise be unforeseen. 

The field of genetic toxicology began in the 1960s when 
several seminal conferences were held focusing on chemical 
mutagens and, in particular, their effects on germ cells and 
the risk to future generations. Although germ-cell risk was 
the initial concern, this was broadened in the 1970s when 
evidence relating genotoxicity and carcinogenicity began 
to accumulate. This was further supported by the use of 
in vitro metabolic activation systems capable of producing 
electrophilic metabolites, and the fact that early analysis 
of rodent carcinogens and non-carcinogens suggested that 
almost all carcinogens were also genotoxic. This view 
has now been modified, because it is clear that non- 
genotoxic carcinogens also exist (see Non-genotoxic C auses 
of Cancer). From then onwards, various national expert 
committees were formed to advise governments on the type 
of approach that should be taken to screen new chemicals 
for carcinogenic risk (and any potential heritable effects). 
Consequently, numerous guidelines have been prepared over 
the past 25 years describing the tests that should be used 
to investigate the genotoxicity of chemicals. It is not the 
intention of this chapter to give an exhaustive list of 
these guidelines, except to mention that a harmonized 
approach to the genotoxicity testing of drugs has now been 
introduced as a result of the International Conference on 
Harmonisation (ICH) programme. In this process, areas of 
disharmony were identified and differences in regulation 
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with respect to genotoxicity were discussed, resulting in 
the creation of two guidelines (referenced at the end of 
this chapter). At the same time that the ICH process 
was occurring, the Organisation for Economic Cooperation 
and Development (OECD) also updated a number of its 
genotoxicity guidelines. Both processes influenced each 
other, resulting in similar recommendations. A summary of 
the testing strategy recommended by the ICH is given in 
Figure 1. In addition to this, a new EU Technical Guidance 
document has also been published on the limits of genotoxic 
impurities within medicinal products proposed for human use 
(Guideline CPM P/SW P/5199/02, 2004). 

In this chapter, the individual test systems that are required 
for genotoxicity screening will be described together with a 
discussion on how the results obtained should be interpreted. 
As well as the primary test systems, there will also be a 
description of the supplementary assays that may be required 
when investigating positive effects. It is not intended to give 
detailed guidance on the performance of these tests. For this 
information, the reader is directed to the references at the end 
of the chapter. The chapter concludes with a brief overview 
of some of the new developments in the field. 


PRIMARY TEST SYSTEMS 


In vitro Metabolic Activation 


Before describing the individual in vitro test systems, it is 
necessary to mention briefly a factor of critical importance 
in genotoxicity screening, namely, the need to include some 
form of in vitro metabolizing system. This is because most 
of the indicator cells (bacteria and mammalian cells) pos- 
sess a very limited capacity for endogenous metabolism of 
xenobiotics. M any carcinogens and mutagens are unable to 
interact with DNA unless they have undergone some degree 
of metabolism (see also Mechanisms of Chemical Car- 
cinogenesis). To improve the ability of the test systems to 
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1. A test for gene mutation in bacteria 


2. An in vitro test with cytogenetic evaluation of 
chromosomal damage with mammalian cells or an 
in vitro mouse lymphoma Tk assay 


3. An in vivo test for chromosomal damage using 
rodent haematopoietic cells 








Figure 1 Recommended ICH genotoxicity test battery. 


detect as many authentic in vivo mutagens and carcinogens 
as possible, extracts of mammalian liver (usually rat) are 
incorporated. The liver is a rich source of mixed-function 
oxygenases capable of converting carcinogens to reactive 
electrophiles. Crude homogenate such as the 9000g super- 
natant (S9 fraction) is used, which is composed of free 
endoplasmic reticulum, microsomes, soluble enzymes, and 
some cofactors. Normal uninduced S9 preparations are of 
limited value for screening as they are deficient in par- 
ticular enzyme activities. In addition, species and tissue 
differences are most divergent in such preparations. These 
problems are reduced when enzyme inducers are used, and, 
most commonly, preparations are made from rat livers after 
enzyme induction with Aroclor 1254, which is a mixture 
of polychlorinated biphenyls, or with a combination of phe- 
nobarbitone and B-naphthoflavone, which induce a similar 
range of mono-oxygenases and have been recommended as 
a Safer alternative to Aroclor (Elliott et al., 1992). 

It should be noted that this system is only a first approxi- 
mation to the complex metabolic processes that occur in vivo, 
and, in particular, there is little account taken of the phase I! 
detoxification reactions. Such factors should be considered 
when interpreting positive in vitro results, which are only 
seen in the presence of S9 mix. 


In vitro Tests for Gene Mutation in Bacteria 


The most widely used assays for detecting chemically 
induced gene mutations are those employing bacteria. These 
assays feature in all test batteries for genotoxicity as it 
is relatively straightforward to use them as a sensitive 
indirect indicator of DNA damage. Bacteria can be grown 
in large numbers overnight, permitting the detection of rare 
mutational events. The most commonly used bacteria are 
the Salmonella typhimurium strains, which contain defined 
mutations in the histidine operon. These were developed by 
Bruce Ames and form the basis of the “reverse” mutation 
assays (Ames, 1971). In these assays, bacteria which are 
already mutant at the histidine locus are treated with a 
range of concentrations of test chemical to determine whether 
the compound can induce a second mutation that directly 
reverses or suppresses the original mutations. This simple 
concept underlines the great strength of these assays for it 
provides enormous selective power, which can identify a 
small number of the chosen mutants from a population of 
millions of unmutated cells and cells mutated in other genes. 
Each of the S. typhimurium strains contains one of a number 


of possible mutations in the histidine operon, and each can 
be reverted by either base-change or frame-shift mutations. 

In order to make the bacteria more sensitive to mutation by 
chemical agents, an rfa mutation has been introduced into the 
Salmonella strains, resulting in defective lipopolysaccharide 
and increased permeability to large molecules. In addition 
the test strains were constructed with a deletion removing 
the uvrB gene, which codes for the first enzyme in the 
error-free excision repair pathway. This renders the strains 
excision repair deficient, thus increasing their sensitivity to 
many genotoxins by several orders of magnitude. Lastly, 
some of the bacterial strains do not appear to possess 
classical error-prone repair as found in other members of 
the Enterobacteria, such as Escherichia coli. This results 
from a deficiency in umuD activity. This deficiency is 
overcome by insertion of a plasmid containing umuDC 
genes. Plasmid pK m101 is the most useful (M ortelmans and 
Dousman, 1986), conferring on the bacteria sensitivity to 
mutation without a concomitant increase in sensitivity to 
the lethal effects of test compounds. The incorporation of 
strain TA102 into the test battery has been recommended, 
as the target mutation has an AT base pair at the critical 
site. This allows the detection of genotoxins not detected 
by the usual battery of S. typhimurium strains that possess 
mutations exclusively at GC base pairs. As an alternative 
many guidelines recommend the use of the E. coli WP2 
trpE strains, which contain a terminating ochre mutation in 
the trpE gene. The ochre mutation involves an AT base pair, 
and so reverse mutation can take place at the original site 
of mutation or in the relevant tRNA loci. A combination of 
E. coli WP2 trpE (pKm101) and E. coli WP2 trpE uvrA 
(pK m101) can be used as alternatives to S. typhimurium 
TA 102 for the detection of point mutations at AT sites. 

Consequently in the current ICH Guidelines (ICH, 1998), 
the following base set of bacterial test strains are recom- 
mended: 

S. typhimurium: TA 98, TA 100, TA 1535 

S. typhimurium: TA 1537, TA97, or TA97a 

S. typhimurium: TA 102, E. coli WP2 uvrA, or E. coli WP2 
uvrA (pK m101) 

The use of the repair-proficient E. coli strain WP2 
(pK m101) allows the detection of cross-linking agents that 
require an intact excision repair pathway to generate muta- 
tions and this strain may also be selected. 

It is not the intention of this chapter to give detailed 
instruction on the performance of these assays. For this 
information, the reader is directed to other detailed ref- 
erences (Gatehouse etal., 1994; Tweats and Gatehouse, 
1999). Bacterial mutation tests have been subjected to sev- 
eral large-scale trials over the years (e.g., Tennant et al., 
1987). These studies were primarily concerned with assess- 
ing the correlation between results obtained in the assays 
and the carcinogenic activity of chemicals. Most of the 
studies suggest that there is a good qualitative relation- 
ship between genotoxicity in the Salmonella assay and car- 
cinogenicity for many, although not all, chemical classes. 
This figure varies between a sensitivity of 60 and 90% 
dependent upon chemical class. The bacterial assays seem 
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to be particularly efficient in detecting trans-species, mul- 
tiorgan animal carcinogens (Ashby and Tennant, 1988). 
More recently a comprehensive evaluation by Kirkland 
etal. (2005), using a database for the Ames test of 
over 540 chemicals, confirmed that the sensitivity of the 
test was around 60% and the specificity was higher at 
73.9%. 


In vitro Tests for Gene Mutation in Mammalian Cells 


Although the prokaryotic systems described above are 
extremely versatile, rapid, and mostly accurate in detecting 
genotoxins, the intrinsic differences between prokaryotic and 
eukaryotic cells in terms of genome structure and organiza- 
tion necessitate the use of mammalian test systems within 
any screening battery designed to detect the widest spec- 
trum of genotoxins. A variety of in vitro mutation systems 
have been described in the literature but only a few have 
been defined adequately for quantitative studies (Cole et al., 
1990). Unlike the bacterial reverse mutation systems, these 
tests are based upon the detection of forward mutations. A 
defined large number of cells are treated with the test agent 
and then, after a set interval (termed the expression period), 
the cells are exposed to a selective toxic agent, so only those 
cells that have mutated can survive. Usually mutation is mea- 
sured in genes located on the X chromosome in male cells 
(XY) where only one copy of the target gene is present, 
or in cells (called heterozygotes) where two copies of the 
gene are present but only one copy is active, as the other 
has been inactivated through mutation or deletion. The most 
common systems make use of genes that are not essential 
for cell survival but allow the cell to salvage nucleic acid 
breakdown products (nucleotides) from the culture medium 
for reuse in metabolism. Toxic nucleotides placed in the cul- 
ture medium will be transported into normal (non-mutated) 
cells that consequently die. However, loss of the salvage 
enzyme through genotoxic damage (mutation, chromosome 
deletions, or rearrangements) of the corresponding gene will 
render the cell resistant to the toxic nucleotide and so it 
will survive. The surviving mutant cells can be detected by 
colony formation in tissue culture plates. The two most pop- 
ular genes for measuring mutation in vitro are those coding 
for hypoxanthine guanine phosphoribosy! transferase (H gprt) 
and thymidine kinase (Tk). The former is located on the X 
chromosome in both human and Chinese hamster cells and 
loss of activity in this gene can be measured by resistance 
to the antimetabolite 6-thioguanine. The Tk gene is located 
on chromosome 11 in mouse cells and on chromosome 17 
in humans. Loss of activity in this gene can be measured 
by resistance to the toxic chemical trifluorothymidine (Clive 
et al., 1987). Three cell lines have been used most exten- 
sively for routine in vitro mutation assays. Two are Chinese 
hamster cell lines (V79 and Chinese hamster ovary, CHO) 
and one is a heterozygous mouse line, mouse lymphoma 
(L5178Y ). The Chinese hamster cells have been used exten- 
sively over the past 15- 25 years, but more recently there has 
been a significant move towards the use of the heterozygous 
mouse lymphoma L5178Y cell line because of the variety 


The gene coding for thymidine kinase (Tk) is on mouse 
chromosome number 11 


The mouse lymphoma L5178Y line is Tk*”, 
that is, one gene copy is already inactivated by mutation 


Therefore each cell contains only one functional gene 


Therefore one mutational event can render the cell Tk” 
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Figure 2 The theoretical basis of the L5178Y Tk+/~ mouse lymphoma 
assay. 


of genetic events detected in this system. In fact, the cur- 
rent ICH guidelines recommend this system as the method 
of choice when evaluating the potential genotoxicity of new 
drugs. 

The theoretical basis for the mouse lymphoma assay is 
shown in Figure 2. Two main protocols have been devised 
for performing the assay, plating the cells in soft agar 
or a microwell fluctuation test approach. The most recent 
recommendations on the correct performance of this assay 
are contained within a number of publications by Moore 
et al. (2000, 2002, 2003). 

At least two types of colonies are obtained when mutations 
at the Tk locus are selected, large colonies which grow 
at the normal rate and slow-growing small colonies. Initial 
molecular analysis of these colonies indicated that a high 
percentage of small colony mutants have a wide variety of 
visible chromosome 11b aberrations, whereas large colonies 
do not. However, recent chromosome painting analysis of 
colonies indicates that this initial generalized premise on 
colony size may be oversimplistic. What is clear is that a 
wide range of mutations and genetic events can be detected 
by the L5178Y system, including both point mutations and 
chromosomal damage. 

The p53 status of a number of L5178Y cell lines has 
been investigated, and it has been found that the cells 
contain two mutant p53 alleles resulting in a dysfunctional 
p53 protein (Storer et al., 1997). As this tumour-suppressor 
protein is so important in regulating cellular responses to 
DNA damage, this may account for the sensitivity of these 
cells to genotoxins. It has been suggested that the p53 status 
of the cells makes them even more appropriate for use in 
screens for genotoxic carcinogens, as the development of 
cancer is often associated with mutant p53 protein. A system 
that contains a component evaluating a chemical’s ability 
to induce additional mutations in p53-deficient cells may 
provide a more appropriate model for the human situation. 


4 THE CAUSATION AND PREVENTION OF CANCER 


In vitro Tests for Chromosome Damage in 
Mammalian Cells 


An alternative method to measuring mutation induction 
within mammalian genes involves the examination of mam- 
malian chromosomes microscopically for the presence of 
visible damage. Cultures of established cells (e.g., Chinese 
hamster fibroblasts) or primary cells (e.g., human peripheral 
lymphocytes) can be used. 

In simplest terms, these tests generally involve exposure 
of cultured cells to the test material in the presence and 
absence of a metabolic activation system. The cells are then 
harvested; metaphase spreads are prepared; and gross damage 
to the chromosomes, such as terminal deletions, breaks, and 
exchanges, are recorded. Much of this damage is lethal to 
the cell during the cell cycle following induction of the 
damage. H owever, such changes are used as indicators of the 
presence of non-lethal more subtle changes (e.g., reciprocal 
translocations and small deletions), which are difficult to 
observe microscopically, but which may have important 
consequences in both somatic and germ cells. 

A detailed discussion of the test procedures employed is 
contained within Galloway etal. (1994). Detectable levels 
of chromosome aberrations are often found only at doses 
that induce some evidence of cytotoxicity, and consequently 
the recommended protocols require that the maximum test 
concentration should induce >50% reduction in cell number 
or culture confluency for cell lines, or an inhibition of 
mitotic index by >50% for lymphocytes. However, there are 
growing concerns as to the relevance of genotoxic effects that 
are found only at highly cytotoxic concentrations (Galloway, 
2000), and this may be reflected by the poor specificity of 
mammalian cells tests (Kirkland et al., 2005). 


In vivo Tests for Chromosome Damage in Rodents 


Although there are a number of methods available for mea- 
suring chromosome damage in vivo, by far the most popular 
and extensively validated technique is the micronucleus test. 
In this assay, damage is induced in the immature erythrob- 
last population in the bone marrow. Chromosome breakage 
is detected in the form of centric and acentric fragments, 
which form micronuclei observable microscopically within 
these cells after the main nucleus has been expelled. This 
test is also sensitive to numerical changes, thus allowing 
the detection of chemicals that cause whole chromosome 
loss (aneuploidy) in the absence of clastogenic activity. The 
basis for the assay is given in Figure 3. When the imma- 
ture erythroblast matures into a polychromatic erythrocyte, 
the micronucleus, the formation of which results from either 
chromosome loss during cell division or from chromosome 
breakage, is not extruded with the nucleus. Young polychro- 
matic erythrocytes (usually 2000) are examined in the bone 
marrow of rodents that have been previously exposed to the 
test material by an appropriate route. Analysis is carried out 
at two time points (usually 24 and 48hours) after a single 
exposure or as an alternative, multiple dosing can be used. 
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Figure 3 The theoretical basis for the formation of micronuclei in rodent 
bone marrow. PE -polychromatic erythrocyte; ME - mature erythrocyte. 


A detailed description of the study design and test procedure 
is given by Hayashi et al. (1994, 2000). 

Micronuclei can also be detected in reticulocytes circu- 
lating within peripheral blood (McGregor et al., 1983), and 
accumulated evidence has established that it is now accept- 
able to rely on the measurement of MN-reticulocyte fre- 
quency in peripheral blood as well as bone marrow from both 
rats and mice (Wakata etal., 1998; Hamada et al., 2001). 
Furthermore, the use of multiple (e.g., 28 days) dosing regi- 
mens, as well as acute treatments are now deemed acceptable 
with this methodology (Hayashi et al., 2000). Consequently, 
in future it is likely that such micronucleus analysis, using 
either bone marrow or blood as the target tissue, will be 
incorporated into standard rodent toxicology studies, rather 
than be performed as a stand-alone experiment. Also, it 
is possible that the use of flow-cytometric techniques will 
replace microscopic analysis as a means of generating results 
more quickly and accurately. Flow-cytometric analysis is 
rapid and provides the ability to analyse a large number of 
cells. Unlike microscopy-based methodologies, flow cytom- 
etry scores cells in aqueous suspension. The cells are passed 
in a single file in a capillary through a focused laser beam, 
and light-scatter and fluorescence signals are detected by 
photomultiplier tubes and captured in an in-line computer. 
A number of papers that demonstrate successful automated 
scoring methodologies have been published (Hayashi et al., 
1992; Asano et al., 1998). The most well validated technique 
allows the use of a single-laser flow cytometer and is based 
upon RNase treatment in conjunction with propidium iodide 
and anti-CD 71-fluorescein isothiocyanate conjugated (FITC) 
staining (Dertinger et al., 1997). This protocol is capable of 
resolving all four erythrocyte populations of interest: mature 
and immature erythrocytes, with and without micronuclei. 
Because these fluorochromes can be excited by a single 448- 
nm laser, this scoring technique can be accomplished with 
widely available bench-top instruments. An advantage of 
flow-cytometric scoring over manual scoring is its extremely 
high analysis rates. Modern flow cytometers are able to 
evaluate tens of thousands of immature and hundreds of 
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thousands of mature erythrocytes for micronuclei in several 
minutes. Recent collaborative studies using this methodol- 
ogy have shown that the reproducibility of flow-cytometric 
analysis between different laboratories is superior to micro- 
scopic analysis when a standard is used to calibrate the flow 
cytometry system (Torous et al., 2001). Consequently, flow 
cytometry can be expected to replace microscopy-based scor- 
ing by providing reliable data in a more efficient manner. 


SUPPLEMENTARY TEST SYSTEMS 


It is recognized that there is a need for assays that can 
complement the micronucleus assay, by using tissue other 
than the bone marrow. This is because in some instances 
genotoxins will fail to be detected in the bone marrow owing 
to either poor drug distribution or other organo-specific 
effects. It is important to note that such assays are only 
likely to be needed if there is clear, unequivocal evidence of 
genotoxic effects in one or more of the in vitro tests and the 
in vivo micronucleus test is negative. Currently the specified 
approach within a number of regulatory guidelines concerned 
with the testing of drugs, chemicals, food additives, and so on 
is to investigate unscheduled deoxyribonucleic acid synthesis 
(UDS) in rat liver in vivo. However, studies have shown 
that many carcinogens induce tumours in specific tissues; 
hence, there is also a need for in vivo genotoxicity tests that 
could be applied to any tissue. Consequently, in recent years, 
there has been a gradual move towards the possible use of 
other in vivo assay procedures (e.g., comet and transgenic 
assays) in order to address the potential in vivo genotoxicity 
of compounds demonstrating positive effects in vitro. Each 
of these methodologies will now be discussed in turn. 


In vivo Test for Unscheduled DNA Synthesis in Rat 
Liver 


The liver, as the major organ of xenobiotic metabolism, 
is an appropriate target and this assay may fulfill a useful 
complimentary role when used in conjunction with the 
micronucleus test, allowing the detection of a wider spectrum 
of genotoxins. 

UDS assays quantify the resultant excision repair of DNA 
following a permanent change, such as covalent binding of an 
activated mutagen or a reactive chemical species generated 
intracellularly. Cells undergoing such repair synthesize DNA 
at stages of the cell cycle other than S phase, where normal 
replicative (scheduled) DNA synthesis takes place, hence 
the term unscheduled DNA synthesis. This technique is 
potentially highly sensitive because the whole genome is 
theoretically a target for chemical reaction. 

A detailed description of the methodology was given 
by Madle etal. (1994). Briefly, rats are treated with the 
suspect chemical by an appropriate route. After treatment, 
viable hepatocyte populations are prepared by perfusing the 
livers with collagenase. Quantification of UDS is achieved 
by determining the uptake of the radiolabelled nucleoside 


[°H ]thymidine during DNA repair. Cells undergoing repair 
are identified by increases in the number of silver grains 
overlying the nuclei. S-phase cells exhibit extremely high 
numbers of nuclear silver grains and are excluded from 
analysis. Hepatocytes from untreated control animals are 
included, and the net nuclear grain counts are compared to 
determine a positive response. 


Transgenic Models 


Until recently, the current regulatory guidelines for geno- 
toxicity screening have been somewhat of a compromise. 
Although there are accepted tests for measuring chromosome 
damage in vitro and in vivo, a validated test to detect point 
mutation in vivo has been lacking. This area has been the 
subject of active research and consequently new assay pro- 
cedures are becoming available to meet these needs. With 
the advent of the new DNA technologies, several promising 
transgenic mouse models have now been validated for use as 
in vivo genotoxicity screens. These models provide the abil- 
ity to detect, quantify, and sequence mutations in a range of 
somatic and germ cells. A comprehensive assessment of the 
validation data for a variety of transgenic models is given in 
Lambert et al. (2005). These assays enable somatic mutation 
to be measured within most tissues of the exposed animal, 
and more importantly enable mutation induction and speci- 
ficity to be measured in the actual target tissue for carcino- 
genesis. At present, the two most comprehensively validated 
mouse transgenic models are based on the insertion of the 
bacterial genes lacl or lacZ into the mouse genome. In the 
first, called the M utaM ouse, an E. coli lacZ (8-galactosidase) 
gene was cloned into a A-bacteriophage vector, and then 
microinjected into the pro-nucleus of (BALB/c x DBA/2) 
CD2 F1 eggs. In the second, called the Big Blue, alacl (lac 
repressor) gene cloned into a -shuttle vector was integrated 
into the genome of an inbred C57B/6 mouse. In both cases, 
the transgenic mouse is treated with the test compound by the 
likely route of exposure, and genomic DNA is isolated from 
the desired tissues. The à vector is rescued from the genomic 
DNA by mixing with an in vitro “A-packaging” extract that 
excises the target à sector and packages the DNA into a à- 
phage head. These phages are then used to infect host E. 
coli strain. For the lacZ system, a lacZ- E. coli C indica- 
tor strain is used. For the lacl system, the E. coli SCS-8 
indicator strain is used, which has a deleted lac region and 
contains a lacz ~ gene on a ¢-80 insert. 

For the lacZ system, the bacteria and the à phage 
containing the rescued DNA are incubated in soft agar with a 
chromogenic agent (X-gal). After 16 hours of incubation the 
lysis plaques produced by the phage are scored. If a phage 
contains a normal lacZ gene, the X-gal is metabolized to 
a blue product. If a mutated lacZ gene is carried by the 
phage, the X-gal remains intact and no colour is produced. 
Thus scoring consists of counting clear plaques against 
a background of non-mutated blue plaques. For the lacl 
system, a similar plating routine is carried out. In this 
case mutants are detected as blue mutant plaques against 
a background of non-mutant colourless plaques. These can 
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arise due to mutations that inactivate the lac repressor protein 
or lacl promoter or mutations within the lac repressor- 
binding domain, which block repressor binding to the lacZ 
operator. The density of plaques is limited to 1500 pfu per 
plate to ensure accuracy in detection of plaques with a mutant 
phenotype. 

However, for both systems, the detection of mutants by 
the colour selection method is laborious and expensive. 
For this reason, the “M utaM ouse” model has been adapted 
to a positive selection method using galE~ mutants of 
E. coli. This permits high plating densities and minimizes 
the need for multiple platings. In this system the phage 
containing the rescued vectors is used to infect E. coli 
lac~galE~ cells, which are then plated in the presence and 
absence of phenylgalactosidase (P-gal). In the presence of 
P-gal only lacZ~ bacteria will grow and produce plaques. 
Those containing lacZ * (i.e., non-mutated gene) produce the 
enzyme £-galactosidase, which converts P-gal to galactose. 
This is further converted to a toxic intermediate uridine 
diphosphate (UDP)-galactose, which accumulates in the 
galE ~ E. coli and kills the cells. Figure 4 gives a summary 
of the procedure for the “M utaM ouse” system. 

There are no appropriate OECD guidelines for the conduct 
of mutation assays in transgenic animals. However, general 
guidance on a recommended protocol for this type of assay 
has been published recently (Thybaud etal., 2003) and 
has been further developed by Heddle et al. (2000, 2003). 
The role of cell proliferation and its effects on mutation 
fixation (expression), the need for single or multiple doses, 
and the effects of age and DNA packaging efficiency on 
assay sensitivity are some of the issues addressed in these 
publications. 

The systems described here are the first generation of 
tests arising from the application of transgenic technology, 
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Figure 4 The transgenic M utaM ouse lacZ system. 


and it remains to be shown that mutational analysis of 
these transgenes is a true reflection of mutation of resident 
endogenous genes. The lacl/lacZ models are unsuited for 
the detection of deletion mutations induced by clastogens, 
probably owing to the difficulty in packaging 4-phage vectors 
<42 or >52kb. Partly to address this deficiency, a new 
A-based gpts-transgenic assay has been developed for the 
detection of both point mutations and deletion mutations in 
vivo (Nohmi et al., 1996; Swiger et al., 2001). 

All of the methods described so far have involved the 
use of transgenic mice. However, transgenic Fischer 344 rats 
containing the lacl gene as the mutational target have also 
been constructed using the identical vector that was used to 
create the B6C3F1 lacl transgenic mouse (Dycaico etal., 
1994). More recently a rat model has also been developed 
for the gpté system (Hayashi et al., 2003). The availability of 
both transgenic mice and rats for in vivo mutagenicity assays 
will permit species comparisons of mutagenic responses and 
provide an improved mechanistic basis for understanding 
differential responses to genotoxic agents. 


Comet Assay 


The use of transgenic mouse assays is one of several promis- 
ing approaches that could provide an in vivo assay capable 
of detecting genotoxic damage in any tissue. Another pos- 
sible method utilizes microgel electrophoresis and is called 
the single-cell gel electrophoresis assay or comet assay. This 
is arapid and simple system for measuring alkali labile sites 
and overt strand breaks in the DNA of mammalian cells 
(Fairbairn etal., 1995). Damaged (fragmented) DNA pene- 
trates further than undamaged DNA into the agar following 
electrophoresis. The basis for this assay is represented in 
Figure 5. The technique can be applied to virtually any cell 
population or tissue type from which a single-cell suspension 
can be prepared. Although the present discussion concen- 
trates on the use of this end point as an in vivo assay, it 
can also be used as a measure of genotoxicity in vitro using 
cultured mammalian cells (McK elvey-M artin etal., 1993). 
After treatment, the cells are suspended in agar and exposed 
to strong alkali, which denatures the proteins and permits 
DNA unfolding. Electrophoresis is then performed, during 
which time the supercoiled DNA relaxes and fragmented 
DNA is pulled towards the anode. After electrophoresis, the 
slides are neutralized and stained with a DNA-specific stain, 
such as propidium iodide, when the cell ghosts with dam- 
aged DNA are visible as comets of various sizes (hence the 
name), whereas those with undamaged DNA are visible as 
round images. DNA can be determined visually by the cat- 
egorization of comets into different “classes” of migration, 
or by using an eyepiece micrometer to estimate image or 
tail length. However, image analysis is recommended with 
the measurement of parameters, such as the percentage of 
DNA in the tail (percent migrated DNA), tail length, and 
tail moment (fraction of migrated DNA multiplied by some 
measure of tail length). Of these, tail moment and/or tail 
length measurements are the most commonly reported, but 
there is much to recommend the use of percent DNA in 


SHORT-TERM TESTING FOR GENOTOXICITY 7 


Treatment 


Alkali lysis 






Supercoiled DNA 





Damaged cell 


Figure 5 The theoretical basis for the formation of DNA comets. 


tail, as this gives a clear indication of the appearance of the 
comets and is linearly related to the DNA break frequency 
over a wide range of levels of damage (Collins, 2004). The 
technique has been adapted so that primary somatic cells 
of a variety of tissues can be studied, including cells from 
the GI tract, nasal mucosa, and lung. The method requires 
only extremely small numbers of cells (from 1000 to 10 000) 
and results can be generated very quickly within a couple of 
days. Cell death is associated with increased levels of DNA 
strand breaks, and in the comet assay the microscopic image 
resulting from necrotic or apoptotic cells can be comets with 
small or non-existent head and large diffuse tails, commonly 
called clouds or hedgehogs. However, such cells can also 
be seen after treatment with high doses of strong mutagens 
indicating that these images are not uniquely diagnostic for 
apoptosis/necrosis (Collins, 2004). No data are yet available 
on whether cell death in tissues of experimental animals may 
also be associated with increased DNA migration patterns in 
the in vivo comet assay. For this reason, it is recommended 
that a concurrent assessment of cytotoxicity is carried out to 
allow for the correct interpretation of the data. This could 
take the form of a histopathological examination of sections 
of target tissue prepared concurrently, and only examined for 
necrosis/apoptosis in the light of a positive comet response. 
Further validation and development of this methodology is 
continuing and recommended guidelines for the correct con- 
duct of in vitro and in vivo comet assays have been published 
(Tice et al., 2000; Hartmann et al., 2003). 


Tests for Aneuploidy (In vitro Micronucleus Test) 


The need for a specific assay to detect genome mutation 
(i.e., chromosome loss/gain) has been considered by a num- 
ber of regulatory authorities. Aneuploidy is considered to 
be a condition in which the chromosome number of a cell 
or individual deviates from a multiple of the haploid set. 
The maintenance of karyotype during cell division depends 
upon the fidelity of chromosome replication and the accu- 
rate segregation of chromosomes to daughter cells. In turn, 
these events depend upon different cell organelles function- 
ing correctly and a number of metabolic activities related 
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specifically to cell division (e.g., synthesis of nuclear spin- 
dle, proteins, etc.). Aneuploidy can occur through errors of 
many types, hence there are numerous cellular targets that 
can lead to chromosome gain or loss. Briefly, the mech- 
anisms by which aneuploidy can occur fall into several 
categories, including damage to the mitotic spindle and asso- 
ciated elements, damage to chromosomal substructures, chro- 
mosome rearrangements, alterations to cellular physiology, 
and mechanical disruption. The importance of aneuploidy 
to adverse human health is well accepted and the effects 
of aneuploidy include birth defects, spontaneous abortions, 
and infertility. Tumour cells frequently have alterations in 
chromosome number and several specific aneuploidies have 
been associated with tumour development, although, whether 
this is the cause or the effect of tumourigenesis is not 
clear. 

When chromosomes fail to segregate correctly, this pro- 
cess of non-disjunction can lead to the production of both 
monosomic and trisomic progeny cells. If chromosomes are 
lost from the dividing nucleus, they produce monosomic 
progeny without the reciprocal trisomic cell, and the expelled 
chromosomes become membrane bound and are detected as 
micronuclei outside the main progeny nuclei. Consequently, 
chromosome loss can be measured by monitoring micronu- 
cleus formation, and the in vitro micronucleus assay using 
mammalian cells provides such a technique (Fenech and 
Morley, 1985). This methodology has also been developed 
and validated as a simpler method for detecting chromo- 
some breakage as micronuclei may also arise from acentric 
chromosome fragments (lacking a centromere), which are 
unable to migrate with the rest of the chromosomes dur- 
ing the anaphase of cell division. Because micronuclei in 
interphase cells can be assessed much more objectively than 
chromosomal aberrations in metaphase cells, there is not such 
a rigorous requirement for training personnel, and slides can 
be scored more quickly. This makes it practical to score 
thousands instead of hundreds of cells per treatment and 
thus imparts greater statistical power to the assay. Recently, 
methodology has been published that allows micronucleus 
analysis to be conducted using flow cytometry, thus further 
enhancing the utility of this assay (Aviasevich et al., 2006). 
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Figure 6 The basis for the in vitro micronucleus assay using cytochalasin B. 


Micronuclei formed by aneuploidy induction can be dis- 
tinguished from those produced by clastogenic activity by 
the presence of centromeric DNA or kinetochore proteins 
in the micronuclei. Fluorescent in situ hybridization (FISH) 
with pancentromeric DNA probes can be used to detect the 
former, whereas specific antibodies can be used to detect 
the presence of kinetochores (Schuler et al., 1997; Migliore 
et al., 1996). 

The in vitro micronucleus assay may employ cultures of 
established cell lines, cell strains, or primary cultures, includ- 
ing human and Chinese hamster fibroblasts, mouse lym- 
phoma cells, and human lymphocytes. Guidelines have been 
published recommending suitable protocols (K irsch-Volders 
et al., 2000, 2003a). To analyse the induction of micronu- 
clei, it is essential that nuclear division has occurred in both 
treated and untreated cultures. It is therefore important to pro- 
vide evidence that cell proliferation has occurred after test 
chemical exposure. Analysis of the induction of micronuclei 
in human lymphocytes has indicated that the most conve- 
nient stage to score micronuclei in this cell system is the 
binucleate interphase stage. Such cells have completed one 
mitotic division after chemical treatment and are thus capa- 
ble of expressing micronuclei. Treatment of the cells with 
the inhibitor of actin polymerization cytochalasin B inhibits 
microfilament assembly and cytokinesis, thus preventing the 
separation of daughter cells after mitosis and trapping them 
at the binucleate stage. A schematic for this method is shown 
in Figure 6. 

The principle of the method is to expose cell cultures to 
the test substance in both the presence and absence of an 
in vitro metabolizing system. After exposure, the cultures 
are grown for a period sufficient to allow chromosome 
damage or chromosome loss to lead to the formation 
of micronuclei in interphase cells. Harvested and stained 
interphase cells are then analysed microscopically for the 
presence of micronuclei. If the cytokinesis-block technique 
is used, micronucleus analysis is restricted to binucleate cells, 
and at least 1000 lymphocytes per duplicate culture should 
additionally be classified as mononucleates, binucleates, or 


multinucleates to estimate the cytokinesis-block proliferation 
index, which is a measure of cell cycle delay. 

At present, most regulatory guidelines mainly focus on 
gene mutations and structural chromosome damage and do 
not address the induction of numerical abnormalities. How- 
ever, this is currently under review, and it is recommended 
that such studies should be carried out, using a method, such 
as the in vitro micronucleus assay, in the following situa- 
tions: in the standard in vitro cytogenetics assay when there 
is evidence of an increased mitotic index, an increase in poly- 
ploidy, or some evidence of increases in chromosome number 
on the slides (loss is not a useful measurement as this is a 
natural phenomenon due to slide artefacts), if there is a struc- 
tural relationship with a known aneugen or if the mechanism 
of action involves modification of cell division. 

It will continue to be of considerable importance to 
establish a specific role for chromosome loss in tumour 
development. The analysis of aneuploidy in interphase cells 
of solid tumours using FISH will be greatly advantageous 
in this respect. For cancer risk assessment purposes, results 
from aneuploidy assays can be considered particularly useful 
when the mode of action of a chemical is known to result in 
chromosome loss or non-disjunction. 


INTERPRETATION OF RESULTS 


Comparative trials have shown that false-positive and false- 
negative results in relation to cancer predictivity can be 
generated by each genotoxicity test. Experimental conditions, 
such as the limited capacity of the in vitro metabolic 
activation system, can lead to false-negative results in in 
vitro tests, while culture conditions such as changes in 
pH and high osmolality are known to cause false-positive 
results in in vitro mammalian assays. Guidelines for testing 
new chemical entities require a battery of tests measuring 
effects on a variety of genetic end points designed to 
detect the widest spectrum of genotoxins. Recent analysis 
of the sensitivity and specificity of the core battery of in 
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Figure 7 Interpretation of results from genotoxicity tests. 


vitro tests that form the basis of most guidelines (Figure 1) 
has shown that at least 80% of the non-carcinogens tested 
gave false-positive results in one or more of the tests used 
(Kirkland etal., 2005). Prior to this analysis, Snyder et al. 
(2001) had reported that from a total of 467 pharmaceuticals 
examined in the 1999 Physician's Desk Reference and from 
the open literature, 75% were positive in at least one in 
vitro assay. Consequently, a positive result in any one in 
vitro assay does not necessarily mean that the chemical 
poses a genotoxic/carcinogenic hazard to humans. Further 
investigation in relevant in vivo assays is required to put the 
results into perspective. The in vivo tests have advantages in 
terms of relevant metabolism, and so on, and also allow the 
influence of detoxification mechanisms to be assessed. The 
final assessment of the genotoxic potential of a chemical 
should take into account the totality of the findings and 
chemical class information, when available. A risk- benefit 
approach can be applied, such as that illustrated in Figure 7, 
which shows increasing levels of concern as the amount of 
positive data accumulates. 

Unequivocally genotoxic chemicals are presumed to be 
trans-species carcinogens. Such chemicals should show 
“clear evidence of genotoxicity”, for example, those that are 
positive in in vivo tests with supporting evidence from in 
vitro tests would be placed in this category. At the other end 
of the continuum are the non-genotoxic chemicals for which 
there is negative evidence from genotoxicity tests. In this 
case, the chemicals should be negative in the standard battery 
of tests (Figure 1) with appropriate consideration of struc- 
tural alerts, metabolism, and exposure. It should be accepted 
that there is a low level of concern for these non-genotoxins, 
although it should be remembered that some chemicals could 
be carcinogenic by non-genotoxic mechanisms of action (see 
also Non-genotoxic Causes of Cancer). A number of chem- 
icals have to be classified somewhere between these two 
extremes, that is, they show “some evidence for genotoxic 
activity”. Certainly chemicals exist which show significant 
genotoxicity in in vitro tests without supporting evidence 
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from in vivo tests. It is also Known that due to the inher- 
ent limitations of currently employed in vivo genotoxicity 
tests, some of these chemicals may be carcinogenic through 
genotoxic mechanisms. 

In the past, the existence of acceptable thresholds for expo- 
sure has not been considered in the field of genetic toxicology 
and in this respect risk- benefit consideration differed from 
other fields of toxicology. Chemicals representing a high 
level of concern and for which thresholds would not exist are 
probably those that target DNA directly, for example, alky- 
lating agents and bulky adduct inducers, although for some 
the risk might be low due to effective DNA repair. However, 
in recent years there has been a growing awareness of the 
existence of thresholds for those chemicals that act through 
non-DNA targets. It has been reported (Kirkland and M uller, 
2000; Muller and Kasper, 2000) that a number of indi- 
rect mechanisms may lead to genotoxicity, usually seen in 
vitro because higher concentrations of chemical can be used. 
Some of these mechanisms involve non-DNA targets, such as 
protein synthesis, lysosomes, receptors, signalling pathways, 
ionic balance, and so on. Severe disturbance of these may 
indirectly lead to DNA damage, possibly via the early inhibi- 
tion of DNA synthesis (Galloway et al., 1998). Such indirect 
mechanisms would be expected to have a threshold. In addi- 
tion, specific chemical classes such as nucleoside analogues, 
topoisomerase inhibitors, and aneugens have also been shown 
to act on non-DNA targets (Kirsch-Volders etal., 2003b). 
In the last case, this can be illustrated by an example. For 
accurate segregation of chromosomes at mitosis, the spindle 
apparatus plays a significant role. A component of this is the 
attachment of multiple microtubules to the kinetochore and 
a smaller number to the chromosome arms. The number of 
microtubules that are attached varies among chromosomes, 
and so it is reasonable to assume that the average is above 
the minimum necessary. The effect of a chemical on micro- 
tubule formation or attachment to the chromosome might be 
to reduce the number attached but produce no effect until the 
number falls below the minimum necessary for segregation. 
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This mechanism would be predicted to have a threshold type 
of dose response. Similar arguments can be made for pertur- 
bations of other components of a mitotic apparatus. Clearly, 
examination of the mode of action of a positive response in 
an in vitro genotoxicity assay can help elucidate whether the 
response represents a human risk. 


FUTURE DEVELOPMENTS 


The current regulatory testing batteries are based upon meth- 
ods developed in the 1960s and 1970s and although there 
has been harmonization and refinement of protocols since 
then, their scientific basis has remained unchanged. In the 
intervening years there have been major advances in knowl- 
edge of the molecular and cellular events underlying DNA 
repair processes, mutation, cancer initiation, and progression. 
In addition, new tools, models, and technologies have been 
developed. These could have a major impact on the way in 
which genotoxicity screening is performed in the future. In 
conclusion, a few examples will be briefly described. 


High-Throughput Screening 


As genetic toxicity of a candidate molecule for a new drug, 
pesticide, food additive, and so on can be a reason for 
termination of development, there has been pressure for the 
generation of high-throughput screening methods that can 
predict what may happen in the regulatory screening battery. 
Many companies have developed systems that range from 
cut-down versions of the existing tests to novel assays often 
employing constructs where a promoter for a gene induced 
by DNA damage is linked to a gene coding for a fluorescent 
protein. As only tiny quantities of test material are normally 
available early in product development, any potential screen 
should ideally be amenable to miniaturization. The essential 
elements of high-throughput screening are easily measurable 
tests to determine whether the compound interacts with 
the target coupled with a high degree of automation. One 
such example is the use of flow cytometry to measure 
micronucleus induction in mammalian cells, as discussed 
earlier. There are currently a number of new bacterial assays 
that allow such screening to take place using microwell 
technology (plates containing from 96 up to 1536 wells). 


The Ames Il test is one possible technique similar in 
end point to the standard Ames test. A mixture of six S. 
typhimurium strains is used, each of which is reverted by 
a specific base substitution. Validation studies have shown 
that this system produces results that are comparable to the 
standard Ames test (Fluckiger-Isler etal., 2004). Another 
new procedure consists of a yeast-based assay in which the 
activity of the DNA repair system is assessed. A reporter 
system in the cells combines the DNA damage inducible 
promoter of the RAD 54 gene with the extremely stable green 
fluorescent protein (GFP). Induction of the RAD 54 promoter 
due to DNA damage results in increasingly fluorescent cells 
(Cahill et al., 2004). Once more, validation studies have 
shown that this assay is a useful component of any high- 
throughput screening battery (Van Gompel etal., 2005). It 
can be seen that although the standard S. typhimurium and 
E. coli strains are still essential for regulatory genotoxicity 
screening, the introduction of newly engineered varieties and 
assay miniaturization will provide more rapid assays in the 
future. 


Expert Computer Systems for Predicting 
Genotoxicity 


An alternative way of screening large numbers of chemicals 
for genotoxicity is to develop software programs that can 
predict the likely outcome of the in vitro and in vivo 
tests, so-called in silico screens. There are now several 
commercially available systems that allow genotoxicity (and 
carcinogenicity) predictions to be made (Table 1). 

The reliability of any expert system for predicting geno- 
toxicity is crucially dependent on the quality of the database 
and the rule base. The database and rule base associated with 
an expert system enable the user to rationalize individual 
model predictions. Individual rules within the rule base are 
generally of two main types. Some rules are based on math- 
ematical induction, that is, by the extraction of correlations 
from a particular data set, whereas other rules are based on 
existing knowledge and expert judgement. Rules of the for- 
mer type, “induced rules”, offer the advantage of extending 
existing knowledge without being biased towards particular 
mechanisms of toxic action. Their disadvantage, however, is 
that they may be nothing more than empirical relationships 
devoid of biological meaning. In contrast, rules of the latter 
type, “expert rules” or “knowledge-based rules”, are likely to 


Table 1 Commercially available expert systems for predicting genotoxicity and carcinogenicity. 





System Acronym Source Type 
Deductive Estimation of Risk from DEREK LHASA UK (Leeds University, K nowledge based 
Existing Knowledge UK) 
Computer-assisted Structure MCASE Multicase Inc. (Cleveland, OH, Correlative 
Evaluation USA) 
Toxicity Prediction by TOPKAT Health Design Inc. (Rochester, Correlative 
Computer-assisted Technology NY, USA) 
Artificial Neural Net ANN ChemSilico LLC (Tewksbury, MA, Correlative 

USA) 
k-Nearest Neighbours kNN ChemSilico LLC (Tewksbury, MA, Correlative 


USA) 
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have a strong mechanistic basis, but they are expressions of 
existing knowledge rather than of new knowledge. Typically, 
induced rules are quantitative structure- activity relationships 
(QSARs), whereas expert rules are often based on reactive 
chemistry. A system based on induced rules is called a cor- 
relative system, whereas a system based on expert rules is 
referred to as a knowledge-based system. 

Many structural factors affect the mutagenicity and car- 
cinogenicity of chemicals, including: (i) the intrinsic reac- 
tivity (electrophilicity); (ii) the electron density in and near 
reactive centres; (iii) substituent effects, for example, steric 
hindrance; (iv) susceptibility to metabolic activation and 
detoxification; (v) the stability of reactive forms of chemi- 
cals; (vi) the ability of chemicals and their metabolites to 
traverse biological membranes; (vii) the size and shape of 
molecules control access to target sites on DNA; (viii) the 
type and conformation of adducts formed between the chem- 
ical and DNA; and (ix) the susceptibility of the adduct to 
DNA repair. Ideally, expert systems should take all of these 
factors into account when assessing the activities of mutagens 
and carcinogens. 

Currently, the available systems are still undergoing devel- 
opment and validation. Recent assessment of the sensitiv- 
ity of DEREK, TOPKAT, and MCASE systems for use 
in predicting the potential genotoxicity of novel chemical 
entities during pharmaceutical development programs have 
been somewhat disappointing (Snyder et al., 2004; Cariello 
et al., 2002). New improved QSAR systems such as Arti- 
ficial Neural Net and k-Nearest Neighbour (Votano et al., 
2004) continue to be developed and are in the process of 
undergoing validation. It is clear that each system has par- 
ticular strengths and weaknesses, and it seems unlikely that 
any one system will come to be regarded as the best and 
only choice for chemical risk assessment. The ideal situation 
might be an integrated approach that exploits the strengths 
of all of the available systems. In view of the possible pres- 
ence of unknown contaminants with potent genotoxicities in 
a sample, expert systems can be used for screening purposes 
but not for providing a complete assurance of safety. 


The New Era of Toxicogenomics and its Possible 
Impact on Genetic Toxicology 


The unprecedented advances in molecular biology during 
the last two decades have resulted in a dramatic increase in 
knowledge about gene structure and function and an immense 
database of genetic sequence information together with an 
impressive set of efficient new technologies for monitor- 
ing genetic sequences (McGregor et al., 2003). These new 
“genomics” technologies promise to allow functional mon- 
itoring of multiple key cellular pathways simultaneously. 
They may also provide the opportunity to gain insight into 
genotoxic mechanisms and provide new markers for in vitro 
and in vivo screening (Newton etal., 2004). Genetic dam- 
age elicits stress-related responses that may alter expression 
of genes associated with numerous biological pathways. It 
has been proposed that patterns of induced gene expres- 
sion changes may be characteristic of specific classes of 


toxic compounds, and that distinctive fingerprints may be 
identified. The recent development of oligonucleotide and 
cDNA microarrays provides an unprecedented opportunity 
for comprehensive concurrent analysis of thousands of genes, 
allowing measurement and characterization of genome-wide 
gene expression changes in a single experiment. As such, 
toxicogenomics studies are expected to have a large impact 
on the field of genetic toxicology (Aardema et al., 2002). 
Research and method development is still in its infancy in 
this area, but a recent study by the Genotoxicity Working 
Group of the International Life Science Institute (ILSI) and 
Health and Environmental Science Institute (HESI) has indi- 
cated that gene expression changes may enable a distinction 
to be made between classes of genotoxic compounds that 
operate via different modes of action (Pennie et al., 2004). 
However, currently the available microarray tools appear to 
be less sensitive than standard genotoxicity screens and are 
still fairly expensive to use. It is possible that this situa- 
tion might be improved through the use of more targeted 
arrays containing a few highly biologically relevant geno- 
toxic response genes as identified from previous experience 
with large global arrays. In conclusion, it is too early to pre- 
dict how useful this new technology will prove to be in the 
future. However, the potential utility of this technique to dif- 
ferentiate compounds that interact directly with DNA from 
those compounds that are genotoxic via a secondary mecha- 
nism is considered one of the most valuable aspects of this 
technology. 
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THE PRE-BIOASSAY ERA 


Some of the earliest work utilizing laboratory rodents 
involved transplantation of tumour tissue and, with the 
seminal work of a Danish veterinary scientist in 1903, 
a transplanted tumour became primary laboratory material 
for cancer investigations and established the mouse as the 
insigne of cancer research (Jensen, 1903 - reproduced in 
translation by Shimkin 1980). In 1916, the significance 
of hormones in the development of spontaneous cancer in 
mice was demonstrated (Lathrop and Loeb, 1916). At her 
farm in Granby, M assachusetts, Miss Abbie E. C. Lathrop, 
known as the mouse woman of Granby, developed a series 
of genetically different mice, many of which represent the 
foundation of commonly used contemporary laboratory mice 
(Shimkin, 1975). 

More generalized use of laboratory animals for carcino- 
genicity studies began after the English translation in 1918 of 
a J apanese paper that appeared in 1915 reporting production 
of skin carcinomas following the application of coal tar to 
rabbit ears (Y amagiwa and Ichikawa, 1918). The authors con- 
cluded that the cause of the skin carcinomas was chronic irri- 
tation. We have subsequently learned that chronic irritation 
or toxicity, per se, does not inevitably “cause” cancer, but 
some toxic effects and their secondary reparative responses 
can influence the carcinogenic process (Tennant et al., 1991). 
An important milestone in cancer testing and experimental 
evidence for systemic carcinogenesis involved the production 
of primary lung tumours in mice subsequent to the dermal 
application of coal tar (Murphy and Sturm, 1925). To avoid 
induction of skin tumours in their studies, these investigators 
applied the coal tar at different skin sites in successive appli- 
cations. In the early 1930s, a variety of polycyclic aromatic 
hydrocarbons were tested for induction of skin cancer in mice 
(Cook etal., 1932). Three years later, Sasaki and Yoshida 
reported that rats fed o-amidoazotoluene developed liver can- 
cer (Sasaki and Yoshida, 1935). The Sasaki and Yoshida 
study was elegantly designed. They described successive 
stages in the development of the hepatic cancer by utiliz- 
ing multiple interim evaluations of liver pathology, including 
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stopping treatment to follow the progression or regression of 
induced lesions. Several years later, subsequent investigators 
provided the now-accepted nomenclature and understanding 
for the successive steps in the pathogenesis of hepatic can- 
cer. The Sasaki and Y oshida studies provided two additional 
insights relative to carcinogenesis. They showed that when 
half the dose of o-amidoazotoluene was used, it took twice 
as long for liver cancer to develop, thus establishing the con- 
cepts of dose and latency within the context of their study. 
Sasaki and Yoshida also exposed rats to structurally related 
chemical agents that did not cause liver cancer and demon- 
strated a structure- activity relationship that has been further 
elucidated for a variety of chemical agents during subsequent 
decades. 

The work of Berenblum in the early 1940s provided the 
basis for the initiation, promotion, and progression opera- 
tional phases of carcinogenesis and introduced the concept 
of co-carcinogenesis (Berenblum, 1941). Identification of 
nitrosamines as potent carcinogens followed in the mid- 
1950s (Magee and Barnes, 1956). Over many subsequent 
years nitrosamines have been amply demonstrated to be 
multi-site carcinogens. 

Other early contributions that provide the underpinnings of 
experimental carcinogenesis and the precursor events leading 
to development of the rodent cancer bioassay include viral 
oncology and the roles of nutrition and tumour immunol- 
ogy in experimental carcinogenesis. These are extensively 
covered along with those mentioned above in a delightful 
collection of classic papers (Shimkin, 1980). 


SOCIAL AND ECONOMIC UNDERPINNINGS 


Social and economic forces played a pivotal role in the pre- 
bioassay era. With a national intent to conquer cancer, the 
United States brought into force the National Cancer Act 
of 1937. This provided governmental financing for further 
clinical and experimental work on cancer and led to the 
creation of the National Cancer Institute (NCI). In 1944 the 
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American Cancer Society was established by reorganizing 
the American Association for the Control of Cancer, thereby 
establishing public support for fighting cancer. The budgets 
for cancer research greatly increased over the following 
decades and efforts were further expanded in Europe and 
Japan. The National Cancer Plan of 1971 reflected a forceful 
reiteration of the national intent to combat cancer. 


THE GENESIS OF THE LONG-TERM RODENT 
BIOASSAY PROGRAMME 


As the new director of the US National Institutes of Health 
(NIH) in 1960, Dr Kenneth Endicott created a field studies 
area within the NCI. This included carcinogenesis research, 
and Dr Michael Shimkin, who directed this initiative, began 
investigations of chemical carcinogenesis using animal mod- 
els. Shimkin established a carcinogenesis studies branch in 
March 1961 and hired a few staff. The first priority of this 
newly created branch was to study chemicals that would 
increase our understanding of cancer and of how chemicals 
induce cancer. At this stage, this effort was not envisioned to 
be a large-scale rodent cancer bioassay programme. The first 
contract study was started in J une 1962 to test 30 alkylating 
chemicals in the strain A mouse pulmonary tumour bioassay. 
This might be considered the beginning of the NCI Carcino- 
gen Testing Program. The results were published by Shimkin 
et al. (1966). Also in J une 1962, the NCI Carcinogen Testing 
Program launched an 18-month study of 127 different chemi- 
cals using two different F1 hybrid mice; results were reported 
by Innes et al. (1969). This study, using some 20000 mice, 
resulted in the identification of the B6C3F1 hybrid, a cross 
between female C57BL/6 and mammary tumour virus- free 
C3H males, as the preferred mouse for the bioassay pro- 
gramme. Other mouse strains and stocks were also being 
considered so that by 1969 approximately 200 chemicals and 
mixtures had been screened for carcinogenicity using 54 000 
mice. Since 1972 and up to the present time, the B6C3F1 
mouse remains the mouse model of choice for US govern- 
ment- sponsored cancer bioassays. 

In the early days of the NCI Carcinogen Testing Pro- 
gram, multiple rat strains and stocks, including F344, 
Osborn- M endel, Sprague- Dawley, and Wistar, were used. 
Ultimately, because of its small size, longevity, susceptibil- 
ity to carcinogenesis, and disease resistance, the F344 rat 
was selected. As in the case of the B6C3F1 mouse and as 
a testimonial to the historical inertia in a large governmen- 
tal cancer bioassay programme, the F344 rat remains the 
contemporary, albeit somewhat controversial, rat model of 
choice for carcinogen hazard identification at the National 
Toxicology Program (NTP). 

Over the next 15 years the NCI Carcinogenesis Testing 
Program evolved. The various steps along the way are nicely 
chronicled by Elizabeth Weisburger, a member of the initial 
staff hired by Shimkin (Weisburger, 1983). As Weisburger 
points out in her historical overview, in the initial contracted 
studies, the staff had greater interest in fundamental car- 
cinogenesis research than in managing a routine bioassay 


programme to screen for chemical carcinogens. That mindset 
gradually changed over the years. 

While the bioassay programme gained momentum in the 
late 1960s, the programme was greatly expanded following 
US President Nixon's declaration of war on cancer and the 
passage of the National Cancer Plan in 1971. On the basis 
of a workshop held in late 1973, rodent cancer bioassays 
were standardized to increase their scientific credibility and 
the guidelines for a standardized testing paradigm were 
published as the first offering of the Carcinogenesis Technical 
Report Series (Sontag et al., 1976). As a control on potential 
interspecies variation, a decision was made to conduct the 
cancer bioassay using both rats and mice. Starting in the 
early days of the bioassay programme, there was a lively 
debate over whether the bioassay mouse and rat should be 
inbred or outbred. This debate continues to this day and 
was a major theme at a recent workshop (King-H erbert and 
Thayer, 2006). 


INTERNATIONAL EFFORTS RELATED TO 
IDENTIFICATION OF CARCINOGENIC AGENTS 


Protecting human health from natural and synthetic chemi- 
cals and drugs, industrial processes, physical environmental 
exposures, and lifestyle factors is a global concern. As the 
foundation of what would become the NCI Carcinogen Test- 
ing Program was being laid, the World Health Organization 
established the International Agency for Research on Can- 
cer (IARC) in 1965. The IARC mission to coordinate and 
conduct research as it relates to human cancer and to devise 
strategies for human cancer control has remained constant 
over the ensuing years. In its evaluation of carcinogenic risk 
to humans, the IARC utilizes scientific experts from many 
countries and considers a full extent of available data includ- 
ing epidemiology, various research studies, and rodent cancer 
bioassays. The IARC evaluations are published as a series of 
monographs (http://www.iarc.fr/). 

Various other organizations and regulatory authorities, 
including the Organization for Economic Co-operation and 
Development (OECD; http://www.oecd.org), the US Envi- 
ronmental Protection A gency (http://www.epa.gov/epahome/ 
index.html), and the US Food and Drug Administration 
(http://www .cfsan.fda.gov/~redbook/red-toca.html), publish 
guidelines and recommendations regarding the conduct and 
interpretation of rodent bioassay and continually assess new 
technologies for applicability in the identification of human 
carcinogens, often with an objective of reducing reliance 
on animal studies. Of recent significance regarding test- 
ing guidelines for identification of carcinogenic agents is 
the International Conference on Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals for Human 
Use (ICH; htto://www.ich.org). The ICH brings experts and 
regulatory authorities from Japan, Europe, and the United 
States together to harmonize testing guidelines for regis- 
tration of pharmaceuticals. Although the emphasis of the 
ICH is on pharmaceuticals, the scientific issues discussed 
and the resulting guidelines have general applicability to 
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rodent carcinogenicity testing and interpretation for non- 
pharmaceuticals as well. The rodent carcinogenicity testing 
community is small enough such that scientists involved with 
ICH concerns are often also involved with animal bioassays 
for non-pharmaceuticals as well. 


FURTHER EVOLUTION OF THE RODENT CANCER 
BIOASSAY 


The congressionally mandated US NTP was created in 1978 
to coordinate carcinogen testing across governmental agen- 
cies. The NTP inherited the NCI Cancer Testing Program 
and was relocated from Bethesda, Maryland and incorpo- 
rated into the National Institute of Environmental Health 
Sciences, an NIH institute located in Research Triangle Park, 
North Carolina. Under the able and visionary direction of Dr 
David Rall, the NTP commenced a series of programmatic 
adjustments to refine the rodent cancer bioassay. Refinement 
continues to this day as the NTP is in a continual process of 
deliberately re-evaluating the methodology and approach to 
cancer hazard identification. 


A Decreased Number of Cancer Bioassays 


If one examines the historical record for initiation of 
NCI/NTP rodent cancer bioassays, it is clear that the annual 
number of rodent cancer bioassays has diminished over the 
years. Under NCI, 60 cancer bioassays were initiated in 1971 
and a bumper crop of over 200 in 1972, which ultimately 
created a politically contentious backlog because of a short- 
age of pathologists to evaluate the tissue histopathology. The 
number of 2-year study starts and completions in the NTP 
cancer bioassay over successive 5-year intervals from 1981 
to 2005 were 143, 45, 31, 45, and 43. There are multiple 
reasons for this trend, not the least of which is that there 
has been progressively more standardization and rigour in 
the conduct, pathology diagnoses, study evaluation, interpre- 
tation, and so on, that has consumed more of the available 
resources for testing. In addition, more bells and whistles 
have been added to what was initially a screening test - a 
screening test with the built-in expectation that any positive 
outcome would be subsequently studied using more rigorous 
and directed approaches (Page, 1977). What has actually hap- 
pened is that the rodent cancer bioassay screening approach 
has often remained the “definitive” test data upon which reg- 
ulatory judgements are based. This situation is not surprising, 
simply because it is far too costly to conduct more defini- 
tive or repeat studies to verify original results except for a 
few chemicals where subsequent determination of modes of 
action have mitigated or potentially might mitigate regula- 
tory decisions. Along with the continuation of screening for 
carcinogenic potential using the rodent bioassay, contempo- 
rary NTP efforts are also focussed on defining the mode of 
action for positive responses. In addition, the NTP is utiliz- 
ing a variety of non-animal and animal studies to identify 
potential non-cancer end points, including general toxicity, 


reproductive and developmental toxicity, neurotoxicity, and 
teratology (http://ntp.niehs.nih.gov/go/vision). The increased 
focus on non-cancer end points has diminished the proportion 
of resources devoted to the conduct of cancer bioassays. 


Bioassay Study Design 


The guidelines for conducting cancer bioassays were pub- 
lished as the first of a series of toxicity and carcinogenesis 
technical reports (Sontag et al., 1976). That series of tech- 
nical reports now documents over 540 rodent toxicity and 
cancer bioassays (http://ntp.niehs.nih.gov/). The basic can- 
cer bioassay design has remained relatively constant over 
the past 40 years and consists of groups of 50 male and 
female mice and rats in each dose and control group. Treat- 
ment traditionally lasts for 24months and commences when 
the animals are 6-8 weeks of age. Although the initial 
studies involved a high dose, referred to as a maximally 
tolerated dose (MTD), and half that dose plus the vehicle 
or untreated control, more recent studies typically include 
three, and sometimes up to five, dose groups plus controls. 
Specialized study designs, including in utero exposures, mul- 
tiple interim evaluations, lifetime studies, and “stop studies” 
where animals are exposed and held without further treat- 
ment to monitor the potential for cancer development, have 
been and continue to be utilized. However, even in these 
specialized studies, there is typically a core set of animals 
treated for 2 years according to the 50 animals per dose per 
sex paradigm. 


The MTD Controversy 


Controversies have always surrounded the conduct of the 
long-term bioassay. Perhaps the most contentious issue has 
involved concerns about use of the MTD. One cannot help 
but wonder if the reaction to this dose level would have 
been much less had it been simply called the high dose. The 
MTD, which is independently selected for each strain and 
sex, iS defined as the highest dose of the test agent that can 
be given for the duration of the chronic study without affect- 
ing normal longevity from effects other than cancer. The 
MTD is predicted after review of data from studies in which 
mice and rats are typically given a range of doses for up 
to 3months. In the early days of the bioassay programme, 
mortality, body weight, and histopathology in the 3-month 
study were the practical measures used to identify the MTD 
for the cancer bioassay. Since that prediction might overes- 
timate the actual MTD and cause premature mortality in the 
2-year bioassay, initial cancer bioassay studies also included 
a second dose, which was one-half the MTD, as insurance 
that at least some dosed animals would be exposed for the 
2-year window. At least in the United States, the MTD con- 
cept has fundamentally been preserved in studies designed 
over the past 40 years. However, the contemporary approach 
to selecting an MTD now involves the integration and use 
of more scientific input and data than was available in the 
earlier years of the bioassay programme. 
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As toxicological science and the understanding of bio- 
chemical, metabolic, toxicokinetic, and other physiological 
parameters have advanced, a more scientifically defensible 
selection of the MTD has emerged. In a sense, we have oper- 
ationally redefined the MTD, utilizing pharmacokinetic and 
metabolism data, clinical chemistry, food consumption, and 
organ weight in addition to the traditional mortality, body 
weight, and histopathology. As testament to this claim is the 
fact that in NTP cancer bioassays there is rarely reduced 
longevity except when the agent under study causes cancer. 
An increase in the number of lower doses and their spac- 
ing that has occurred as the cancer bioassay has evolved 
has been much less contentious, especially when the lowest 
doses used have approximated, anticipated or known human 
exposure levels. Nevertheless, there is still criticism about the 
use of an MTD.A chief concern voiced is that the MTD suf- 
ficiently alters the animal’s physiology and overwhelms the 
detoxification and metabolic pathways to render the outcome 
non-relevant for human hazard identification. The argument 
that the MTD far exceeds any reasonably anticipated human 
exposure level is less compelling. The underpinnings for use 
of the MTD rest on the assumption that human cancer risk 
at environmentally relevant doses can be extrapolated down- 
ward from higher doses. The dose is deliberately high to 
ensure a sufficiently short enough latency to identify poten- 
tial carcinogens in the 2-year testing window (FDA, 1971; 
Sontag et al., 1976; Chhabra et al., 1990; Goldstein, 1994). 
Data from a review of 326 long-term rodent cancer bioassays 
suggests that there are few instances in which the MTD pro- 
duced tumour outcomes that were not also present at lower 
doses, typically at reduced incidences (H aseman and Seilkop, 
1992). In a subsequent review of 216 rodent carcinogen- 
positive studies, two-thirds of the studies would have been 
identified even without the MTD (Haseman and Lockhart, 
1994). It logically follows that one-third of these 216 rodent 
carcinogens would have been missed had the MTD not been 
used. MTD proponents further point out that if a cancer 
response is seen only at the MTD, that observation somehow 
provides an alert that may inform sensitive human subpop- 
ulations. Given the prevailing prudent philosophy of public 
health and regulatory officials and their mandate to protect 
human health, ignoring a cancer outcome observed only at 
the MTD, despite a possible perturbation of the animals’ 
pathophysiological processes, represents a conundrum. Some 
pros and cons associated with use of the MTD are listed in 
Table 1. 


Dietary Restriction Controversy 


It has been well documented in toxicology literature that 
many variables, including dietary constituents, caloric restric- 
tion, single versus group housing, animal handling and 
husbandry practices, and choice of dosing vehicle, modu- 
late tumour incidences in laboratory rodents and, thereby, 
can significantly affect the sensitivity of the cancer bioas- 
say (Haseman and Rao, 1992; Haseman et al., 1994; 2003; 
Munro etal., 1995; Allaben etal., 1996; Abdo and Kari, 
1996). It is also well established that increased body weight is 


Table 1 Some arguments for and against use of a maximum tolerated dose 
(MTD) in rodent carcinogenicity bioassays. 


Arguments for Arguments against 


Increases the chance for 
biological perturbations that 
might lead to a false-positive 
cancer response 

High dose may cause tumours 


through mechanisms not 
operational at lower doses 


For a given group size, the 
higher the dose, the greater 
the sensitivity to detect 
low-level risk of cancer 


Exposure level likely to 
yield the maximum tumour 
incidences and limit false 
negatives 

Provides an operational 
definition of a 
non-carcinogen 


Can lead to cell injury and 
secondary excess cell 
proliferation thereby increasing 
the chance for cancer not 
directly caused by the test agent 


May alter the hormonal milieu 
and lead to endocrine tumours 


Basis for interspecies 
comparisons and assessing 
differential sensitivity 
between sexes 

Identifies target organs for 
toxicity assessment and for 
epidemiology studies 


May oversaturate metabolic and 
detoxification processes 


associated with increased tumours in bioassay study controls 
(Haseman et al., 1997). A highly debated variable related to 
design of rodent cancer bioassays involves utilizing dietary 
restriction rather than ad libitum feeding with the goal of 
achieving similar body weights among treated and control 
groups. The champions of dietary restriction claim ad libi- 
tum feeding results in markedly overweight experimental 
animals, which exhibit accelerated ageing, decreased sur- 
vival, and an increase in background tumour incidences, all 
leading to a less sensitive and less reliable cancer bioassay 
and that reduced body weight in dietary restricted studies 
provides a more sensitive cancer bioassay model (K eenan 
et al., 1994; Keenan, 1996). A cautionary viewpoint is that 
depending upon how the body weight decrement is achieved 
(e.g., because of toxicity versus because of reduced calories), 
tumour incidence profiles may differ for animals of equiv- 
alent body weight (Haseman, 1998). Furthermore, dietary 
restriction strategies designed to achieve similar body weight 
in control versus treated groups may lead to false-positive 
bioassay results (Haseman et al., 1997). Although some stud- 
ies conducted on pharmaceuticals where dietary restriction 
was part of the study design have received favourable review 
by regulatory authorities, one cannot help but wonder if the 
enhanced body weight associated with bioassay studies utiliz- 
ing ad libitum feeding has relevance to the current increased 
obesity in Western society and the risk of cancer in over- 
weight men and women. 


Peer Reviewing the Pathology Diagnoses 


A variety of other bioassay design factors, including group 
sizes, use of dual controls, type of diet, choice of vehi- 
cle, type of bedding, multiple versus single housing, and 
standardization of the pathology evaluation, have been and 
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will continue to be raised and addressed as there is contin- 
ued improvement of the utility of rodent cancer bioassays. 
Among these variables that might impact the bioassay is 
the rendering of the pathology diagnoses. Since the conduct 
of NTP cancer bioassays is carried out in multiple contract 
research organizations, the cancer diagnoses will of neces- 
sity be made by different pathologists. Over the years, a 
defined lexicon and published diagnostic criteria have been 
established to guide the study pathologists. However, in the 
1960s and 1970s, differences in diagnoses, especially when 
they impacted the final study outcome in terms of cancer or 
no cancer, caused parties with a vested interest in the study 
outcome to occasionally successfully challenge the accuracy 
of the pathology. This led to the establishment of a rigorous 
pathology peer review process (Maronpot, 1985; Boorman 
et al., 1985) that has made the pathology aspects of NTP 
studies uniform and consistent. In brief, all tumour diagnoses, 
all identified toxicity and cancer target tissues, and a repre- 
sentative proportion of otherwise normal tissue diagnoses, are 
reviewed by an independent pathologist. Unresolved discrep- 
ancies in diagnoses between study and reviewing pathologists 
are then reviewed by a pathology working group (PWG) 
comprising several experienced pathologists from academia, 
government, and industry and all discrepancies are resolved, 
following which final incidence tables are prepared for sta- 
tistical analysis. While the NTP pathology peer review and 
PWG processes are relatively rigorous, it is both noteworthy 
and gratifying that similar peer review processes have been 
adopted by multiple national and international organizations. 


THE SEARCH FOR ALTERNATIVES 


Since the early days of the NCI Cancer Bioassay Testing 
Program and, in particular, starting in the 1970s and extend- 
ing to the present time, there has been a constant search for 
more rapid and less costly alternatives to the 2-year conven- 
tional mouse and rat cancer bioassay. In each situation, an 
appealing alternative with some biological plausibility has 
been championed by one or more individuals who were in 
a position to influence the scientific community and, impor- 
tantly, had the ability to direct resources to explore their 
preferred alternative. 

As an example, in the early days of the NCI Carcino- 
genicity Testing Program, Dr Michael Shimkin of the NCI 
favoured the use of the strain A pulmonary tumour short-term 
in vivo assay as a means to identify potential carcinogens 
(Shimkin and Polissar, 1955; Shimkin etal., 1966). Ini- 
tial published research studies using the strain A mouse 
were encouraging, but it was not until a rigorous validation 
of the strain A model was undertaken that its shortcom- 
ings as an alternative for the conventional 2-year bioassay 
became apparent (M aronpot et al., 1986; Maronpot, 1991). 
The strain A model not only did not reliably predict the 
same response as identified by the 2-year conventional bioas- 
say but also failed to identify known human carcinogens 
and with inconsistent results between two independent labo- 
ratories. An important lesson or two can be learned here. 


First, strain A model proponents, in their enthusiasm for 
that model, apparently raised their hopes and expectations 
for success on the basis of initial research study findings. 
This “champion syndrome” seemed to spread by contagious 
enthusiasm to others more tangentially acquainted with the 
model. At meetings and even in casual telephone conver- 
sations, it was natural for the champion to casually praise 
the potential of the new model. Second, regardless of the 
fact that the strain A model did not successfully survive 
a rigorous validation exercise and did not supplant the 
conventional rodent bioassay, it, nonetheless, has provided 
and continues to provide, useful information for mecha- 
nistic and other specific studies of carcinogenesis (Schut 
etal., 1985; You etal., 1989; Gunning etal., 1991; You 
et al., 1994; Witschi et al., 2005). Like all models, the strain 
A bioassay was not perfect, but it was, and continues to 
be, useful. 

Other in vivo alternatives continue to come to the forefront 
of the hazard identification process. Utilization of small fishes 
(e.g., medaka, guppy, and zebra fish), the Ito medium-term 
initiation-promotion assay, the rat liver two-stage model, and 
the neonatal mouse model are among the alternatives that 
were championed by some, tested as potential alternatives, 
and found to yield useful information, but to be less con- 
vincing and carry less global regulatory weight than the 
conventional 2-year bioassay. For example, small fish models 
when evaluated by NTP failed to consistently predict known 
rodent carcinogens (K issling et al., 2006). The NTP, together 
with non-governmental national and international stakehold- 
ers, championed the use of transgenic mice as alternatives 
to the 2-year bioassay. The hope was that a shorter study 
interval with fewer mice would be needed to identify carcino- 
genic potential. A series of 6-month studies utilizing several 
genetically engineered mouse models led to the ultimate 
conclusion that these particular models were not sufficient 
alternatives to the 2-year rodent bioassay (Cohen, 2001; 
Pritchard et al., 2003). Results from the extensive interna- 
tional studies utilizing genetically engineered mice and a 
variety of other potential alternative models were reported 
in a dedicated issue of the journal Toxicologic Pathology 
(ILSI, 2001). It is certainly reasonable to assume that the spe- 
cific models studied, and others that will ultimately become 
available, will be useful for testing specific chemical classes 
for carcinogenic potential or for identifying the suscepti- 
bility of specific target tissue sites for cancer induction. 
Indeed, strategies for their use have been proposed (Pritchard 
et al., 2003). 

Some non-in vivo approaches that have been proposed 
include prospective predictive techniques (Bristol etal., 
1996a,b), mathematical modelling, in vitro tests, closer 
examination of prechronic study data (A llen et al., 2004), and 
potential use of new technologies such as gene expression 
profiling and high-throughput screening. It is still too soon 
to assess the ultimate utility of these relatively new avenues 
of investigation. It is safe to assume they will all yield useful 
information. The jury is out on whether or not they will 
significantly impact hazard identification. 
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EVALUATION AND INTERPRETATION 


As a separate exercise from assessing the relevancy of 
a positive or negative cancer bioassay response, it must 
first be determined if the response observed in the test 
rats and/or mice is credible. A negative cancer outcome 
in both sexes of both test species is generally interpreted 
to reflect the probability that the agent under test is not 
a carcinogen. This judgement is not made in a vacuum 
but rather takes into account many other factors including 
whether the agent is genotoxic, the toxicokinetics in the 
bioassay models, evidence of a biological response indicative 
of adequate exposure, sufficient survival for the duration 
of the bioassay, and so on. Given that all these factors 
favourably support the bioassay outcome, it is probable that 
existing or pending regulatory actions will be mitigated. 
However, it is readily understood that one can never prove 
a negative; susceptible human subpopulations or individuals 
might react unfavourably to agent exposure, and the bioassay 
outcome could be reflective of a false-negative response 
(M aronpot, 1985). 

Positive cancer responses in the bioassay test species 
engender a spectrum of interpretative response and often a 
considerable degree of controversy. This follows from the 
fact that bioassays yield varying degrees of response. At 
one end of the spectrum is the clear response in which 
multiple cancers occur early in the study, involving multiple 
tissues in both male and female rats and mice - a multi- 
site, trans-species rodent carcinogen. At the other end of 
the spectrum of response is the situation where there is a 
marginal increase in a common spontaneous tumour and the 
response is seen in one sex of one species and typically 
only at the highest dose. Equally daunting for interpretation 
is the situation where there is a marginal, and often non- 
statistically significant, increase of a rare tumour type seen 
only in treated animals. For those individuals who subscribe 
to a conservative and prudent public health policy, these 
responses are often considered indicative of potential human 
risk for developing cancer, at the very least for susceptible 
human subpopulations or in situations where there may be in 
utero human exposure. The majority of positive outcomes, 
which in the case of the NTP represents approximately 50% 
of agents tested, fall between the extremes of response and 
are generally classified as either clear or some evidence of 
carcinogenicity. Appropriate regulatory agencies and bodies 
then take the bioassay outcome into account as one of 
the factors in the weight of evidence for determining the 
potential human health hazard. Situations where there is an 
equivocal response ideally require additional, and perhaps 
more rigorous, studies, but cost considerations generally 
preclude additional studies except in unusual circumstances. 


Tumour Site Specificity 
Judgements regarding carcinogenicity in rodent bioassays 


are typically defined by site specificity. Thus, a bioassay 
might yield clear evidence of carcinogenicity for mammary 


gland neoplasia in female rats and, in the same study, 
have some evidence for male mouse liver tumours, and 
equivocal evidence for yet a different organ site. A tumour 
response in the same tissue site, for example, the liver or 
pancreas, in both rats and mice, provides a species correlation 
suggestive - but not proof - that the agent in question might 
also be carcinogenic in other species, including humans. 

A particularly problematic issue for interpretation relates 
to the observation of a tumour response in the Zymbal glands, 
preputial/clitoral glands, harderian gland, and forestomach of 
bioassay rodents since these specific tissues are not present in 
humans. On the one hand, tumour responses at these tumour 
sites might be considered rodent specific and not relevant to 
human health risk. On the other hand, these epithelial tissues 
may simply reflect the general potential for epithelial tissue 
tumour responses in humans. Given the complexity of cancer 
as a disease and the myriad mechanisms associated with its 
induction and promotion (M alarkey and M aronpot, 2005), it 
seems inappropriate to ignore a site-specific tumour response, 
especially if there is a possibility that the mechanism for 
tumour induction in a rodent, regardless of tissue site 
specificity, might be an operant mechanism at a different 
tissue site in humans. This view obviously favours a prudent 
approach to public health protection. 

There has always been the opinion that rodent can- 
cer bioassay results should not be interpreted in iso- 
lation. Both the NTP Biannual Report on Carcinogens 
(http://ntp.niehs.nih.gov/) and the IARC Monograph Series 
on the Evaluation of Carcinogenic Risks to Humans (http: 
//www.iarc.fr/) do, in fact, incorporate the rodent bioassay 
results into a more comprehensive evaluation for clas- 
sifying an agent’s carcinogenic potential. Both organiza- 
tions utilize epidemiological data, comparative metabolism, 
dose- response, molecular biology, mode of action, and so 
on, in asystems biology approach to their deliberations. B oth 
organizations utilize panels of multidisciplinary experts to 
analyse the significance of each piece of evidence for or 
against carcinogenicity. 


Mouse Bashing 


Over the last three decades and especially during the 
last few years, there has been considerable concern and 
debate regarding the utility of the mouse for long-term 
rodent carcinogenicity testing (Ward et al., 1979; Newberne, 
1983; Goodman et al., 1991; Mann, 1996; Hardisty, 1996). 
The basis for recommendations that the mouse no longer 
be used for carcinogen hazard identification rests on two 
observations. First, for some mouse strains, including the 
B6C3F1 mouse used by the NTP, there is a high and 
frequently variable incidence of liver tumours in the male 
controls and many agents increase this background tumour 
occurrence and are classified as rodent liver carcinogens. 
Proponents for this view argue that the mouse liver tumour 
has no relevance for human cancer risk in the liver or 
any other organ, for that matter. A second and more 
compelling argument is that the mouse cancer bioassay 
is redundant in that it has never provided evidence of 


CANCER BIOASSAYS 7 


carcinogenicity that was not already identified in the rat 
cancer bioassay (Von wittenau and Estes, 1983; Alden et al., 
1996). The proponents of the status quo suspect that this 
mouse bashing has a self-serving basis and are concerned that 
dropping the mouse cancer bioassay from the armamentarium 
will preclude the possibility of identifying trans-species 
carcinogens (M aronpot and Boorman, 1996). Ironically, the 
current development of new, genetically engineered mouse 
models to better understand and combat cancer and ongoing 
efforts to map the genome of multiple inbred mouse strains 
(http://mouse.perlegen.com/mouse/index.html), suggest that 
it would be prudent, perhaps wise, to retain the mouse 
as a cancer bioassay species. While the debate regarding 
the utility of the mouse as a cancer bioassay model will 
undoubtedly resurface from time to time, on balance it 
appears that mice will retain an important role in our efforts 
at understanding the complexity of cancer as a disease, 
identifying causative factors, and providing a basis for 
therapy and, hopefully, prevention. 


RELEVANCE 


Of all the concerns and controversies surrounding rodent 
cancer bioassay programmes, relevance to potential human 
disease is of critical importance. Since the objective of 
the rodent cancer bioassay is to provide information that 
will permit the avoidance, reduction, and prevention of 
carcinogenic risk to humans, the relevance of the bioassay 
must be defined. Not surprisingly, there are two schools 
of thought on this topic (Grasso and Sharratt, 1991; Huff 
and Rall, 1992; Monro, 1993; Cohen, 1995; Huff, 1999; 
Meek etal., 2003; Cohen etal., 2004; Maronpot etal., 
2004). It is generally accepted that agents whose mode of 
action involves direct interaction with and alteration of DNA 
should be considered to have human carcinogenic potential. 
These DNA reactive agents are typically considered to not 
have a threshold - a level below which the agent poses no 
harm - although there may be some low level of exposure 
to genotoxic agents that simply do not result in cancer 
in a human lifetime. The majority of agents tested in 
contemporary rodent cancer bioassays, however, are non- 
genotoxic and, if they indeed do lead to cancer in rats and/or 
mice, the mechanism by which that rodent cancer occurs 
should ideally have relevance to humans. Over the years, 
diligent investigative work subsequent to observed cancer 
responses in the rodent bioassay has provided convincing 
evidence that some bioassay cancer responses were rodent 
specific and simply not germane to humans. Classic examples 
are identified in Table 2. Agencies have tended to mitigate 
regulatory decisions when clear rodent-specific mode of 
action data are provided and all other factors are considered, 
including a cost-benefit analysis (Dellarco and Baetcke, 
2005; Holsapple et al., 2006). The proponents for relevance 
argue that all rodent responses, even in cases that are 
apparently rodent specific, still provide hazard identification 
information that may have human relevance, possibly to 
sensitive subpopulations. 


Table 2 Classic examples of bioassay tumour responses purported to be 
rodent specific based upon mode of action. 


Male rat renal tubular adenomas associated with w2u-globulin 
nephropathy 

Forestomach papillomas and carcinomas associated with chronic 
forestomach hyperplasia 

Lung carcinomas associated with inhaled particulate burdens that may 
overwhelm clearance mechanisms 


Thyroid follicular adenomas associated with excessive hormone 
stimulation 


Additional concerns remain regarding the relevance of 
some cancer bioassay findings. For example, the significance 
of benign neoplasia in rodent bioassays (Huff, 1999), mouse 
liver tumour response in general, rodent endocrine tumours, 
modulations in rodent spontaneous neoplasms with high and 
variable background incidence, and bioassay responses in 
tissues such as the rodent harderian gland and forestomach 
(Maronpot etal., 2004) are considered by some to have 
minimal relevance to potential human risk. 


THE FUTURE 


The rodent cancer bioassay is unlikely to be abandoned in 
the near future. Even if we were to identify an appealing 
alternative for identifying carcinogenic hazard, just the 
process of validating that alternative could easily take several 
years. 

The rodent cancer bioassay has evolved to address various 
toxicities other than just cancer. Concerns about reproductive 
toxicity, neurotoxicity, developmental effects, and so on, 
have captured public awareness and organizations like the 
NTP are increasingly addressing the issue of toxicity and 
other non-cancer consequences for human health. 

Contemporary rodent bioassay design frequently incor- 
porates substudies for the generation of information about 
mode of action. Concerns about the sensitivity of the rodent 
bioassay and growing concern about long-term and trans- 
generational human health issues are leading to the prospect 
of running bioassays that commence with in utero expo- 
sure followed by continuation of exposure during nursing 
and following weaning. This development will pose consid- 
erable logistical considerations for testing in addition to being 
resource intensive. The general belief is that in utero expo- 
sures will provide a more sensitive bioassay animal model for 
identifying potential carcinogens. Those parties who already 
consider that the bioassay identifies too many agents as car- 
cinogens will undoubtedly be unhappy with this variation on 
bioassay study design. 

While the majority of bioassays have been carried out 
on single specific agents in the workplace and general 
environment, there is a growing interest in understanding 
the health consequences for the total environmental load of 
exposures and in testing relevant mixtures of agents that 
would likely reflect realistic human exposures. Examples 
include complex non-standardized agents such as readily 
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available over-the-counter herbal medicines, combinations 
of exposures from water disinfection by-products, physical 
exposures from electromagnetic fields and cell phones, 
nanoscale materials, and endocrine disrupters, to name a few. 
This type of testing will require novel exposure scenarios and 
will create logistical hurdles and new issues of interpretation 
and relevance. The problems will be all the more complex 
as the rodent bioassay is expanded to include non-cancer 
end points, exploration of modes of action, and identification 
of biomarkers of exposure and effect that might have 
applicability in protecting human health. 
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WHY MOLECULAR EPIDEMIOLOGY? 


Epidemiology is the study of health and disease in popu- 
lations, and of their determinants. The term molecular epi- 
demiology may sound as an oxymoron, since it encompassess 
such different entities as molecules and populations. The aim 
of molecular epidemiology is to overcome some of the lim- 
itations of conventional epidemiology, by linking research 
in the laboratory with research in free-living populations. In 
fact, rather than introducing an opposition between conven- 
tional and molecular epidemiology, it is more appropriate to 
consider the latter as a part of the first, involving the use 
of laboratory methods in order to overcome some of the 
methodological problems that are encountered in the study 
of the aetiology of human diseases. 

The tools of molecular epidemiology include an appropri- 
ate study design, a specific attention to sources of bias and 
confounding, and the development of markers that can be 
applied on a population scale. Study design is particularly 
important, because research that applied laboratory methods 
to human populations in the past were often based on “con- 
venience samples” that were affected by bias. Confounding, 
as we will see, is a methodological problem that deserves 
special care. 

Figure 1 is a simple representation of the goals of molec- 
ular epidemiology of cancer. Markers used in the molecular 
epidemiology of cancer are usually divided into the three cat- 
egories: those of internal dose, those of early response, and 
those of susceptibility. In fact, each category includes subcat- 
egories. For example, protein adducts and DNA adducts are 
both markers of internal dose, but their biological meaning 
is different. Adduct is a word that refers to the binding of an 
external compound to a molecule such as a protein or DNA. 
While protein adducts are not repaired, that is, they reflect 
external exposure more faithfully, DNA adducts are influ- 
enced by the individual repair ability; in fact, if they are not 
eliminated by the DNA repair machinery, they will induce 
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a mutation (see Mechanisms of Chemical Carcinogene- 
sis and The Formation of DNA Adducts). Also markers 
of early response are a heterogeneous category that encom- 
passes DNA mutations and gross chromosomal damage. The 
main advantage of early response markers is that they are 
more frequent than cancer itself and can be recognized ear- 
lier, thus allowing researchers to identify earlier effects of 
potentially carcinogenic exposures. Finally, markers of sus- 
ceptibility include several subcategories, in particular, a type 
of genetic susceptibility that is related to the metabolism of 
carcinogenic substances, and another type that is related to 
the repair of DNA (see subsequent text). 

The complexity of the processes that lead to cancer and the 
ensuing multifactorial nature of epidemiologic investigations 
are depicted in Figure 2. 

Technical advancements such as high-throughput technolo- 
gies for the analysis of SNPs (single nucleotide polymor- 
phisms) and proteomics (see subsequent text) will make 
molecular epidemiology more powerful in the future, but will 
also bring new scientific and ethical challenges. 

In the following text I will describe a few examples, and 
will raise some methodological issues related to molecular 
epidemiology. 


MARKERS OF INTERNAL DOSE 


The Example of Haemoglobin and DNA Adducts 


Engine exhaust, tobacco smoke, and other complex mixtures 
contain several groups of carcinogenic compounds, including 
arylamines, polycyclic aromatic hydrocarbons (PAHs) and 
nitrosamines, many of which are able to form protein or 
DNA adducts after metabolic activation. The measurement 
of adducts is a method to partially overcome the inaccuracies 
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Figure 2 Many genes and environmental exposures contribute to the 
carcinogenic process. The effects can be additive or multiplicative, which 
are modifiable by interindividual variation in genetic function. It is 
proposed to include carcinogen metabolic activity and detoxification genes 
as caretaker genes involved in maintaining genomic integrity. (Reprinted 
with permission from the American Society of Clinical Oncology.) 


inherent in traditional exposure assessment in epidemiol- 
ogy. Different techniques have different biological mean- 
ings. Haemoglobin adducts have the advantage that large 
amounts of haemoglobin are available and well-established 
methods can lead to the identification of specific adducts, in 
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particular, from arylamines. The latter is a group of carcino- 
genic substances found in tobacco smoke, fried meat, car 
exhaust, and some occupational environments. A rylamine- 
haemoglobin adducts have been shown to be associated with 
active and passive tobacco smoke (M cLure et al., 1989; Per- 
era, 1996). The disadvantage of haemoglobin adducts is the 
short half-life (8 weeks), that is, they reflect recent exposure. 

W hite blood cell (WBC)-DNA adducts measured with the 
32P -nostlabelling technique give an overall measurement of 
aromatic compounds, that is, a large group of environmental 
contaminants. The half-life is months, that is, such adducts 
express a cumulative exposure in the last several months. 
Different extraction methods give different fractions of 
compounds. The nuclease P1 technique alone is able to detect 
bulky adducts, such as those formed by the PAHs and by 
some arylamines bound to the exocyclic position of guanine 
or adenine, while extraction with butanol is effective for most 
of the aromatic amines bound to the C-8 position of guanine 
and some low-molecular-weight alkylating agents. 

Previous 24P-postlabelling studies have reported conflict- 
ing results of the association between the adduct levels in 
peripheral white cells and tobacco smoking. Discrepancies 
may depend on the marked inter-individual variation in the 
metabolism of carcinogens, which results in different DNA 
adduct levels for similar degrees of exposure (Perera, 1996). 

In addition to tobacco smoke, other exposures have been 
considered. Several studies in Europe, for example, have 
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shown that the levels of WBC-DNA adducts were higher 
among subjects heavily exposed to air pollutants. This 
observation has been made among police officers (Peluso 
et al., 1998a), newspaper vendors exposed to urban traffic 
(Pastorelli et al., 1996), in residents in a highly industrialized 
area in the United Kingdom (Farmer et al., 1996), and among 
bus drivers in Denmark (Nielsen et al., 1996). In all these 
cases the more exposed subjects had significant differences 
from those less exposed, with WBC-DNA adducts in the 
order of about 3 x 10° for the relative adduct labelling 
(RAL) in the former and 1 in the latter. Benzo(a)pyrene is 
frequently used as a model compound for the class of PAHS. 
Benzo(a)pyrene is metabolically activated to benzo(a)pyrene 
diolepoxide (BPDE), the ultimate carcinogenic metabolite 
known to bind to DNA and blood proteins. 

L ewtas et al. (1997) have observed that human populations 
exposed to PAHs via air pollution show a non-linear relation- 
ship between levels of exposure and WBC-DNA adducts. 
Among highly exposed subjects, the DNA adduct level per 
unit of exposure was significantly lower than that measured 
at environmental exposures. The same exposure-dose non- 
linearity was observed in lung DNA from rats exposed to 
PAH. One interpretation proposed for such observation (Lutz, 
1990; Garte etal., 1997) is that saturation of metabolic 
enzymes, or induction of DNA repair processes, occurs at 
high levels of exposure (see subsequent text). Also in humans 
occupationally exposed to PAH, a less-than-linear relation- 
ship between external exposure and WBC-DNA adducts was 
observed. 


MARKERS OF EARLY RESPONSE 


The Example of p53 Mutations 


There is growing interest in the study of the relationship 
among carcinogenic exposures, the risk of cancer at spe- 
cific sites, and mutation spectra in relevant cancer genes 
(i.e., oncogenes and tumour-suppressor genes). One current 
theory is that specific carcinogens or carcinogenic mix- 
tures (like tobacco smoke) would leave a fingerprint - or 
characteristic mutation spectrum - in relevant cancer genes 
(see Mechanisms of Chemical C arcinogenesis). 

Many in vitro and in vivo experimental studies have 
been conducted to elucidate carcinogenic mechanisms, with 
particular reference to mutation spectra in cancer genes. The 
fact that mutagens do not act randomly was already noted 
30 years ago by Benzer and then in a classical series of papers 
by J. Miller on the lacl gene, regarding mutational specificity 
in bacteria (see for example, Coulondre and Miller (1977); 
Miller et al., (1979)). Denissenko et al. (1996, 1997, 1998) 
published some of the most interesting recent studies. The 
authors showed a strong and selective formation of adducts 
by 7,8,9,10-tetrahy drobenzo[a]pyrene (a PAH, see preceding 
text) at guanines in CpG sequences of codons 157, 248, 
and 273 of p53 gene, the major mutational hotspots in lung 
cancer. They concluded that methylated CpG dinucleotides 
are a target for chemical carcinogens in cancer genes. 


An early example of a characteristic mutation spectrum in 
the human P53 gene involved hepatocellular carcinoma in 
South Africa and China, and exposure to aflatoxins, a well- 
known dietary carcinogen. In early studies it was observed 
that about 50% of the patients in those areas had a relatively 
rare mutation, a G to T transversion at codon 249 (Bressac 
et al., 1991; Hsu et al., 1991). This mutation was deemed to 
be rare because it was not previously observed in patients 
living in areas where food contamination by aflatoxins is not 
common; furthermore, the same mutation could be induced 
experimentally by aflatoxin B1 in vitro. On the contrary, p53 
mutational spectra induced by aflatoxin were not observed 
in rats (Hulla et al., 1993; Tokusashi et al., 1994). Another 
well-known example is represented by the characteristic C-T 
mutations induced by UV light at dipyrimidine sequences in 
the P53 gene (Brash et al., 1991). 

Some difficulties should be considered in the study of 
human cancer gene “fingerprints”, such as (i) the multifacto- 
rial nature of human cancers that hampers their attribution to 
single carcinogenic agents and/or the identification of com- 
mon pathogenetic pathways; (ii) the high genetic instability 
of cancer cells that may increase the frequency of mutations 
in certain cancer genes regardless of exposure factors; (iii) 
the importance of DNA repair mechanisms and of the corre- 
sponding degree of population variation; (iv) tissue selection 
bias that may affect the results, although its extent is dif- 
ficult to establish; (v) the simultaneous presence of clinical 
(i.e., treatment) and biological factors (i.e, stage, grading, 
or unknown factors) related to the exposure and to the fre- 
quency of mutations that may confound its association; and 
(vi) the need for a consideration of temporal sequences in 
the activation/deactivation of cancer genes. 

Tumours are extremely dynamic entities and selection of 
tumour cell subpopulations is a continuous process. M uta- 
tions found in an advanced tumour may not be representative 
of the type of damage created by an agent in the DNA of 
the original target cell, since only those genetic changes that 
confer a growth advantage are selected in the course of the 
carcinogenic process. Certain mutations may provide sensi- 
tivity to the effects of tumour promoters, while others may 
not, thus resulting in the selective expansion of the former 
rather than the latter; this complicates the interpretation of 
the association between the genetic end product and exposure 
to carcinogens. 

Specific characteristics of bias and confounding in studies 
on mutational spectra should be considered. The size of 
the biopsies that are selected for investigation provides a 
prominent example of the types of selection bias that can 
occur in studies on cancer genes. In bladder cancer, for 
example, it is likely that early-stage tumours are too small to 
allow the urologist to obtain a biopsy sufficiently large for 
both research and clinical purposes. However, large biopsies 
tend to correspond to more advanced cases, which in turn 
may show a higher proportion of mutations in certain genes 
(Yaeger et al., 1998). 

Another kind of bias that is particularly difficult to 
characterize and quantify is publication bias. Publication bias 
refers to the greater probability that positive studies (i.e, 
those showing an association, for example, between p53 
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spectrum and exposure) get published. A way to identify 
publication bias is to plot the result of each study (expressed, 
e.g., as an odds ratio, OR) against their size. In the absence of 
publication bias the plot is expected to show great variability 
with small samples and lower variability with large samples, 
around a central value of the true OR. If publication bias 
occurs, negative results are not published, particularly if 
they arise from small investigations, and their results do not 
appear in the plot (Begg and Berlin, 1988). For example, 
in the large database available at the International A gency 
for Research on Cancer on P53 mutations (Hainaut et al., 
1998), the distribution of the proportion of mutations from 
different studies is skewed: all the studies with a proportion 
greater than 50% had less than 50 cases, while lower 
proportions were found in both small and large studies. This 
distribution does not necessarily imply that publication bias 
occurred; it might also suggest that large studies were based 
on heterogeneous populations, with a variable prevalence 
of mutations, while small studies refer to small subgroups 
with specific exposures to carcinogens and a genuinely high 
proportion of mutations. 

Information bias is related to material mistakes in conduct- 
ing laboratory or other analyses, or in reporting mutations; 
for example, a distortion arose from incorrect reporting of the 
P53 sequence in an early paper, which influenced subsequent 
reports (Lamb and Crawford, 1986). However, this causes 
a genuine bias if the mistaken frequency is non-randomly 
distributed in the categories that are compared. 

Confounding occurs when a third variable creates a spu- 
rious association between the exposure at issue and the 
mutation spectrum. Several variables may act as confounders, 
for example, if they modify the expression of oncogenes or 
tumour-suppressor genes. One such variable is chemother- 
apy; for example, cytostatic treatment for leukaemia induces 
characteristic cytogenetic abnormalities in chromosomes 5 
and 7. Confounding arises if, for some reason, therapy is 
related to the exposure at issue. Also stage is a potential 
confounder. Therefore, studies that aim to determine the 
expression of cancer genes in humans should be restricted 
to untreated patients or specific stages, or statistical analyses 
should be stratified according to treatment/stage. 


PROTEOMICS AND EPIGENETICS 


Proteomics and epigenetics are two promising fields of 
cancer research. Proteomics is the study of an organism's 
entire complement of proteins. It has been used for the 
investigation of several types of cancer, including lung, 
ovarian, and prostate cancer. Proteomic studies have also 
identified changes in proteins associated with oxidative 
stress. The investigation of proteomic patterns could be a 
powerful tool both for the identification of intermediate 
changes that relate exposure to carcinogens to disease onset 
and as an early marker of cancer. However, methodological 
issues need to be solved (in particular, reproducibility) 
before application in prospective studies. In fact, several 
investigations have described lack of reproducibility and of 


repeatability (i.e., the same patients showed different patterns 
at different times) of proteomic patterns. 

Epigenetics defines the modulation of gene expression 
through heritable but reversible changes like DNA methy- 
lation. Promoter methylation, in particular, is a mechanism 
that regulates gene expression and is believed to play a 
crucial role in carcinogenesis. For example, several genes 
are the target of promoter hypermethylation in lung cancer, 
including among others the p16 gene (p16'"*4*/CDKN2A), 
DAPK, RAR-8, RASSF1, and O°MGMT (a DNA repair 
gene). Also global hypomethylation is of interest. Both cur- 
rent and past smoking have been associated with aberrant 
p16, DAPK, RASSF 1A, and RAR-Bmethylation. In a prospec- 
tive study, promoter hypermethylation of multiple genes 
(including those mentioned above) in the sputum was able 
to predict lung cancer onset with sensitivity and specificity 
of 64% (Belinsky et al., 2006) (see also The Role of Epige- 
netic Alterations in Cancer). 


MARKERS OF SUSCEPTIBILITY 


Metabolic Polymorphisms 


The human genome contains approximately 3500000000 
base pairs; of these, 10000000 are likely to differ among 
different individuals. Such variants in single base pairs are 
called SNPs and are potentially responsible for susceptibility 
to disease. It is becoming clear that only a minority of cancers 
have a frank genetic origin, in the sense that they are due 
to a highly penetrant gene (e.g., 5-10% of breast cancers 
occur in women carrying mutations of the BRCA1 gene, 
which confers a risk of breast cancer of about 50-60% 
in the carriers). At the other extreme of the scale, there 
are diseases that are entirely due to the environment, with 
no role for genetic predisposition (this is the case of 15 
workers who were exposed to 6-naphthylamine in the British 
chemical industry in the 1950s; all of them developed 
transitional-cell bladder cancer, with no role for individual 
susceptibility) (Case etal., 1954). The vast majority of 
cancers, however, are likely to be in the middle, that is, 
to be due to an interaction between external exposure and 
genetic susceptibility caused by a low-penetrance gene. One 
type of such susceptibility is related to the metabolism of 
carcinogens. Subjects with an SNP at a particular gene locus 
have a defect in the enzyme involved in the metabolism of a 
carcinogen, and therefore develop cancer more easily if they 
are exposed to the substance. 

Enzymes involved in the metabolism of carcinogens 
belong to two catagories, phase | and phase II enzymes, 
the former being usually involved in activation (generally 
by oxidation) and the latter usually in the inactivation of 
carcinogens (generally by conjugation). Examples of phase | 
enzymes are cytochrome P450s, involved in the activation of 
nitrosamines; examples of phase II enzymes are glutathione- 
S-transferases or N-acetyltransferase (NAT), involved in the 
deactivation of arylamines (see Mechanisms of Chemical 
Carcinogenesis). Such enzymes can be less active because 
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Figure 3 Meta-analysis of studies on NAT2 polymorphism and bladder cancer (Caucasians). Note that the authors given are not cited in the present reference 
list. (From Vineis, P. et al. (1999). Metabolic Polymorphisms and Susceptibility to Cancer. IARC Scientific Publications No. 148. IARC, Lyon, France.) 


of genetic polymorphisms, that is, common variants due to 
SNPs. A meta-analysis that has been prepared for an IARC 
publication on metabolic polymorphisms (Figure 3) (Vineis 
et al., 1999) shows that, overall, NAT slow genotype is asso- 
ciated with a 40% increase in the risk of bladder cancer. The 
vertical lines correspond to different studies, in which the 
effect of NAT has been measured by an OR and the corre- 
sponding confidence interval, while at the extreme right the 
overall OR (deriving from the meta-analysis) is reported. In 
fact, the risk was much higher in populations occupationally 
exposed to arylamines; an interaction with tobacco smoke has 
also been shown in a different meta-analysis (M arcus et al., 
2000). One aspect that deserves a comment is the hetero- 
geneity of the effects, suggesting that the interaction between 
the genetic trait and environmental exposures is important 
indeed, depending on the specific populations investigated. 


Methodological Issues in the Study of Metabolic 
Polymorphisms 


One issue that is relevant to all epidemiological investiga- 
tions aimed at interactions between exposures and genetic 
traits (gene- environment interactions) is statistical power 
(sample size). Statistical power is usually inadequate in most 
studies on this subject, and appropriate a priori calculations 
of the size required to detect an interaction are needed. A 
second, related issue is subgroup analysis: statistically sig- 
nificant associations may arise by chance when multiple 
comparisons are made within a single study. This problem 
is not a statistical issue alone, that is, one that can be solved 
with mathematical tools. Rather, the best way to avoid the 


pitfalls associated with subgroup analysis, multiple compar- 
isons, and publication bias is to define a sound scientific 
hypothesis a priori. This goal can be accomplished by assur- 
ing a strong cooperation among all the figures involved, that 
is, geneticists, biochemists, molecular biologists, epidemi- 
ologists, and biostatisticians. A sound a priori hypothesis 
implies that (i) evidence has been provided that a genetic 
polymorphism is implicated in the metabolism of a given 
carcinogen; (ii) the polymorphism can be measured with a 
reasonably small degree of misclassification; and (iii) epi- 
demiologic tools allow the researcher to identify the exposed 
subjects with sufficient accuracy (i.e., exposure assessment 
is sound). 


Cause-—Effect relationships 


The a posteriori evaluation of published studies, in order to 
assess cause- effect relationships, is a difficult task that can 
only be accomplished by consensus in the context of Working 
Groups. | will not try to identify those gene- environment 
interactions that are more likely to be causal, but only 
suggest a method to accomplish this goal. Such method is 
derived from the guidelines developed by Sir Bradford Hill to 
evaluate cause- effect relationships in observational studies 
(Hill, 1965): 


e Strength of association (weak associations are more likely 
to be explained by bias, including publication bias, or 
confounding). 

e Dose- response relationship (a criterion that applies to both 
genotyping, when two mutations are more effective than 


6 THE CAUSATION AND PREVENTION OF CANCER 


one, and to phenotyping, when the association with cancer 
risk is proportional to enzyme activity). 

Reproducibility of the association (in studies conducted in 
different populations with a different design). 

Internal coherence (e.g., the association is observed in both 
genders, unless there is some biological explanation to 
justify gender differences). 

Biological plausibility (see preceding text about the need 
for sound biological hypotheses; a particularly important 
issue is Knowledge of the relevant carcinogens metabolized 
by the enzyme involved in the polymorphism). 
Specificity of the association (e.g., the NAT polymorphism 
is associated with bladder cancer, a target site for ary- 
lamines). 

Animal models (which are expected to become available 
for metabolic polymorphisms with the development of the 
transgenic mice technology). 

Time sequence: although the genotype does not change 
with time, and its measurement within a cross-sectional 
design is meaningful, there are subtle problems of interpre- 
tation. For example, there is evidence that some polymor- 
phisms influence survival of cancer patients (K elsey et al., 
1997); therefore, measurement of the genotype within a 
cross-sectional design may simply imply the observation 
of a survival effect. 


To mention a couple of examples, on one side we have 
the very well established association between bladder can- 
cer, arylamine exposure, and the NAT polymorphism. In this 
case, all Bradford Hill’s criteria are met: the carcinogens 
metabolized are known, they induce the type of cancer (blad- 
der) that has been associated with the NAT polymorphism, 
the association has been found in different populations with 
different study designs, the association is strong in at least a 
few of the studies, and animal models are available. At the 
other extreme we have the CY P2D6 polymorphism, whose 
role in carcinogenesis is still doubtful because of unresolved 
issues including the implication in carcinogen metabolism. 


Emerging Issues 


Whole genome scanning (WGS) for the search of genetic 
variants predisposing to disease has become a reality, owing 
to technological developments such as the A ffymetrix or Illu- 
mina platforms. WGS has already been conducted, for exam- 
ple, in the context of the US National cancer institute (NCI) 
Consortia on breast and prostate cancers, or for Parkinson 
disease (M araganore et al., 2005). Strategies for WGS are 
mainly aimed at avoiding false positive results owing to the 
large number of comparisons (typically, 300 000-500 000 
SNPs in a run). False positives arise simply as a consequence 
of the multiple comparison: in 500000 comparisons, with 
a nominal level of 0.01 for type-I error, 5000 “statistically 
significant” results will arise. For this reason, multi-stage 
approaches are used; for example, the first 5000 SNPs are 
tested in a second stage in a separate data set. Up to 4 stages 
have been proposed. 

Let us suppose that the absolute risk of lung cancer in 
smokers with a functioning metabolic enzyme (compared to 


non-smokers) is 2.0/1000 per year, while it is 4.0 in those 
with enzyme deficiency (a relative risk of 2.0, a conservative 
assumption). Let us suppose that the prevalence of smoking 
is 50%. For the sake of simplicity we assume that the 
absolute risk in non-smokers is 2.0/1000 irrespective of 
enzyme status (a complete gene-environmnent interaction, 
GEI). The (average) main effect of the genetic deficiency 
in the population will be estimated as a relative risk of 
((4.0 x 0.5) + (2.0 x 0.5))/2.0, that is, 1.5. Now, let us 
suppose that the prevalence of the relevant exposure is not 
0.5 but 0.1 (say, an environmental exposure). In this case 
the main genetic effect will be estimated as ((4.0 x 0.1) 
+ (2.0 x 0.9))/2.0 = 2.2/2.0 = 1.1. In other words, a rare 
exposure which interacts with the genetic variant will lead 
to a dramatic underestimation of the main effect of the gene 
in a whole genome scan blind to the exposure status. 


Public Health Applications 


Ethical issues, related to the potential application of 
metabolic polymorphisms in a public health context, go 
far beyond the obtainment of informed consent. The use 
of metabolic polymorphisms to identify highly susceptible 
individuals has several implications that should be discussed 
thoroughly before any field application is approved: (i) the 
distribution of polymorphisms is uneven according to ethnic 
groups; this means that any job-related selection - on 
the basis of genetic susceptibility - would imply ethnic 
discrimination; (ii) the role of insurances must be clarified, 
if personal information on genetic susceptibility to cancer is 
released; and (iii) the metabolic susceptibility to cancer is 
such a complex issue that it can be hardly used to select the 
susceptible individuals for any meaningful purpose. 


DNA Repair 


In addition to polymorphisms in carcinogen metabolism, 
a potentially important source of variability is DNA 
repair capability, including the genetic instability syndromes 
(see Genomic Instability and DNA Repair). These are rare, 
recessive traits that include ataxia-telangiectasia, Fanconi’s 
anaemia, and Bloom’s syndrome, all characterized by 
both chromosome instability and high risk of cancer, 
and xeroderma pigmentosum, characterized by extreme 
susceptibility to UV-light-induced skin cancer (Friedberg 
et al., 1995). In addition to these rare syndromes, individuals 
differ in their capability in repairing DNA damage. At least 
part of such interindividual differences are likely to have a 
genetic origin. A number of studies have been conducted on 
the subject, based on comparisons between cancer cases and 
healthy controls for their supposed DNA repair function. A 
variety of tests to measure DNA repair have been developed. 
In fact, these studies can be broadly grouped into three 
categories, depending on the tests used. The first category 
includes tests based on DNA damage (usually chromosome 
breaks) induced with chemical (bleomycin) or physical 
(radiation) mutagens; mutagen-sensitivity assay, unscheduled 
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DNA synthesis, 3H-thymidine incorporation, and count of 
pyrimidine dimers are examples. In this category of tests, 
DNA repair is simply inferred by the different frequency of 
DNA damage induced in cancer cases and controls, without 
direct evidence of repair. The second category encompasses 
tests based on some direct evidence of repair, for example, 
the plasmid cat gene test, the ADPRT modulation test, or 
immunoassays based on antigenicity of thymidine dimers. 
The third category is represented by genotype-based tests, in 
which the distribution of polymorphic alleles is the object of 
the test. 

A systematic review on the subject has been published 
(Berwick and Vineis, 2000). According to this review, 
all studies based on tests belonging to the first category 
showed highly statistically significant results; when ORs 
were available they were between 2.8 (Spitz etal., 1994) 
and 10.3 (Spitz etal., 1989), suggesting a rather intense 
association. With regard to the second category, two of 
the eight studies belonging to it, and included in the 
review (Berwick and Vineis, 2000), did not attain statistical 
significance. 


Methodological Issues 


Confounding is related to the possibility that some exposure 
or characteristic of the patients is associated with DNA repair 
and is a risk factor for cancer, thus creating a spurious 
relationship between DNA repair and the disease. Repair 
enzymes can be induced in several ways by stresses that 
damage DNA, for example, pro-oxidative stress. According 
to recent investigations based on microchip technology, in 
yeast treated with an alkylating agent, the expression of over 
200 genes was upregulated, while that of nearly 100 genes 
was downregulated. However, no information is available 
on the persistence of gene induction (P. Hanawalt, personal 
communication). 

In studies in humans, several tests of DNA repair were 
affected by characteristics such as age, sunlight, dietary 
habits (with a negative relationship between carotenoids and 
repair proficiency), exposure to pro-oxidants, and cancer 
therapies. While age and therapies were usually controlled in 
most studies, dietary habits might have acted as confounders, 
since both the intake and the plasma level of carotenoids and 
other antioxidants have been shown to be lowered in cancer 
patients compared to healthy controls. The extent of such 
potential confounding is hard to estimate. 


Biological Plausibility 


A major limitation of many tests (those belonging to the first 
category as defined in the preceding text) is that DNA repair 
is only indirectly inferred from DNA damage. 

To draw firm conclusions about a cause- effect relation- 
ship, therefore, more evidence about the biological meaning 
of tests is needed. In particular, evidence has not been pro- 
vided that many of these tests really express DNA repair. 
One possible interpretation is that some tests refer to a gen- 
eral and aspecific impairment of the DNA repair machinery, 


while others would explore more specific segments of it. 
However, this working hypothesis requires further evidence. 


CONCLUSIONS 


Gene-—Environment Interactions and Cumulative 
DNA Damage 


As a rule of thumb, there is an inverse proportionality 
between the frequency of at-risk alleles and the risk of cancer 
(penetrance) (Figure 4). 

In particular, single highly penetrant mutations in cancer 
genes explain a small proportion of cancers (Vogelstein and 
Kinzler, 1998). This consideration arises both from empirical 
observation and from general scientific knowledge. Highly 
penetrant gene mutations - that confer an exceptionally 
high risk of cancer in the carriers - represent the tail of 
a distribution that includes (i) more common mutations in 
the same cancer genes (polymorphisms), which have a less 
disruptive effect on the protein function or (ii) rare or 
common mutations in genes that are less directly involved 
in the cancer process. There is increasing evidence in favour 
of both categories. Shen et al. (1998) have shown that even 
genes, such as xeroderma pigmentosum, involved in rare and 
disruptive conditions show common polymorphisms whose 
effects on the protein function (a DNA repair enzyme) are 
probably mild. 

With reference to category (ii), many metabolic polymor- 
phisms are clear examples. Subjects with the GSTM 1 null 
genotype are frequent (about 50% of the Caucasian pop- 
ulation), have a serious genetic change (a deletion of the 
entire gene), but a slightly increased risk for some forms of 
cancer. In addition, many investigations (Shen et al., 1998) 
have been conducted on a greater susceptibility of patients 
with cancer to DNA damage, in comparison with controls. 
Most of these studies are based on the treatment of WBCs 
from cases and controls with a mutagen or a clastogen and 
on the observation of the frequencies of the induced DNA 
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Figure 4 Examples of the inverse correlation between allelic frequency 
and cancer risk associated with selected cancer susceptibility genes. 
(Reprinted from Cancer Research, 58. Hussain and Harris. Copyright (1998) 
With permission from the American Association for Cancer research.) 
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damage. The differences between cases and controls are 
interpreted as suggesting a greater susceptibility of cancer 
cases. AS we have seen, the interpretation of such studies 
is not completely straightforward. In particular, the meaning 
of mutagen-sensitivity tests is uncertain. Although virtually 
all studies show a greater sensitivity of cases, one cannot 
rule out the fact that the apparent sensitivity is not due to 
a susceptibility factor, but is a consequence of cancer itself. 
Cancer is characterized by such a genetic instability that a 
mutagen-sensitive phenotype does not necessarily indicate a 
pre-existing susceptibility factor. In spite of such uncertain- 
ties, and of the aspecificity of mutagen-sensitivity tests, the 
burden of investigations suggesting a greater sensitivity of 
some subjects to DNA damaging agents is impressive. Fur- 
thermore, the credibility of the observation is enhanced by 
the fact that in some investigations also healthy relatives of 
cancer patients - belonging to high-risk families - showed 
increased mutagen sensitivity or impaired DNA repair. 

In addition to such studies, several investigations on DNA 
adducts (see first paragraph and The Formation of DNA 
Adducts) suggest that cancer patients have a higher level 
of adducts after adjustment for relevant exposures. For 
example, in a study on bladder cancer we have found that, 
after adjustment for smoking and dietary and occupational 
exposures, the level of WBC-DNA adducts was the variable 
that had the strongest association with the case versus control 
status (Peluso et al., 1998b). Similar observations have been 
made by others (Perera, 1996). In fact, adducts can be seen 
both as markers of cumulative internal dose and as markers 
of susceptibility. 

Epidemiologic studies have shown that in many instances 
duration of exposure is more important than the daily dose in 
increasing the risk of cancer. The paradigm for this general 
relationship is represented by smoking and lung cancer, but 
also experimental evidence has been produced. In the case 
of smoking, the incidence of lung cancer increased with the 
fourth power of duration and the second power of daily dose 
in one study (Doll and Peto, 1978). Other investigations did 
not find such astrong discrepancy between dose and duration, 
but the latter was, nevertheless, more relevant. Duration 
is mainly due to age at start; classical epidemiological 
studies have shown a very strong association between earlier 
age at start of smoking and the risk of lung cancer. In 
animals, fractionated and repeated doses induced tumours 
more frequently than the same total amount administered as 
a single dose (Lee and O'Neill, 1971; Lee et al., 1977). The 
latter observation is at odds with the general mechanisms 
of toxicity, according to which heavy exposure in a single 
administration has more devastating effects than repeated 
small doses (there are, however, some notable exceptions: 
not all carcinogens follow the rule suggested in the preceding 
text). 

In the light of such observations, a possible interpretation 
of the higher levels of adducts among cancer cases compared 
to controls is the concept of cumulative unrepaired DNA 
damage. What causes cancer - roughly speaking - would 
be the total burden of genotoxic chemicals that bind to 
DNA overcoming the repair processes. Such a burden may 
be higher because DNA repair is impaired (for genetic or 


acquired reasons) or because repeated exposures to the same 
agent occur. 


Practical Consequences 


If the premises are correct, important practical consequences 
follow. Firstly, the contribution of genetic screening of pop- 
ulations is doomed to be rather limited. Genetic screening 
is sensible if at least two conditions are met: that the 
identification of a mutation is followed by effective preven- 
tive/therapeutic measures that prolong survival and improve 
the quality of life; and that the population examined shows a 
high concentration of mutants as to achieve a high predictive 
value of the screening test. If the prevalence of the muta- 
tion in the population is low - even in cases where we have 
effective preventive/therapeutic means - a screening strategy 
is unrealistic, since we have to screen hundreds of thousands 
to find one true positive plus (usually) a large number of 
false positives. So, rare mutations can be reasonably sought 
in families, not in the general population. 

Conversely, if the mutation is frequent (a polymorphism), 
its penetrance is likely to be very low and its effects are 
likely to depend on interaction with external exposures. In 
such a case, even if the predictive value of the test is high, 
the success of screening is low: how can we deal effectively 
with 50% of the population (those with the GSTM1 null 
genotype) who have a 30-40% excess risk of lung cancer? 
The best action is to advice them not to expose themselves 
to carcinogens, for example, not to smoke, but such advice 
should be obviously extended to the remaining 50% of the 
population. A nother even better reason why genetic screening 
for common polymorphisms is not feasible is that multiple 
polymorphisms (tens or even hundreds) are involved in 
modulating the risk of cancer. Therefore, it makes little sense 
to identify a GSTM1 null individual if the same person 
is at low risk for other metabolizing enzymes. It is rather 
obvious that for polymorphic conditions that interact with 
external exposures the only reasonable approach is avoidance 
of exposure. 

The preceding considerations will be clearer with a quanti- 
tative example, based on the concept of NNT (number needed 
to treat) (Table 1). Let us imagine we have two different 
genetic traits, one with low penetrance (1.4% of cumulative 
lifetime risk in the carriers), and one with high penetrance 
(37% cumulative risk). Let us suppose that screening allows 
us to reduce the risk of cancer by 58% in both cases. This 
means that the absolute risk goes down to 6 per thousand 
in category A and to 15.5% in category B, with an absolute 
reduction of 8 per thousand and 21.5% respectively. The 
NNT is the inverse of such figures, that is, 125 in category 
A and 4.5 in category B. This means that we have to screen 
125 subjects to prevent one cancer in category A (even with 
a relative effectiveness of the intervention as high as 58%), 
while it is sufficient to screen 4.5 individuals in category B 
to achieve the same result. 

In conclusion, what practical strategies can be proposed? 
If we accept that genetic screening should be limited to 
high-risk families, and that, apart from these, the risk of 
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Table 1 Calculation of the number needed to treat for a genetic test 
involving a highly penetrant gene or a low-penetrance gene. 


Genotype 
Low penetrance 


0.014 0.37 


High penetrance 





Risk of cancer without 
screening (U) 

Risk reduction due to 58% 58% 
screening (U - T)/U 





Risk of cancer in the 0.006 0.155 
screenees (T) 

Absolute reduction of risk 0.008 0.215 

(U - T) 

NNT to prevent one cancer 1/0.008 = 125 1/0.215 = 4.5 
1/(U - T) 


cancer depends on the total cumulative unrepaired DNA 
damage, then avoidance of exposure is the only realistic 
approach, even for low exposures. Low exposures have 
two properties that make them potentially highly relevant 
to the population at cancer risk: they are frequent or even 
ubiquitous (e.g., dietary components, air or water pollution) 
and they are prolonged rather than limited in time. The 
average person in western societies is exposed to low-level 
genotoxic pollutants all his life. Such low-level exposure 
starts at a very young age and induces cumulative DNA 
damage which, if unrepaired, will be able to increase the 
cancer risk. Although a great deal of controversy has arisen 
about thresholds for carcinogens, little attention has been paid 
to long-lasting exposures. 


Advantages and Disadvantages of Molecular 
Epidemiology 


Conventional epidemiology, based on simple tools such as 
interviews and questionnaires, has achieved extremely impor- 
tant goals, including the discovery of the causal relationships 
between smoking and lung cancer or asbestos and mesothe- 
lioma. Even a difficult issue such as the relationship between 
air pollution and chronic disease has been successfully dealt 
with by time-series analysis and other methods not based 
on the laboratory (see E pidemiology in the Identification 
of Cancer Causes). Therefore, the use of molecular epi- 
demiology should be carefully considered to answer specific 
scientific questions. The following are examples: (i) a bet- 
ter characterization of exposures, particularly when levels 
of exposure are very low or different sources of exposure 
should be integrated in a single measure; (ii) the study of 
gene- environment interactions; and (iii) the use of markers 
of early response, in order to overcome the main limita- 
tions of cancer epidemiology, that is, the relatively low 
frequency of specific forms of cancer and the long latency 
period between exposure and the onset of disease. Also limi- 
tations of molecular epidemiology should be acknowledged: 
the complexity of many laboratory methods, with partially 
unknown levels of measurement error or inter-laboratory 
variability; the scanty knowledge of the sources of bias and 
confounding; in some circumstances, the lower degree of 
accuracy (e.g., urinary nicotine compared to questionnaires 


on smoking habits); and the uncertain biological meaning of 
markers, like in the case of some types of adducts or some 
early response markers (typically, mutation spectra). 
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INTRODUCTION 


Tobacco smoking, diet, and infections/inflammation are three 
major factors for cancer causation in humans (Doll and Peto, 
1981). Cancer cells have multiple gene alterations (Sugimura, 
1992), most of which occur owing to exposures encountered 
under lifestyle-related conditions, although some of them 
are inherited through the germ line. There are numerous 
genotoxic agents produced exogenously and endogenously. 
For instance, cigarette smoke contains many different types 
of genotoxic agents, and infection and inflammation yield 
reactive oxygen species and nitric oxide- related agents. 

Dietary genotoxins exist in several situations: (i) as 
contaminants due to mould growth; (ii) as edible plant 
components; (iii) as substances formed during storage and 
fermentation of food, some of which are nitrosatable sub- 
stances; (iv) as products of cooking; and (v) as food addi- 
tives, mainly of the preservative type. 

Since diet is one of the three major cancer causative 
factors, it might be expected that large amounts of genotoxic 
substances are included. However, contrary to expectation, 
many kinds of genotoxic substances that do exist are present 
at very low levels, the only exception being aflatoxin By, 
where a positive association between exposure through the 
diet intake and liver cancer development is evident in 
epidemiological studies. 

Nevertheless, diet is clearly of importance to human 
cancer occurrence. In addition to genotoxic agents present 
as microcomponents, macrocomponents such as fatty acids, 
salts, and fibres have been indicated to be associated with 
human cancer. At the same time, many anticarcinogenic 
compounds are included in the diet. This chapter mainly deals 
with genotoxic substances and macrocomponents in the diet 
related to carcinogenesis. In the concluding comments, the 
significance of these dietary substances is described from 
the viewpoint of their contribution to human carcinogenic 
risk (See also Mechanisms of Chemical Carcinogenesis). 
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MICROCOMPONENTS AFFECTING 
CARCINOGENESIS 


Mycotoxins 


M ycotoxins are toxic compounds produced by fungi. Typical 
examples are aflatoxins, metabolites formed by Aspergillus 
flavus. In 1960, numerous turkeys died in the United 
Kingdom, and the aetiological factor was found to be a 
contaminant in their diet, subsequently identified to be 
aflatoxins. Similarly, rainbow trout were reported to have 
died due to aflatoxin contamination of their diet. Among 
aflatoxins, aflatoxin Bı (AFBi), Gi, and Mı are frequently 
detected in foods. The structure of AFB , the most potent 
carcinogen and mutagen of this family, is shown in Figure 1. 
AFB, induces hepatocellular carcinomas in many species of 
experimental animals, such as rats, monkeys, and trout. 

AFB, is metabolically activated to form its 8,9-epoxide 
derivative by cytochrome P-450s, including CY P3A4 and 
CY P1A 2, and the epoxide binds to guanine residues in DNA 
to produce 8,9-dihydro-8-(N’-guanyl)-9-hydroxyaflatoxin 
Bı. AFB, preferentially induces GC to TA transversions. In 
addition, G to T transversions in the third position of codon 
249 of the P53 tumour-suppressor gene in hepatocellular 
carcinoma have frequently been noted in inhabitants in 
Qidong, China, and southern Africa, exposed to high levels 
of AFB. The data suggest that AFB, is involved in 
hepatocarcinogenesis in humans by inducing mutations in 
the P53 gene. AFB, has been classified as a group 1 human 
carcinogen by the International Agency for Research on 
Cancer (IARC, 1987). In the United States, the allowed 
levels of contamination of AFB;, AFB, AFG;, and AFG> 
in the diet are <20 ug kg™t}. In Japan, AFB, contamination 
is limited to <10 ug kg~? in the diet. 

Sterigmatocystin is a toxic metabolite produced by moulds 
in the genera Aspergillus and Penicillium and is detected in 
various foods. This mycotoxin is mutagenic to Salmonella 
strains and induces hepatomas in rats when administered 
orally. 
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Figure 1 Structure of AFB. 


Pyrrolizidine Alkaloids 


Mutagenic and carcinogenic pyrrolizidine alkaloids are dis- 
tributed in a variety of plant species. Humans are exposed to 
some of them in foods and herbal remedies. Petasitenine is 
present in coltsfoot, Petasites japonicus Maxim., the young 
flower stalks of which are used as a food and as a herbal 
remedy in Japan. Senkirkine, also having an otonecine moi- 
ety, is present in another kind of coltsfoot, Tussilago farfara 
L., the dried buds of which are taken as a herbal remedy 
for coughs in China and Japan. Petasitenine and senkirkine 
are mutagenic to Salmonella typhimurium TA100 with S9 
mix, and carcinogenic in rats, inducing liver tumours (Hirono 
et al., 1977). Petasitenine and senkirkine are responsible for 
tumour induction by the two kinds of coltsfoot, P. japoni- 
cus Maxim. and T. farfara L., respectively. The structures of 
petasitenine and senkirkine are shown in Figure 2. 
Symphytine was isolated as a major alkaloid in comfrey, 
Symphytum officinale L., the leaves and roots of which are 
used aS a green vegetable and a tonic. This alkaloid is 
mutagenic to S. typhimurium TA 100 and carcinogenic in rats. 
Heliotrine similarly shows mutagenicity in S. typhimurium 
TA100 and causes tumours in rats. An outbreak of veno- 
occlusive disease, which occurred in Afghanistan, was due 
to the intake of wheat flour heavily contaminated with seeds 
of a plant of the Heliotropium species containing heliotrine. 


Aquilide A/Ptaquiloside 


The bracken fern, Pteridium aquilinum, is grown in many 
areas of the world and is eaten by residents of some countries, 
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Figure 2 Structures of petasitenine and senkirkine. 
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Figure 3 Structure of aquilide A/ptaquiloside. 


including Japan. However, haematuria with tumours of the 
urinary bladder are frequently observed in cows ingesting 
bracken fern in the fields in Turkey. Moreover, rats fed with 
bracken fern develop tumours in the ileum, urinary bladder, 
and mammary glands (Evans and Mason, 1965). It is also 
reported that a combination of papilloma virus and bracken 
fern could be involved in the development of the alimentary 
tract cancer in Scottish cattle. 

The mutagenic principle in bracken fern was isolated 
and identified as a novel norsesquiterpene glucoside of the 
illudane type, named aquilide A (van der Hoeven etal., 
1983). Aquilide A itself is not mutagenic to Salmonella, but 
only after alkaline treatment, an aglycone of aquilide A was 
suggested to be the mutagenic component. By monitoring 
the carcinogenicity of various fractions from bracken fern in 
rats, the same compound was identified as the active agent 
and termed ptaquiloside. This substance induces multiple 
ileal adenocarcinomas and mammary carcinomas at high 
incidence in rats. The carcinogenicity of bracken fern was 
found to be reduced after boiling, and exposure levels of 
humans to aquilide A/ptaquiloside in cooked bracken fern 
could be small. The structure of aquilide A/ptaquiloside is 
shown in Figure 3. 


Cycasin 


Cycad is a plant that grows in the tropics. The inhabitants 
in some areas, including those in the Amami Oshima and 
Miyako Islands of J apan and Guam, have employed its nuts 
as a source of starch for food, but this practice is now 
very limited. Cycad nuts induce cancers in the liver, kidney, 
and colon of rats when given in the diet. Cycasin, the £- 
p-glucoside of methylazoxymethanol, is also carcinogenic, 
inducing cancers in the same organs as cycad nuts (Laqueur 
et al., 1963). Cycasin is in fact not carcinogenic in germ-free 
rats and B-glucoside hydrolysis in the intestinal microflora 
is necessary to produce the aglycone, methylazoxymethanol, 
as the proximate carcinogenic form. 


Alkenylbenzenes 


Safrole (1-allyl-3,4-methylenedioxybenzene), a major com- 
ponent of sassafras oil, has been used as a fragrance in 
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Figure 4 Structures of safrole and estragole. 


soft drinks and soaps. Estragole (1-allyl-4-methoxybenzene) 
is present in tarragon oil and sweet basil and is used 
as an essence. The structures of safrole and estragole are 
shown in Figure 4. These two alkenylbenzenes are car- 
cinogenic in mice, and their 1’-hydroxy derivatives are 
mutagenic in Salmonella (Miller etal., 1983). In addi- 
tion, three naturally occurring alkenylbenzenes, isosafrole 
(3,4-methylenedioxy-1-propenylbenzene), methyleugenol (1- 
allyl-3,4-dimethoxybenzene), and B-asarone (cis-1-propenyl- 
2,4,5-trimethoxy benzene), are carcinogenic in rodents. 


Mushroom Hydrazines 


The cultivated edible mushroom Agaricus bisporus con- 
tains agaritine, 6-N-[y-.(+)-glutamyl]-4-hydroxymethyl- 
phenylhydrazine, and its decomposition products. Three 
hydrazine derivatives (the N’-acetyl derivative of 4- 
hydroxymethylphenylhydrazine, | 4-methylphenylhydrazine 
hydrochloride, and the tetrafluoroborate form of 4- 
(hydroxymethyl) benzenediazonium ion), derived from agar- 
itine, are carcinogenic in mice. Moreover, uncooked culti- 
vated Agaricus bisporus itself is carcinogenic in mice (Toth 
and Erickson, 1986). Agaritine is also present in the shiitake 
(Cortinellus shiitake), which is a popular edible mushroom 
in Japan. Another edible mushroom, false morel (G yromitra 
esculenta), contains gyromitrin (acetaldehyde methylformyl- 
hydrazone). This compound is converted into the mutagenic 
and carcinogenic N-methyl-N-formylhydrazine and methyl- 
hydrazine under acidic conditions such as those prevailing in 
the stomach. 


Flavonoids 


Numerous kinds of flavonoids are present in plants. Among 
these, quercetin and its glycosides are the most common 
flavonoids distributed in vegetables and fruits. Their daily 
intake by humans is estimated to be more than 100mg per 
person. Many flavonoids, including quercetin, kaempferol, 
and isorhamnetin, show mutagenicity in Salmonella with and 
without metabolic activation systems, but this is not the case 
with their glycoside compounds, which require digestion by 
glycosidase for mutagenic activity (Nagao et al., 1978). 
Quercetin is mutagenic not only in bacteria Salmonella 
strains but also in some in vitro mutation test systems 
with Chinese hamster V 79 cells and Chinese hamster lung 
cells. However, many studies have shown no carcinogenicity 


of quercetin in rodents such as rats, mice, and hamsters, 
even with 10% in the diet. Moreover, the conclusion of 
the NTP Technical Report on toxicology and carcinogenesis 
studies of quercetin in F344 rats was that there is no clear 
evidence of carcinogenic activity of quercetin, the reported 
increased incidence of renal tubular cell adenomas being 
possibly due to the involvement of a2y-globulin in male 
rats (NTP, 1991; http://ntp-server.niehs.nih.gov/htdocs/LT - 
studies/tr409.html). This is not considered relevant to human 
carcinogenesis, and therefore the risk potential of quercetin 
for human cancer must be negligible. These studies with 
quercetin offer a very important warning: it is not necessarily 
the case that mutagens are carcinogens. 


Nitrosamines and Nitrosatable Mutagens 
and Carcinogen Precursors 


Sodium nitrite has been used as a food preservative and 
colouring substance in meat. Severe liver disease was 
encountered in sheep fed a diet containing fishmeal preserved 
with nitrite and subsequently the toxic principle was identi- 
fied as N-nitrosodimethylamine (Sakshaug et al., 1965). Veg- 
etables are a major source of nitrite. Nitrite is also produced 
from nitrate by bacteria in the oral cavity. Under gastric 
acidic conditions, nitrite reacts with secondary amines to pro- 
duce mutagenic and carcinogenic N-nitrosodialkylamines. 
Moreover, reactive nitric oxide produced from L-arginine by 
nitric oxide synthase in inflammatory processes is involved in 
the generation of N-nitroso compounds. It has been reported 
that beer may contain N-nitrosodimethylamine. Oxides of 
nitrogen are produced during direct-fire drying of barley malt, 
and react with the barley malt alkaloids gramine and horde- 
nine, both of which have a dimethylamine moiety as a com- 
mon structure. However, improvements in drying malt have 
significantly decreased the levels of N-nitrosodimethylamine 
in beer. 

In addition to secondary amines, nitrite reacts with 
indole and phenol derivatives to produce mutagenic com- 
pounds under acidic conditions (Wakabayashi et al., 1989). 
1-M ethy|-1,2,3,4-tetrahydro- 6-carboline-3-carboxylic acid in 
soya sauce and 4-chloro-6-methoxyindole in fava beans 
are examples of nitrosatable indole compounds, but car- 
cinogenicity has not been proved. Tyramine, present in 
various fermented foods such as soya sauce, cheese, and 
soya bean paste, gives rise to 4-(2-aminoethyl)-6-diazo-2,4- 
cyclohexa-dienone (3-diazotyramine) after nitrite treatment. 
3-Diazotyramine is mutagenic in Salmonella and carcino- 
genic in rats. Relatively large amounts of nitrite are required 
for the formation of diazo compounds in vitro and presum- 
ably also in vivo in the stomach. 


Polycyclic Aromatic Hydrocarbons 


Polycyclic aromatic hydrocarbons (PAHs), which have been 
identified as carcinogenic compounds in coal tar, are in 
fact widely distributed in our environment such as in 
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cigarette smoke, exhaust gas, and cooked foods. The presence 
of PAHs including benzo[a]pyrene in charred parts of 
biscuits, roasted coffee beans, and broiled steak has been 
reported. The average level of benzo[a]pyrene is 8ngg~! in 
broiled steak (Lijinsky and Shubik, 1964). Benzo[a]pyrene 
is converted into the ultimate diol epoxide derivative by 
metabolic activation, producing adducts at the N? position 
of the guanine residue in DNA. A high frequency of 
mutations in the p53 tumour-suppressor gene due to G to T 
transversion is characteristic of mouse skin tumours induced 
by benzo[a]pyrene. M oreover, the aryl hydrocarbon receptor 
is required for its tumour induction (see Mechanisms of 
Chemical Carcinogenesis). 


Heterocyclic Amines 


Humans have used heat for cooking foods for over 
500000 years. Widmark (1939) reported carcinogenic 
activity of a solvent extract of broiled horse meat, with 
induction of mammary tumours in mice by painting on the 
skin. Production of mutagens by heating meat and fish was 
established in the 1970s by the use of bacterial mutagenesis 
assayS (Sugimura etal., 1977). Methanol extracts from 
charred parts of grilled sun-dried sardine, beefsteak, and 
hamburger were found to contain mutagens. Subsequent 
studies clarified that the mutagenic activity is mainly 
derived from heterocyclic amine (HCA) compounds, which 
are produced during cooking from the meat constituents, 
creatin(in)e, amino acids, and sugars. 

Structures of mutagenic HCAs in cooked foods and prepa- 
rations of heated food protein (soya bean globulin) and 
heated amino acids have been determined. All have nitro- 
gen(s) within aromatic rings and exocyclic amino groups, and 
they can be divided into five groups based on their structures: 
imidazoquinolines, imidazoquinoxalines, phenylimidazopy- 
ridines, pyridoindoles, and dipyridoimidazoles (Figure 5). 


Table 1 


Compound 


MeAaC 

Aflatoxin Bı 
Benzo[a]pyrene 

MNNG 
N-Nitrosodimethylamine 


MNNG - N-Methyl-N’-nitro-NV-nitrosoguanidine. 


Mutagenic activities of HCAs together with other typical 
carcinogens to S. typhimurium TA 98 and TA 100 are summa- 
rized in Table 1. 2-Amino-1-methyl-6-phenylimidazo-[4,5- 
blpyridine (PhIP), 2-amino-3,8-dimethylimidazo[4,5- f ]qui- 
noxaline (M elQx), 2-amino-3,4-dimethylimidazo[4,5- f]qui- 
noline (MelQ), 2-amino-3-methylimidazo[4,5- f]quinoline 
(IQ), and 2-amino-9H-pyrido[2,3-bJindole (AaC) also 
proved to be mutagenic in vivo in lacl or lacZ transgenic 
animals that were established by introducing the gene on a a 
shuttle vector (see Mechanisms of Chemical C arcinogene- 
sis). Some of these HCAs are mutagenic in mammalian cells, 
including human fibroblasts in vitro. 

HCAs are N-hydroxylated by cytochrome P-450s, mainly 
CYP1A2, and esterified by acetyltransferase, sulfotrans- 
ferase, and others. All of the eight HCAs examined so far 
form DNA adducts by covalent binding to the C8 position 
of guanine (see The Formation of DNA Adducts). There is 
a linear correlation between DNA adduct levels and expo- 
sure in experimental animals, and guanine adducts of PhIP 
and MelQx have been detected in human samples. These 
adducts result in mutations on cell division (see Mechanisms 
of Chemical Carcinogenesis). 

Carcinogenicities of these compounds in rodents are sum- 
marized in Table 2, along with TDsos, the daily amounts 
required for induction of tumours with 50% prevalence per 
kilogram. It is worth noting that HCAs induce tumours in 
various organs, including the colon, mammary glands, lung, 
liver, bladder, prostate, blood vessels, haematopoietic system, 
forestomach, and skin (Sugimura, 1997). Different species 
of animals and different strains of the same species show 
different susceptibilities of the various organs. PhIP and 
MelQx are the most abundant HCAs in foods, followed 
by Aa@C, the average human daily intakes of these HCAs 
being around 1pg per person per day. It is evident that 
HCAs may not be sufficient to induce cancers in humans 
by themselves. However, some epidemiological studies have 
indicated higher relative risks for colon, breast, and bladder 
cancer in consumers of well-done meat, although contradic- 
tory data are also available. Production of mutations involved 
with any genomic instability may play an important role 


M utagenicities of HCAs and typical carcinogens in Salmonella typhimurium TA 98 and TA 100. 


Revertants (per wg) 





TA98 TA100 
661000 30 000 
433 000 7000 
145 000 14000 
104 200 1800 

49 000 3200 
39 000 1700 
1900 1200 
1800 120 
300 20 
200 120 
6000 28 000 
320 660 
0.00 870 

0.00 0.23 
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Figure 5 Structures of HCAs. 


in carcinogenesis. Collaborative effects with other genotoxic 
agents may result in effective accumulation of mutations in 
cells. 

HCA carcinogenesis is modified by various food factors, 
such as soya bean isoflavonoids, chlorophyllin, dially! disul- 
fide, docosahexaenoic acid (DHA), indole-3-carbinol tea 
cathechin, and conjugated linoleic acids (CLAs). Since 
smaller amounts of HCAs are produced at lower cooking 
temperatures, a decrease in HCA exposure can be attained 
by modification in the way of cooking. 

Besides the above HCAs, a novel type of HCA, 9-(4’- 
aminopheny!)-9H-pyrido[3,4-blindole (aminopheny!norhar- 
man, APNH), was produced from norharman and aniline in 
the presence of CY P3A4 and CY P1A2. APNH shows strong 
mutagenic activity to both bacterial and mammalian cells. 
Moreover, this compound has been demonstrated to induce 
hepatocellular carcinomas and adenocarcinomas of the colon 


2-Amino-9H-pyrido[2,3-b]indole 


MeAaC 


2-Amino-3-methyl-9H-pyrido[2,3-blindole 


NH3 
v= 
Z aN -CH3 
o| 
N CH3 


MelQ 


2-Amino-3,4-dimethylimidazo[4,5-flquinoline 


ne 
Z N 
| D-NH2 
SN 
N/N 
PhIP 
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in F344 rats. Norharman and aniline are widely distributed 
in our environment, including in cigarette smoke and cooked 
foods, and humans are continuously exposed to both of these 
in daily life. Actually, appreciable amounts of APNH were 
shown to be formed in human bodies. 


Acrylamide 


Acrylamide is produced during cooking at high temperature 
of food material of plant origin; potato chips, crisp breads, 
and other common human foodstuffs may be contaminated at 
levels more than 1000 ng g-?. It was first found by a Swedish 
group, led by Tornqvist, that acrylamide was produced by 
frying animal feed when they were studying the source of 
background levels of acrylamide-haemoglobin adducts in 
human blood (Tareke et al., 2000). Precursors of acrylamide 
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Table 2 TDso and target organs of HCA carcinogenesis in mice and rats. 














Mice (CDF) Rats (F344) 
TDs (mg kg-tday~+) Target organ TDs (mgkgtday~!) Target organ 
1Q 14.7 Liver, forestomach, lung 0.7 Liver, small and large 
intestines, Zymbal glands, 
clitoral gland, skin 
MelQ 8.4 Liver, forestomach 0.1 Zymbal glands, large intestine, 
skin, oral cavity, mammary 
glands 
M elQx 11.0 Liver, lung, haematopoietic 0.7 Liver, Zymbal glands, clitoral 
system gland, skin 
PhIP 64.6 Lymphoid tissue 2.2 Large intestine, mammary 
glands, prostate 
Trp-P-1 8.8 Liver 0.1 Liver 
Trp-P-2 2.7 Liver - Urinary bladder, lymphoid 
tissue 
Glu-P-1 2.7 Liver, blood vessels 0.8 Liver, small and large 
intestines, Zymbal glands, 
clitoral gland 
Glu-P-2 4.9 Liver, blood vessels 5.7 Liver, small and large 
intestines, Zymbal glands, 
clitoral gland 
AaC 15.8 Liver, blood vessels - - 
MeAaC 5.8 Liver, blood vessels 6.4 Liver 








are glucose and asparagine, and heating these with a small 
amount of water at higher than 120°C efficiently gives rise 
to high yields. 

Acrylamide can function as a Michael acceptor and 
react with thiol, hydroxyl, or amino groups, resulting in 
alkylation of glutathione or proteins, including haemoglobin. 
It also binds to DNA, although the reactivity is low. 
However, its epoxide metabolite, glycidamide, produced 
probably by cytochrome CY P2E1, readily reacts with DNA 
to give N7-(2-carbamoyl-2-hydroxymethyl)-guanine as the 
major adduct. Acrylamide is not mutagenic in Salmonella 
with or without S9 mix, but glycidamide is mutagenic 
without S9 mix (see Short-Term Testing for G enotoxicity). 
Acrylamide is mutagenic in vivo in somatic cells and male 
germ cells, and causes tumours in multiple organs. 

Acrylamide is an important synthetic industrial monomer, 
manufactured on a large scale. Critical effects of the com- 
pound include neurotoxicity, and skin and airway irritation, 
in addition to genotoxicity and carcinogenicity. 


Dioxins 


Contamination of food by dioxins, polychlorinated dibenzo- 
p-dioxins (PCDDs) and polychlorinated dibenzofurans 
(PCDFs), has received much attention from the general 
public. 2,3,7,8-Tetrachlorodibenzo- p-dioxin (2,3,7,8-TCDD) 
is recognized as the most toxic compound among 210 
congeners of PCDDs and PCDFs. To aid in the interpretation 
of the complex database and evaluation of the risk of 
exposure to mixtures of structurally related PCDDs and 
PCDFs, the concept of toxic equivalency factors (TEFs) is 
widely used, and exposure levels are frequently expressed as 
toxic equivalents (TEQ). TCDD itself is not genotoxic and 
its lethal toxicity and teratogenicity emerge through binding 








to the Ah receptor, which is expressed in the liver and other 
organs in adults of various animals and during embryonic 
development in mice. Lethal doses in 50% of the animals 
tested (LDs9 values) for 2,3,7,8-TCDD in the guinea pig and 
C57BL/6 and DBA2/2} mice are 0.6, 181, and 2570 pg kg! 
respectively. Guinea pig is among the most sensitive species 
to 2,3,7,8-TCDD. 

2,3,7,8-TCDD induces cancers in the skin, liver, 
haematopoietic system, and lung of mice, the hard palate, 
nasal turbinates, tongue, liver, thyroid, and lungs of rats and 
the skin of hamsters. A dose-related trend was observed with 
oral administration of 2,3,7,8-TCDD twice a week for 104 
weeks at 0.01, 0.05, and 0.5.gkg~? body weight (bw) in 
mice and rats (IARC, 1997). 

2,3,7,8-TCDD accumulates mainly in the liver and the 
fat tissue. Its half-life in humans is about 10 years. Daily 
intakes of Europeans and J apanese are estimated to be around 
120-160pg TEQ, the major sources being fish and dairy 
products. On the basis of the data from animal experiments 
and considerations of the mechanism of action, and epidemi- 
ological data from accidental exposure of humans to TCDD, 
the IARC concluded that 2,3,7,8-TCDD is “carcinogenic to 
humans with only limited evidence”. 

The ligand (TCDD)-activated Ah receptor forms com- 
plexes with the Arnt protein and functions as a transcrip- 
tion factor by binding to DNA. The enzymes CY P1A1, 
CY P1B1, and CYP1A2 that are involved in the metabolic 
activation of chemical carcinogens and metabolism of hor- 
mones, which have promotive effects on cancer devel- 
opment, are among those genes that are transcriptionally 
activated by the Ah receptor. The activated Ah receptor 
also functions without DNA binding, activating the signal 
pathway of Src, with increased expression of ras, erbA, 
c-fos, c-jun, and AP-1, which may result in cell growth. It 
also inhibits apoptosis and suppresses immune surveillance, 


DIETARY GENOTOXINS AND CANCER 7 


resulting in the expansion of preneoplastic cell populations. 
Mechanisms of TCDD carcinogenicity thus appear complex 
(IARC, 1997). 


MACROCOMPONENTS AFFECTING 
CARCINOGENESIS 


Total Calories 


Nutrition plays an important role in carcinogenesis through 
a variety of mechanisms. It is well established that excess 
calorie intake results in high incidences of spontaneously 
and chemically induced tumours in various organs in rats 
and mice, including the mammary glands, colon, lung, 
haematopoietic system, and skin. Similar effects have also 
been suggested in humans by epidemiological studies, for 
example, regarding incidence and mortality rates for cancers 
of the breast, colon, rectum, uterus, and kidney in women 
and cancers of the colon, rectum, kidney, and central nervous 
system in men. 

Furthermore, a delay in tumourigenesis by energy restric- 
tion has been observed in many models including nul- 
lizygous p53 knockout mice, which show high rates of 
spontaneous neoplastic changes. Oestrogen-induced pitu- 
itary tumours were abolished by 40% energy restriction in 
F344 rats. However, no such effects were observed in ACI 
rats, suggesting that the antitumourigenic actions of energy 
restriction are strongly affected by the genetic background. 

Through induction of a nitric oxide synthase isoform, 
energy restriction results in reduced generation of nitric oxide 
(NO), which is converted to reactive nitrogen oxide species 
(RNOS) such as N203 and peroxynitrite, by reaction with 
oxygen or superoxide. RNOS or NO induce(s) DNA strand 
breaks, 8-nitroguanine formation, and deamination of gua- 
nine, cytosine, and adenine in DNA. Peroxynitrite and NO 
are mutagenic, and RNOS inhibit various enzymes including 
DNA repair enzymes by reacting with their cysteine residues. 
Calorie restriction also reduces chemical induction of somatic 
mutations in vivo, although effects on oxidative DNA damage 
are limited. 

Another mechanism of action involves the suppression 
of cell proliferation with the decrease in the serum level 
of the insulin-like growth factor | (IGF-I), and expression 
levels of EGF and cyclin D1, as well as upregulation of 
the cell cycle growth arrest factor p27. The fidelity of DNA 
polymerases is also upregulated and the decrease in cellular 
DNA repair capacity, which occurs with ageing, is to some 
extent prevented. All of these effects are highly implicated 
in the suppression of tumour development. 


Fat Intake 


Dietary fat is thought to be one of the main risk factors 
for cancer development on the basis of positive correla- 
tions observed between intake and incidences of tumours of 
the breast, colon, and prostate (Schottenfeld and Fraumeni, 


1996). Enhancing effects of fat could be partly explained by 
the included calories, but many experiments under isocaloric 
conditions have demonstrated an importance of fats them- 
selves as genotoxic and cell-proliferation-stimulating agents. 

Experimental animal studies have demonstrated that high 
intake of dietary fat increases the incidence of cancer of the 
breast, colon, and prostate, with influences on many steps 
in the tumourigenic process, including initiation, promotion, 
and metastasis. In general, the w-6 polyunsaturated fatty 
acids (PU FA s), such as linoleic acid (C 18:2) and arachidonic 
acid (C20:4), strongly and the saturated fats weakly enhance 
tumour development. However, w-3 PU FAs, such as docosa- 
hexaenoic acid (DHA, C22:6), eicosapentaenoic acid (EPA, 
C20:5), and a-linoleic acid (C 18:3), generally have a tumour- 
protective effect, while monounsaturated fats, such as oleic 
acid (C18:1 w-9), have no significant influence. It is notewor- 
thy, however, that several chemopreventive agents such as 
a-tocopherol and various classes of phenolics showing potent 
antioxidant activities are included as major components of 
the main source of w-9 fatty acids, olive oil. Conjugated 
linoleic acid (CLA), present in dairy products, prevents mam- 
mary and colon cancer development in experimental animals. 
Linoleic acid has two double bonds at the 9 and 12 and CLA 
at the 9 and 11, 10 and 12, or 11 and 13 positions, being 
mainly present in the 9 and 11 form in food. 

In fat-related carcinogenesis, induction of DNA damage 
by peroxidation products of PUFAs is one mechanism 
of action. This involves the generation of reactive a,f- 
unsaturated aldehydes. Thus, linoleic acid and arachidonic 
acid are sources of the major reactive aldehydes, trans- 
4-hydroxy-2-non-enal and malondialdehyde, which can 
form promutagenic exocyclic DNA adducts, such as 
M 1G (3-(2’-deoxy- B-p-erythro-pentofuranosy!)pyrimido[1,2- 
a]purin-10(3)-one). trans-4-H ydroxy-2-non-enal is readily 
oxidized by fatty acid peroxides to form 2,3-epoxy-4- 
hydoxynonanal and the latter compound modifies DNA by 
forming etheno adducts such as 1,N°-ethenoadenine, N?,3- 
ethenoguanine, and 3,N‘*-ethnocytosine, which are highly 
miscoding (see The Formation of DNA Adducts). 

The essential fatty acid linoleic acid is converted into 
arachidonic acid and then, with the aid of cyclooxygenase 
and lipoxygenase, into prostaglandins, thromboxanes, and 
leukotrienes that show hormone-like activity. One of them, 
prostaglandin E2 (PGE>), was recently shown to be involved 
in colon carcinogenesis using knockout mice for EP, one 
of the receptors for PGE. w-6 PUFAS induce ornithine 
decarboxylase activity in colonic mucosa, activation of 
protein kinase C in mammary glands, and an increase in 
the number of oestrogen receptor binding sites, resulting in 
cell proliferation. 

Oleic acid and w-3 PUFAs, and specifically EPA, block 
the A®-desaturase reaction, the first step from linoleic acid to 
eicosanoids. EPA, DHA, and CLA suppress the arachidonic 
acid pathway by inhibiting cyclooxygenase activity. Stimu- 
lation of genotoxic NO production in a murine macrophage 
cell line with lipopolysaccharide is also suppressed by DHA, 
EPA, and a-linoleic acid. Inhibition of inducible nitric oxide 
synthase gene expression may thus contribute to the cancer- 
preventive activity of w-3 PUFAS. 
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Sodium Chloride 


A positive correlation between daily salt intake and gastric 
cancer incidence was noted by epidemiologists some time 
ago, and urinary sodium chloride concentrations are well cor- 
related with stomach cancer mortality. In experimental ani- 
mal model systems, N-methyl-V’-nitro-V-nitrosoguanidine 
(MNNG) induces gastric cancers and this is enhanced by salt 
administration. High doses of salt disrupt the mucin layer 
covering and protecting the gastric epithelium and further 
damage epithelial cells by the generation of high osmotic 
pressure. This in turn stimulates proliferation of stem cells 
of the gastric epithelium, providing favourable conditions for 
the occurrence of mutations. Prolonged damage results in 
chronic atrophic gastritis and intestinal metaplasia, both of 
which are understood to be precursor lesions for intestinal- 
type gastric cancer. 


INTEGRATION AND RECOMMENDATION 


It is very clear that genotoxic substances in the diet are 
related to human cancer development. Laboratory data offer 
particularly strong support. 

In this chapter, information on genotoxic carcinogens 
in the diet and the significance of other nutritional fac- 
tors have been concisely summarized. Carcinogenesis is 
due to the accumulation of multiple genetic changes in a 
cell, implying multiple steps. Each step could be caused 
by exposure to a minute amount of a genotoxic sub- 
stance in the diet. Amounts of individual substances are 
generally not sufficiently high to induce human cancer 
alone, one exception being human exposure to contami- 
nant mycotoxins in limited regions of the world. How- 
ever, since many kinds of genotoxic compounds exist in 
the diet, efforts to lessen their combined impact should 
be made wherever possible. Since mutations may result in 
genomic instability, even a single such genetic alteration, 
for example, in a gene involved in DNA repair, could pro- 
duce spontaneous accumulation of further mutations with 
time. 

Endogeneous genotoxic agents (autobiotics) such as reac- 
tive oxygen species are produced in line with the calorific 
intake. Consumption of appropriate amounts of substances 
working as radical scavengers, such as vitamin E, is essential 
for protection from carcinogenesis. Over-intake of calories, 
fat, and salt may act to enhance carcinogenesis through vari- 
ous pathways, while more fibre in the diet can suppress colon 
carcinogenesis. By integrating information described in this 
chapter, recommendations can be given with reference to 8 
of the 12 proposals from the National Cancer Center, Tokyo 
(Sugimura, 1986). These are as follows: (i) have a nutri- 
tionally balanced diet, (ii) eat a variety of types of food, 
(iii) avoid excess calories, especially as fat, (iv) avoid the 
excessive drinking of alcohol, (v) take vitamins in appropri- 
ate amounts and eat fibre and green and yellow vegetables 
rich in carotene, (vi) avoid drinking fluids that are too hot 
and eating foods that are too salty, (vii) avoid the charred 


parts of cooked food, and (viii) avoid food with possible 
contamination by fungal toxins. Similar recommendations 
were also proposed by the World Cancer Research Fund and 
American Institute for Cancer Research (1997). It is notewor- 
thy that, even for cancer-preventive compounds, the amount 
of intake should be appropriate because it is reported that 
the over-intake of B-carotene enhances carcinogenesis (The 
Alpha-Tocopherol, Beta Carotene Cancer Prevention Study 
Group, 1994). 
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INTRODUCTION 


Worldwide tobacco use continues to be staggering. There 
are about 1200 million smokers in the world, and hundreds 
of millions of smokeless tobacco users (International A gency 
for Research on Cancer, 2004b; Mackay and Eriksen, 2002). 
China alone has approximately 300 million male smokers, 
about the same as the population of the United States 
(Mackay and Eriksen, 2002). Table 1 summarizes smoking 
prevalence with respect to WHO regions and levels of 
development (International Agency for Research on Cancer, 
2004b). Trends in cigarette consumption relative to levels 
of development are shown in Figure 1 (International A gency 
for Research on Cancer, 2004b). Cigarette smoking appears 
to be increasing in developing countries and decreasing in 
developed countries. Globally, about 57% of men and 10% 
of women smoke tobacco products. 

Cigarettes are the main type of tobacco product worldwide. 
About 5.5trillion cigarettes were consumed annually in the 
period 1990- 2000, about 1000 cigarettes for every person 
on the planet (Mackay and Eriksen, 2002). Over 15 billion 
cigarettes are smoked worldwide every day (Mackay and 
Eriksen, 2002). Manufactured cigarettes are available in all 
countries, but in some areas of the world, roll-your-own 
cigarettes are still popular. Other smoked products include 
kreteks, which are clove-flavoured cigarettes popular in 
Indonesia, and “sticks”, which are smoked in Papua New 
Guinea. Bidis, which consist of a small amount of tobacco 
wrapped in temburni leaf and tied with a string, are popular 
in India and neighbouring areas. Cigars and pipes are 
still used. Water pipes are increasing in popularity in the 
United States. A substantial amount of tobacco is consumed 
worldwide in the form of smokeless tobacco products. These 
include chewing tobacco, dry snuff used for nasal inhalation, 
moist snuff that is placed between the cheek and gum, a 
popular practice in Scandinavia and North America, and pan 
or betel quid, a product that often contains tobacco and is 
used extensively in India. 
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Tobacco is grown in over 125 countries (Mackay and 
Eriksen, 2002). One-third of the land devoted to the cul- 
tivation of tobacco is in China (Mackay and Eriksen, 
2002). Five countries - Brazil, China, India, Turkey, and 
the United States- produce two-thirds of the world’s 
tobacco (Mackay and Eriksen, 2002). Most global tobacco 
manufacture is controlled by a small number of state 
monopolies and multinational corporations (World Health 
Organization, 1997). The largest manufacturer of cigarettes 
is China, followed by the United States. (Mackay and 
Eriksen, 2002). 

Worldwide, cigarette smoking is estimated to cause well 
over 1 million cancer deaths annually (International A gency 
for Research on Cancer, 2004b). About 30% of all cancer 
deaths in developed countries is caused by cigarette smoking 
(Table 2). The corresponding figure for developing countries 
is 13%. Lung cancer is the dominant malignancy caused 
by smoking. The total number of cases is estimated to be 
1.2 million annually, with about 90% attributed to smok- 
ing (International Agency for Research on Cancer, 2004a). 
Smoking causes other types of cancer as well. This is dis- 
cussed in subsequent text. Lung cancer was rare at the 
beginning of the twentieth century. However, the incidence 
and death rates increased as smoking became more popu- 
lar. In the United States, the lung cancer death rate was 4.9 
per 100000 for men in 1930. By 1990, this had increased 
to 75.6 per 100000. The lung cancer death rate can be 
shown to parallel the curves for cigarette smoking preva- 
lence (Figure 2). In 1964, the first Surgeon General’s report 
on the health consequences of cigarette smoking was pub- 
lished. Following this landmark report, smoking prevalence 
began to decrease in the United States. Smoking preva- 
lence in the United States decreased fairly sharply from 
1964 to 1990, and there has been a gradual decrease since 
then. There are presently 44.5 million adult smokers in the 
United States, about 20.9% of the adult population (Centers 
for Disease Control and Prevention, 2005). About 4.4% of 
men and 0.7% of women in the United States use smoke- 
less tobacco products (International A gency for Research on 
Cancer, 2006). 


2 THE CAUSATION AND PREVENTION OF CANCER 


Table 1 Prevalence of cigarette smoking in the world.? 











Prevalence (% of the Number of tobacco users 
population >15 years of age) (>15 years) (millions) 
Men Women Total Men Women Total 

WHO region 

African region 29.4 7.4 18.4 51.967 13.420 65.387 
Region of the Americas 32.0 20.9 26.3 94.035 64.072 158.107 
Eastern M editerranean region 35.3 6.1 21.0 52.543 8.670 61.213 
European region 44.9 18.7 31.2 150.628 68.545 219.173 
Southeast A sian region 48.1 5.3 PAS 251.699 26.484 278.183 
Western Pacific region 61.2 bal 33.8 390.632 35.784 426.416 
Levels of development 

Developed 33.9 21.2 27.4 114.783 75.891 190.674 
Developing 49.8 7.2 28.9 809.725 114.718 924.443 
Transitional 54.1 13.9 32.7 82.837 24.153 106.990 
World 57.4 10.3 28.9 1005.927 217.755 1223.682 


International Agency for Cancer Research, 2004b. 
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Figure 1 Trends in cigarette consumption in developed and developing countries. (International Agency for Cancer Research, 2004b). 


Table 2 Estimated percentage of deaths caused by smoking in 1995, in all developed countries, grouped by sex, age, and major cause of death.? 





Chronic 
U pper obstructive Other 
Lung aerodi gestive Other pulmonary respiratory Vascular Other 
Sex Age All causes All cancer cancer cancer® cancers diseases diseases diseases causes 
Men 35-69 36 50 94 70 18 82 29 35 35 
70+ 21 36 91 59 13 73 11 12 12 
All ages 25 43 92 66 15 75 14 21 18 
Women 35-69 13 13 71 34 2 55 16 12 15 
70+ 8 13 74 38 2 54 7 5 6 
All ages 9 13 72 36 2 53 7 6 7 
Both sexes 35- 69 28 35 89 65 10 73 25 28 27 
70+ 13 25 86 52 7 65 9 8 8 
All ages 17 30 87 60 8 66 10 13 12 


aR eproduced with permission from the World Health Organization. Copyright 1997. 
Cancers of the mouth, oesophagus, pharynx, and larynx. 


EPIDEMIOLOGY OF TOBACCO USE AND CANCER 1950; Wynder and Graham, 1950). Over the next half- 
century, numerous large international prospective epidemi- 


In 1950, Wynder and Graham in the United States and ologic studies and case-control studies involving millions of 
Doll and Hill in England published the first large-scale subjects repeatedly confirmed and extended these findings. 
studies linking smoking and lung cancer (Doll and Hill, For example, large cohort studies of cigarette smoking and 
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Figure 2 Tobacco use and lung cancer mortality, United States, 1900-1997. *Per 100000, and age adjusted to 1970 US standard population. Source: 
Death rates: US mortality public use tapes, 1960-1997, US mortality volumes, 1930- 1959, National Center for Health Statistics, Centers for Disease 
Control and Prevention, 1999. Cigarette consumption: US Department of Agriculture, 1900- 1987, 1988, 1989- 1997. (From Cancer Prevention and Early 


Detection Facts and Figures, Copyright 2001 American Cancer Society). 


cancer have been carried out in the following regions: United 
Kingdom, Sweden, Norway, Finland, Iceland, The Nether- 
lands, Denmark, United States, Canada, China, Taiwan, and 
Japan, among others (International A gency for Research on 
Cancer, 2004a). The relationship between cigarette smoking 
and lung cancer is probably the most researched subject in 
the history of cancer epidemiology. The 2004 US Surgeon 
General’s Report and Volume 83 of the International A gency 
for Research on Cancer (IARC) Monographs on the Evalu- 
ation of Carcinogenic Risks to Humans summarize the data 
(International Agency for Research on Cancer, 2004a; U.S. 
Department of Health and Human Services, 2004). Some 
of the important conclusions of the epidemiologic studies 
of smoking and cancer are summarized here (International 
Agency for Research on Cancer, 2004a). 

The strongest determinant of lung cancer in smokers is the 
duration of smoking, and risk also increases with the number 
of cigarettes smoked (International Agency for Research on 
Cancer, 2004a). Smoking increases the risk of all histologic 
types of lung cancer: squamous cell carcinoma, small cell 
carcinoma, adenocarcinoma (including bronchiolar- alveolar 
carcinoma), and large cell carcinoma. Adenocarcinoma has 
replaced squamous cell carcinoma as the most common type 
of lung cancer caused by smoking in the United States and 
elsewhere. Smoking causes lung cancer in both men and 
women. Cessation of smoking at any age avoids the further 
increase in risk of lung cancer caused by continued smoking. 
However, the risk of ex-smokers for lung cancer remains 
elevated for years after cessation, compared to the risk of 
never smokers (Table 3). 


Table 3 Relative risk of developing lung cancer with respect to the number 
of years since quitting smoking among males in three cohort studies of 
smokers.® 


Years since quitting smoking 








Cohort 0 1-4 5-9 10-14 15-19 20+ 
British physicians 15.8 160 5.9 5.3 2.0 2.0 
US veterans 11.3 18.8 7.5 5.0 5.0 2.1 


American Cancer Society? 13.7 12.0 7.2 r1 1:1 1.1 


(From Blot and Fraumeni, 1996.) 
aA ll risks relative to lifelong non-smokers. 
Excludes those who smoked less than one pack of cigarettes per day. 


Cigarette smoking is a major cause of transitional cell 
carcinomas of the bladder, ureter, and renal pelvis. Similar 
to lung cancer, risk increases with smoking duration and 
number of cigarettes smoked, and cessation avoids fur- 
ther increase in risk. Renal cell carcinoma is also associ- 
ated with smoking (International Agency for Research on 
Cancer, 2004a). 

Cigarette smoking is causally associated with cancer of 
the oral cavity including the lip and tongue in both men and 
women. Alcohol consumption in combination with smoking 
greatly increases the risk of oral cancer. Duration of smoking 
and number of cigarettes smoked are major determinants of 
risk, and cessation decreases risk (International Agency for 
Research on Cancer, 2004a). 

Cigarette smoking increases the risk of sinonasal and 
nasopharyngeal cancer. It is a cause of oropharyngeal and 
hypopharyngeal cancer and the risk increases with duration 
of smoking and daily cigarette consumption and decreases 
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with time since quitting (International Agency for Research 
on Cancer, 2004a). 

Cigarette smoking causes cancer of the oesophagus, 
particularly squamous cell cancer. It is also a cause 
of adenocarcinoma of the oesophagus, which has been 
increasing lately in the United States. The risk for 
oesophageal cancer is related to duration of smoking 
and number of cigarettes smoked per day, and remains 
elevated after cessation (International Agency for Research 
on Cancer, 2004a). 

Laryngeal cancer is caused by cigarette smoking and 
the risk increases with duration of smoking and number 
of cigarettes smoked. Risk is greatly enhanced by alcohol 
consumption. Risk decreases upon cessation. Similarly, pan- 
creatic cancer and stomach cancer are caused by cigarette 
smoking and are related to dose (International Agency for 
Research on Cancer, 2004a). 

Cigarette smoking is a cause of liver cancer, independent 
of the effects of hepatitis-B and -C virus infection and alcohol 
consumption. Most studies show a relationship to dose and 
cessation. Similarly, cigarette smoking is a cause of cervical 
squamous cell carcinoma, after controlling for infection with 
human papillomavirus, a known cause of cervical cancer. 
Myeloid leukaemia in adults is also causally related to 
cigarette smoking (International Agency for Research on 
Cancer, 2004a). 

Cigar and pipe smoking are strongly related to can- 
cers of the oral cavity, oropharynx, hypopharynx, larynx, 
and oesophagus, with the risk being similar to that of 
cigarette smoking. Dose- response relationships have been 
documented. Cigar and pipe smoking are causally associated 
with lung cancer and possibly with cancers of the pan- 
creas, stomach, and urinary bladder (International Agency 
for Research on Cancer, 2004a). 

Establishing whether there exists cause and effect between 
second-hand tobacco smoke and cancer has been more dif- 
ficult. Second-hand tobacco smoke is mainly a composite of 
the smoke generated between puffs, called sidestream smoke, 
and a minor portion of mainstream smoke constituents that 
are exhaled by a smoker. Although the levels of certain 
carcinogens in sidestream tobacco smoke are greater than 
their corresponding levels in mainstream smoke per gram 
of tobacco burned, second-hand tobacco smoke is diluted 
by air. Therefore, the carcinogen dose received by a non- 
smoker exposed to second-hand tobacco smoke may only be 
one-hundredth of that received by an active smoker. Thus, 
the risk for cancer is less. Epidemiologic studies of second- 
hand tobacco smoke and lung cancer have typically found 
relative risks between 1 and 2. Several panels, including 
the National Research Council, the US Surgeon General, 
and the Environmental Protection Agency, have concluded 
that second-hand tobacco smoke is a cause of lung cancer 
(National Research Council, 1986; U.S. Environmental Pro- 
tection Agency, 1992; United States Surgeon General, 1986). 
The most recent evaluation was carried out by International 
Agency for Research on Cancer (2004a). They compiled 
more than 50 studies of involuntary smoking and lung can- 
cer risk in non-smokers as well as meta-analyses in which 
the relative risk estimates from the individual studies were 


pooled. They concluded that there is a significant and con- 
sistent association between lung cancer risk in spouses of 
smokers and second-hand tobacco smoke exposure, with the 
excess risk being about 20% in women and 30% in men. 
Workplace exposures to second-hand smoke also increased 
lung cancer risk in non-smokers by 12-19%. Thus, IARC 
concluded, as had others, that involuntary smoking (expo- 
sure to second-hand smoke, sometimes called environmental 
tobacco smoke) causes lung cancer in humans (International 
Agency for Research on Cancer, 2004a). 

According to a recent evaluation by IARC, epidemiologic 
studies from the United States, India, Pakistan, and Sweden 
provide sufficient evidence that smokeless tobacco causes 
oral cancer in humans (International Agency for Research 
on Cancer, 2006). There is also sufficient evidence that 
smokeless tobacco causes pancreatic cancer in humans, based 
on studies from the United States and Norway (International 
Agency for Research on Cancer, 2006). 


TUMOUR INDUCTION IN LABORATORY 
ANIMALS 


Experimental studies evaluating the ability of cigarette smoke 
and its condensate to cause cancer in laboratory animals have 
been summarized (Hecht, 2005; International Agency for 
Research on Cancer, 2004a; Wynder and Hoffmann, 1967). 
These studies clearly demonstrate that inhalation of tobacco 
smoke as well as topical application of tobacco smoke con- 
densate cause cancer in animals. 

Inhalation studies of cigarette smoke have been reviewed 
(Coggins, 2001; Coggins, 2002; Coggins, 1998; Hecht, 2005; 
International A gency for Research on Cancer, 1986; Interna- 
tional Agency for Research on Cancer, 2004a; Witschi, 2005; 
Wynder and Hoffmann, 1967). Experiments have been car- 
ried out in hamsters, rats, mice, dogs, rabbits, non-human 
primates, and ferrets. 

Consistently, pronounced alterations of the larynx includ- 
ing carcinoma were induced by exposure of Syrian golden 
hamsters to cigarette smoke. In a study carried out by Don- 
tenwill and co-workers involving 4440 hamsters, exposed 
only through the nose to the smoke of various cigarettes, 
the severity of alterations in the larynx depended on smoke 
dose and duration of exposure (Dontenwill et al., 1973). No 
such alterations were observed in sham-exposed animals or 
in animals exposed only to the gas phase of smoke. The 
estimated concentration of smoke particles in the larynx was 
about 300 times greater than that in the lungs and bronchi 
under the conditions of these experiments (Dontenwill et al., 
1973). This would explain why tumours were observed in 
the larynx rather than the lung. 

A study in rats demonstrated convincing, although mod- 
erate, increases in tumours of the lung and nasal mucosa 
upon exposure to cigarette smoke (M auderly etal., 2004). 
These results are in contrast to those of previous investi- 
gations of cigarette smoke exposure in rats, which did not 
consistently demonstrate significant increases in tumours of 
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the lung, nasal cavity, or any other site (Coggins, 1998; Inter- 
national Agency for Research on Cancer, 2004a). The major 
difference between the more recent and previous studies is 
the dose. Rats exposed whole body to cigarette smoke to 
which a radioactive tracer had been added had over twice 
the amount of radioactivity in their lungs than rats exposed 
nose only (Mauderly etal., 2004). The weekly exposure 
times in the recent study were also longer than in nose-only 
studies. 

In a recent study (Hutt etal., 2005), female B6C3F, 
mice were exposed whole body, 6hours per day, 5 days 
per week, for 920-930 days to mainstream cigarette smoke 
(250 mg/m), or they were sham exposed. Significantly ele- 
vated incidences of lung adenoma, total benign pulmonary 
neoplasms, adenocarcinoma, and distal metastases were 
observed in the cigarette smoke- exposed mice. These find- 
ings are even more remarkable because they were obtained 
in a strain of mouse that has a low baseline incidence 
of pulmonary neoplasia (U.S. Department of Health and 
Human Services National Toxicology Program, 1976; see 
also Cancer Bioassays). 

An A/J mouse model that is responsive to cigarette 
smoke has also been described (Witschi, 2005). Benign lung 
tumours are induced in this highly susceptible strain by 
exposure to a mixture of 89% cigarette sidestream smoke 
and 11% mainstream smoke. The animals are exposed for 
5 months, then allowed a 4-month recovery period. In 18 
individual studies reported by four different laboratories, a 
significant increase in lung tumour multiplicity was observed 
in 15 studies and a significant increase in lung tumour 
incidence in 10. This response is due to the gas-phase 
constituents of smoke. 

Smoke inhalation studies have been carried out with dogs 
trained to inhale cigarette smoke through tracheostomata and 
by nasal inhalation (Coggins, 2001; International A gency for 
Research on Cancer, 2004a). None of these studies provided 
convincing evidence of pulmonary tumour induction. Some 
studies have also been performed with rabbits and small 
numbers of non-human primates, all with negative results 
(Coggins, 2001; International A gency for Research on Can- 
cer, 2004a). The ferret has been suggested as a useful model 
for inhalation toxicology because of the ease with which 
measurements can be made and the resemblance of its air- 
ways to those of humans (Vinegar et al., 1985). Although no 
carcinogenicity studies of cigarette smoke have been reported 
in ferrets, there have been a number of investigations which 
have examined the effects of 6-carotene or lycopene supple- 
mentation on cigarette smoke- induced changes (Liu etal., 
2004a,b; Wang et al., 1999). 

There are a number of operational problems inherent in 
inhalation studies of cigarette smoke. The smoke must be 
delivered in a standardized fashion and this has been accom- 
plished in different ways. Both whole-body exposure and 
nose-only exposure designs have been used. Generally, a 2- 
second puff from a burning cigarette is diluted with air and 
forced into the chamber. Animals will undergo avoidance 
reactions and will not inhale the smoke the way humans do. 
Thus, the dose to the lung is less than in humans, and this par- 
tially explains the occurrence of larynx tumours rather than 


lung tumours in hamsters. Unlike humans, rodents are oblig- 
atory nose breathers. Their nasal passages are more complex 
than those of humans, thereby affecting particle deposition 
in the respiratory tract. Tobacco smoke is irritating and toxic, 
creating further problems in inhalation studies with rodents. 

Experiments in which cigarette smoke condensate (CSC) 
has been tested for tumour induction have been summarized 
(International A gency for Research on Cancer, 2004a; Wyn- 
der and Hoffmann, 1967). CSC is produced by passing smoke 
through cold traps and recovering the material in the traps 
by washing with a volatile solvent, which is then evaporated. 
Some volatile and semi-volatile constituents may be lost dur- 
ing this process. CSC is roughly equivalent to cigarette total 
particulate matter (TPM), the material collected on a glass 
fibre pad called a Cambridge filter which has had smoke 
drawn through it. The term tar, which is often used in offi- 
cial reports on cigarette brands, is equivalent to TPM but 
without nicotine and water. 

CSC generation and collection techniques have been 
standardized (International Agency for Research on Cancer, 
1986). The most widely used test system for carcinogenicity 
of CSC is mouse skin. Consistently, CSC induces benign and 
malignant skin tumours in mice. The carcinogenic activities 
of cigarettes of different designs as well as mechanisms 
of carcinogenesis have been investigated using the mouse 
skin assay. Mouse skin studies led to the identification of 
carcinogenic polycyclic aromatic hydrocarbons (PAH) in 
cigarette smoke as well as the demonstration that CSC has 
co-carcinogenic and tumour promoting activity (Hoffmann 
and Wynder, 1971). The overall carcinogenic effect of 
CSC on mouse skin appears to depend on the composite 
interaction of the tumour initiators such as PAH, tumour 
promoters, and co-carcinogens. Tumours are not induced by 
the PAH alone, even when using doses equivalent to their 
concentrations in CSC (Hoffmann and Wynder, 1971). 

There are drawbacks to the mouse skin assay. Since CSC 
lacks volatile and semi-volatile components, contribution of 
these compounds to total activity is lost. Furthermore, mouse 
skin is insensitive to certain carcinogens in tobacco smoke, 
such as N-nitrosamines, which show high organoselectivities 
for tissues such as lung. Mouse skin is, on the other hand, 
a relatively sensitive tumour induction site for PAH. Mouse 
skin studies also ignore the complexity of the respiratory 
system, where different cell types are known to respond 
differently to various carcinogens in tobacco smoke. 

CSC, usually administered in a lipid vehicle, has also been 
tested by direct injection into the rodent lung. This caused 
squamous cell carcinomas of the lung in rats. Tumours were 
not observed in rats treated with the vehicle (International 
Agency for Research on Cancer, 1986). 

An IARC working group concluded that there is sufficient 
evidence for the carcinogenicity of moist snuff in laboratory 
animals (International Agency for Research on Cancer, 
2006). Squamous cell carcinomas and papillomas of the 
oral and nasal cavities and forestomach as well as other 
tumours developed in rats treated with snuff tobacco in 
a surgically created oral canal. However, other studies 
using this technique produced equivocal results, as have 
administration of extracts of snuff to laboratory animals. The 
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combination of inoculation with human simplex virus-1 or - 
2 into the cheek pouches of hamsters, followed by repeated 
application of snuff tobacco to the cheek pouches resulted in 
a high incidence of invasive squamous cell carcinoma in the 
cheek pouches. These tumours were not observed in cheek 
pouches treated with virus or snuff alone. 


CARCINOGENS IN TOBACCO PRODUCTS 


When cigarette tobacco is burned, mainstream smoke and 
sidestream smoke are generated. Mainstream smoke is the 
material drawn from the mouth end of a cigarette during 
puffing. Sidestream smoke is the material released into the 
air from the burning tip of the cigarette plus the material 
that diffuses through the paper. The material emitted from 
the mouth end of the cigarette between puffs is, sometimes, 
also considered as sidestream smoke (Guerin et al., 1992). 

The mainstream smoke emerging from the cigarette is 
an aerosol containing about 1 x 10° particles per millilitre, 
ranging in diameter from 0.1-1.0um (mean diameter = 
0.2 um) (Hoffmann and Hecht, 1990). For chemical analysis, 
the smoke is arbitrarily separated into a vapour phase and a 
particulate phase, based on passage through a Cambridge 
filter. This retains 99.7% of all particles with diameters 
of 0.3j4m and above. Individual smoke components of 
which more than 50% appear in the vapour phase of 
fresh mainstream smoke are considered volatile smoke 
components while all others are considered particulate phase 
components. Standardized machine smoking conditions have 
been used for measurement of cigarette smoke constituents. 
These conditions are also arbitrary and it is recognized that 
each smoker puffs in ways that are widely different from 
the standardized conditions, thereby changing the yield of 
individual smoke constituents. 

Table 4 presents a list of carcinogens in cigarette smoke 
(International Agency for Research on Cancer, 2004b). All 
62 compounds in this table have been evaluated for car- 
cinogenicity by IARC. All are carcinogenic in laboratory 
animals and 15 are considered to be carcinogenic in humans. 
On the basis of the compounds in this table, the range 
of total carcinogen exposure in smokers is approximately 
1.4-2.2 mg per cigarette, which can be compared to the cur- 
rent sales- weighted average nicotine delivery of about 0.8 mg 
per cigarette. However, it should be noted that some of 
the strongest carcinogens listed in Table 4 (such as PAH, 
N-nitrosamines, and aromatic amines) occur in the lowest 
amounts while some of the weaker carcinogens (such as 
acetaldehyde and isoprene) occur in the highest amounts. 
Thus, simple addition of amounts of carcinogenic agents 
could be misleading. It is also important to recognize that 
there are other carcinogens in cigarette smoke that have 
not been evaluated by IARC. These include, for exam- 
ple, multiple PAH and aromatic amines with incompletely 
characterized occurrence levels and carcinogenic activities 
(International Agency for Research on Cancer, 1986; Inter- 
national Agency for Research on Cancer, 2004b). 

PAH are incomplete combustion products that were first 
identified as carcinogenic constituents of coal tar (Phillips, 


1983). They occur as mixtures in tars, soots, broiled foods, 
automobile engine exhaust, and other materials generated by 
incomplete combustion (International Agency for Research 
on Cancer, 1983). PAH are generally locally acting carcino- 
gens, and some, such as benzo[a]pyrene (BaP) have powerful 
carcinogenic activity. PAH carcinogenicity has typically been 
evaluated by application to mouse skin, but they also induce 
tumours of the lung, trachea, and mammary gland depending 
on the route of administration and animal model used (Dipple 
et al., 1984). BaP is considered carcinogenic to humans by 
IARC (Straif et al., 2005; see also M echanisms of C hemical 
Carcinogenesis). 

Heterocyclic compounds include nitrogen-containing ana- 
logues of PAH as well as simpler compounds such as 
furan, a liver carcinogen. N-Nitrosamines are a large 
class of carcinogens with demonstrated activity in at 
least 30 animal species (Preussmann and Stewart, 1984). 
N-Nitrosamines are potent systemic carcinogens that affect 
different tissues depending on their structures. Two of 
the most important N-nitrosamines in cigarette smoke are 
the tobacco-specific N-nitrosamines 4-(methy!nitrosamino)- 
1-(3-pyridyl)-1-butanone (NNK) and N’-nitrosonornicotine 
(NNN) (Hecht and Hoffmann, 1988). NNK causes lung 
tumours in all species tested, and has particularly high activ- 
ity in the rat. NNK can also induce tumours of the pancreas, 
nasal cavity, and liver. NNN produces oesophageal and 
nasal tumours in rats and respiratory tract tumours in mice 
and hamsters (Hecht, 1998). NNK and NNN are consid- 
ered as carcinogenic to humans by International A gency for 
Research on Cancer (2006). 

Aromatic amines are combustion products and include 
the well-known human bladder carcinogens 2-naphthylamine 
and 4-aminobiphenyl, first characterized as human carcino- 
gens due to industrial exposure in the dye industry (Luch, 
2005). Heterocyclic aromatic amines are also combustion 
products and are best known for their occurrence in broiled 
foods (Sugimura, 1995; see also Mechanisms of Chemical 
Carcinogenesis and Dietary G enotoxins and C ancer). 

Aldehydes such as formaldehyde and acetaldehyde occur 
widely in the human environment and are also endogenous 
metabolites found in human blood (International A gency 
for Research on Cancer, 1995c; International Agency for 
Research on Cancer, 1999b). The phenolic compounds 
catechol and caffeic acid are common dietary constituents. 
Relatively high doses of catechol, administered in the diet, 
cause glandular stomach tumours. Catechol can also act as a 
co-carcinogen (International A gency for Research on Cancer, 
1999b). Dietary caffeic acid caused renal cell tumours 
in female mice (International Agency for Research on 
Cancer, 1993). 

The volatile hydrocarbons include 1,3-butadiene, a power- 
ful multi-organ carcinogen in the mouse, with weaker activity 
in the rat, and benzene, a known human leukaemogen (Inter- 
national A gency for Research on Cancer, 1982; International 
Agency for Research on Cancer, 1999a). 1,3-Butadiene and 
benzene are arguably the two most prevalent strong carcino- 
gens in cigarette smoke. 
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Table 4 Carcinogens in cigarette smoke. 


IARC monographs on the evaluation 
of carcinogenicity 








Amount in mainstream M onograph 
Carcinogen cigarette smoke In animals In humans IARC Group volume, year 
Polycyclic aromatic hydrocarbons (PAH) 
Benz[a]anthracene 20-70 ng Sufficient 2A 32, 1983a; S7, 1987 
Benzo[b]fluoranthene 4-22ng Sufficient 2B 32, 1983a; S7, 1987 
Benzo[ j]fluoranthene 6-21ng Sufficient 2B 32, 1983a; S7, 1987 
Benzo[k]fluoranthene 6-12ng Sufficient 2B 32, 1983a; S7, 1987 
Benzo[a]pyrene 8.5-17.6ng Sufficient Limited 1 32, 1983a; S7, 1987; 92, in 

press 

Dibenz[a, h]anthracene 4ng Sufficient 2A 32, 1983a; S7, 1987 
Dibenzola, i]pyrene 1.7-3.2ng Sufficient 2B 32, 1983a; S7, 1987 
Dibenzol[a, e]pyrene Present Sufficient 2B 32, 1983a; S7, 1987 
Indeno[1,2,3-cd ]pyrene 4-20ng Sufficient 2B 32, 1983a; S7, 1987 
5-M ethyl chrysene ND -0.6ng Sufficient 2B 32, 1983a; S7, 1987 
Heterocyclic compounds 
Furan 20- 40 ug Sufficient 2B 63, 1995b 
Dibenz[a, hJacridine ND-0.1ng Sufficient 2B 32, 1983a; S7, 1987 
Dibenz[a, jJacridine ND-10ng Sufficient 2B 32, 1983a; S7, 1987 
Dibenzo[c, g]carbazole ND-0.7ng Sufficient 2B 32, 1983a; S7, 1987 
Benzo[b]furan Present Sufficient 2B 63, 1995b 
N-Nitrosamines 
N-Nitrosodimethylamine 0.1- 180 ng Sufficient 2A 17, 1978; S7, 1987 
N-Nitrosoethylmethylamine ND - 13ng Sufficient 2B 17, 1978; S7, 1987 
N-Nitrosodiethylamine ND - 25ng Sufficient 2A 17, 1978; S7, 1987 
N-Nitrosopyrrolidine 1.5-110ng Sufficient 2B 17, 1978; S7, 1987 
N-Nitrosopiperidine ND - 9ng Sufficient 2B 17, 1978; S7, 1987 
N-Nitrosodiethanolamine ND - 36ng Sufficient 2B 17, 1978; 77, 2000 
N’-Nitrosonornicotine 154- 196 ng Sufficient Limited 1 37, 1985; S7, 1987; 89, in press 
4-(M ethyInitrosamino)-1-(3- 110- 133 ng Sufficient Limited 1 37, 1985; S7, 1987; 89, in press 


pyridy!)-1-butanone 
Aromatic amines 





2-Toluidine 30- 200 ng Sufficient Limited 2A S7, 1987; 77, 2000 
2,6-Dimethylaniline 4-50ng Sufficient 2B 57, 1993 
2-Naphthylamine 1-22ng Sufficient Sufficient 1 4, 1974; S7, 1987 
4-A minobiphenyl 2-5ng Sufficient Sufficient 1 1, 1972; $7, 1987 
Heterocyclic aromatic amines 

A-a-C 25-260 ng Sufficient 2B 40, 1986b; S7, 1987 
M eA -a-C 2-37ng Sufficient 2B 40, 1986b; S7, 1987 
IQ 0.3 ng Sufficient 2A S7, 1987; 56, 1993 
Trp-P-1 0.3- 0.5 ng Sufficient 2B 31, 1983b; S7, 1987 
Trp-P-2 0.8-1.1ng Sufficient 2B 31, 1983b; $7, 1987 
Glu-P-1 0.37 - 0.89 ng Sufficient 2B 40, 1986b; S7, 1987 
Glu-P-2 0.25- 0.88 ng Sufficient 2B 40, 1986b; S7, 1987 
PhIP 11-23 ng Sufficient 2B 56, 1993b 
Aldehydes 

Formaldehyde 10.3- 25g Sufficient Sufficient 1 S7, 1987; 62,1995a 
Acetaldehyde 710- 864 ug Sufficient 2B S7, 1987; 71, 1999 
Phenolic compounds 

Catechol 59- 81g Sufficient 2B S7, 1987; 71, 1999 
Caffeic acid <3g Sufficient 2B 56, 1993b 

Volatile hydrocarbons 

1,3-Butadiene 20- 40 ug Sufficient Limited 2A S7, 1987; 71, 1999 
Isoprene 450- 1000 ug Sufficient 2B 60, 1994; 71, 1999 
Benzene 12- 50g Sufficient Sufficient 1 29, 1982; S7, 1987 
Nitrohydrocarbons 

Nitromethane 0.5- 0.6 ug Sufficient 2B 77, 2000 
2-Nitropropane 0.7-1.2ng Sufficient 2B S7, 1987; 71, 1999 
Nitrobenzene 25 wg Sufficient 2B 65, 1996 
Miscellaneous organic compounds 

Acetamide 38- 56 ug Sufficient 2B S7, 1987; 71, 1999 
Acrylamide Present Sufficient 2A S7, 1987; 60, 1994 
Acrylonitrile 3-15 1g Sufficient 2B S7, 1987; 71, 1999 


(continued overleaf ) 
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Table 4 (continued). 
IARC monographs on the evaluation 
of carcinogenicity 
Amount in mainstream Monograph 

Carcinogen cigarette smoke In animals In humans IARC Group volume, year 
Vinyl chloride 11-15ng Sufficient Sufficient 1 19, 1979; S7, 1987 
1,1-Dimethylhydrazine Present Sufficient 2B 4, 1974; 71, 1999 
Ethylene oxide 7g Sufficient Limited 1 60, 1994; S7, 1987 
Propylene oxide 0- 100 ng Sufficient 2B 60, 1994; S7, 1987 
Urethane 20- 38ng Sufficient 2B 7, 1974; S7, 1987 
Metals and inorganic compounds 
Arsenic 40-120 ng Sufficient Sufficient 1 84, 2004a 
Beryllium 0.5ng Sufficient Sufficient 1 S7, 1987; 58, 1993a 
Nickel ND - 600 ng Sufficient Sufficient 1 S7, 1987; 49, 1990 
Chromium (hexavalent) 4-70ng Sufficient Sufficient 1 S7, 1987; 49, 1990 
Cadmium 41-62 ng Sufficient Sufficient ik S7, 1987; 58, 1993a 
Cobalt 0.13- 0.20 ng Sufficient 2B 52, 1991 
Lead (inorganic) 34-85 ng Sufficient Limited 2A 23, 1980; S7, 1987; 

87, 2004b 

Hydrazine 24-43 ng Sufficient 2B S7, 1987; 71, 1999 
Radioisotope polonium-210 0.03- 1.0 pCi Sufficient 1 78, 2001 





(M odified from Hoffmann et al. (2001) and IARC volume 83 (International Agency for Research on Cancer, 2004b).) 

This table shows components of unfiltered mainstream cigarette smoke, with amounts given per cigarette. Virtually all these compounds are known carcinogens in experimental 
animals. In combination with data on cancer in humans and - in some cases - other relevant data, IARC monographs classifications for these agents have been established as 
group 2B (possibly carcinogenic to humans), group 2A (probably carcinogenic to humans) or group 1 (carcinogenic to humans). When IARC evaluations have been made more 
than twice, only the two most recent monographs are listed, with volume number and year of publication. No entry in the column “In humans” indicates inadequate evidence 


or no data. 


S7 - supplement 7 of the IARC Monographs; ND - not detected; A-aw-C-2-amino-9 H-pyrido[2,3-b]indole; MeA-aw-C-2-amino-3-methy|-9 H-pyrido[2,3-b]indole; 1Q-2-amino- 
3-methylimidazo[4,5-b]quinoline; Trp-P-1-3-amino-|,4-dimethyl-5 H-pyrido[4,3-b]indole; Trp-P-2-3-amino-|-methyl-5 H-pyrido[4,3-b]indole; Glu-P-1-2-amino-6-methyl[1,2-a:3’, 
2”-djimidazole; Glu-P-2-2-aminodipyrido[1,2-a:3’,2”-d]imidazole; Ph! P-2-amino-|-methy!-6-phenylimidazo[4,5-b]pyridine; pCi - picoCurie. 


Among the other carcinogenic organic compounds in 
cigarette smoke are the human carcinogens vinyl chloride, 
in quite low amounts, and ethylene oxide, in substantial 
quantities (International Agency for Research on Cancer, 
1979, 1994). Ethylene oxide is associated with malignancies 
of the lymphatic and haematopoietic system in both humans 
and experimental animals (International A gency for Research 
on Cancer, 1994). Diverse metals and the radionuclide 
polonium-210 are also present in cigarette smoke. 

Cigarette smoke also contains oxidants such as nitric oxide 
(up to 600\g per cigarette) and related species (Hecht, 
1999). Free radicals have been detected by electron spin 
resonance and spin trapping (Hecht, 1999). The major free 
radical species are postulated to be a quinone- hydroquinone 
complex. Other compounds may also be involved in oxida- 
tive damage produced by cigarette smoke. In addition, sev- 
eral studies demonstrate the presence in cigarette smoke of 
an as yet uncharacterized ethylating agent, which ethylates 
both DNA and haemoglobin (Carmella et al., 2002; Singh 
et al., 2005). 

In summary, there are diverse carcinogens in cigarette 
smoke. Among the well-characterized compounds in Table 4, 
the most important, based on their carcinogenic potency and 
levels in cigarette smoke are probably PAH, N-nitrosamines, 
aromatic amines, 1,3-butadiene, benzene, aldehydes, and 
ethylene oxide. The same carcinogens are also present 
in second-hand cigarette smoke, but human exposure is 
considerably less due to dilution with room air. 

A variety of carcinogens have been detected in smoke- 
less tobacco products (International A gency for Research on 
Cancer, 2006). The most abundant strong carcinogens are 


NNK and NNN, which are typically found in total amounts 
of 1- 10 ppm in smokeless tobacco products, 10- 1000 times 
higher than nitrosamines in other products designed for 
human consumption. Other nitrosamines such as the carcino- 
gens N-nitrososarcosine and 3-(methy|nitrosamino)propionic 
acid are also present. Levels of PAH are generally quite low 
and many of the combustion products found in cigarette 
smoke, such as aromatic amines, heterocyclic aromatic 
amines, 1,3-butadiene, and benzene are not detected in 
smokeless tobacco products. Several carcinogenic inor- 
ganic compounds such as hydrazine, cadmium, nickel, and 
polonium-210 are also present. 


RELATIONSHIP OF CARCINOGENS TO SPECIFIC 
CANCERS CAUSED BY TOBACCO PRODUCTS 


Although it is difficult to prove that any particular constituent 
of tobacco products causes a particular type of cancer, the 
available data from carcinogenicity studies, product analyses, 
and biochemical and molecular biological investigations 
support a significant role for certain carcinogens in tobacco- 
induced cancer (Table 5). 

Considerable evidence favours PAH and NNK as major 
aetiological factors in lung cancer. PAH are strong, locally 
acting carcinogens, and tobacco smoke fractions enriched in 
these compounds are carcinogenic (Deutsch-Wenzel et al., 
1983; Hoffmann etal., 1978; International Agency for 
Research on Cancer, 1983). PAH-DNA adducts have been 
detected in the human lung, and the spectrum of mutations in 
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Table 5 Carcinogens and tobacco-induced cancers. 
Cancer type 


Lung PAH, NNK (major) 
1,3-butadiene, isoprene, 
ethylene oxide, ethyl 
carbamate, aldehydes, benzene, 


Likely carcinogen involvement? 





metals 
Larynx PAH 
Nasal NNK, NNN, other 
N-nitrosamines, aldehydes 
Oral cavity PAH, NNK, NNN 
Oesophagus NNN, other N-nitrosamines 
Liver NNK, other N-nitrosamines, 
furan 
Pancreas NNK, NNAL 
Cervix PAH, NNK 
Bladder 4-A minobiphenyl, other 
aromatic amines 
Leukaemia Benzene 


(Adapted from Surgeon General's Report 2006, in preparation.) NNAL - 4-(methyl 
nitrosamino)-1-(3-pyridyl)-1-butanol; NNK - 4-(methylnitrosamino)-1-(3-pyridy!)-1- 
butanone; NNN - N’-nitrosonornicotine; PAH - polycyclic aromatic hydrocarbons. 
aOn the basis of carcinogenicity studies in laboratory animals, biochemical evidence 
from human tissues and fluids, and epidemiological data, where available. 


the TP53 tumour-suppressor gene isolated from lung tumours 
is similar to the spectrum of DNA damage those produced 
in vitro by PAH diol epoxide metabolites and in cell culture 
by BaP (Boysen and Hecht, 2003; Liu etal., 2005a; Pfeifer 
et al., 2002; Phillips, 2002). 

NNK is a strong systemic lung carcinogen in rodents, 
inducing lung tumours independent of its route of admin- 
istration (Hecht, 1998). The strength of NNK is partic- 
ularly great in the rat, in which total doses as low as 
6mgkg~! (and 1.8mgkg~! when considered as part of a 
dose- response trend) have led to a significant incidence of 
lung tumours (Belinsky et al., 1990). This compares to an 
estimated 1.1mgkg~—! dose of NNK in humans in 40 years 
of smoking (Hecht, 1998). DNA adducts derived from NNK 
or the related tobacco-specific nitrosamine NNN are present 
in the lung tissue of smokers, and metabolites of NNK are 
found in the urine of smokers (Hecht, 2002). Epidemiologic 
data indicate that a systemic carcinogen causes lung cancer 
in cigar smokers who do not inhale; this is consistent with 
the tumourigenic properties of NNK (Boffetta et al., 1999; 
Shapiro et al., 2000). The changing histology of lung cancer, 
in which adenocarcinoma has now overtaken squamous cell 
carcinoma as the most common type, is also consistent with 
the role of NNK, which primarily produces adenocarcinoma 
in rodents, although this has also been attributed to differing 
inhalation patterns of current cigarettes (Hecht, 1998; Travis 
et al., 1995). NNK concentrations in mainstream smoke 
increased, while those of BaP decreased, as nitrate concen- 
trations in tobacco increased over the period of 1959- 1997 
due to the use of tobacco blends containing higher levels 
of air-cured tobacco, use of reconstituted tobacco, and other 
factors (Hoffmann et al., 2001). Other compounds that could 
be involved in lung cancer include 1,3-butadiene, isoprene, 
ethylene oxide, ethyl carbamate, aldehydes, benzene, metals, 
and oxidants but the collective evidence for each of these is 
not as strong as for PAH and NNK (Hecht, 1999). 


The particulate phase of cigarette smoke causes tumours 
of the larynx in hamsters - this could be attributed to 
PAH (International Agency for Research on Cancer, 1986). 
TP53 gene mutations identified in tumours of the human 
larynx support a role for PAH in the development of this 
cancer (Pfeifer etal., 2002). N-Nitrosamines, as well as 
acetaldehyde and formaldehyde, induce nasal tumours in 
rodents and are likely candidates as causes of smoking- 
associated nasal tumours (International A gency for Research 
on Cancer, 1995c, 1999a; Preussmann and Stewart, 1984). 
On the basis of animal studies, PAH, NNK, and NNN are 
the most likely causes of oral cancer in smokers, and NNK 
and NNN in smokeless tobacco users (Hoffmann and Hecht, 
1990). N-Nitrosamines are the most effective oesophageal 
carcinogens known, and NNN, which causes tumours of 
the oesophagus in rats, is the most prevalent N-nitrosamine 
carcinogen in cigarette smoke and smokeless tobacco (H echt 
and Hoffmann, 1989; Lijinsky, 1992). 

NNK and several other cigarette smoke N-nitrosamines 
are effective hepatocarcinogens in rats, as is furan (Inter- 
national Agency for Research on Cancer, 1995a; Preussmann 
and Stewart, 1984). NNK and its major metabolite 4- 
(methy|nitrosamino)-1-(3-pyridyl)-1-butanol (NNA L) are the 
only pancreatic carcinogens known to be present in tobacco 
products, and biochemical data from studies with human 
tissues provide some support for their role in smoking- 
related pancreatic cancer, although DNA adducts were not 
detected (Prokopczyk et al., 2002; Prokopczyk et al., 2005; 
Rivenson et al., 1988). The link between smokeless tobacco 
use and pancreatic cancer is also plausibly due to NNK 
and its metabolite NNAL. Biochemical studies demonstrate 
that both NNK and PAH can reach the cervix in humans, 
and are metabolically activated there (M elikian et al., 1999; 
Prokopczyk etal., 2001). DNA adducts derived from BaP 
and other hydrophobic compounds have been detected in 
cervical tissue from smokers (M elikian et al., 1999; Phillips, 
2002). Therefore, these compounds might contribute to the 
aetiology of cervical cancer in smokers, in combination with 
human papillomavirus (International A gency for Research on 
Cancer, 1995b). 4-Aminobiphenyl and 2-naphthylamine are 
known human bladder carcinogens, and considerable data 
from human studies support the role of aromatic amines as 
the major cause of bladder cancer in smokers (Castelao et al., 
2001; International Agency for Research on Cancer, 1973; 
Landi et al., 1996; Probst-H ensch et al., 2000; Skipper et al., 
1994; Skipper and Tannenbaum, 1990). The most probable 
cause of leukaemia in smokers is benzene, which occurs in 
large quantities in cigarette smoke, and is a known cause 
of acute myelogenous leukaemia in humans (International 
Agency for Research on Cancer, 1982). 

Cigarette smoke causes oxidative damage, probably bec- 
ause it contains free radicals such as nitric oxide and mixtures 
of hydroquinones, semiquinones, and quinones which can 
induce redox cycling (Hecht, 1999; Pryor etal., 1998). 
Smokers have lower levels of ascorbic acid and sometimes 
higher levels of oxidized DNA bases than non-smokers but 
the role of oxidative damage as a cause of specific tobacco- 
induced cancers remains unclear (Hecht, 1999). 
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Figure 3 Scheme linking nicotine addiction and cancer via tobacco smoke carcinogens. 


OVERVIEW OF MECHANISMS OF TUMOUR 
INDUCTION BY TOBACCO PRODUCTS 


Figure 3 presents a schematic overview of the mechanisms 
by which cigarette smoke causes cancer (H echt, 1999); a sim- 
ilar scheme would apply to smokeless tobacco products, but 
less is known. The central track of Figure 3, involving expo- 
sure to carcinogens, the formation of covalent bonds between 
the carcinogens and DNA which produces DNA adducts, 
and the resulting permanent mutations in critical genes of 
somatic cells is the major established pathway of cancer 
causation by cigarette smoke. Somatic mutations occur in 
somatic cells and therefore affect only their descendants, and 
are not inherited. The somatic mutation theory of cancer is 
well established, and the presence of multiple mutagenic car- 
cinogens in cigarette smoke is completely consistent with this 
theory (see also Mechanisms of Chemical C arcinogenesis). 

M ost people start smoking as teenagers, generally due to 
peer pressure. Some become addicted to nicotine and then 
smoke habitually. While nicotine, the main known addictive 
agent in cigarette smoke, is not carcinogenic, each puff of 
a cigarette contains a mixture of over 60 well-established 
carcinogens (Table 4), along with thousands of other com- 
pounds. These carcinogens are mainly responsible for cancer 
induction by cigarette smoke. Extensive data in the literature 
demonstrate the uptake of these carcinogens by smokers, and 
confirm the expected higher levels of their metabolites in the 
urine of smokers than non-smokers. 

M ost cigarette smoke carcinogens require a metabolic acti- 
vation process, generally catalysed by cytochrome P-450 
enzymes (P-450s), to convert them to electrophilic entities 
that can covalently bind to DNA, forming DNA adducts 
(Guengerich, 2001; J alas et al., 2005). P-450s 1A 1 and 1B1, 
which are inducible by cigarette smoke via interactions with 
the aryl hydrocarbon receptor, are particularly important in 
the metabolic activation of PAH (Nebert et al., 2004). The 
inducibility of these P-450s may be a critical aspect of 
cancer susceptibility in smokers. P-450s 1A2, 2A13, 2E1, 
and 3A4 are also important in the activation of cigarette 
smoke carcinogens. Competing with the activation process 
is metabolic detoxification, which results in excretion of 


carcinogen metabolites in generally harmless forms, and is 
catalysed by a variety of enzymes including glutathione- S- 
transferases and UD P-glucuronosy! transferases (Armstrong, 
1997; Burchell et al., 1997). The balance between carcino- 
gen metabolic activation and detoxification will vary among 
individuals and is very likely to affect cancer susceptibility, 
with those having higher activation and lower detoxifica- 
tion capacity being at highest risk. This is supported in 
part by evidence from molecular epidemiologic studies of 
polymorphisms, or variants, in these enzymes (Vineis et al., 
2003; see also Mechanisms of Chemical Carcinogenesis 
and Molecular Epidemiology of Cancer and the Use of 
Biomarkers). 

Continuing along the central track of Figure 3, the 
metabolic activation of carcinogens results in the forma- 
tion of DNA adducts, and these are absolutely central to 
the carcinogenic process. Starting in the mid-1980s, exten- 
sive studies have examined the presence of DNA adducts in 
human tissues. There is massive evidence, particularly from 
studies which use relatively non-specific adduct measurement 
methods, that adduct levels in the lung and other tissues are 
higher in smokers than in non-smokers, and some epidemio- 
logic data link higher adduct levels with a higher probability 
of cancer development (International A gency for Research on 
Cancer, 2004a; see also The Formation of DNA Adducts). 

There are cellular repair systems that can remove DNA 
adducts and return the structure of DNA to normal. These 
include direct base repair by alkyltransferases, excision 
of DNA damage by base and nucleotide excision repair, 
mismatch repair, and double strand repair. If these repair 
enzymes are overwhelmed by DNA damage or for other rea- 
sons cannot efficiently perform their function, then adducts 
may persist, leading to a higher probability of cancer devel- 
opment. There are polymorphisms in some DNA repair 
enzymes and the resulting deficient DNA repair can lead 
to a higher probability of cancer development, a subject 
of current interest in molecular epidemiology (Liu etal., 
2005b; see also Genomic Instability and DNA Repair 
and Mechanisms of C hemical C arcinogenesis). 

Persistent DNA adducts can cause miscoding at the time 
of replication when DNA polymerase enzymes process them 
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incorrectly. There is considerable specificity in the rela- 
tionship between specific DNA adducts caused by cigarette 
smoke carcinogens and the types of mutations which they 
cause. G to T andG to A mutations are frequently observed 
(Hecht, 1999). Mutations have been frequently observed in 
the KRAS oncogene in lung cancer and in the TP53 tumour- 
suppressor gene in a variety of cigarette smoke- induced 
cancers (Ahrendt et al., 2001; Pfeifer et al., 2002). The can- 
cer causing role of these genes has been firmly established in 
animal studies (J ohnson et al., 2001; Lubet et al., 2000). The 
KRAS and TP53 mutations observed in lung cancer in smok- 
ers appear to reflect DNA damage by metabolically activated 
PAH, although a number of other carcinogens are also likely 
to be involved. In addition, numerous cytogenetic changes 
have been observed in lung cancer, and chromosome dam- 
age throughout the aerodigestive tract is strongly linked with 
cigarette smoke exposure. Gene mutations can cause loss of 
normal cellular growth control functions, via a complex pro- 
cess of signal transduction pathways, ultimately resulting in 
genomic instability, cellular proliferation, and cancer (Bode 
and Dong, 2005; Sekido et al., 1998). Apoptosis, or pro- 
grammed cell death, is a protective process that can remove 
cells with DNA damage, and serves as a counterbalance to 
these mutational events. The balance between mechanisms 
leading to apoptosis and those suppressing apoptosis will 
have a major impact on tumour growth (Bode and Dong, 
2005; see also Mechanisms of Chemical Carcinogenesis). 

While the central track of Figure 3 proceeding through 
genetic damage is clearly established as a major pathway by 
which cigarette smoke carcinogens cause cancer, epigenetic 
pathways also contribute, as indicated in the top and bottom 
tracks of Figure 3 (Hecht, 2003b; Schuller, 2002). Nicotine 
and tobacco-specific nitrosamines have been shown to bind 
to nicotinic and other cellular receptors leading to activation 
of AKT (also known as protein kinase B), protein kinase A, 
and other changes, resulting in decreased apoptosis, increased 
angiogenesis, and increased transformation (H eeschen et al., 
2001; West etal., 2003). Cigarette smoke activates the 
epidermal growth factor receptor and cyclooxygenase-2 
(M oraitis et al., 2005). Furthermore, the occurrence of co- 
carcinogens and tumour promoters in cigarette smoke is well 
established. Another important epigenetic pathway is enzy- 
matic methylation of promoter regions of genes, which can 
result in gene silencing. If this occurs in tumour-suppressor 
genes, the result can be unregulated proliferation (Belinsky, 
2005; see also The Role of E pigenetic Alterations in Can- 
cer and Non-genotoxic C auses of Cancer). 


TOBACCO CARCINOGEN BIOMARKERS 


Tobacco carcinogen biomarkers are specific quantifiable 
substances - usually adducts or metabolites - that can be 
related to particular carcinogens in tobacco (Hecht, 2003b). 
Examples include DNA adducts, protein adducts, saliva and 
blood metabolites, breath compounds, and urinary metabo- 
lites. Measurements of DNA adducts can provide direct 
evidence concerning extent of DNA damage in a smoker. 


Protein adducts are often used as surrogates for DNA adducts 
because most metabolically activated carcinogens that react 
with DNA also react with proteins such as haemoglobin 
and albumin (Hecht, 2003b). Metabolites or unchanged car- 
cinogens in saliva, blood, breath, or urine can provide 
important information on extents of carcinogen uptake and 
inter-individual differences in carcinogen metabolism. Some 
examples of tobacco carcinogen biomarkers are the follow- 
ing. For PAH, urinary 1-hydroxypyrene is a widely accepted 
biomarker of dose (Hecht, 2002). It is a metabolite of pyrene, 
which always occurs in PAH mixtures and is a constituent of 
cigarette smoke. BaP diol epoxide- haemoglobin adducts are 
another widely used biomarker of PAH uptake and metabolic 
activation (Boysen and Hecht, 2003). For nitrosamines, the 
most widely used biomarker is “total NNAL”, the sum of 
NNAL and its glucuronides, urinary metabolites of NNK 
(Hecht, 2002). For aromatic amines, haemoglobin adducts of 
4-aminobiphenyl and other aromatic amines are consistently 
related to dose and have been extensively applied (Caste- 
lao et al., 2001). For benzene and 1,3-butadiene, mercapturic 
acids of their epoxide metabolites, excreted in urine, are use- 
ful (Hecht, 2002). Benzene uptake has also been assessed 
by measuring unchanged benzene in urine and by quantify- 
ing urinary trans,trans-muconic acid (Hecht, 2002). Ethylene 
oxide haemoglobin adducts and ethyl haemoglobin adducts 
have been used to assess exposure to ethylene oxide and to 
an unknown ethylating agent in cigarette smoke (Carmella 
et al., 2002). 

Tobacco carcinogen biomarkers are emerging as useful 
entities in the study of tobacco and cancer (Hatsukami 
et al., 2006). It is now widely accepted that tobacco car- 
cinogen biomarkers will ultimately be the best way to 
initially evaluate new tobacco products which come on 
the market, sometimes with claims of reduced carcino- 
genicity and toxicity (Hatsukami et al., 2006). In the past, 
these products have been evaluated mainly by machine 
measurement of smoke components under standard con- 
ditions. But it is now recognized that machine measure- 
ments can be misleading with respect to the health effects 
of tobacco products. Tobacco carcinogen biomarkers are 
extraordinarily useful in evaluating the exposure of non- 
smokers to second-hand smoke. Total NNAL has been par- 
ticularly effective in this respect because of its tobacco 
specificity (Hecht, 2003a). The presence of NNAL in 
the urine of a non-smoker confirms exposure to cigarette 
smoke, as this substance cannot come from the diet or 
other sources. Tobacco carcinogen biomarkers also have 
potential as measures of individual susceptibility to the 
effects of cigarette smoke. They could become part of 
an algorithm to predict which smoker will get cancer, 
information that could be very useful in cessation efforts 
(see Molecular Epidemiology of Cancer and the Use of 
Biomarkers). 


CONCLUSION 


Significant progress has been made in tobacco control, which 
ranges from local to national to global, with the WHO 


12 THE CAUSATION AND PREVENTION OF CANCER 


Framework Convention for Tobacco Control now in place 
for ratifying nations. The decrease in cigarette smoking 
seen in countries such as the United States results in a 
decrease in lung cancer and predicts a decrease in other 
tobacco-related cancers in those countries (Figure 2). This 
is avery encouraging development, and the major successful 
methods of tobacco control - legislation to ban smoking 
in public places, increased taxation, and aggressive anti- 
tobacco advertising - must be continued. These policies have 
strongly influenced overall cancer mortality. The situation in 
developing countries is not as encouraging because tobacco 
use is increasing in many of these countries. Overall, tobacco 
use in the world continues to be pervasive and is unlikely 
to abate in the near future. Research on mechanisms of 
tobacco-induced cancer has provided a strong framework for 
understanding the actions of tobacco carcinogens (Figure 3). 
We have an excellent understanding of the carcinogens 
in tobacco products, their metabolism to DNA adducts, 
and their competing detoxification pathways. We have also 
achieved an ever-increasing appreciation of the complex 
pathways that lead to genomic instability and ultimately to 
cancer due to the persistence of unrepaired DNA adducts 
in tissues of people who use tobacco. These findings have 
provided new insights for blocking key steps in the cancer 
induction process. It is hoped that these mechanistic insights 
will be translated into practical approaches for the prevention 
and cure of tobacco-induced cancer. 
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HISTORICAL AND CURRENT PATTERNS 
ON OCCUPATIONAL CANCER RISKS 


Exposures encountered at the workplace are a substantial 
source of cancer, as has been known for over 200 years (Pott, 
1775). Occupational cancers were initially detected by clin- 
icians. From early findings of Pott of scrotal cancer among 
chimney sweeps in 1775 to Creech and Johnson’s identifi- 
cation of angiosarcoma of the liver among vinyl chloride 
workers in 1974, unusual cancer patterns among persons 
with unusual occupations amounted to sufficient evidence 
to judge that the occupational exposure had caused cancer 
(Creech and Johnson, 1974). Pott was a physician treating 
chimney sweeps and Creech was a physician who treated 
vinyl chloride monomer workers. The era of initial identi- 
fication of occupational cancer by clinicians extended into 
the last quarter of the twentieth century. The period of for- 
mal epidemiological assessment of the occurrence of cancer 
in relation to workplace exposures started after the Second 
World War, and knowledge of the occupational and other 
environmental causes of cancer then grew rapidly in the next 
few decades. It has been clear for about 20 years that it should 
be possible to reduce the incidence of cancer in middle and 
old age by 80- 90% (Doll and Peto, 1981); however, the pre- 
cise means of how to bring about such a large reduction were 
not known. It might be helpful to recall here that most known 
occupational carcinogens were identified in the 1950- 1970s, 
with few carcinogens identified later. Cancer hazards in the 
workplaces in the earlier decades of the twentieth century 
were substantial, causing, in the extreme case, all the most 
heavily exposed workers to develop cancer, as occurred in 
some groups of manufacturers of 2-naphthylamine and benzi- 
dine, while coal-tar fumes and asbestos were so widespread 
that thousands of people developed skin and lung cancers. 
Although the occurrence of these cases is now starting 
to decrease through elimination of these substances and/or 
exposure to them, some of the consequences of the earlier 


exposure are still evident. Most estimates of the burden of 
occupational cancer in industrialized countries are around 
5% overall, with variations between 1 and 10% according to 
gender, geographic region, and subgroups or workers (Occu- 
pationally attributable cancer incidences were estimated by 
Higginson, 1980 (for UK): 6%, Tomatis, 1990: 4%, Boffetta 
and K ogevinas, 1999 (for Europe): app. 5.5% in total, 9% in 
men and 2% in women, and by Deschamps et al., 2006 (for 
France): 3% in total, being 6% in men and 0.2% in women. 
Occupationally attributable deaths from cancer make: 4% 
(USA: Doll and Peto, 1981), 1.5% (Australia: Armstrong, 
1988), between 6 and 10% (USA: Leigh etal., 1996), 4%, 
6% in men and 0.9% in women (Spain: Gonzales and A gudo, 
1999) and 3.5%, being 5.5% among men, 0.9% among 
women (USA: Steenland et al., 2003)). M esotheliomas due 
to exposure to asbestos are typical examples of persisting 
occupational risks. 

The workplace is an environment that provides unusual 
opportunities for the causation and thus the prevention and 
control of cancer. Occupational exposures tend to be greater, 
sometimes by orders of magnitude, than exposures in the 
general environment. This chapter provides a brief review 
of the occurrence and causes of occupational cancer based 
on epidemiological studies in humans and characteristics of 
occupational exposures (see Epidemiology in the I dentifi- 
cation of Cancer C auses). 


KNOWN AND SUSPECTED OCCUPATIONAL 
CARCINOGENS 


The International Agency for Research on Cancer (IARC) 
has established, within the framework of its Monographs 
programme, a set of criteria to evaluate the evidence for 
carcinogenicity of specific agents. The IARC Monographs 
programme represents one of the most comprehensive 
efforts to review cancer data systematically and consistently 
and is highly reputed in the scientific community (IARC, 
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1972-2005). It also has an important impact on national and 
international occupational cancer- control activities. A gents, 
mixtures, and exposure circumstances are evaluated within 
the IARC Monographs if there is evidence of human expo- 
Sure and data on carcinogenicity (either in humans or in 
experimental animals) are available. 

The evaluation of carcinogenicity within the IARC M ono- 
graphs programme includes several steps. First, the evidence 
for the induction of cancer in humans, which obviously plays 
an important role in the identification of human carcino- 
gens, is reviewed and classified into one of the following 
categories: 


Sufficient evidence of carcinogenicity: A causal relationship 
has been established between exposure to the agent, mixture, 
or exposure circumstance and human cancer. That is, a 
positive relationship has been observed between the exposure 
and cancer in studies in which chance, bias, and confounding 
could be ruled out with reasonable confidence. 


Limited evidence of carcinogenicity: A positive association 
has been observed between exposure to the agent, mix- 
ture, or exposure circumstance and cancer for which a 
causal interpretation is considered credible, but chance, bias, 
or confounding could not be ruled out with reasonable 
confidence. 


Inadequate evidence of carcinogenicity: The available studies 
are of insufficient quality, consistency, or statistical power 
to permit a conclusion regarding the presence or absence of 
a causal association, or no data on cancer in humans are 
available. 


Evidence suggesting lack of carcinogenicity: There are sev- 
eral adequate studies covering the full range of levels of 
exposure that human beings are known to encounter, which 
are mutually consistent in not showing a positive association 
between exposure to the agent and the studied cancer at any 
observed level of exposure. 


Second, studies, in which experimental animals (mainly 
rodents) are exposed chronically to potential carcinogens 
and examined for evidence of cancer, are reviewed and the 
degree of evidence of carcinogenicity is then classified into 
categories similar to those used for human data. 

Third, data on biological effects in humans and experi- 
mental animals that are of particular relevance are reviewed. 
These may include toxicological, kinetic, and metabolic con- 
siderations, and evidence of DNA binding, persistence of 
DNA lesions or genetic damage in exposed humans. Toxico- 
logical information, such as that on cytotoxicity and regen- 
eration, receptor binding and hormonal and immunological 
effects, and data on structure- activity relationship are used 
when considered relevant to the possible mechanism of the 
carcinogenic action of the agent. 

Finally, the body of evidence is considered as a whole, in 
order to reach an overall evaluation of the carcinogenicity to 
humans of an agent, mixture, or circumstance of exposure. 
The agent, mixture, or exposure circumstance is described 
according to the wording of one of the following categories: 


Group 1: The agent (mixture) is carcinogenic to humans. 
The exposure circumstance entails exposures that are car- 
cinogenic to humans. This evaluation is reached mainly when 
the evidence in humans is considered sufficient. 


Group 2A: The agent (mixture) is probably carcinogenic to 
humans. The exposure circumstance entails exposures that 
are probably carcinogenic to humans. A gents classified in this 
category are typically experimental carcinogens for which 
there is either limited epidemiological evidence in humans or 
mechanistic data suggesting that they also operate in humans. 


Group 2B: The agent (mixture) is possibly carcinogenic to 
humans. The exposure circumstance entails exposures that 
are possibly carcinogenic to humans. Agents in this group 
are mainly experimental carcinogens with no or inadequate 
data in humans. 


Group 3: The agent (mixture, exposure circumstance) is 
not classifiable as carcinogenic to humans. Agents is this 
category are typically suspected experimental carcinogens 
with no or inadequate human data. 


Group 4: The agent (mixture, exposure circumstance) is 
probably not carcinogenic to humans. This category includes 
agents with evidence suggesting lack of carcinogenicity. 


At present, 30 chemicals, groups of chemicals, and mix- 
tures for which exposures are mostly occupational are estab- 
lished human carcinogens (Table 1). Whereas some agents 
such as asbestos, benzene, and heavy metals are currently 
widely used in many countries, other agents are of mainly 
historical interest (e.g., mustard gas and 2-naphthylamine). 

Thirty-two additional agents are classified as probably car- 
cinogenic to humans (Group 2A): they are listed in Table 2, 
and include exposures that are currently prevalent in many 
countries, such as exposure to buta-1,3-diene. A large number 
of important occupational agents are classified as possi- 
ble human carcinogens (Group 2B), for example, acetalde- 
hyde, carbon black, chloroform, chlorophenoxy herbicides, 
dichlorodiphenyltrichloroethane (DDT), dichloromethane, 
polychlorophenols, and styrene. The complete list can be 
found at the IARC website (www.iarc.fr). 

The distinction between occupational and environmental 
carcinogens is not always straightforward. Several of the 
agents listed in Tables 1 and 2 are also present in the 
general environment, although exposure levels tend to be 
higher at the workplace. This is the case, for example, with 
2,3,7,8-tetrachlorodibenzoparadioxin (TCDD), diesel engine 
exhaust, radon, and asbestos. On the other hand, there are 
agents that have been evaluated in IARC Group 1 or 2A 
for which exposure is not primarily occupational, but which 
are often encountered in the occupational environment. They 
include the following: 


e drugs, such as cyclophosphamide, combined chemother- 
apy including alkylating agents such as M OPP (mustargen- 
caryolisin, vincristine, natulan, prednisolone), and cyclo- 
sporin: occupational exposure can occur in pharmacies and 
during their administration by nursing staff; 

e food contaminants, such as aflatoxins, to which food 
processors can be exposed; 
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Table 1 Agents, groups, or agents and mixtures classified as established human carcinogens (IARC Group 1) for which exposure is mainly occupational. 





Exposure Target organ/cancer? Occupation or industry in which the substance is mainly found? 

Aflatoxin Liver Feed production industry; workers loading and unloading cargo; rice and maize 
processing 

4-A minobiphenyl Bladder Rubber; dyestuff production and pigment manufacture 


Arsenic and arsenic 
compounds 


Asbestos 


Benzene 


Benzidine 

Beryllium and beryllium 
compounds 
Bis(chloromethy!) ether‘ 
and chloromethyl methyl 
ether (technical grade)‘ 
Cadmium and cadmium 
compounds 

Chromium hexavalent (v1) 
compounds 


Coal tars and pitches 


Erionite 


Ethylene oxide 
Formaldehyde 


Gallium arsenide 


Involuntary (passive) 
smoking 


lonizing radiation and 
sources thereof, including X 
rays, y rays, neutrons, and 
radon gas and its decay 
products 

Mineral oils, untreated and 
mildly treated 

M ustard gas (sulphur 
mustard)‘ 
2-Naphthylamine‘ 

Nickel compounds, 
including combination of 
nickel oxides and sulphides 
in the nickel refining 
industry 

Shale oils or shale-derived 
lubricants 

Silica, crystalline (inhaled 
in the form of quartz or 
cristobalite) 

Solar radiation 


Soots 


Lung, skin, liver 
(angiosarcoma) 


Lung, mesothelioma, pleura, 
arynx, gastrointestinal tract 





Leukaemia 


Bladder 
Lung 


Lung (oat cell) 


Lung 





Nasal sinuses, lung 


Skin, lung, bladder 


Mesothelioma 
Leukaemia 

Nasopharynx, leukaemia, 
nasal sinuses 

Uncertain 


Lung 


Bone, leukaemia, lung, 
liver, thyroid, others 


Skin, bladder, lung, nasal 
sinuses 
Pharynx, lung, larynx 


Bladder 
Nasal cavity, sinuses, lung 


Skin 


Lung 


Melanoma of the skin 
Skin, lung, oesophagus 


Glass, metals, non-ferrous metal smelting, production and packing of 
arsenic-containing pesticides; sheep dip manufacture; wool fibre production; 
mining of ores containing arsenic 


Mining and milling; by-product manufacture; insulation, shipyard workers; 
sheet-metal workers, asbestos cement industry, construction, plumbers and pipe 
fitters 


Solvents in the shoe production industry; chemical, pharmaceutical and rubber 
industries; printing industry (rotogravure plants, bindery departments); gasoline 
additive, fuel 

Dyestuffs and pigment manufacture 


Beryllium extraction and processing; aircraft and aerospace industries, electronics 
and nuclear industries, jewellers 

Intermediates in plastic and rubber production industry; chemical intermediate; 
alkylating agent; laboratory reagent; plastic manufacturing; ion-exchange resins 
and polymers 

Cadmium-smelter workers; battery production workers; cadmium-copper alloy 
workers; dyes and pigments production; electroplating process 

Chromate production plants; dyes and pigments; plating and engraving; 
chromium ferro-alloy production; stainless-steel welding; in wood preservatives; 
leather tanning; water treatment; inks; photography; lithography; drilling muds; 
synthetic perfumes; pyrotechnics; corrosion resistance; metal plating 

Production of refined chemicals and coal-tar products (patent fuel); coke 
production; coal gasification; aluminium production; foundries; road paving and 
construction (roofers and slaters), electrodes, fuel 

Waste treatment; sewage; agricultural waste; air pollution control systems; 
cement aggregates; building materials 

Chemical industry; sterilizing agent (hospitals, spice fumigation) 

Production of formaldehyde; pathologists; medical laboratory technicians; 
plastics; textile and plywood industry 

Production of Gallium arsenide; microelectronics industry (integrated circuits and 
optoelectronic devices) 


Workers in bars and restaurants; office workers 


Radiologists; technologists; nuclear workers; radium-dial painters; underground 
miners; plutonium workers; cleanup workers following nuclear accidents; aircraft 
crew 


Used as lubricant by metal workers, machinists, engineers; printing industry (ink 
formulation); used in cosmetics, medicinal and pharmaceutical preparations 


Used in research laboratories, military personnel (war gas) 


Dyestuffs and pigment manufacture 
Nickel refining and smelting, welding metal, alloy 


Mining and processing; used as fuels or chemical-plant feedstocks; lubricant in 
cotton textile industry, fuel 


Granite and stone industries; ceramics, glass, and related industries; foundries 
and metallurgical industries; abrasives; construction; farming; mining 


Outdoor workers 

Chimney sweeps; heating-unit service personnel; brick masons and helpers; 
building demolition workers; insulators; firefighters; metallurgical workers; work 
involving burning of organic materials; 
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Table 1 (continued) 


Exposure 
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Target organ/cancer? 


Occupation or industry in which the substance is mainly found? 





Strong inorganic acid mists 


containing sulphuric acid 


Talc containing asbestiform 


fibres 
2,3,7,8-Tetrachlorodibenzo- 
para-dioxin (TCDD) 

Vinyl chloride 


Wood dust 


Larynx, lung 
Lung, mesothelioma 


All sites combined; lung, 
non-Hodgkin's lymphoma, 
sarcoma 

Liver (angiosarcoma and 
hepatocellular) 


Nasal cavity and paranasal 
sinuses 


Pickling operations; steel industry; petrochemical industry; phosphate acid 
fertilizer manufacturing 


Manufacture of pottery, paper, paint, and cosmetics 


Production of pesticides; use of chlorophenols and chlorophenoxy herbicides; 
waste incineration; polychlorinated biphenyl (PCB) production; pulp and paper 
bleaching 

Production of vinyl chloride and polyvinyl chloride and co-polymers; refrigerant 
before 1974; extraction solvent; in aerosol propellants; plastic 

Logging and sawmill workers; pulp and paper and paperboard industry; 
woodworking trades (e.g., furniture industries, cabinetmaking, carpentry, and 
construction); used as filter in plastic and linoleum production 


aThe strength of the association varies across cancer sites from suggestive to strong. 
>Non-exhaustive list of occupations/industries in which this agent is found; not all workers in these occupations/industries are exposed. 


“Agent mainly of historical interest. 


Table 2 Agents, groups or agents, and mixtures classified as probable human carcinogens (IARC Group 2A) for which exposure is primarily occupational 


Exposure 


Suspected target organ/cancer 


M ain industry or use 





Acrylamide 


Benz[aJanthracene 
Benz[a]lpyrene 
Benzidine-based dyes 
Buta-1,3-diene 
Captafol 


a-Chlorinated toluenes 
(benzal chloride, 
benzotrichloride, benzyl 
chloride, benzoyl 
chloride) 


4-Chloro-ortho-toluidine 


Cobalt metal with 
tungsten carbide 


Creosotes 
ibenz[a, h]anthracene 


iw) 


iw) 


iesel engine exhaust 


iw) 


iethyl sulphate 


imethylcarbamoy! 
chloride 


,2-Dimethylhydrazine 
imethy! sulphate 
Epichlorohydrin 


iw) 


rR 








iw) 


Ethylene dibromide 


Indium phosphide 


Pancreas 


Lung, bladder, skin 
Lung, bladder, skin 
Bladder 


Leukaemia; 
lympho-haematopoietic 
Human evidence not 
available 


Lung 


Bladder 


Lung 


Skin 
Lung, bladder, skin 


Lung, bladder 


Not available 
Not available 


Not available 
Not available 


Lung, central nervous 
system 


Not available 











Uncertain 


Chemical industry; water and waste-water treatment; textile, steel, and lumber 
industries; petroleum refining; mineral processing; sugar production; 
hospitals; plastic 

Work involving combustion of organic matter; foundries; steel mills, 
firefighters; vehicle mechanics 


Work involving combustion of organic matter; foundries; steel mills, 
firefighters; vehicle mechanics 


Production of benzidine-based dyes; used in textile, paper, leather, rubber, 
plastics, printing, paint, and lacquer industries 


Chemical, plastic, and rubber industries 
Production of captafol, fungicide 


Pigment, dye and pesticide manufacture; chemical industry 


Production of ortho-toluidine; manufacture of dyestuffs, pigments, optical 
brightener, pharmaceuticals, and pesticides; rubber vulcanizing; clinical 
laboratory reagent; cleaners and janitors textile industry 


Production of cemented carbides (hard-metal industry); tool grinders; saw 
filers; diamond polishers 


Brickmaking; wood preserving 

Work involving combustion of organic matter; foundries; steel mills, 
firefighters; vehicle mechanics 

Railroad workers; professional drivers; dock workers; mechanics; transport 
industry, mining 

Chemical industry; ethanol production 


Chemical industry; production of dimethylcarbamoyl chloride; manufacture of 
pharmaceuticals, pesticides and dyes 


Research 

Chemical 

Plastic production and use of resins, glycerine and propylene based rubbers; 
used as solvent 

Production of ethylene dibromide; pest control (fumigant); petroleum refining 
and waterproofing; leaded gasoline additive; chemical intermediate and 
solvent in gums, waxes, resins, dyes, and pharmaceutical preparations 
Production of indium phosphide; microelectronics industry (integrated circuits 
and optoelectronic devices). 


(continued overlea ) 


Table 2 (continued) 


Inorganic lead 
compounds 


M ethyl 
methanesulphonate 
4,4’-M ethylene-bis(2- 
chloroaniline) (MOCA) 


Non-arsenical 
insecticides 


Polychlorinated 
biphenyls 
Styrene-7,8-oxide 


Tetrachloroethylene 


Trichloroethylene 


Trichloropropane 
Tris(2,3-dibromopropy!) 
phosphate 


Ultraviolet radiation (A, 
B, and C) from artificial 
sources 


Vinyl bromide 


Vinyl fluoride 


e biological agents, such as hepatitis B virus, hepatitis 
C virus, and human immunodeficiency virus, to which 
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Lung, stomach 


Not available 
Bladder 


Brain, leukaemia, lung, 
multiple myeloma, 
non-Hodgkin's lymphoma 
Liver; biliary tract 


Not available 


Cervix, oesophagus, 
non-Hodgkin's lymphoma 
Liver, biliary tract; 
non-Hodgkin's lymphoma, 
renal cell 

Not available 

Not available 


Melanoma 


Not available 





Not available 


medical personnel can be exposed; 


e environmental agents, in particular solar radiation (expo- 
sure in agriculture, fishing, and other outdoor occupations); 
e environmental tobacco smoke (ETS), deriving from smok- 
ing by fellow employees or by the public in bars, restau- 


rants, and other public settings. 


Polycyclic aromatic hydrocarbons (PAHs) represent a 
specific problem in the identification of occupational 
carcinogens. This group of chemicals include several potent 
such as _ benzo[a]pyrene, 
benz[a]anthracene, and dibenz[a, iJanthracene. However, 
humans are always exposed to mixtures of PAHs (sev- 
eral of which are listed in Tables 1 and 2, e.g., coal tars, 
soots, creosotes) and an assessment of the carcinogenic- 
ity of individual PAHs in humans cannot be done at 


experimental carcinogens, 


present. 


Current understanding of the relationship between occu- 
pational exposures and cancer is far from complete; in 
fact, only 30 individual agents are established occupational 
carcinogens (Table 1) and for many more experimental car- 
cinogens no definitive evidence is available from exposed 
workers. In some cases, there is considerable evidence of 


Lead smelters; plumbers; solderers; occupations in battery recycling smelters; 
production of lead-acid batteries; printing press occupations; pigment 
production; construction and demolition 


Chemical 


Rubber industry; production of MOCA; curing agent for roofing and wood 
sealing 


Production of non-arsenical insecticides; pest control and agricultural 
workers; flour and grain mill workers 


Production of polychlorinated biphenyls; electrical capacitor manufacturing 


Production of styrene; styrene glycol production; perfume preparation; 
reactive diluent in epoxy resin formulations; as chemical intermediate for 
cosmetics, surface coating, and agricultural and biological chemicals; used for 
treatment of fibres and textiles; in fabricated rubber products; plastics 


Production of tetrachloroethylene; dry cleaning; metal degreasing; solvent 


Production of trichloroethylene; dry cleaning; metal degreasing; solvent 


Solvent 


Production of tris(2,3-dibromopropyl) phosphate; used in the textile phosphate 
industry; in phenolic resins (for electronics industry), paints, paper coating 
and rubber 


Arc welding; industrial photoprocesses; sterilization and disinfection; 
phototherapy; operating theatres; research laboratories; ultraviolet 
fluorescence in food industry; insect traps 


Production of vinyl bromide; production of vinyl bromide polymers and 
monoacrylic fibres for carpet backing material; rubber and plastic production, 
textile industry 

Production of vinyl fluoride; polyvinyl fluoride and fluoropolymer production; 
chemical industry 


increased risks associated with particular industries and 
occupations, although no specific agents can be identi- 
fied as aetiological factors. Table 3 reports occupations 
and industries, which entail (or are suspected to entail) a 
carcinogenic risk on the basis of the IARC Monograph 
programme. 

Constructing and interpreting lists of chemical or physi- 
cal carcinogenic agents and associating them with specific 
occupations and industries is complicated by a number of 
factors: (i) information on industrial processes and exposures 
is frequently poor, not allowing a complete evaluation of the 
importance of specific carcinogenic exposures in different 
occupations or industries; (ii) exposures to well-known car- 
cinogenic agents, such as vinyl chloride and benzene, occur 
at different intensities in different occupational situations; 
(iii) changes in exposure occur over time in a given occupa- 
tional situation, either because identified carcinogenic agents 
are replaced by other agents or (more frequently) because 
new industrial processes or materials are introduced; and 
(iv) any list of occupational exposures can only refer to 
the relatively small number of chemical exposures which 
have been investigated with respect to the presence of a 
carcinogenic risk (see Mechanisms of Chemical C arcino- 
genesis). 
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Table 3 Industrial processes and occupations evaluated in IARC mono- 
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graphs, volumes 1- 88 (IARC 1972- 2005). 


Industry/occupation 


Group 1 

Aluminium production 
Auramine manufacture 

Boot and shoe manufacture and 
repair 

Coal gasification 

Coke production 

Furniture and cabinet making 
Haematite mining (underground) 
with exposure to radon 

Iron and steel founding 

M agenta manufacture 

Painter 

|sopropanol/propan-2-ol 
manufacture (strong-acid process) 
Rubber industry 


Group 2A 

Art glass, glass containers and 
pressed ware manufacture 
Hairdressers or barbers 


Petroleum refining 


Group 2B 

Carpentry and joinery 
Dry cleaning 

Printing processes 
Petroleum refining 


Target organs/cancer? 


Lung, bladder 
Bladder 
Nasal cavity, leukaemia, bladder 


Skin, lung, bladder 

Skin, lung, kidney, bladder 
Nasal cavity 

Lung 


Lung 
Bladder 

Lung, bladder, stomach 
Nasal cavity, larynx, lung 


Bladder, stomach, larynx, 
eukaemia, lung 





(Lung, stomach) 
(Bladder, lung, non-H odgkin 


lymphoma; ovary) 
(Bladder, brain, leukaemia) 


Nasal cavity) 
Oesophagus, bladder) 


Leukaemia, skin) 


( 
( 
(Lung, bladder) 
( 
( 


Textile manufacturing industry Nasal cavity, bladder) 


@Suspected target organs are given in parentheses. 


ESTIMATES OF THE BURDEN OF CANCER 
ATTRIBUTABLE TO OCCUPATION 


It is instructive to estimate the number of cancers that 
might be prevented by avoiding workplace exposure to 
carcinogens. In practice this is most readily estimated in 
terms of the number of cancers, which can be attributed 
to past exposures to workplace carcinogens. Estimating the 
total proportion of cancers attributable to occupation involves 
some extrapolation and there are essentially two approaches, 
which may be taken. One method draws on studies of specific 
occupational groups (usually “cohort studies”) in which the 
numbers of attributable cases can be estimated. Along with 
some estimate of the total number of exposed workers, 
the total burden can thus be estimated. This approach 
is somewhat uncertain, as there is usually very limited 
quantitative information on the extent and level of exposure 
across occupational groups collected in a comparable way 
to the specific epidemiological studies from which risk 
estimates derive. 

A more satisfactory approach is to estimate the attributable 
fraction directly from case-control studies in communities. 
This fraction is, of course, specific to the community where 
the study was conducted, but if there are a number of such 
studies, which can be synthesized, then a global estimate 
may be made. There are now a wealth of occupational case- 
control studies and the proportions summarized here derive 
from these types of studies. 


The cancers that contribute most numbers to the estimated 
burden of occupational cancer include mesothelioma and 
lung, bladder, sinonasal, and laryngeal cancers. Estimated 
burdens in terms of the proportions of cases attributable to 
occupation are summarized here. 


Mesothelioma 


Pleural mesothelioma (see Pleura and Peritoneum) death 
rates are rising in several European countries where surveil- 
lance is most effective, in particular, Finland, United King- 
dom, and the Netherlands. Extrapolation of current trends 
suggests that death rates will continue to rise at least until 
2020 (Albin et al., 1999; Britton, 2002). In the United States, 
incidence of mesothelioma increased steeply from the 1970s 
peaked in 2000-2004, then levelled off and is expected 
to return to background levels by 2055 (Price and Ware, 
2004; Bertazzi, 2005). Asbestos is the overwhelming cause 
of mesothelioma and the proportion attributable to asbestos 
may be considered to be over 88% - example from Australia 
(Leigh and Driscol, 2003). Some of these are not directly 
occupational (e.g., children exposed while living adjacent 
to asbestos factories or family members exposed to dust 
brought home by asbestos workers), but most are due to 
occupational exposures. As a proportion of cancers, there 
were approximately 2000 per year in the United States in 
years 2000- 2004 (Price and Ware, 2004; 2005) and at least 
1200 per year in the UK which amounts to about 0.5% of 
all cancers per annum and this is expected to rise to 2% 
of all cancers with a mortality peak being reached between 
years 2020- 2030 (Peto et al., 1995; Jarvholm et al., 1999; 
Pinheiro et al., 2004). In terms of absolute numbers, it has 
been projected that asbestos-related mesothelioma deaths will 
amount to 250 000 in total in Western Europe alone (5000 per 
year among males) over the next 30 years (Albin et al., 1999; 
Peto et al., 1999). Driscoll et al. (2005) estimated that there 
will be 43 000 deaths per year worldwide due to occupational 
exposure to asbestos, being 1100 in Western Europe, 500 in 
the West Pacific Region, and 700 in the USA. Another nation- 
wide estimate for the US (Price and Ware, 2004) predicted 
2600 deaths per year of asbestos related mesoteliomas, 560 
in women and more than 2000 in men. Estimates for A us- 
tralia (Leigh and Driscol, 2003) and Japan (Furuya et al., 
2003) were similar, with 700 annual deaths of mesothelioma 
in each country. 

Of all mesotheliomas, over 80% are of pleural origin. 
Overall, between 85% (Spirtas et al., 1994) and 90% (Steen- 
land et al., 2003) of all mesotheliomas occurring in males 
has been attributable to work-related asbestos exposure. For 
women, the overall attributable risk was 23% (Steenland 
et al., 2003). 


Lung Cancer 


Case-control studies in different communities show a range 
of estimates of proportions of lung cancers (see Respiratory 
System) attributable to known occupational carcinogens. 
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Two recent studies have looked at very large populations to 
overcome the inadequacy of small numbers inherent in indi- 
vidual studies. One is a four-country analysis of the entire 
Nordic population followed prospectively for cancer inci- 
dence from the 1970 censuses, and using exposures inferred 
from the occupation reported at the census. From this, 18% 
of male lung cancers and <1% of female lung cancers are 
attributed to occupational exposures (A ndersen et al., 1999). 
This compares with an estimate derived from a re-analysis of 
eight case-control studies in five European countries of 13% 
for male cancers and 3% for females. Both values are close 
to the earlier estimate for the U nited States of 15% for males, 
although lower than that estimate of 5% for females. Overall, 
an estimate of 15% for males and 2- 3% for females would 
seem reasonable (Doll and Peto, 1981; Vineis and Simonato, 
1991; Boffetta and K ogevinas, 1999). Other estimates were 
performed by Driscoll, 2005: the authors estimated that the 
overall attributable fraction arising from work to be 10% 
for men and 5% for women; thus totalling 9% overall. The 
proportions would vary between 5% in America-like regions 
with low child and adult mortality and 14% in European 
countries with low child, high adult mortality. Steenland 
et al. (2003) estimated that 6- 17% of all lung cancers in 
men and 2% in women were attributable to occupational 
exposures, while Nurminen and K arjalainen (2001) estimated 
that in Finland 29% of lung cancers in men and 5% in women 
would be attributable to occupational exposures. A dditional 
estimates were done by Barone-Adesi et al. (2005) for Italy: 
they concluded that 5- 34% of all lung cancers could be 
attributable to occupational exposures from studies listing 
occupational activities. When basing their estimates on job- 
exposure matrices, they estimated the proportion of lung 
cancers attributable to occupational exposures in Italy to be 
between 3 and 53%, for all lung cancers, with most of the 
estimated values ranging between 17 and 33%. Steenland 
et al. (2003) estimated that in the United States the fraction 
of lung cancer deaths attributable to occupational exposures 
was between 6.1 and 17.3% among men and 2% for women; 
and the attributable fraction of lung cancer caused by occu- 
pational exposure to environmental tobacco smoking was 
approximately 5.7%. Combining industrial lung carcinogens, 
environmental tobacco smoking at work, as well as radon 
exposure, the attributable fraction of lung cancer due to occu- 
pation would be 8.0- 19.2% for males and 2% for females 
(Steenland et al., 2003). 


Bladder 


For cancer of the bladder (see Urinary Tract), estimates of 
the population attributable risk due to occupational exposure 
vary quite widely by country. Barone-Adesi et al. (2005) 
estimated the population attributable risk to range between 
4 and 24% in Italy, while K ogevinas et al. (2003) estimated 
the population attributable risk for men employed in high- 
risk occupation to be between 4 and 7%, and specifically 
the population attributable risk due to exposure to PAHS 
to be about 4%. Among European women, the population 
attributable risk of bladder cancer due to occupational 


exposures has been estimated as being between 1 and 
10% (Boffetta and K ogevinas, 1999; M annetje et al., 1999). 
The Nordic study found the estimate to be 2% (Andersen 
et al., 1999) and this result is similar to that estimated by 
Deschamps et al. (2006). These estimates are all lower than 
that of earlier estimates for the United States of between 
11-20% (Silverman etal., 1989a, 1989b, 1990), 7-19% 
(Vineis and Simonato, 1991), and the very first estimates 
by Doll and Peto (1981) of 10%. The most probable 
reason for these differences are the changes in the levels 
of exposure to potential bladder carcinogens in the working 
place (K ogevinas et al., 2003). 


Sinonasal Cancers 


W hile most adenocarcinomas of the nose (see Respiratory 
System) are caused by occupational exposures, the 
attributable fraction for all sinonasal cancers together is 
estimated as 30-39% for males by the Nordic (Andersen 
et al., 1999) and European pooled re-analysis of case-control 
studies, respectively (M annetje etal., 1999). For females 
the results are less consistent, with the equivalent estimates 
being 2 and 11% of all sinonasal cancers. The most common 
occupational exposures identified were formaldehyde and 
textile dust (Leclerc et al., 1997; Luce et al., 2002), wood 
furniture workers, plywood workers, and wood model 
makers (Demers et al., 1995), nickel mining, smelting and 
refining, chromium and leather industries (Davies etal., 
1991; Rosenman and Stanbury, 1996). 


Laryngeal Cancers 


The attributable fraction for laryngeal cancers (see R espira- 
tory System) together is estimated as 6- 8% for males by the 
Nordic and European pooled re-analysis of six case-control 
studies. For females, the attributable fraction was close to 
zero in both cases. The most important exposures have been 
reported as wood dust among men aged 55 years and more 
(Berrino et al., 2003), sulphuric acid (Blair and K azerouni, 
1997), and possibly mineral oils (Tolbert, 1997). 

In summary, for Europe, estimates of the proportion of 
cancers among males attributable to occupation varies with 
cancer site, from at least 80% for mesothelioma, close to 
about 40% for sinonasal cancers, around 15% for lung 
cancer, and a little under 10% for larynx and bladder 
cancer. For females the risks are generally lower (apart from 
mesothelioma, which as for males is attributable entirely to 
asbestos), with attributable fractions under 1% except for 
lung cancer, which is around 1-2%, and sinonasal cancer, 
between 2 and 7%. For most other cancers, the attributable 
fractions calculated in this manner are lower. Summing 
across all sites to estimate the total proportion of cancers 
that may be attributable to occupational exposures has led to 
estimates around 4- 5%. 

Cigarette smoking has been dealt with to an extent in 
these studies - in virtually all of them, active smoking 
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was assessed in cases and controls and controlled for in 
the analysis. However, in most cases these studies were 
conducted before awareness about ETS had grown, and 
they focused on other occupational carcinogens. Thus, if 
the contribution of ETS exposure at the workplace were 
included, the attributable fraction of workplace exposures 
would need to be revised upwards, especially for lung 
cancer. As tobacco cessation programmes at workplaces are 
a relatively recent phenomenon, the health impact of ETS 
exposure at work will take some years before its effect on 
occupational cancers will have waned. 

Recent studies of occupational cancer estimate the bur- 
den on current disease of past exposures. The burden on 
future disease due to current exposure would be expected to 
fall in countries where controls on occupational carcinogens 
have been successful. However, estimates of the total num- 
ber of workers exposed to carcinogens at work remain high. 
Recent work carried out in the European Union to estimate 
these numbers has led to a European database on occupa- 
tional exposures in the workplace, CAREX (available at 
http://www.occuphealth.fi/list/data/CA REX/). This is based 
on a systematic estimate in each country of the numbers of 
employees exposed to a defined list of established carcino- 
gens at work. The grand total is 32 million, representing 23% 
of the working population, estimated for the early 1990s. 
The most important contributions come from solar radiation 
(9.1 million workers exposed) (from working outdoors) and 
ETS (7.5 million exposed), followed by more classical occu- 
pational pollutants such as silica (3.2 million), diesel exhaust 
(3.0 million), radon decay products (2.7 million), and wood 
dust (2.6 million) (K auppinen et al., 2000). 

These are very substantial numbers, emphasizing the 
remaining scope for primary prevention. 

Outside Western countries, and, in particular, in devel- 
oping countries, the burden of occupational cancer may be 
higher because of less controlled occupational exposures. 
Some carcinogens are being substantially phased out, in some 
but not all countries. For example, use of asbestos in Europe 
has fallen dramatically over the last 20 years and is now 
negligible in some countries, such as in the Nordic coun- 
tries, while substantial exposures are still observed in the 
former Soviet Union states (Albin etal., 1999), Lithuania 
(Everatt et al., 2006), Estonia, Latvia, Lithuania, and Czech 
Republic (K auppinen et al., 2001). Therefore, the proportion 
of cancers attributable to occupation estimated for Europe 
would underestimate the proportion in more poorly regulated 
developing country contexts. 


PREVENTION OF OCCUPATIONAL CANCER 


Primary prevention of occupational cancer is defined as 
aetiological prevention - prevention is directed against the 
source of the disease. Primary prevention contrasts with later 
(secondary and tertiary) forms of prevention that involve, 
respectively, the early detection of disease and treatment 
of disease to prevent death and reduce disability. Primary 
prevention is inherently more effective than secondary and 


tertiary prevention. Several avenues exist for the prevention 
of occupational cancer. 


Legal Initiatives 


Restriction of the use of carcinogens at the workplace, after 
they have been identified, is the simplest but bluntest tool 
available for risk reduction. Banning the use of a substance 
has been successfully used with occupational carcinogens. 

Regulation is different from restriction. Regulation 
requires that anyone who deals with the substance should 
keep to certain minimum standards to minimize the exposure 
and consequently the toxic effects. Known carcinogens are 
strictly regulated at workplaces, through standards, at least 
in industrialized countries. 


Industrial Hygiene 


Industrial hygiene, workplace technology, and general know- 
ledge on the safety issues have been continuously improving 
in industrialized countries over the last 30 years. As a con- 
sequence, exposures in the workplace are now less intense 
than in the past. However, the possibility of low-level expo- 
Sures exists, sometimes to a multitude of chemicals or mix- 
tures of chemicals with possibilities for various types of 
interactions. 

The most efficient of the industrial hygiene tools is the 
substitution of a new, less hazardous material for a material 
of known carcinogenicity. It is important, however, to ensure 
the new material is indeed less hazardous than that which 
it replaces. Other approaches include process enclosure or 
isolation, or use of ventilation. 


Use of Personal Protective Equipment 


Respirators, gloves, and other forms of protective clothing 
are all common forms of protective equipment in use 
throughout industry. They can be important in reducing 
carcinogenic exposures provided that carefully designed 
equipment is in use and that equipment is properly used and 
maintained. 


Cancer Surveillance and Monitoring at the 
Workplace 


Biological monitoring and medical screening of workers uses 
information from health history and results from periodical 
physical and laboratory examinations to estimate the levels of 
exposure and to assess the early health effects. Surveillance 
of workers is useful for identifying unforeseen hazards and 
to protect workers who are at increased risk - with the 
idea of detecting the cancer in its pre-symptomatic stages 
when it still can be controlled or cured. Screening for 
occupational cancer in exposed populations for purposes of 
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early diagnosis is rarely applied, but has been tested in some 
situations. Medical surveillance of populations at risk of 
getting cancer is only effective in the following situations: 
(i) if the screening test is easy to perform and sensitive, (ii) if 
it detects premalignant abnormalities or tumours at an early 
stage, and (iii) if there is an effective intervention that reduces 
morbidity and mortality when applied to early tumours. 

Cancer surveillance at the workplace has been explored, 
for instance, for bladder cancer among people exposed to 2- 
napthylamine and to benzidine, and for lung cancer among 
workers exposed to asbestos. Chest X rays, cytology, and 
urine analysis have been proposed (Schulte et al., 1990). 
Urine cytology has good sensitivity and specificity for inva- 
sive bladder cancer, but no survival advantage has been 
demonstrated. Also, chest X rays and cytological examina- 
tion of sputum has not reduced mortality from lung cancer 
significantly. Judgements on the value of screening depend 
also on the intensity of exposure: it may be more justified 
in small groups exposed to high levels of carcinogens than 
among large groups exposed to low levels. 


PROSPECTS FOR CANCER PREVENTION 


In the future, new technology and molecular biomarkers (of 
exposure, effect, and susceptibility) promise to revolutionize 
the practice of cancer prevention and provide new tools 
for screening and prevention of occupational cancer. Lung 
cancer remains the leading cause of death from cancer, and 
recent developments have generated substantial interest in 
the use of spiral computed tomography (CT) to screen for 
lung cancer. The use of lung cancer biomarkers to identify 
the early clonal phase of progression of lung cancer in high- 
risk populations has also been proposed, enabling cancers 
to be detected earlier than is possible with spiral CT, since 
the latter is not as sensitive for small central cancers as 
it is for small peripheral cancers. A hybrid CT - biomarker 
approach may improve the robustness with which lung 
cancer of any type can be detected early (Mulshine and 
Henschke, 2000). The high-risk populations screened for 
lung cancer will generally include large numbers of people 
who share risks of other, possibly coexisting, smoking- 
and/or asbestos-related disorders. Spiral CT is being used 
routinely in the investigation of emphysema and asbestosis. 
Simultaneous screening for coexisting disorders would be of 
great public health value. A rational integrated use of spiral 
CT and biomarkers in lung cancer screening is a research 
priority. However, for the purposes of practical prevention 
at workplaces, the avoidance of exposure remains the main 
and the primary means for prevention of occupational cancer. 
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Carcinogenesis is a process that takes place over years 
and decades, which is characterized by progressive genetic 
changes and corresponding increasingly severe tissue dam- 
age (Figure 1). Cancer prevention involves intervening in 
this process before invasive disease develops, when it 
is potentially reversible, often asymptomatic, easier to 
control medically, and associated with less morbidity. Dur- 
ing the last half century, our understanding of carcino- 
genesis has grown, largely because of technology that 
allows exploration of molecular pathways, cancer-associated 
genes, and tissue architecture. This knowledge provides 
the basis for most cancer-preventive intervention strate- 
gies, especially that of chemoprevention - the use of 
drugs, biologicals, and nutrients to treat precancer (i.e, 
to inhibit, delay, or reverse carcinogenesis) (Kelloff et al., 
1995a, 2000, 2006; Kelloff, 2000; Sporn and Suh, 2000; 
O'Shaughnessy et al., 2002; Lippman and Hong, 2002; Tsao 
et al., 2004). 

Just as in cancer treatment drugs, the discovery and 
development of chemopreventive agents is mechanistically 
driven, focusing on modulating molecular targets associ- 
ated with carcinogenesis (also called biomarkers of neo- 
plastic progression). This approach holds more promise 
for chemoprevention than for treatment, since molecular 
targets are more easily available and normal cell func- 
tion and structure are less disrupted, and hence, easier to 
control in the precancerous stages than in cancer. Clin- 
ical cancer is in fact characterized by unregulated pro- 
liferation and cellular heterogeneity; consequently, very 
few sites and processes are responsive to therapeutic 
intervention. 


MOLECULAR TARGETS, CHEMOPREVENTIVE 
DRUG DISCOVERY, AND EARLY DEVELOPMENT 


Mechanisms of Chemopreventive Activity 
and Potential Chemopreventive Drugs 


Basic research in carcinogenesis has identified enzymes, 
genetic lesions, and other cellular components associated 
with the initiation and progression of precancerous dis- 
ease to invasive disease. Possible mechanisms for chemo- 
prevention involve interference with the expression and/or 
activity of these molecules; examples of the mechanisms, 
their possible molecular targets, and agents that act at these 
targets are listed in Table 1 (Kelloff etal., 1995b, 2006; 
Aggarwal etal., 2004; Kelloff, 2000; De Flora and Fergu- 
son, 2005). 

Genetic progression models have been developed for many 
cancer sites, including colon, head and neck, bladder, brain, 
lung, and cervix (see Models for Genitourinary Can- 
cer - Hereditary Renal Carcinogenesis, Mouse Models 
for Gastrointestinal Cancer and Models for CNS M alig- 
nancies). These models map the appearance of the specific 
molecular lesions and/or more general genotypic damage in 
their temporal association with increasingly severe precan- 
cerous disease. In many cases, early critical steps include 
inactivation of tumour-suppressor genes, such as APC or 
P53, activation of oncogenes such as RAS, and damage to 
DNA repair mechanisms, such as by mutations in MSH and 
MLH (mismatch repair genes) and in BRCA, the gene that 
mutates in some women who are at high risk of breast 
cancer. (See Mechanisms of Chemical Carcinogenesis, 
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Figure 1 


Genetic Susceptibility to Cancer). These models confirm 
that changes in specific biomarkers of neoplastic progres- 
sion may be useful measures of potential chemopreventive 
activity. 

Experimental and epidemiological carcinogenesis stud- 
ies have associated >90% of cancers with exposure to 
mutagens and mitogens (agents that enhance cell prolifer- 
ation). Mutagenesis can damage the cell and disrupt nor- 
mal growth controls, resulting in loss of programmed cell 
death (apoptosis) and maturation pathways and increased 
(hyper) proliferation. Thus, inhibitors of mutagenesis and 
proliferation and inducers of apoptosis and differentiation 
are potential chemopreventives. Some cell- and tissue- 
based processes are related to carcinogenesis, namely, 
inflammation and oxidation. Hence, anti-inflammatories and 
antioxidants are possible chemopreventives. In this regard, 
experimental, epidemiological, and clinical studies have 
demonstrated chemopreventive activity for agents that inter- 
fere with either the inflammatory or oxidative activities 
associated with arachidonic acid (AA) metabolism; for 
example, non-steroidal anti-inflammatory drugs (NSAIDs), 
polyphenols (tea, resveratrol), and vitamin A derivatives 
(retinoids). 


Carcinogen-blocking Activities (Anti-mutagenicity) 


Inhibition of carcinogen uptake into cells, inhibition of 
carcinogen formation or activation, deactivation or detoxifi- 
cation of carcinogen, prevention of carcinogen from binding 
to DNA, and enhancement of the level or fidelity of DNA 


Human carcinogenesis is a multi-year process. See O'Shaughnessy et al. (2002). 


repair are all carcinogen-blocking activities and potential 
chemopreventive mechanisms (K elloff et al., 1995b). 


Inhibition of Carcinogen Uptake 


Agents that inhibit carcinogen uptake appear to react directly 
with putative carcinogens, both initiators and promoters. For 
example, calcium inhibits the promotion of carcinogen- and 
dietary fat-induced colon tumours in rats. It also inhibits 
carcinogen-induced hyperproliferation in rat and mouse 
colon, including that induced by a Western “stress” diet, 
that is, a diet low in calcium and vitamin D and high in 
fat and phosphate. A partial explanation of these effects 
is that calcium binds to excess bile and free fatty acids 
that irritate the colon lumen and promote the formation of 
tumours. Such data suggest a potential for other sequestering 
and chelating agents as chemopreventives, particularly in the 
colon. 


Inhibition of Carcinogen Formation/Activation 


Vitamin C prevents the biosynthesis of carcinogenic N- 
nitroso compounds. Other chemopreventive antioxidants 
such as vitamin E prevent the formation of nitrosamines from 
their precursors by scavenging nitrite. M any putative chemo- 
preventive agents interfere with metabolic activation of a 
procarcinogen (Kelloff etal., 1995b; De Flora and Fergu- 
son, 2005). Examples are allylic sulphides, arylalkyl isothio- 
cyanates, carbamates and flavonoids, and other polyphenols. 
Usually this activity involves inhibition of the cytochrome 
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Table 1 


Mechanism 


Possible molecular targets 


Mechanisms for chemoprevention with possible molecular targets (see also K elloff (2000), K elloff et al. (2006)). 


Representative agents 





Inhibit carcinogen uptake 
Inhibit formation/activation of carcinogen 


Deactivate/detoxify carcinogen 
Inhibit inflammation/oxidation 


Prevent carcinogen- DNA binding 
Increase level or fidelity of DNA repair 
M odulate hormone/growth factor activity 


M odulate signal transduction 


Inhibit oncogene activity 
Inhibit polyamine metabolism 


Induce terminal differentiation 


Restore immune response 


Increase intercellular communication 


Bile acids (binding) 
Cytochromes P450 (inhibition) 


PG synthase hydroperoxidase, 
5-lipoxygenase/leukotrienes (inhibition) 


Bile acids (inhibition) 
GSH/GST (enhancement) 
COX (inhibition) 

EPi_4 

iNOS/NO (inhibition) 
LOX 

NF-«B 


Antioxidant response element (N rf2) 
GSH/GST (induction) 

Nkx3.1 

Prostacyclin 

Singlet oxygen (quenching) 

Cytochromes P450 (inhibition) 

Poly(ADP - ribosyl) transferase (enhancement) 
Oestrogen receptor (antagonism) 


Androgen receptor (antagonism) 

Steroid aromatase (inhibition) 

Steroid 5a-reductase (inhibition) 

IGF-I (inhibition) 

RARB 

RAR/RXR 

RXR 

Vitamin D receptor 

BCL2 

Cyclic guanosine 3’, 5’-monophosphate PDE 
Cyclin D1 

EGFR 

HMGCOoA reductase 

UGF/IGF receptor 

MAPK 

M atrix metalloproteinases 

mTOR 

Ornithine decarboxylase, polyamine synthesis 
P53 

PI3K/AKT, PTEN 


RAS 

TGFB/SMADs 

VEGF/VEGF receptor 

Farnesy! protein transferase (inhibition) 
ODC activity (inhibition) 

ODC induction (inhibition) 

TGF (induction) 

PPAR y (activation) 


COX (inhibition) 

T, NK lymphocytes (enhancement) 
Langerhans cells (enhancement) 
Connexin 43 (enhancement) 


Calcium 

PEITC, tea polyphenols, indole-3-carbinol 

NSAIDs, COX 2 inhibitors, LOX inhibitors (zileuton, 
zafirkulast, licofelone, budesonide), iNOS inhibitors 
Ursodiol 

Oltipraz, NAC 

Celecoxib, rofecoxib, NSAIDs 

ONO-8711 

NO-NSAIDs 

Zileuton, zafirkulast, licofelone, budesonide 


Bortezomib, R-flurbiprofen, curcumin, tea polyphenols, 
soya isoflavones, statins, NSAIDs, CDDO 


Dithiolthiones 
Dithiolthiones, PEITC 
Tea polyphenols 

loprost 

Lycopene 

Tea 

NAC, protease inhibitors 


SERMs, soya isoflavones, indole-3-carbinol, DIM, 
resveratrol, TA S-108 


Bicalutamide, flutamide, DIM , resveratrol 
Exemestane, vorozole, letrozole, anastrazole 
Finasteride, dutasteride 

SERMs, retinoids, deguelin, LGD100268 
Fenretinide, 9-cis-retinoic acid 
9-cis-Retinoic acid 

Targretin, LGD 100268 

Vitamin D3 analogues 

ABT-737 

Exisulind 





Gefitinib, erlotinib, EKB569, cetuximab 
Statins 


M arimistat, prinomastat 
RAD-001, rapamycin, curcumin 
DFMO 

CP-31398 


Deguelin, LGD100268, curcumin, indole-3-carbinol, 
DIM 


Tipifarnib, perillyl alcohol 

CDDO 

Bevacizumab 

Perillyl alcohol, limonene, DHEA, tipifarnib 
DFMO 

Retinoids 

Retinoids, vitamin D, SERMs 


Rosiglitazone, pioglitazone, GW 7845, CDDO, 
LGD100268 


NSAIDs 

Selenium, tea 
Vitamin E 
Carotenoids, retinoids 
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Table 1 (continued) 


Mechanism Possible molecular targets 


Representative agents 





Restore tumour-suppressor function 
Induce apoptosis 


P53 (stabilization) 

TGF (induction) 

RAS farnesylation (inhibition) 
Telomerase (inhibition) 

AA (enhancement) 

Caspase (activation) 

PPAR y (activation) 

PPAR6S (inhibition) 

RXR (inhibition) 

FGF receptor (inhibition) 
Thrombomodulin (inhibition) 


Inhibit angiogenesis 


Control epigenetic transcription 
Genome-wide hypomethylation 


DNA methylation balance through GSH/GST 


(enhancement) 

Histone acetylase (inhibition) 
Inhibit basement membrane degradation 

MMP metabolism (inhibition) 
Inhibit DNA synthesis 


CpG island hypermethylation (inhibition) 


Type IV collagenase (inhibition) 


Glucose-6-phosphate dehydrogenase (inhibition) 


CP-31398 

Retinoids, SERMs, vitamin D 

Perillyl alcohol, limonene, DHEA, tipifarnib 
Retinoic acid 

NSAIDs, COX2 inhibitors, LOX inhibitors 
Retinoids 

Phenylacetate 

NSAIDs 

Targretin, 9-cis-U A B 30 

Soya isoflavones, COX 2 inhibitors 
Retinoids 

Azacytidine 

Methionine, SAMe 

Dithiolthiones, NAC, PEITC 


Phenylbutyrate, SAHA, valproic acid 
Protease inhibitors 


M arimistat, prinomastat 
DHEA, fluasterone 


AA - arachidonic acid; CDDO - 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid; COX - cyclooxygenase; CpG - cytosine- guanosine; DFMO - 2-difluoromethylornithine; 
DHEA - dehydroepiandrosterone; DIM - 3,3’-diindoylmethane; GSH - glutathione; GST - glutathione- S-transferase; FGF - fibroblast growth factor; IGF - insulin-like growth 
factor; iNOS - inducible nitric oxide synthase; LOX - lipoxygenase; MMP - matrix metalloproteinase; NAC - N-acetyl-L-cysteine; NK - natural killer; NO - nitric oxide; 
NSAID - non-steroidal anti-inflammatory drug; ODC - ornithine decarboxylase; PEITC - phenylethyl-isothiocyanate; PG - prostaglandin; PPAR - peroxisome proliferator- 
activated receptor; RAR - retinoic acid receptor; RXR - retinoid X receptor; SAHA - suberoylanilide hydroxamic acid; SAMe- S-adenosylmethionine; SERM - selective 


oestrogen receptor modulator; TGF - transforming growth factor. 


P450 enzymes responsible for activating various classes 
of carcinogens such as polycyclic aromatic hydrocarbons 
(PAHs) (see Mechanisms of Chemical Carcinogenesis). 

Steroid aromatase, a cytochrome P450-dependent enzyme, 
catalyses the first step in oestrogen biosynthesis in humans, 
C19 hydroxylation, and subsequent oxidative cleavage of 
the androgens androstenedione and testosterone to oestrone 
and oestradiol, respectively. Both steroidal (e.g., 4-hydroxy- 
androstenedione) and non-steroidal (eg., vorozole) 
aromatase inhibitors also inhibit carcinogenesis in oestrogen- 
sensitive tissues. 


Enhancing Carcinogen Deactivation/Detoxification 


Enhancing carcinogen deactivation/detoxification is poten- 
tially an important strategy for chemoprevention (K elloff 
et al., 1995b; De Flora and Ferguson, 2005). Two metabolic 
pathways are critical. The first is introduction or expo- 
sure of polar groups (eg., hydroxyl groups) on procar- 
cinogens/carcinogens via phase | metabolic enzymes, which 
are primarily microsomal mixed-function oxidases. These 
polar groups become substrates for conjugation. The sec- 
ond pathway is via phase II metabolic enzymes responsible 
for conjugation and formation of glucuronides, glutathione 
(GSH) conjugates, and sulphates. In both cases, conjugates 
are more likely to be excreted from the body than they are 
to reach sensitive tissues in an activated form. Agents that 
affect phase Il enzymes probably hold more promise than 
those that induce phase | enzymes, since phase | oxidation 


can also result in carcinogen activation (see M echanisms of 
Chemical Carcinogenesis). 

GSH is a prototype carcinogen scavenger (see also sub- 
sequent text related to general mechanism of electrophile 
scavenging). It reacts spontaneously or via catalysis of GSH- 
S-transferases with numerous activated carcinogens, includ- 
ing some N-nitroso compounds, aflatoxin Bı (AFBj), and 
PAHs. GSH protects against mouse skin tumours induced 
by PAHs, rat forestomach tumours induced by nitrosamines, 
and rat liver tumours induced by AFB;. A number of promis- 
ing chemopreventive agents are potent inducers of GSH and 
GSH-S-transferases, including allylic sulphides, which are 
natural products found in onion, garlic, and other mem- 
bers of the Allium genus as well as sulphur-containing 
compounds found in cruciferous vegetables. Oltipraz, a dithi- 
olthione similar to those found in cruciferous vegetables, is 
a potent GSH-S-transferase inducer with a wide spectrum of 
chemopreventive activity. Sulphoraphane, an isothiocyanate 
found in broccoli sprouts, induces phase Il enzymes and 
has chemopreventive activity in rat colon, where it prevents 
formation of nitrosamine-induced aberrant crypt foci (ACF) 
and PAH-induced mammary gland carcinoma. N-A cetyl-L- 
cysteine (NAC) is essentially a precursor of GSH. NAC 
shows inhibitory activity in mouse lung and bladder and 
rat colon and mammary gland against nitrosamine-induced 
tumours. 

GSH-peroxidases (GSH-Px) catalyse the reduction of 
hydrogen peroxide (H202) and organic hydroperoxides; the 
antioxidant effects of selenium may be related to its function 
in the enzyme’s active site. Although several studies show 
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that the anti-carcinogenic activity of selenium in mouse and 
rat mammary glands is not mediated by GSH-Px, in tissues 
such as colon, glandular stomach, and skin, GSH-Px are 
thought to play a role. 

Another type of carcinogen deactivation is modula- 
tion of the mixed-function oxidases involved in oestrogen 
metabolism. Indole-3-carbinol naturally occurring in cru- 
ciferous vegetables inhibits mammary tumour induction in 
rats and induces mixed-function oxidases. Particularly, it 
induces activity of enzymes responsible for 2-hydroxylation 
of oestradiol, leading to increased excretion of oestradiol 
metabolites. 


Inhibition of DNA-Carcinogen Adduct Formation 


DNA -carcinogen adduct formation can be considered a 
biomarker of carcinogen exposure. In most cases, it is prob- 
ably secondary to other mechanisms of carcinogenesis, such 
as carcinogen activation and formation. Likewise, inhibition 
of DNA adduct formation is typically an indirect measure 
of other mechanisms of chemoprevention, particularly inhi- 
bition of carcinogen formation and activation and enhance- 
ment of carcinogen detoxification (K elloff et al., 1995b). For 
example, oltipraz prevents the formation of AFB,;-DNA 
adducts, an effect which has been attributed to increased 
rates of aflatoxin detoxification by glioblastomas, sarcomas, 
and tumours (GST). Nonetheless, inhibition of DNA adduct 
formation is a convenient assay for screening the ability 
of potential chemopreventive agents to modulate carcinogen 
metabolism. There is also limited evidence of chemopre- 
ventive agents directly obstructing adduct formation. For 
example, ellagic acid appears to inhibit carcinogen adduct 
formation by binding to the duplex form of DNA (see 
also The Formation of DNA Adducts). 


Enhancement of DNA Repair 


Three possible chemopreventive mechanisms involve DNA 
repair (Kelloff etal., 1995b). First, increase the overall 
level of DNA repair. Second, prevent carcinogen-induced 
decreases in poly(ADP-ribosyl)transferase (ADPRT) with 
NAC. ADPRT is known to be involved in modulation of 
DNA damage; levels of this enzyme decrease in the presence 
of carcinogens. Third, suppress error-prone DNA repair. 
Protease inhibitors are known to depress error-prone repair 
in bacteria, and might prevent carcinogenesis by inhibiting 
an error-prone repair system activated by proteases that, 
in turn, are induced by tumour promoters. The protease 
inhibitor best studied as a chemopreventive is Bowman- Birk 
soybean trypsin inhibitor (BBI), which inhibits nitrosamine- 
induced tumours in mouse colon and liver and in rat 
oesophagus. 


Anti-proliferative Activity via Signal Transduction 
Pathways 


Much is now known about the biochemical control mecha- 
nisms involved in regulating cell growth and development. 


Cells respond to signals from extracellular stimuli via a 
complicated network of highly regulated events collectively 
referred to as signal transduction pathways. Stimulation of 
these pathways results in changes in transcriptional activ- 
ity. While normal cells respond appropriately to extracellular 
stimuli, many precancerous and cancerous cells have lost this 
ability and display aberrant signaling. 

Molecular targets on these pathways that allow interfer- 
ence with the deregulated signalling are potential sites for 
chemopreventive intervention (Lippman and Hong, 2002; 
Dannenberg et al., 2005). For example, key components of 
these pathways are growth factors such as epidermal growth 
factor (EGF), insulin-like growth factor (IGF), transform- 
ing growth factor-a (TGF-qa), and protein tyrosine kinases 
that catalyse the transfer of adenosine triphosphate (ATP) to 
the hydroxyl group of tyrosine on numerous proteins. M any 
growth factor receptors (e.g., epidermal growth factor recep- 
tor, EGFR) and other oncogene products are tyrosine kinases, 
and loss of tyrosine kinase regulatory mechanisms has been 
implicated in neoplastic growth. 

Invocation of signal transduction pathways also provides 
a mechanistic rationale for multiple chemopreventive effects 
of some classes of agents. For example, chemopreven- 
tive agents such as retinoids, antihormones, and protein 
kinase inhibitors that affect activities at the cell mem- 
brane, cytoplasmic, and nuclear receptor levels can also 
affect other connected events. Many of these activities 
are interrelated; for example, effects on the proliferation- 
associated enzyme ornithine decarboxylase (ODC), AA 
metabolism, protein kinase C (PKC), IGF-I, and TGF may 
be pleiotropic results of activity at a single locus on sig- 
nal transduction pathways. It is also clear that a single 
activity may not be the most important or the only one 
required for carcinogenesis. (See Signalling by Steroid 
Receptors, Signalling by Cytokines, Signalling by Tyro- 
sine Kinases, Transforming Growth Factor-6 and Can- 
cer, Wnt Signal Transduction and Signalling by Ras and 
Rho GTPases). 


Modulation of Hormonal/Growth Factor Activity 


Chemicals may inhibit the proliferation associated with car- 
cinogenesis by directly regulating induction and activity of 
specific hormones and growth factors that initiate steps in 
signal transduction (Kelloff et al., 1995b). This regulation 
may occur at membrane-level receptors (for growth factors, 
peptide hormones, and neurotransmitters) or via cytoplasmic 
and nuclear receptors (for the steroid superfamily consisting 
of oestrogen, progesterone, retinoid, glucocorticoid, vitamin 
D, and thyroid receptors). For example, anti-oestrogens such 
as tamoxifen bind to nuclear oestrogen receptors, preventing 
the binding and activity of oestrogens. Tamoxifen inhibits 
carcinogen-induced, oestrogen-sensitive tumours in rat mam- 
mary glands and hamster kidney. M ost importantly, tamox- 
ifen has been shown to lower the risk of breast cancer in 
women at high risk. Phyto-oestrogens, such as the isoflavone 
genistein, have anti-oestrogenic activity. Studies in human 
breast cancer cells indicate that this anti-oestrogenic effect 
may result from slowed translocation of genistein-bound 
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receptors from the cytoplasm to the nucleus compared with 
that of oestradiol-bound receptors. 

TGF has anti-proliferative activity in both normal and 
cancer cells, suggesting that chemicals that activate TGF 6 
could also control proliferation in carcinogenesis. In this 
regard, breast cancer cells normally produce only small 
amounts of activated TGF£, but treatment with tamoxifen 
increases production by up to 20-fold. Retinoic acid, which 
inhibits chemical carcinogenesis, particularly tumour promo- 
tion in mouse skin, induces TGF 82 in mouse skin after 
topical application. In vitamin A-deficient rats treated with 
retinoic acid, the level of expression of TGF correlates with 
levels of retinoids in skin, intestine, and respiratory tract tis- 
sue. 

There is also evidence of cross-regulation among mem- 
brane and nuclear receptors. For example, IGF-I stimulates 
cell replication in various tumours. Particularly, human breast 
cancer cells have membrane receptors for, and excrete, 
IGF-I. Tamoxifen lowers blood concentrations of IGF-I in 
breast cancer patients, suggesting that part of its antitumour 
activity is inhibition of IGF-I. 

Other aspects of receptor activity are possible mecha- 
nisms for chemopreventive activity. Generally, receptors are 
phosphoproteins, and phosphorylation appears to play a role 
in receptor activation. Thus, chemopreventive agents that 
inhibit phosphorylation, for example, inhibit protein kinases, 
may influence cell proliferation by effects on receptors. An 
example is the isoflavone genistein, which is a specific 
inhibitor of tyrosine kinase and other flavonoids. 

Deactivation of steroids may prevent hormone-stimulated 
carcinogenesis. In this regard, aromatase inhibitors and 
modifiers of steroid hydroxylation have been described 
above under inhibition of carcinogen formation/activation 
and carcinogen deactivation/detoxification, respectively. 


Inhibition of Oncogene Activity 


During the course of cell proliferation in carcinogenesis, 
numerous oncogenes are expressed abnormally, possibly as 
intermediates in the signal transduction pathways. The evi- 
dence for oncogene activity in signal transduction pathways 
is based on the similarity of some of their products (protein 
kinases) to other intermediates in these pathways (K elloff 
et al., 1995b). The ras oncogene can be inhibited at sev- 
eral points during activation, and data relate this inhibition 
to chemopreventive activity. 

First, a membrane receptor-linked tyrosine kinase is 
involved in Ras activation, and kinase inhibitors would be 
expected to prevent Ras activation. Particularly interesting 
are compounds such as genistein, which specifically inhibit 
tyrosine kinase, and thus do not interfere with normal cellular 
processes mediated by other kinases. 

To be activated, the Ras protein must first be farnesylated. 
ras oncogenes are involved in rat mammary gland carcino- 
genesis. D-Limonene inhibits the progression of carcinogen- 
induced mammary tumours induced in rats, and it also 
inhibits the farnesylation of small G proteins (21-26kDa); 


these experimental data suggest that p-limonene could pre- 
vent oncogene activation by inhibiting post-translational far- 
nesylation of the p21"° protein. Perillyl alcohol is an even 
more potent inhibitor of farnesyl protein transferase. Sev- 
eral recently described specific farnesylation inhibitors are 
structural analogues of the C-terminal tetrapeptide of far- 
nesyl protein transferase and they inhibit the growth of 
Ras-dependent tumours. 

Further, farnesyl pyrophosphate, the substrate for farnesyl 
protein transferase, is an intermediate in the synthetic path- 
way from hydroxymethylglutary! coenzyme A (HM GCoA) 
reductase to cholesterol. Inhibitors of HMGCoA reductase, 
for example, lovastatin, and probably inhibitors of other 
enzymes along the synthetic route to cholesterol, have been 
shown to inhibit Ras farnesylation. 

Cyclooxygenase (COX ) catalyses the synthesis of prostagl- 
andins (PGs) from AA. COX inhibitors also might inhibit 
proliferation in carcinogenesis by inhibiting oncogene 
expression, although the evidence is less direct than for 
other effects of AA metabolism inhibitors. Expression of the 
oncogene c-MYC occurs early in EGF-induced cell prolifer- 
ation. PGs are required but not sufficient for c-MYC expres- 
sion and DNA synthesis stimulated by EGF. The NSAID 
indomethacin inhibits both EGF-induced DNA synthesis and 
oncogene expression; this inhibition is reversed by addition 
of PGG>. 

Studies in vitro indicate inhibition of oncogene expres- 
sion as a mechanism for chemopreventive activity of protease 
inhibitors and retinoids. For example, the protease inhibitors 
inhibit transformation of cells transfected with the activated 
Hras oncogene, suppress c-MYC expression in mouse fibrob- 
lasts, and inhibit carcinogen-induced tumours in rat colon, 
mouse lung, and mouse skin. Retinoic acid also inhibits 
Hras-induced transformation in cancer cells and mouse skin 
carcinogenesis. 


Inhibition of Polyamine Metabolism 


Polyamines play a significant role in cell proliferation, 
differentiation, and malignant transformation. The mode of 
action is not yet known, but it has been suggested that 
polyamines stabilize DNA structures; they have been shown 
to affect DNA and protein synthesis. A critical step in 
polyamine biosynthesis is the synthesis of putrescine from 
ornithine catalysed by ODC. There is ample evidence that 
ODC participates in carcinogenesis - the enzyme is induced 
during cell transformation by chemical carcinogens, viruses, 
and oncogenes. 

Association with cell proliferation during carcinogenesis 
is also well established. Tetradecanoy! phorbol acetate (TPA ) 
and other tumour promoters increase ODC activity in skin, 
colon, bladder, and liver. In mouse skin, topically applied 
TPA causes an approximately 200-fold increase in ODC 
activity within 4.5 hours after treatment. The increase is 
dose dependent and correlates with the ability of TPA to 
promote skin tumours. Also, increased ODC activity has been 
proposed to be specific to tumour promotion, since most 
carcinogens that are not tumour promoters do not induce 
ODC. 
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Likewise, chemicals that inhibit induction of or deactivate 
ODC also inhibit carcinogenesis. Some of the most convinc- 
ing results demonstrating that inhibition of ODC prevents 
cancers come from studies with 2-difluoromethylornithine 
(DFMO), a specific, mechanism-based irreversible inhibitor 
of ODC. DFMO is activated by ODC into a form that reacts 
with the enzyme to inactivate it. DFMO inhibits carcinogen- 
induced tumours in mouse and rat colon and bladder, rat 
mammary glands, and mouse skin. 

ODC induction by TPA is regulated at the transcrip- 
tion level. Regulation occurs in part via signal transduction 
events at the membrane. For example, PKC appears to 
be involved, as are diverse signal transduction intermedi- 
ates induced by TPA, including PGs, other products of AA 
metabolism, and free radicals. Chemicals that inhibit PKC 
and AA metabolism and those that scavenge free radicals 
may also inhibit the induction of ODC; hence, they may 
have chempreventive activity through this mechanism. Sev- 
eral PKC inhibitors, including glycyrrhetinic acid, inhibit 
ODC induction and tumour promotion in mouse skin. AA 
metabolism inhibitors also inhibit both ODC induction and 
TPA-promoted mouse skin tumourigenesis, as do free rad- 
ical scavengers such as GSH, flavonoids, and green tea 
polyphenols. 

Vitamin A (retinol) and its derivatives (i.e. retinoids) 
inhibit carcinogenesis specifically during promotion. There 
is evidence that the cancer-inhibitory activity of these com- 
pounds may be mediated partially by regulation of ODC 
induction. One of the most active retinoids is fenretinide. 
This compound is a potent inhibitor of ODC induction as well 
as TPA promotion in mouse skin. It also inhibits carcinogen- 
induced mammary gland tumours in rats and bladder tumours 
in mice. 

Inhibition of S-adenosyl-L-methionine (SA M e) decarboxy- 
lase is another mechanism for inhibiting polyamine biosyn- 
thesis that may prove useful in chemoprevention. This 
enzyme, like ODC, is highly regulated in mammalian cells 
and catalyses the formation of the polyamines spermidine 
and spermine from putrescine. 


Induction of Terminal Differentiation 


Terminal differentiation is one of the steps in normal, reg- 
ulated cell proliferation in epithelial tissues. Proliferating 
cancer cells often have lost the ability to differentiate. 
These cancer cells are either deficient in or incapable of 
responding to differentiation signals. Abundant evidence 
demonstrates that restoring the ability of abnormally pro- 
liferating cells to differentiate suppresses carcinogenesis. 
Several classes of chemopreventives also induce differen- 
tiation. Retinoids are the best-studied example (Aggarwal 
et al., 2004). It has been known for years that vitamin A 
deficiency causes squamous metaplasia and hyperkeratiniza- 
tion - both are signs of excessive tissue. Studies in hamster 
trachea and various cancer cells show that the differenti- 
ated phenotype can be restored by treatment with retinoids. 
Evidence indicates that retinoids control differentiation 
via intracellular binding proteins (cellular retinol-binding 


protein and cellular retinoic acid-binding protein) and nuclear 
receptors. 

Calcium and vitamin D3 are well-known differentiating 
agents that also inhibit carcinogenesis. Calcium induces dif- 
ferentiation in epithelial tissues, including rat oesophagus, 
mouse skin, and human mammary gland and colon. Vitamin 
D3 induces differentiation in human colon, human and mouse 
myeloid leukaemia cells, mouse skin cells, mouse melanoma 
cells, and other cells. Effects of these two chemicals on dif- 
ferentiation may be mediated by the same signal transduction 
pathway, involving the vitamin D3 nuclear receptor with cal- 
cium as the messenger. 


Restoration of Immune Response 


Antibodies to oncogene products are important in the inhi- 
bition of cell transformation and tumour growth. PGE% is 
known to suppress immune response in certain tumour cells. 
COX inhibitors diminish immune suppression, and it has 
been suggested that this effect on immune suppression may 
be part of the mechanism by which COX inhibitors reduce 
tumour growth, as seen in several animal tumour models, 
including colon and Lewis lung carcinoma. 

Retinoids also are known to be immunostimulants. 
Retinoic acid increases cell-mediated and natural killer (NK) 
cell cytotoxicity; retinoids also cause some leukaemia cells 
to differentiate to mature granulocytes comparable to mature 
neutrophils. These effects might be partially responsible for 
the activity of retinoids against established tumours. 

Pharmacological doses of vitamin E fed with normal, well- 
balanced animal diets increase humoral antibody production, 
especially IgG; this effect has been observed repeatedly in 
chickens, mice, turkeys, guinea pigs, and rabbits. Vitamin E 
also stimulates cell-mediated immunity, as evidenced by 
enhanced mitogenesis and mixed lymphocyte response in 
spleen cells from mice fed with the vitamin. In particular, 
vitamin E prevents carcinogen-induced decreased density of 
macrophage-equivalent cells (Langerhans cells) in the buccal 
pouch of carcinogen-treated hamsters. Likewise, vitamin E 
inhibits induction and causes regression of tumours in 
hamster buccal pouch. 

Selenium’s broad-spectrum inhibition of chemical car- 
cinogenesis may be attributed partially to stimulation of 
the immune system. In general, selenium deficiency causes 
immunosuppression, while supplementation with low doses 
of selenium restores and increases the immune response. 
Perhaps most important in inhibiting tumourigenesis is the 
effect of selenium on the cytotoxicity of immune system 
cells. Compared with normal cells, both T and NK lym- 
phocytes from selenium-deficient mice have a decreased 
ability to destroy tumour cells in vitro. Supplementation 
with selenium enhances the ability of rat NK cells to kill 
tumour cells. Limited study has not confirmed the role of 
selenium immunostimulation in carcinogenesis inhibition. 
However, the potent inhibitory activity of selenium com- 
pounds against 7,12-dimethylbenz[aJanthracene (DM BA)- 
induced tumours in rat mammary glands is suggestive, 
since the immunosuppressive effects of DMBA are well 
documented. 
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Increasing Intercellular Communication 


Gap junctions are the cell components that coordinate inter- 
cellular communication. They are composed of pores, or 
channels, in the cellular membranes that join channels of 
adjacent cells; these pores are regulated and, when open, 
allow passage of molecules up to about 1000 Da in size. 
Gap junctions may allow growth regulatory signals to move 
between cells. Studies in vitro indicate that inhibition of 
gap junctional intercellular communication occurs in the 
proliferative phase of carcinogenesis; enhancement of com- 
munication correlates to inhibition of cellular transformation. 

To date, only limited data suggest the potential for inhi- 
biting chemical carcinogenesis by other anti-proliferative/ 
anti-progression mechanisms listed in Table 1, but the pos- 
sibilities exist and warrant consideration here. 


Restoration of Tumour-Suppressor Function 


Many so-called tumour-suppressor genes have been found 
that may be involved in controlling proliferation and dif- 
ferentiation in cells. Particularly, their function is associ- 
ated with control of abnormal growth in carcinogenesis. 
Several of these genes have been identified and impli- 
cated in pathogenesis by the presence of mutated or oth- 
erwise dysfunctional forms in specific cancers. For example, 
the tumour-suppressor RB is involved in retinoblastoma, 
osteosarcoma, and tumours in lung, bladder, prostate, and 
breast; p53 in colon and breast adenocarcinomas, human 
T-cell leukaemias, glioblastomas, sarcomas, and tumours in 
lung and liver; WT in Wilms’ tumour; and DCC (deleted in 
colorectal cancer) in colon tumours. There is potential for 
treating cancer patients with exogenous functional tumour- 
suppressor genes to inhibit tumour growth and spread. Chem- 
icals may also be discovered to modulate the expression 
and activity of tumour suppressors and inhibit carcinogene- 
sis by this mechanism. C P-31398 stabilizes the DNA binding 
domain of both normal and mutant P53 in an active confor- 
mation, induces the p21"4*? cell cycle regulatory protein in 
the absence of normal P53, and inhibits growth of human 
tumours with P53-mutated tumours in a mouse model. 


Induction of Programmed Cell Death (Apoptosis) 


Apoptosis is a well-regulated function of the normal cell 
cycle requiring gene transcription and translation. Tumour 
suppressors such as P53 and certain regulatory growth fac- 
tors, particularly TGF 61, have been implicated as inducers of 
apoptosis. Programmed cell death, the process by which dam- 
aged and excessive cells are eliminated, has been described 
as the complement to mitosis in maintenance, growth, and 
involution of tissues. Apoptosis is inhibited by tumour pro- 
moters such as TPA and phenobarbital, and other chemicals 
that stimulate cell proliferation such as hormones. These data 
suggest that induction of apoptosis may inhibit tumour for- 
mation and that agents that inhibit tumour promotion may 
act by inducing or preventing inhibition of apoptosis through 
any one of several signal transduction pathways. For exam- 
ple, hamster pancreatic cancers regress when apoptosis is 


induced, and many potential chemopreventive agents (e.g., 
tamoxifen, NSAIDs, retinoids) induce programmed cell death 
in precancerous and cancer cells. 


Control of Epigenetic Transcription 


DNA transcription is controlled in part by epigenetic fac- 
tors such as methylation and covalent modification of histone 
proteins (K opelovich et al., 2003). Changes in DNA methy- 
lation patterns appear to be involved in carcinogenesis; in 
cancer cells, hypomethylation of the genome is accompanied 
by hypermethylation of the promoter regions of certain genes 
(see Non-genotoxic Causes of Cancer). M ethyl-deficient 
diets cause fatty livers, increase cell turnover, and promote 
development of carcinogen-induced liver tumours in rats and 
mice. Conversely, methyl-rich (fortified with choline and 
methionine) diets prevent or reduce these effects. Changes 
in gene expression, such as increased expression of onco- 
genes, appear in animals on methyl-deficient diets. These 
effects are similar to those seen in rodents given tumour- 
promoting chemicals and are reversible on methyl replace- 
ment. Hypomethylation is also associated with hyperprolif- 
eration in colon tissue. M ethionine, which is involved with 
choline, folic acid, and vitamin B12 in regulating intracellular 
methyl metabolism, inhibits carcinogen-induced mammary 
gland cancers in rats. Conversely, hypermethylation of CpG 
islands in the promoter regions of tumour-suppressor and 
GST genes has been seen in cancers of several major tar- 
get organs, including colon, prostate, breast, and lung. This 
methylation prevents gene expression and provides a ratio- 
nale for the chemopreventive activity of agents that induce 
GST and tumour-suppressor activity. 

Histones are the chief proteins in the chromatin of eukary- 
otic cells. They serve as spools around which DNA winds 
to form nucleosomes, which are then folded into higher- 
order chromatin fibres. Histones undergo post-translational 
modifications that can affect gene expression. For exam- 
ple, acetylation induces an open chromatin conformation 
that allows transcriptional activity, whereas deacetylation is 
associated with repression of transcription. Histone deacety- 
lase inhibitors such as phenylbutyrate and suberoylanilide 
hydroxamic acid (SAHA) can induce cell cycle arrest, apop- 
tosis, and/or differentiation (see The Role of Epigenetic 
Alterations in Cancer). 


Inhibition of Angiogenesis 


Angiogenesis refers to formation of new blood vessels. In 
normal tissue, it is a highly regulated process essential to 
reproduction, development, and wound repair. In carcino- 
genesis, it is required in tumour growth and involved in 
metastasis, and there is evidence that angiogenesis also may 
occur early in carcinogenesis. Indirect evidence shows that 
certain chemicals that inhibit carcinogenesis may inhibit 
angiogenesis. For example, PGs E; and E2 are angiogenic. 
Therefore, agents that inhibit PG synthesis may inhibit 
carcinogenesis by inhibiting angiogenesis. Similarly, vari- 
ous growth factors, particularly vascular endothelial growth 
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factor (VEGF), increase angiogenesis by activating signal 
transduction pathways. Inhibition of angiogenesis may be 
a chemopreventive mechanism for agents that affect these 
pathways (see Angiogenesis). 


Inhibition of Basement Membrane Degradation 


Tumour cells produce various enzymes that destroy the base- 
ment membrane that acts as a barrier against malignant 
cancer cells and prevents cancer spread. These enzymes 
include, among others, the proteases collagenase, cathep- 
sin B, plasminogen activators, and prostate-specific antigen 
(PSA ). Protease inhibitors are known to act against thrombin 
and type IV collagenase, among the proteases hypothesized 
to participate in the destruction of basement membranes 
during cancer invasion. Proteases are also involved in angio- 
genesis. Thus, protease inhibitors that slow carcinogenesis 
may derive their effects, in part, by inhibiting basement mem- 
brane degradation or by inhibiting angiogenesis. 


Antioxidant/Anti-Inflammatory Activity 


Many classes of antioxidants and anti-inflammatories have 
shown chemopreventive activity in animal models (K elloff 
et al., 1995b; Aggarwal etal., 2004). Those with activ- 
ity derived by inhibition of AA metabolism are among 
the most promising chemopreventive agents. AA is metab- 
olized to PGs, thromboxanes, leukotrienes, and hydrox- 
yeicosatetraenoic acids (HETEs) via oxidative enzymes. 
Activated oxygen species and alkylperoxy species are formed 
throughout this process; AA metabolism is increased during 
inflammation. 

Two aspects of AA metabolism are associated strongly 
with carcinogenicity. The PG synthetic pathway involves the 
enzyme PGH synthase (PHS). This enzyme has two activ- 
ities- COX, which catalyses the formation of PGG» from 
AA, and hydroperoxidase, which catalyses the reduction of 
PGG)> to PGH2. To return to its native state, the hydroper- 
oxidase requires a reducing cosubstrate; procarcinogens, for 
example, arylamino and arylnitro compounds, are such sub- 
strates. According to the model proposed, during catalysis 
the carcinogens are activated (oxidized) to free radicals and 
electrophiles that can form adducts with DNA and initiate 
carcinogenesis. This process can be stopped at formation of 
PGG> via inhibition of COX, by inhibition of peroxidase 
activity, by preventing formation of reactive intermediates, 
and by scavenging reactive intermediates (e.g., by GSH 
conjugation). Relevant to these potential mechanisms, COX 
inhibitors such as NSAIDs and certain antioxidants (e.g., 
flavonoids) are effective inhibitors of carcinogenesis. A ddi- 
tionally, PGH2 itself breaks down to form a known direct- 
acting mutagen, malondialdehyde. Thus, inhibition of COX 
may directly prevent the formation of a potential carcinogen. 

NSAIDs, which are COX inhibitors, have demonstrated 
potent activity against colon cancer in epidemiological and 
animal studies, and against bladder cancer in animal mod- 
els. They have also shown chemopreventive activity in skin, 


oesophagus, lung, and breast in animal studies. However, 
PGs and other PHS products such as thromboxanes have 
multiple activities, some of which are beneficial and tissue- 
specific. For example, PGE, in the gut promotes protective 
mucosal secretions; lowered gut PG levels resulting from 
NSAID administration are associated with one of the major 
side effects of long-term NSAID treatment, gastrointestinal 
ulceration, and bleeding. Likewise, PGs in the kidney and 
thromboxanes in platelets are important to normal physi- 
ological function. Their inhibition is associated with renal 
tubule toxicity and excessive bleeding, respectively. D evel- 
oping chemopreventive agents that retain the ability to inhibit 
carcinogenesis-associated activities of PGs without depress- 
ing protective effects is an attractive strategy. The discovery 
of an inducible form of COX, COX2, which is predomi- 
nant at inflammation sites, in macrophages and synoviocytes, 
suggested that such an approach is feasible. In contrast to 
COX 2, constitutive COX 1 predominates in the stomach, gas- 
trointestinal tract, platelets, and kidney. Traditional NSAIDs 
inhibit both forms of the enzymes, but other compounds - 
glucocorticoids such as dexamethasone (which, for exam- 
ple, has chemopreventive activity on topical application to 
mouse skin) and newer NSAIDs such as celecoxib and rofe- 
coxib inhibit COX 2 selectively. Moreover, COX 2 regulates 
or participates in a number of different cellular pathways and 
biological processes important in carcinogenesis. Expression 
of COX 2 is increased in many types of human cancers (e.g., 
colon, oesophagus, lung, breast, pancreas, prostate) and pre- 
cancers. COX 2 inhibitors have potent chemopreventive activ- 
ity in animal models of colon, bladder, and skin carcinogene- 
sis. In a Phase II clinical study, the COX 2 inhibitor celecoxib 
significantly reduced the number of precancerous colorectal 
adenomas in patients with familial adenomatous polyposis 
(FAP), supporting the concept that COX2 inhibitors may 
have therapeutic utility against colorectal cancer and gaining 
Food and Drug Administration (FDA) approval for celecoxib 
use in treatment of FAP (see Cancer Chemoprevention). 
Two Phase III clinical studies of celecoxib for prevention 
of sporadic colorectal adenomas were then undertaken, since 
the somatic genetic mutation (APC) is considered to be the 
same as in FAP (Kelloff etal., 2004). Recently, both trials 
showed a significant (p < 0.0001), dose-related reduction in 
the occurrence of colorectal adenomas; severe dysplasia and 
invasive cancer were reduced as well. However, increased 
risk of cardiovascular events was also identified, so the bene- 
fit versus risk of celecoxib for colorectal adenoma prevention 
will need assessment. 

The second aspect of AA metabolism associated with car- 
cinogenesis is the burst of PHS and lipoxygenase activity 
stimulated by the tumour promoter TPA that is seen dur- 
ing inflammation. The available evidence suggests that the 
immediate products of lipoxygenase activity, the HETEs, and 
their hydroperoxy precursors (HPETES), are more impor- 
tant than PGs for tumour promotion. Compounds that inhibit 
lipoxygenase, such as aesculetin, inhibit carcinogenesis in 
animal models. 

Nuclear factor-kappa B (NF-«B), a transcription factor in 
most cell types, is also activated during inflammation. It 
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regulates genes encoding other inflammatory and tumour- 
promoting proteins, such as COX2, BCL2, interleukins (ILs), 
LOX, VEGF, tumour necrosis factor-alpha (TNF-a), iNOS, 
cell adhesion molecules (CAMs), c-MYC, and matrix metal- 
loproteinases (MMPs). NF-«B and the proteins it regulates 
have been linked to cellular transformation, proliferation, 
apoptosis suppression, invasion, angiogenesis, and metasta- 
sis. AS a link between activation of inflammatory pathways 
and loss of normal cell cycle regulation, NF-«B could be 
a key molecular target for cancer chemoprevention. Agents 
that inhibit this factor include NSAIDs, bortezomib, R- 
flurbiprofen, curcumin, tea polyphenols, soya isoflavones, 
statins, and CDDO. 

Infection-related inflammation is also associated with 
cancer risk, because of production of oxygen and nitrogen 
radical oxidants and growth-promoting cytokines, stimulation 
of signal transduction pathways, and inhibition of tumour 
suppressors. For example, human papilloma viruses (HPV), 
hepatitis B (HBV) and C viruses (HCV), and Helicobactor 
pylori are associated with cancer of the cervix, liver, 
and stomach, respectively (see also Infectious Agents and 
Cancer). Of the +100 subtypes of HPV, at least 15 
are considered high risk because of expression of viral 
oncogenes. A recent advance in chemoprevention has been 
the development of therapeutic and prophylactic vaccines for 
HPV. Gardasil, a vaccine approved by FDA in June 2006 
to prevent cervical cancer, cervical dysplasia, vulvar and 
vaginal dysplasia, and genital warts associated with HPVs 
6, 11, 16, and 18, was shown to prevent 100% of cervical 
intraepithelial neoplasia (CIN) associated with HPV 16/18 in 
clinical trials. 


Evidence of Chemopreventive Potential Derived 
from Studies at Molecular Targets 


In evaluating the potential efficacy of chemopreventive 
agents, several molecular target parameters are weighed: 
number of chemoprevention-related pharmacological activ- 
ities, impact of the agent on likely carcinogenesis pathways 
to the targeted cancer, pharmacodynamics, and specificity 
for chemopreventive activity compared with effects on nor- 
mal cellular function. These data are important throughout 
the process of developing chemopreventive agents, and they 
are particularly important in the earlier phases of identify- 
ing promising candidate agents and characterizing efficacy. 
In vitro molecular target assays are a first step in evaluating 
chemopreventive potential. 

However, given today’s state of knowledge, activity at 
molecular targets alone may be inconclusive. Carcinogenesis 
can take multiple paths and be multifocal. Not all cancers in 
a given tissue or all cells in a given cancer may ultimately 
contain the same molecular lesions; only a few early molec- 
ular lesions will progress. Progression can be influenced by 
factors specific to the host tissue’s environment, such as 
the action of hormones. Further, although the progression 
models suggest that there is a rough order in which the var- 
ious types of changes appear, until the time comes (which 
may be relatively soon) when progression models are worked 


out in fine detail supported by functional genomic/proteomic 
analyses, the accumulation of multiple effects as evidenced 
in phenotypic changes at the cellular and tissue level can 
be more reliable measures of carcinogenesis and inhibition, 
or reversal of chemopreventive potential. Hence, the early 
development of chemopreventive drugs also uses short-term 
in vitro assays that measure changes in cell proliferation 
and cell proliferation kinetics, other parameters of malignant 
transformation, and even animal models of carcinogenesis 
in which tissue characteristics associated with precancer are 
measured. Nonetheless, effects on molecular targets are also 
useful in defining the most appropriate animal efficacy mod- 
els and interpreting the results of assays in these models. 


EVALUATING CHEMOPREVENTIVE EFFICACY 


In developing chemopreventive agents, a sequential approach 
is used to evaluate potential efficacy, starting with in vitro 
and cell-based mechanistic assays and efficacy screening 
tests, and then in vivo screens in animal carcinogenesis 
models with cancers and precancerous lesions as end points. 
Finally, the most promising agents are characterized more 
fully in animal carcinogenesis models (e.g., dose- response 
and dosing regimens are evaluated, and combinations with 
other agents are tested). 


Mechanistic Assays 


Agents not previously tested are put first into mechanis- 
tic assays to determine their potential range of chemo- 
preventive activities (Table 2). Many of the mechanistic 
end points are described above in relation to characteriz- 
ing various classes of chemopreventive agents. The battery 
of assays used is continually evolving and is designed to 
address various specific activities associated with general cat- 
egories of chemopreventive activity - carcinogen blocking 
(anti-mutagenicity), anti-proliferation, and antioxidation/anti- 
inflammation. As the molecular bases of carcinogene- 
sis become better known, additional mechanistic activities 
appropriate to chemoprevention are identified. Examples of 
those in the early stages of investigation are inhibition of 
cell cyclins, telomerase, and angiogenesis, as well as bind- 
ing to peroxisome proliferator-activated receptors (PPARs) 
(K elloff, 2000). 


Cell-based Assays 


Selected cell-based assays have been used routinely to screen 
the efficacy of potential chemopreventive agents (Table 3) 
(Steele et al., 1996). Initial criteria for selecting in vitro tests 
include efficiency in terms of time and cost, sensitivity and 
ease of quantitation, controlled test conditions, relevance to 
organ systems of interest, use of epithelial cells, and if pos- 
sible, use of human cells. In each assay, the agents are tested 
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Table 2 Representative assays of chemopreventive mechanisms (see also K elloff (2000)). 


Assays Cell substrate 


M echanism measured 





Anti-mutagenesis 
B(a)P-DNA adduct formation (inhibition) 


NA D(P)H:quinone reductase (induction) 
GSH-S-transferase (induction) 

GSH synthesis and GSSG reduction (induction) 
Anti-proliferation 

TPA-induced ODC (inhibition) 

Normal epithelial cell proliferation (inhibition) 
Poly(A DP - ribose)polymerase (inhibition) 


Calmodulin-regulated phosphodiesterase 
(inhibition) 

TPA -induced tyrosine kinase (inhibition) 
EGER (inhibition) 

ras farnesylation (inhibition) 

HMGCOA reductase (inhibition) 

Steroid aromatase (inhibition) 


Oestrogen receptor (antagonism of binding and 
expression) 


5a-reductase (inhibition) 


Cellular differentiation characteristics 
(modulation) 

DNA fragmentation (induction) 
Antioxidant/anti-inflammatory activity 

AA metabolism: micronuclei in keratinocytes 
(inhibition) 

TPA -induced active oxygen (inhibition) 
COX2 (inhibition) 

LOX (inhibition) 


MCF-7 cells 


Human bronchial epithelial cells (BEAS2-B) 
Human (Chang) liver cells 

Human (Chang) liver cells 

Buffalo rat liver (BRL-3A) cells 


Rat tracheal epithelial cells (2C5 cell line) 
Primary human Keratinocytes 
Primary human fibroblasts 


Human leukaemia (HL 60) cells 


Human leukaemia (HL 60) cells 
Human A 431 and mouse 373 cells 
Rat brain farnesyl transferase 

Rat liver HM GCoA reductase 

PM SG-stimulated rat ovary aromatase 


Rat prostate 5a-reductase 

Human leukaemia (HL 60) cells 

Human leukaemia (HL 60) or U937 cells 
P388 macrophages/human keratinocytes 


Human leukaemia (HL 60) cells 
Sheep placenta COX 2 
Rat RBL-1 cell LOX (for 5-LOX) 


DNA damage inhibition 

Carcinogen detoxification 
Carcinogen detoxification 
Carcinogen detoxification 


Anti-proliferative activity 
Anti-proliferative activity 


Error-prone DNA repair inhibition 
(DNA damage inhibition) 


Signal transduction regulation 


Signal transduction regulation 
Signal transduction regulation 
Signal transduction regulation 
Signal transduction regulation 
Anti-oestrogenic activity 
Anti-oestrogenic activity 


Anti-androgenic activity 
Differentiation 


A poptosis 
Anti-inflammatory activity 
Free radical scavenging 


Anti-inflammatory activity 
Anti-inflammatory activity 


AA - arachidonic acid; B(a)P - benzo[a]pyrene; COX - cyclooxygenase; EGFR - epidermal growth factor receptor; GSH - glutathione; GSSG - glutathione disulphide; GST - 
glutathione- S-transferase; HM GCoA - hydroxymethylglutary! coenzyme A; LOX - lipoxygenase; ODC - ornithine decarboxylase; TPA - tetradecanoyl phorbol acetate. 


over a wide range of concentrations to determine |Csos. New 
cell and organ culture technology is being used to design 
assays of chemopreventive efficacy, for example, raft cul- 
tures (allowing evaluation of stromal - epithelial interactions), 
cells from transgenic mice, and human cells carrying known 
cancer-predisposing genes (e.g., P53 mutations characteriz- 
ing Li-Fraumeni syndrome). 


Table 3 Invitro assays of chemopreventive efficacy (see also Steele et al. 
(1996)). 
Assay Cell system Carcinogen 





M orphological Rat tracheal Benzo[a]pyrene 


transformation epithelial cells 
(inhibition) 
Hyperplastic nodules Mouse mammary 7,12-dimethy|benz 
(inhibition) gland organ culture [a]anthracene/ 
tetradecanoylphorbol 
acetate 
Anchorage Human lung tumour None 
independence (A 427) cells 
M ouse epidermal Tetradecanoyl- 
cells (J B6) phorbol acetate 
Cell growth Human foreskin Propane sultone 
(inhibition) epithelial cells 


Inhibition of Carcinogenesis in Animal Models 


Prevention of Cancers in Carcinogen-induced Animals 


Numerous animal models are used to study inhibition of 
chemical carcinogenesis (Table 4). Typically, a carcinogen 
is administered to the animal at a dose level high enough 
to induce a significant incidence of tumours in a specific 
target tissue. Dose of the carcinogen and treatment schedule 
are selected to ensure that tumour incidence is not so 
high as to mask the potential of the inhibitor to reduce 
tumour incidence. The inhibitor is administered before, at 
the same time, after or in any combination of these times 
relative to carcinogen administration. The relative timing 
of the carcinogen and inhibitor administration is useful 
in interpreting the mechanism of inhibition. For example, 
a compound that inhibits when it is administered before 
the carcinogen, but not when it is given after carcinogen 
treatment is completed, most likely affects carcinogen- 
blocking activities. 

Studies typically last as long as required for the carcinogen 
to induce a high tumour incidence. Because the activity of 
most of the carcinogens used is well known, these tests 
are usually shorter than chronic carcinogenicity studies, that 
is, they last 6-12 months. Inhibition is usually measured 
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Table 4 Carcinogen-induced animal models for chemoprevention efficacy studies (see also Crowell (2005)). 
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Organ model Species Carcinogen Target lesion 
Buccal pouch Hamster DMBA Squamous cell carcinoma, papilloma 
Cervix M ouse Estradiol Cervical intraepithelial neoplasia, 
carcinoma 
Colon M ouse AOM, DMH, MAM Adenocarcinoma, adenoma, aberrant 
crypt foci 
Rat AOM,DMH, MAM, MNU Adenocarcinoma, adenoma 
Oesophagus Rat Nitrosamines, oesophageal Squamous cell carcinoma, papilloma, 
duodenal anastamosis/ iron dextran metaplasia 
Forestomach M ouse B(a)P Squamous cell carcinoma, papilloma 
Intestines? Rat AOM, DMH Adenocarcinoma, adenoma 
Liver M ouse Various Hepatocellular carcinoma, adenoma 
Rat AAF, DEN, DMN, me-DAB Hepatocellular carcinoma, adenoma 
Lung M ouse B(a)P, DMBA, NNK, urethane, Adenoma 
vinyl chloride 
Hamster DEN, MNU (trachea) Squamous cell carcinoma, 
adenosquamous carcinoma 
Mammary glands M ouse DMBA Adenocarcinoma, adenoma 
Rat DMBA, MNU Adenocarcinoma, adenoma 
Oral cavity Rat 4-NQO (tongue) Squamous cell carcinoma 
Ovary Rat DMBA Epithelial carcinoma 
Pancreas Hamster BOP Ductal adenocarcinoma, adenoma 
Rat L-A zaserine Acinar cell carcinoma 
Prostate Rat Cyproterone acetate/ testosterone Adenoma, adenocarcinoma 
propionate m NU 
Skin M ouse UV radiation, B(a)P, B(a)P/TPA, Carcinoma, papilloma 
DMBA, DMBA/TPA 
Stomach (and glandular stomach) Rat MNNG Adenocarcinoma 
Urinary bladder M ouse OH-BBN Transitional cell carcinoma 
Rat MNU, OH-BBN Transitional cell carcinoma 
AAF - 2-acetylaminofluorene; AOM - azoxymethane; B(a)P - benzo[a]pyrene; BOP - N-nitrosobis(2-oxopropyl)amine; DEN - N,N-diethylnitrosamine; DMBA - 7,12- 
dimethyl benz[aJanthracene; DMH, dimethylhydrazine; DMN, N,N-diethylnitrosamine; MAM - methylazoxymethyl acetate; me-DAB - 3’-methyl-N,N-dimethylaminoazo- 
benzene; MNNG - N-methyl- N’-nitro-M-nitrosoguanidine; MNU - N-methyl-N-nitrosourea,; NNK - N-nitrosonornicotine; 4-NQO - 4-nitroquinoline-1-oxide; OH-BBN - 








N-butyl-N-(4-hydroxybutyl)nitrosamine; TPA - tetradecanoylphorbol acetate. 
aSmall or large intestine not specified. 


as the percentage by which the inhibitor lowers incidence, 
multiplicity, or total number of tumours, or increases latency 
of tumour induction. Sometimes factors such as tumour 
size and degree of invasiveness are considered. Results are 
usually based on microscopic evaluation of target tissues, 
although gross pathology also may be used. For example, rat 
mammary gland tumours are often detected by palpation, and 
mouse skin tumours are determined visually. Some general 
guidelines have been suggested for interpreting the results 
of testing a potential inhibitor of carcinogenesis (Table 5) 
(Crowell, 2005). 


Inhibition of Carcinogenesis in Transgenic and Gene 
Knockout Mice 


Animal models that mimic specific characteristics of human 
carcinogenesis are valuable for fully evaluating chemopre- 
ventive efficacy and for determining appropriate carcino- 
genesis biomarkers for measuring chemopreventive activity. 
Transgenic and gene knockout mice that carry one or more 
well-characterized gene mutations predisposing to carcino- 
genesis are appropriate models (Table 6) (Kelloff, 2000; 
Crowell, 2005). 


CHEMOPREVENTIVE AGENT DEVELOPMENT 


A collaboration between the US National Cancer Institute 
(NCI) and the FDA resulted in conceptual and practical 
guidelines for developing cancer chemopreventive drugs 
(Kelloff etal., 1995a). These strategies are outlined in 
Table 7. First, efficacy of candidate drugs is characterized 
using epidemiological data, mechanistic assays, in vitro 
efficacy tests, and animal models of carcinogenesis just 
described. The most promising candidates are evaluated for 
preclinical toxicity and pharmacokinetics as needed. Clinical 
development is then planned and implemented for those 
agents that meet the criteria for acceptable toxicity as well 
as efficacy. Often, additional efficacy and toxicity testing 
are done to test alternative routes of agent delivery, dosage 
regimens, new target tissues, combinations of agents for 
increased efficacy and decreased toxicity, and to evaluate 
toxicities seen in early clinical studies. 

Clinical development of chemopreventive agents, as for 
other pharmaceuticals, is carried out primarily in phase |, 
Il, and, Ill trials. Phase | clinical trials are studies on 
safety and pharmacokinetics. These trials include single-dose 
studies in both fasting and non-fasting normal subjects to 
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Table 5 Criteria for evaluating chemopreventive efficacy in animal car- 
cinogenesis models. 


Conclusive evidence of chemopreventive effect: 

Agent must cause a statistically significant (p < 0.05) decrease in 
tumour incidence, multiplicity, size or invasiveness, or a 
statistically significant increase in tumour latency (time to 
appearance of first tumour or time to 50% incidence) compared 
with carcinogen controls 


In the absence of statistics, a two-fold decrease in incidence, 
multiplicity, size, or invasiveness, or a similar increase in latency, 
is required to confirm a chemopreventive effect 


The criteria above are for a single-dose level of agent. If at least 
three doses are tested and a dose- response inhibition or increase 
in latency is observed, the result may be considered 
chemopreventive, even if the effect is not statistically significant or 
of two-fold magnitude at any dose tested 


Suggestive evidence of chemopreventive effect: 
No statistical analyses are performed, but the inhibition ranges 
from 35 to 50% 


Other factors considered in determining adequacy of the test, 
regardless of the magnitude of the effect: 

The numbers of animals in the treatment and control groups are 
sufficient to demonstrate statistical significance 


Survival in both test and control groups is adequate to allow 
statistical evaluation, that is, the toxicities observed because of 
carcinogen or chemopreventive agent treatment should not be so 
severe as to compromise the results of the study 


Evidence of carcinogenicity is established in concurrent 
carcinogen-treated control animals 


Body weight in animals treated with chemopreventive agent is not 
statistically significantly lower than those of carcinogenic controls 
(body weight is a particularly meaningful and confounding factor 
in inhibition experiments, since decreased or delayed weight gain 
can be a measure of slowed growth. Slowed growth alone can 
depress tumourigenicity without other specific effects of a 
chemopreventive agent) 


Tumour incidence in the carcinogen control group is significantly 
lower than expected 


characterize single-dose pharmacokinetics and acute toxicity. 
Also, repeated daily dose studies to assess multiple-dose 
pharmacokinetics and chronic toxicity are conducted using 
multiple dose levels for a period of 1-3 months in normal 
subjects or up to 12 months in subjects at increased risk 
of cancer(s) for which the drug demonstrates efficacy in 
preclinical evaluation. Participation of normal subjects for 
more than 1 month is considered on the basis of available 
information (toxicity, clinical experience, etc.) for each 
drug on a case-by-case basis. In most cases, the phase 
| studies evaluate agent effects as well as agent serum 
(and sometimes tissue) levels. Agent effects believed to 
be potentially associated with chemopreventive activity are 
measured. For example, NSAID studies measure serum and 
tissue levels of PGE. Studies of the ODC inhibitor DFMO 
measure tissue levels of polyamines. 

Considerations and current progress in clinical develop- 
ment of chemopreventive agents are described fully in the 
chapter Cancer Chemoprevention. Briefly, phase II ran- 
domized, double-blind, placebo-controlled trials are initial 
efficacy studies that emphasize evaluation of neoplastic pro- 
gression biomarkers that are highly correlated to cancer 


incidence and may serve as surrogate end points for cancer 
incidence reduction. Phase III studies - randomized, blinded, 
placebo-controlled clinical efficacy trials - are typically large 
and have the objectives of demonstrating a significant reduc- 
tion in incidence or delay in occurrence of cancer, validating 
Surrogate end points, further assessing drug toxicity, and 
further characterizing the relationship of dose and/or phar- 
macokinetics to efficacy and toxicity. 


Role of Biomarkers of Neoplastic Progression 


Because of the long latency associated with cancer, reduced 
cancer incidence is an impractical end point for clinical 
evaluation of chemopreventive agents. Thus, biomarkers of 
neoplastic progression are being evaluated and validated 
as surrogate end points for chemoprevention trials. These 
biomarkers are addressed in both preclinical and clinical 
studies. The criteria for surrogate end point biomarkers are 
that they fit expected biological mechanisms (i.e. differential 
expression in normal and high-risk tissue, on or closely 
linked to the causal pathway for the cancer, modulated 
by chemopreventive agents, and short latency compared to 
cancer), may be assayed reliably and quantitatively, and 
may be measured easily and correlated with decreased 
cancer incidence. The incidence must be sufficient to allow 
biological and statistical evaluation relevant to cancer. 

Both phenotypic (at tissue, cellular, and molecular lev- 
els) and genotypic biomarkers of neoplastic progression are 
potential surrogate end points for development of chemo- 
preventive agents (K elloff et al., 2000). Primary phenotypic 
end points in clinical trials have been precancerous lesions 
such as IEN, since they are accepted as both precursors and 
as being on the causal pathway to cancer. Examples of IEN 
include colorectal adenomas, prostatic intraepithelial neopla- 
sia (PIN), and CIN. The challenge is identifying the IEN 
lesions that are at risk for further progression. Cellular (e.g., 
nuclear and nucleolar morphometry, mitotic index, and DNA 
ploidy), tissue (e.g., PSA, oestrogen receptors) and genotypic 
biomarkers (loss of heterozygosity (LOH), amplification of 
specific genes) may be useful in characterizing this subset 
of lesions. All these changes during carcinogenesis may also 
be manifested by molecular markers (e.g., proliferating cell 
nuclear antigen (PCNA), growth factors, transcription fac- 
tors, etc.). Because of this, histological regression of IEN 
may not be sufficient to measure the efficacy of a chemo- 
preventive agent. A critical issue in applying and validating 
all types of surrogate end points is developing appropriate 
quantitative techniques to measure accumulated changes and 
multiple pathways that will allow modelling of progression. 

The rationale for testing done during chemopreventive 
agent development is described below (Kelloff et al., 2000). 


Preclinical Efficacy Development 


Efficacy testing starts with a battery of mechanistic assays 
representing a wide range of chemopreventive activities. 


14 


THE CAUSATION AND PREVENTION OF CANCER 


Table 6 Representative transgenic/gene knockout mouse models for chemoprevention studies (see also Crowell (2005)). 





Transgenic model Target Genetic lesions Histological lesions 
Mouse 
Min Colon Heterozygous Apc2549 Adenomas, adenocarcinomas, some 
GIs 
Apc Colon Heterozygous Apc 1638 Adenomas, adenocarcinomas 
MLH1/Apc1638 Colon Heterozygous MLH1 and Apc1638 Adenomas, carcinomas 
MSH2/Min Colon Heterozygous MSH2 and Apc 2549 Adenomas, carcinomas 
TGF£ knockout Colon NeoR insertion in Tgfp/Rag2 ~/~ M ucinous carcinoma 
pim Lymphatic system Amplified pim-1 T-cell lymphomas 
TG.AC Skin Ha-ras mutation Papillomas, possible carcinomas 
TSG-p53 Skin Heterozygous p53 deficient Papillomas, possible carcinomas 
A/)xTSG-p53 Lung Heterozygous p53 deficient Adenomas 
A/|xUL53 Lung Heterozygous p53 mutant A denomas 
TGFB 1 Liver, lung Heterozygous TGF 61 mutant Adenomas, carcinomas 
v-Ha-ras Skin Ha-ras + human keratin K-1 Hyperplasia, hyperkeratoses, squamous 
papillomas 
K 14-HPV 16 Skin HPV -infected (K 14-HPV 16 Papillomas, condylomas 
heterozygote), oestradiol-treated + 
SV 40T -antigen 
K 14-HPV 16 Cervix HPV -infected (K 14-HPV 16 Cervical dysplasia 
heterozygote), oestradiol-treated + 
SV 40T -antigen 
C3(1)-SV40 Prostate Heterozygous rat prostatic steroid Dysplasia, adenoma, adenocarcinoma 
binding gene [C3(1)] + SV40 
T-antigen 
TRAMP Prostate SV 40 T/t-antigen + prostate-specific In situ carcinoma, Adenocarcinoma 
rat probasin promoter 
C€3(1)-SV 40 Mammary glands Heterozygous rat prostatic steroid Adenocarcinoma 
binding gene [C3(1)] + SV40 
T-antigen 
Rat 


Mammary glands 


Activated neu + replication defective 


Adenocarcinoma, microcarcinoma 


retroviral vector JR + ovariectomy 


HPV - human papilloma virus; TGF - transforming growth factor; TRAMP - transgenic adenocarcinoma of mouse prostate. 


Positive agents may then be screened in a battery of in vitro 
cell-based efficacy assays. Positive agents are then moved 
on to animal models. Typically, models are selected on the 
basis of clues provided by mechanistic and cell-based assays. 
Translational research is carried out to prepare agents for 
clinical development. These studies include evaluating new 
animal carcinogenesis models, agent-delivery mechanisms, 
potential synergy of efficacy and safety through agent 
combinations and rational approaches to developing defined 
mixtures that best allow further testing and verify hypotheses 
generated by epidemiology data on diet and cancer. 

A recent example confirmed the chemopreventive potential 
of aerosolized steroids in lung and the possible advantage 
of topical drug delivery. In this study, carcinogen-induced 
mice were treated with aerosol budesonide. This approach 
is particularly promising for preventing lung carcinogenesis, 
but is applicable to several target organs, the primary 
advantage being improved therapeutic index. Relatively low 
doses of drug are required to reach the cancer target directly, 
and toxicity is reduced in non-target organs seen on systemic 
absorption after oral doses. A phase II clinical study of 


aerosol budesonide in patients with precancerous lesions in 
the bronchus is now in progress (see also the chapter C ancer 
Chemoprevention). 


Agent Combinations 


Another strategy to improve efficacy and lessen toxicity is 
to combine agents. Some combinations of two agents with 
different presumed mechanisms of activity exhibit synergistic 
or additive efficacy. Such improved activity may allow either 
or both agents to be administered at lower doses, thereby 
reducing potential toxicity. For example, synergistic activity 
has been observed in rat colon studies with combinations 
of DFMO and an NSAID, and in rat mammary tissues 
with combinations of retinoids and anti-oestrogens; these 
strategies are now being tested clinically (see Table 9). Some 
combinations may take advantage of interrelated pathways. 
For example, EGFR overexpression occurs early in head 
and neck carcinogenesis, and COX2 is also overexpressed 
through tobacco smoke stimulation of EGFR tyrosine kinase 
activity. This provides a rationale for combined inhibition 
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Table 7 FDA/NCI guidance on approaches to the development of chemopreventive drugs (see also K elloff et al. (1995a)). 


|. Preclinical efficacy studies recommended for initiation of phase I/II clinical trials for chemopreventive investigational drugs are (1) + (7), (2) + 
(4 or 5) + (8), (3) + (4 or 5) + (8), (6) from the following list: 
1. In vivo tumour modulation with (statistically significant) reduced tumour incidence or multiplicity or increased latency 
2. In vivo tumour modulation with (statistically non-significant but dose-associated positive trend) reduced tumour incidence or multiplicity or 
increased tumour latency 

. In vivo surrogate end point modulation (statistically significant) 

. In vitro transformation modulation 

. In vitro chemoprevention-related mechanistic studies 

. Epidemiological study demonstrating a cancer-inhibitory effect of the specific agent in the target tissue 

. In vivo concentration- effect relationship 

. In vitro concentration - effect relationship 

reclinical safety studies for initiation of phase I/II clinical trials for chemopreventive investigational drugs are as follows: 

. General toxicity studies conducted in two species, rodent and non-rodent, of equal or greater duration than the proposed clinical trial or up to 
6 months in rodents and 12 months in dogs. Route of administration should be equivalent to the intended clinical route, and drug substance 
should be that prepared for clinical trials (preferably the clinical formulation) 

2. Genotoxicity assessed in a battery of assays (Ames Salmonella typhimurium, gene mutation in mammalian cells in vitro (either L5178Y 
mouse TK *+/~ lymphoma cells or another cell line with an autosomal locus with documented sensitivity to mutagenic chemicals, such as 
Chinese hamster ovary AS52 cells), and cytogenetic damage in vivo (mouse bone marrow micronucleus and/or mouse or rat chromosomal 
aberration tests)) 

3. Segment | reproductive performance/fertility in rat and Segment || teratology in rat and rabbit should be conducted as early as possible, prior 
to large clinical trials or trials of long duration, and in accordance with the ICH and the Guideline for the Study and Evaluation of Gender 
Differences in the Clinical Evaluation of Drugs 

4. Combinations of chemopreventive drugs should be evaluated in at least one general toxicity study of appropriate duration in the most 
appropriate species for interactions in pharmacokinetics, toxicity, enzyme effects, or other relevant parameters 

(Pharmacokinetics and metabolite profiles should be examined in conjunction with toxicity studies to aid in interpretation of findings and evaluation 

of relevance to humans) 


Required before clinical studies of >1 year duration (large phase II and phase II) 
1. Completion of general chronic toxicity studies in two species (6 months in rodents, 12 months in non-rodents) 
2. All special toxicity studies (assessing neurotoxicity, cardiotoxicity, etc., as appropriate) before phase III 
3. Initiation, preferably completion, of at least one of the rodent carcinogenicity bioassay prior to initiation of large phase III studies 


Required for new drug application 

1. Segment II! perinatal and post-natal development study in rats 

2. Completion of two rodent carcinogenicity bioassays. 
Ill. Phase 1-111 clinical studies for chemopreventive investigational drugs 
Required phase | 


1. Single-dose studies in both fasting and non-fasting normal subjects to characterize single-dose pharmacokinetics (i.e., absorption, distribution, 
metabolism, elimination) and acute toxicity 
2. Repeated daily dose studies using multiple dose levels for a period of 1- 3 months in normal subjects or up to 12 months in subjects at 
increased risk of cancer(s), for which the drug demonstrates efficacy in preclinical evaluation, to assess multiple-dose pharmacokinetics and 
chronic toxicity. Participation of normal subjects for more than 1 month is considered on the basis of available information (toxicity, clinical 
experience, etc.) for each drug on a case-by-case basis 
Recommended phase | 
Under III 1 above, include placebo control and pharmacodynamic evaluation of dose- response for modulation of selected drug effect or surrogate 
end point biomarkers. Subject follow-up upon completion of treatment will include evaluation of modulation of marker status 
Phase II 
1. Phase Ila. In the event that a clearly defined and standardized surrogate end point biomarker is not identified, a randomized, blinded, parallel 
dose- response chronic dosing study will be conducted for 3 months or more in subjects at high risk of cancer at the site of investigation 
using dosing levels shown to be safe in prior Phase | studies. As a basis for the phase Ilb study, the objectives are to evaluate measurements 
of candidate biomarkers (drug effect and/or surrogate end point) and the dose- response relationship of biomarker modulation and tolerance to 
modulation, to standardize assays and quality control procedures, and to characterize chronic dosing toxicity 
2. Phase llb. Randomized, blinded, placebo-controlled chronic dosing study for 3 months or more in subjects at high risk of cancer at the site of 
investigation at one or more dosing levels shown to be safe and effective in modulating biomarkers. Study objectives are to establish 
dose- surrogate end point marker response and chronic dosing toxicity and to select a safe and effective dose on the basis of surrogate end 
point marker response and chronic dosing toxicity 


Phase III 
Randomized, blinded, placebo-controlled clinical trials with the following objectives: 


VON D UI & WwW 


1. Demonstrate a significant reduction in incidence or delay in occurrence of cancer 

2. Validate surrogate end points 

3. Assess drug toxicity 

4. Characterize the relationship of dose and/or pharmacokinetics to efficacy and toxicity 

5. In case of formulation differences, establish the bioequivalence between the to-be-marketed formulation and the formulation used in pivotal 
clinical trials 


of COX2 and EGFR with administration of celecoxib and second agent to counter the toxicity of a known effective 
erlotinib for chemoprevention of cancer in this organ system chemopreventive agent. An example is coadministration of 
(K elloff et al., 2006). Another combination strategy uses a the PGE, analogue misoprostol to counter gastrointestinal 
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toxicity associated with administration of NSAIDs. Some 
combinations may actually take advantage of both strategies. 
In non-clinical and epidemiologic studies, NSAIDs decreased 
the rate of oesophageal cancer. Proton pump inhibitors 
(e.g., esomeprazole) have decreased progression of B arrett’ s 
oesophagus, though without causing complete regression. 
Combining a proton pump inhibitor with aspirin may increase 
aspirin’s efficacy in treating Barrett’s oesophagus, while 
providing protection from the gastrointestinal toxicity of the 
NSAID. 


Development of Dietary Components 


Dietary components with chemopreventive activity typically 
start as complex mixtures from which optimal standard- 
ized mixtures and purified active substance are prepared 
and characterized. For example, two soya isoflavone mix- 
tures were being developed in parallel, both containing 
genistein (the presumed active substance), other isoflavones 
(primarily daidzein), fat, and carbohydrate. One was nearly 
“pure” (90%) genistein; the second more closely resembled 
a natural soya product, containing less than 50% genis- 
tein. The plan was to continue developing both mixtures 
until one proved to have superior efficacy or practicality, 
or until different chemoprevention uses were identified for 
each mixture. Instead, a purer version of the second extract 
(=97% isoflavones) retaining the same genistein:daidzein 
ratio (2:1) was developed for all future studies. Simi- 
larly, well-characterized tea polyphenol extracts have been 
evaluated in parallel with epigallocatechin gallate (EGCG), 
which appears to be a primary active component, in non- 
clinical studies. EGCG pharmacokinetics was essentially the 
same in clinical studies regardless of formulation, so a 
well-characterized extract is being developed in Phase II 
trials. 

The effort to confirm dietary leads is expected to bur- 
geon over the next few years. For example, the FDA has 
proposed guidelines for identifying and evaluating hetero- 
geneous botanicals such as tea and isoflavone mixtures. 
Also, an increasing number of publications are appearing 
on chemopreventive effects of characterized dietary compo- 
nents such as tea polyphenols, curcuminoids, selenized gar- 
lic/selenomethylcysteine, conjugated fatty acids, and broccoli 
(sulphoraphane), tomato (lycopene) and grape compounds 
(resveratrol). M ore sophisticated analyses of epidemiological 
dietary data could produce many more new chemopreventive 
hypotheses regarding dietary components. 


Toxicology and Pharmacology 


As for other pharmaceuticals, the FDA requires sufficient 
preclinical toxicity and phase | clinical safety and pharma- 
cokinetic testing to ensure that an investigational chemopre- 
ventive agent will not jeopardize the health of patients in 
efficacy trials. Because they are intended for chronic use in 
relatively well subjects, safety criteria for chemopreventives 
are more stringent than for many other classes of pharma- 
ceuticals (K elloff et al., 1995a). 


Preclinical Toxicity and Pharmacokinetics 


Preclinical safety studies for chemopreventive drugs are gen- 
erally the same as for other drugs and include acute and 
subchronic toxicity (incorporating pharmacokinetic measure- 
ments), reproductive performance, and genotoxicity. Gen- 
erally included are a single-dose, acute toxicity study and 
an absorption- elimination study in rats, and subchronic 
repeated daily dosing studies in rodents and dogs. Combina- 
tions of chemopreventive drugs are evaluated in the species 
most closely related to humans in terms of metabolism in 
at least one study of appropriate duration (generally studies 
longer than 90 days are not needed) to determine interac- 
tions in pharmacokinetics, toxicity, enzyme effects, or other 
relevant parameters. 

Preclinical efficacy studies also incorporate limited toxicity 
evaluations that may help identify appropriate doses for the 
formal toxicity studies. For example, most animal efficacy 
screens include a preliminary 2- 6-week study to determine 
maximum tolerated dose (MTD) of test agents. Blood levels 
of test agent are usually obtained during animal studies 
designed to characterize more fully the efficacy of an agent 
or agent combination. 

Pharmacokinetic data help in the development of a phase 
| clinical dose escalation strategy. A bsorption- elimination 
studies in rats are used to develop analytical methods for 
drug monitoring, which can be standardized and used in the 
clinic. These studies also provide other information on agent 
behaviour (e.g., protein binding). Single-dose pharmacoki- 
netics are also assessed at the initiation of the repeated daily 
dosing studies in dogs, and measurements of plasma drug lev- 
els at steady state are performed in these studies in rodents 
and dogs; pharmacokinetic studies using radioactive drug to 
quantify tissue distribution and metabolism are performed 
later in development. The information developed at this stage 
(e.g., Maximum and minimum blood levels, elimination time) 
is evaluated with information from efficacy studies in order 
to provide a dose-concentration effect profile of the test agent 
and to estimate a margin of safety; the relationship of dose 
to effectiveness and toxicity is then used to refine dosing 
strategies and regimens. For example, if a promising chemo- 
preventive agent has slight toxicity with daily dosing, it might 
be evaluated in further phase | trials using intermittent dosing 
schedules chosen to induce or inhibit a drug-effect enzyme 
over the whole treatment period without reaching blood con- 
centrations that could cause side effects. 

As needed, a battery of three genotoxicity tests is per- 
formed. Chronic toxicity, carcinogenicity, and reproductive 
toxicity tests are undertaken later in development, prior to 
or during phase III development. Special toxicity studies are 
also undertaken, as appropriate, in response to safety issues 
arising on clinical use of the agent. One example of spe- 
cial studies recently pursued is for DFMO, now in phase 
I/II clinical trials. In previous clinical studies, this agent 
had shown significant ototoxicity. The mechanism appeared 
to be destruction of cochlear cilia. Thirteen-week studies in 
dogs were undertaken to evaluate the effect quantitatively. 
At clinical doses, no effects were seen on cochlear hair cell 
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measurements, brainstem auditory evoked responses (includ- 
ing histology of auditory nuclei) or observed response to 
auditory stimuli such as clapping and calling. 

M ost investigational drugs used chronically to treat disease 
states require carcinogenicity studies prior to petitioning 
the FDA for approval to market the drug. Generally, one 
rodent carcinogenicity study is initiated prior to initiation of 
large phase III clinical studies. However, for drugs under 
development for cancer prevention, where the agent is to be 
used prophylactically in essentially well people, completion 
of one carcinogenicity study prior to the conduct of sizable 
long-term trials is considered on the basis of the expected 
toxicity of the drug, the population, the planned clinical trial 
duration, the trial design, and other factors. 


Phase I Clinical Safety and Pharmacokinetics 


Phase | single-dose studies are designed to characterize 
agent pharmacokinetics and tolerability. Dose and schedule 
of administration are based initially on preclinical toxicity 
and efficacy and are selected to achieve safe and effective 
plasma agent levels in humans. As for other pharmaceu- 
ticals, the maximum initial dose in humans is a mg kg"? 
dose that is the lower of one-tenth the highest dose with no 
observed adverse effect level (NOAEL) in rodents, or one- 
sixth the highest NOAEL in mgkg~! in non-rodents. The 
NOAEL is based on toxicity studies of equal or greater dura- 
tion than the proposed clinical trial. The in vitro inhibitory 
concentration and in vivo plasma drug levels from effi- 
cacy testing may be used as a relative guide to the needed 
concentration, that is, within an order of magnitude, but 
are not easily quantitatively extrapolated because of con- 
ditions used in screening tests (i.e., the high dose of car- 
cinogen). Ordinarily, the human dose, usually in mgkg~?, 
is not escalated above the animal NOAEL, but this could 
depend on the nature of the adverse effect. Higher human 
doses may be justified on the basis of pharmacokinetic 
or pharmacodynamic differences between humans and ani- 
mals or clinical experience at lower doses. Where possible, 
the dose escalation strategy uses pharmacokinetic param- 
eters across species. After a cautious initial dose, further 
escalation is based on blood levels compared with those 
associated with toxicity in animals. Differences in the phar- 
macokinetic profile after acute and chronic dosing are also 
evaluated. Dose selection is, of course, ultimately controlled 
by emphasis on empirical clinical safety and toxicity obser- 
vations. 

Consistent with current FDA regulatory practice, normal 
subjects are used in studies of one to three months’ dura- 
tion; participation of normal subjects for more than 1 month 
is considered on the basis of available information (toxic- 
ity, clinical experience, etc.) for each drug on a case-by-case 
basis. When longer phase | studies are undertaken (up to 12 
months), subjects at increased risk for cancer(s) are enrolled. 
Longer studies are designed not only to obtain pharmacoki- 
netic and safety information after chronic administration but 
also to develop and evaluate effects on drug activity and 
biomarkers of neoplastic progression. 


Table 8 Requirements for successful phase II clinical chemoprevention 
trials, 


Agent 

Experimental and/or epidemiological data supporting 
chemopreventive activity (efficacy) 

Safety on chronic administration at multiples of efficacious dose 
(safety factor) 

Mechanistic rationale for chemopreventive activity 


Cohort 

Suitable for chemopreventive activity of agent 
Suitable for measurement of biomarkers 
Risk/benefit analysis acceptable 

Biomarkers 

Fits expected biological mechanism 


Differentially expressed in normal and high-risk tissue 

On or closely linked to causal pathway for cancer (e.g., 
expression increases/decreases with severity of precancer; 
intraepithelial neoplasia is the most promising in this regard) 
Modulated by chemopreventive agents 

Latency is (relatively) short compared with cancer 


Biomarker and assay provide acceptable sensitivity, specificity, and 
accuracy 
Assay for biomarker is standardized and validated 
Sampling is reliable 
Dose-related response to the chemopreventive agent is observed 
Statistically significant difference is seen between levels in 
treatment groups and controls 
Biomarker is easily measured 
Biomarker can be obtained by non-invasive or relatively 
non-invasive techniques 
Assay for biomarker is not technically difficult 


Biomarker modulation correlates with decreased cancer incidence 
(i.e., the biomarker can be validated as a surrogate end point for 
cancer incidence) 


Clinical Efficacy 


Clinical trials that support claims of chemopreventive effi- 
cacy can be designed using biomarkers of neoplastic pro- 
gression as surrogate end points for cancer incidence. At 
each major target site, three components govern the design 
and conduct of these trials - well-characterized agents, reli- 
able biomarkers for measuring efficacy, and suitable cohorts 
(Table 8) (K elloff et al., 2000). 

The promise of chemoprevention is evidenced by the 
increasing number of clinical strategies and studies in the 
major cancer target organs - prostate, breast, colon, lung, 
head and neck, bladder, oesophagus, cervix, ovary, skin, and 
liver (Table 9). In these organ systems cancer is associated 
with earlier, well-defined precancers (usually IEN ) that may 
serve as biomarkers of neoplastic progression and surrogate 
end points for cancer incidence, as well as targets for 
treatment in their own right. Some examples are colon 
adenomas, bronchial dysplasia (lung), PIN, CIN, actinic 
keratoses (skin), oral leucoplakia, and ductal carcinoma in 
situ (breast). The remarkable progress that has been made in 
chemoprevention of cancer is evidenced by FDA approvals 
of tamoxifen to reduce the risk of breast cancer in high-risk 
women and of celecoxib in treating colorectal adenomas in 
patients with FAP. This progress is described fully in the 
chapter Cancer Chemoprevention. 
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INTRODUCTION TO THE DIAGNOSIS 
OF CANCER 


One of life’s most horrifying experiences is to be told 
that you or someone you love has cancer. Unfortunately, 
each year over 1.2 million individuals in the United States 
alone are diagnosed with serious invasive cancers. The life 
of the individual diagnosed with cancer is profoundly altered 
spiritually and emotionally as well as physically by both 
the disease and the treatment, which is itself often life 
threatening. The impact of a cancer diagnosis is so great that 
it must be made with absolute certainty. For most, the road 
to the diagnosis starts with unexplained bleeding, pain, or 
the presence of a lump somewhere in or on the body. After 
numerous medical tests, a piece of the abnormal tissue or 
some cells are removed by biopsy or fine needle aspiration. In 
the laboratory, the tissue/cells are examined by a pathologist, 
a physician who specializes in the diagnosis of disease. The 
interpretation of the morphology along with the incorporation 
of pertinent clinical and laboratory data are integrated into 
a final diagnosis, a task that is both art and science. Simply 
rendering a diagnosis of benign or malignant is far from 
sufficient. The tumour must be given an exact histological 
Classification and, if the tumour is removed surgically, the 
extent of spread is determined by a detailed examination of 
the specimen. On the basis of accumulated experience with 
previous patients having similar tumours with similar spread, 
the natural course of the disease is predicted and appropriate 
therapy initiated. 

The word tumour originally meant “swelling” caused by 
inflammation, but now it generally means a “new growth” 
or neoplasm. A variety of reactive processes can simulate 
a neoplasm, but these are usually polyclonal and eventually 
respond to endogenous homeostatic mechanisms and cease 
to proliferate. By definition, a neoplastic process is an 
abnormal growth of cells and implies a clonal proliferation 
in which all the tumour cells are descendants of a single cell 
that gained the ability to replicate autonomously (see Stem 
Cells and Tumourigenesis). A benign tumour grows at 
the site of origin usually as an expansile mass without 
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infiltration into the adjacent normal tissue and does not 
have the capability to spread to distant sites. Generally, 
benign tumours can be surgically removed and do not kill 
the patient, but, if they originate in critical areas such 
as the brain, blood vessels, or in the airway, they too 
can be lethal. Malignant tumours or cancers, on the other 
hand, infiltrate and destroy the surrounding tissue and have 
the ability to disseminate to distant organs, often even 
when the primary tumour is small. In general, the pattern 
of spread is somewhat predictable for each given tumour 
type, for example, most epithelial cancers first spread to 
the regional lymph nodes via lymphatics. Most sarcomas 
(cancers arising in mesenchymal tissue), however, spread 
by the vascular system to distant sites and less commonly 
involve the lymph nodes. This ability of malignant cells 
to spread to distant sites, or metastasize, is the greatest 
obstacle to the successful treatment of cancer (see Invasion 
and M etastasis). 

There are some tumours that are difficult to pigeonhole 
neatly as benign or malignant. For example, basal cell carci- 
nomas of the skin aggressively infiltrate surrounding tissue 
but rarely metastasize to distant sites. Borderline ovarian 
tumours (also called ovarian tumours of low malignant poten- 
tial) widely disseminate in the peritoneal cavity, but have 
limited ability to invade into the abdominal organs. Unfor- 
tunately, there are no universal markers (morphological, 
molecular, or otherwise) that denote malignant cell pop- 
ulations regardless of the morphology, clinical setting, or 
anatomic location. It is unlikely that such markers exist, but, 
if one should ever be identified, it would be equivalent to 
finding the “holy grail” of pathology (see Unknown Pri- 
mary). 

Pathology is the branch of medicine that studies the mech- 
anisms of cell/tissue/organ injury and the structural changes 
that underlie disease processes. The surgical pathologist is a 
physician who specializes in the examination of tissue from 
living patients, diagnosing diseases, and guiding management 
of the patient. The surgical pathologist usually examines 
tissue sections, while the cytopathologist specializes in the 
study of cells in smears, aspirates, and fluids. This chapter 
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concentrates on the process by which a pathological diagno- 
sis is made in an academic medical centre in the United States 
with a discussion of the basic histological and immunological 
methods that are commonly available for routine diagnosis 
and clinical management. Experimental techniques that are 
likely to be in routine practice in the next few years are also 
briefly included. It is hoped that the reader will get a flavour 
of how surgical pathologists and cytopathologists interpret 
histological images and incorporate clinical and molecular 
findings to arrive at cancer diagnoses. 


SCREENING AND EARLY DETECTION 


Unfortunately, only a few cancers are detected by screening 
programmes and most are still found only after patients seek 
medical attention for symptoms related to their tumours. The 
underlying premise for successful cancer screening is that 
treatment improves outcome if the malignancy is detected 
before it is clinically evident. This is an assumption and 
must be validated for each tumour type that is targeted. 
Slow-growing tumours that metastasize late in their course 
and tumours that are resistant to any treatment are not good 
candidates for a screening programme. In the first case, the 
late-metastasizing tumours may be effectively treated when 
they become clinically obvious and, in the second case, if 
there is no effective treatment for a specific type of cancer, 
even when small, screening serves no useful purpose. 
There are three primary types of screening programmes 
based on the stage of malignancy that is targeted. Some 
screening programmes are designed to detect precursor 
lesions before they become invasive cancers and are very 
effective when removal of the pre-invasive lesion is curative. 
The Papanicolaou (PAP) test for cervical cancer is the 
model for this type of cancer screening. The institution 
of large-scale population-based screening programmes for 
the identification and treatment of women with preinvasive 
lesions (cervical intraepithelial neoplasia) has been the major 
contributor to a reduction in death from cervical cancer 
in developed countries (Waxman, 2005). “Organ-confined” 
invasive cancer screening is exemplified by the detection 
of prostate cancer by elevated levels of serum prostate- 
specific antigen (PSA). Screening for breast cancer by 
mammography detects both small invasive breast cancers that 
cannot be identified by physical examination as well as the 
pre-invasive ductal carcinoma in situ. As our understanding 


Table 1 Basic terms for evaluating screening tests. 


Disease 


of cancer on the molecular level increases, a third type of 
screening programme is becoming available that identifies 
predispositions to certain types of cancer by genetic testing. 
For example, individuals with strong family histories of 
cancer can be tested for genetic mutations in relevant 
genes such as BRCA1 (breast and ovarian cancer) or DCC 
(colon cancer). To be beneficial, therapeutic interventions or 
prevention strategies that are inexpensive and have little, 
if any, morbidity in a currently healthy population must 
be available for patients with such predispositions. Clinical 
testing for predisposition to cancer has huge emotional costs 
to patients and their families and it is essential that high- 
quality genetic counselling be given before the tests are 
ordered as well as at the time the results are discussed with 
the patient. Finally, the ethical and legal implications (such 
as effects on insurability) of identifying at-risk populations 
have yet to be resolved. 

Screening tests are not diagnostic tests, a concept that has 
been difficult for the general population and those in the 
legal profession to understand. Screening tests only segregate 
asymptomatic, apparently healthy individuals who may have 
the disease from those who probably do not have it. The 
qualifiers “may” and “probably” reflect the sensitivity and 
specificity of the screening test. The sensitivity is defined as 
the percentage of individuals with the disease that the test 
was able to identify correctly, while the specificity is defined 
as the percentage of individuals who are free of disease that 
are identified correctly (Table 1). Some other independent 
method must be used to make the final determination of who 
has disease and who does not in order to calculate these 
values. Ideally, a screening test should be 100% specific and 
100% sensitive, but, in reality, the sensitivity and specificity 
are usually inversely related. A screening test that is highly 
sensitive identifies most of the individuals with disease 
but often have a high percentage of false positives that 
lowers its specificity. Another critical factor in evaluating 
the effectiveness of a screening test is the prevalence of the 
disease in the population screened. If the disease is rare, 
even a screening test with excellent specificity and sensitivity 
gives a large number of false positives because of the many 
non-diseased individuals tested. This is usually expressed as 
“low predictive value” for a positive test. In general, the 
positive predictive value of a screening test is high only if the 
disease is common in the population screened. Thus, limiting 
screening to a population at high risk due to age, family 
history, or some other clinical variable is often necessary. 


No disease 





Screening test positive True positive (TP) 
Screening test negative False negative (FN) 
Term Definition 
Sensitivity 

Specificity 

Percent false negative 
Percent false positive 
Positive predictive value 
Negative predictive value 


Percentage of individuals with the disease who are correctly identified by the test 
Percentage of individuals without disease who are correctly identified by the test 
Percentage of individuals with the disease who were not detected by the test 
Percentage of individuals without disease who tested positive 

The likelihood that the individual who tests positive has the disease 

The likelihood that the individual who tests negative does not have the disease 


False positive (FP) 
True negative (TN) 
Calculation 

100 x TP/(TP + FN) 
100 x TN/(TN +FP) 
100 x FN/(TP + FN) 
100 x FP/(TN + FP) 
TP/(TP + FP) 
TN/(TN +FN) 
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Table 2 Example of the results of a screening test with 95% sensitivity 
and 95% specificity for a cancer that is present in 1% of a population.® 


Individuals 
without cancer 


Individuals 
with cancer 





Screening test positive 950 (true positive) 4950 (false positive) 
Screening test negative 50 (false negative) 94 050 (true negative) 
Total 1000 99 000 


aln this example, in a population of 100000 individuals, 5900 individuals will test 
positive, but only 950 have the cancer, a positive predictive value of 16%, while 50 
of those with the cancer will be missed. This example is a “best case” as most cancers 
will be less prevalent in the population screened and few tests are this sensitive and 
specific. 


Further evaluation of all individuals who test positive in 
a screening programme is mandatory. Facilities for diagno- 
sis and treatment must be available as well as resources 
to follow individuals that test positive until it is clear that 
they are cured or are truly without disease and not just in a 
period in which the cancer is so small that it is undetectable 
with current technology. Detection of pre-symptomatic can- 
cers is often very difficult and requires expensive imaging 
tests and uncomfortable procedures. The monetary costs of 
screening programmes are substantial particularly when diag- 
nostic medical procedures, lost work time, and follow-up for 
individuals without disease are included in the calculations. 
The anxiety and stress of being told that a cancer-screening 
test is positive are considerable even when ultimately the 
individual is found to be free of disease. It is also inevitable 
that any screening test for cancer will miss a few individuals 
who actually have cancer, and in our legalistic environment 
that can be a tragedy for all involved. As demonstrated in the 
example presented in Table 2, the evaluation of any cancer- 
screening test must consider the disadvantages of applying 
additional medical tests to a large number of people who 
never had or never will develop the cancer for which they 
are screened. 

Recent advances in proteomic and genomics research 
have led to powerful techniques to analyse thousands of 
genes and proteins in order to identify expression profiles 
that are predictive of disease. A multiparametric approach 
has been developed for mass spectrographic detection of 
early ovarian cancer by identifying a protein pattern in the 
serum that is associated with ovarian cancer (Petricoin et al., 
2002). However, there are serious questions concerning the 
technology, data analysis, and patient population tested. 
Large prospective clinical trials must be done with controls 
for confounding variables to validate results before they can 
be utilized in routine clinical practice. 

Cancer screening is a wonderful concept, but realisti- 
cally there are only a few cancers for which it is actively 
pursued and shown to be effective in lowering the inci- 
dence of cancer death. The cost and infrastructure neces- 
sary to maintain screening programmes has been beyond 
the economic resources of many countries, and even in the 
developed world the expense is staggering. It is beyond the 
scope of this chapter to discuss in detail specific cancer- 
screening programmes, and for a discussion the reader is 
referred to the published literature (see G enetic Susceptibil- 
ity to Cancer). 


ROUTINE DIAGNOSIS 


To make a diagnosis is to recognize a disease process, 
distinguish it from all others, and assign it a name. This 
requires, as King stated almost 40 years ago (King, 1967), 
both knowledge and judgement. K nowledge is information 
acquired from textbooks, personal experience, or journal 
articles. Knowledge is dynamic and always in a state of flux 
both for the profession as new information is acquired and 
for individuals as we learn or forget. Yet application of that 
knowledge to a specific patient biopsy requires inference and 
judgement, qualities that reflect both reality and a perception 
of reality. It is easy to determine knowledge by testing, but 
judgement is a much more elusive and subjective quality yet 
essential for the intellectual process of rendering a diagnosis. 

The initial pathological assessment of any tumour in the 
body is to differentiate a reactive process from benign or 
malignant growths. In most cases, this can be accomplished 
by a morphological evaluation of a tissue section stained 
with haematoxylin and eosin (H&E). At the beginning of 
the twenty-first century, the visual interpretation of the H&E 
slide by a surgical pathologist was still the primary means 
by which most patients were diagnosed with cancer. In this 
age of incredible technology, the method may appear archaic 
but in most cases it is efficient, economical, and conclusive. 
Furthermore, the easily performed H&E stain is universally 
available in hospitals worldwide, so that a biopsy prepared 
in a remote corner of the globe can be easily transported 
and interpreted by experts in distant cities or across oceans. 
The knowledge obtained through the interpretation of the 
H&E slide by generations of pathologists and clinicians 
is amazingly concordant with the molecular abnormalities 
that underlie the malignant process being deciphered in 
laboratories today. Although this may seem surprising, it 
should not be as the visual interpretation of the architectural 
and cytological features in the H&E slide is based on the 
interactions of the chemical dyes with thousands of gene 
products that are a reflection of the distinctive differentiation 
state of the tissue. 

H&E is the most universally used histological stain. 
Haematoxylin is a dye extracted from the heartwood of a 
Central American legume tree, Haematoxylin campechianum, 
and was widely used in the 1800s in the textile industry 
for dying calico and woollen goods in shades of lavender 
and purple, and it was also used to colour wine. In the 
1860- 1870s, it was adapted as a histological stain along 
with the xanthene dye eosin. Haematoxylin itself has little 
affinity for tissue, but with oxidation to haematein and in the 
presence of metal mordants (usually aluminium or iron), it 
binds to nucleoproteins, probably through electrostatic inter- 
actions. Eosin, a potassium salt of tetrabromofluorescein, was 
first synthesized by Baeyer in 1871. It stains cytoplasm and 
the connective tissue in a variety of shades of red and pink by 
chemical reactions with proteins, particularly those with basic 
amino acids such as arginine, lysine, and histidine. H aema- 
toxylin and eosin were combined by Busch in 1878 and the 
combination is still the most common means by which tissue 
sections are examined. A myriad of cellular substances inter- 
act with these two chemical compounds to produce patterns 
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that convey an enormous amount of information that reflects 
the underlying biochemical and molecular processes occur- 
ring in the cells and tissue. With the aid of a microscope and 
this simple cellular stain, the surgical pathologist can accu- 
rately diagnose most pathological processes from infectious 
diseases to cancer. 

Most cancers are detected when they have grown large 
enough to interfere with the function of a specific organ or 
to cause pain or other physical symptoms. The patient, after 
reporting symptoms to a physician, usually has numerous 
radiological and other studies to localize and characterize 
the process, but eventually a tissue biopsy (either surgical 
or fine needle aspiration) is required for the definitive 
diagnosis of cancer before therapy can be initiated. To 
prevent autolysis and to keep the cells in as close to their 
living state as possible, the tissue is “fixed”. Although a 
large number of substances have been and are being used, 
10% neutral buffered formalin (with an actual working 
concentration of about 4% formaldehyde) is still the most 
universal fixative. The chemistry of formalin fixation is 
complex and still not completely understood, but proteins and 
nucleic acids are reversibly cross-linked through the addition 
of methylene groups. Before microscopic sections can be 
prepared, thin pieces of the fixed tissue must be permeated 
by a supporting medium such as paraffin. First, most of 
the water is removed from the fixed tissue by dehydration 
through graded alcohols. The tissue is then “cleared” by 
removal of the dehydrant with a substance that is miscible 
with paraffin. Traditionally, xylene was used, but newer, less 
toxic, and more environmentally friendly agents are now 
available. Finally, the tissue is permeated by the embedding 
agent, which is almost always paraffin. This process is 
automated and computer-controlled instruments move the 
tissue in cassettes from one solution to the next at preset 
times and often with applications of heat and vacuum to 
speed the process. Before the tissue can be sectioned, it is 
removed from the cassette and must be oriented in the final 
block so that tissue relationships such as the junction between 
the epithelium and stroma are preserved. This is a critical 
step that requires skill and a great deal of manual dexterity 
from the technician. After hardening, the tissue block is now 
ready to be sectioned using a microtome, an instrument that 
has a very sharp knife and can advance the tissue block 
precisely to give sections 6- 8 um thick. Sections are floated 
on warm water to remove wrinkles and then picked up on 
glass microscope slides. After baking to adhere the tissue 
to the glass, the slides are now ready for staining. Since 
most histological stains are aqueous, the embedding process 
must be reversed to rid the tissue of paraffin. After running 
through xylene (or substitute) and graded alcohols to water, 
the section is finally ready for the H&E stain. 

After staining, the H&E slide is examined under the 
microscope by a surgical pathologist and the tumour is char- 
acterized by its morphological phenotype, as expressed in 
tissue architecture and cytological appearance. The process 
by which the slide is evaluated and the findings trans- 
lated into a diagnosis is subjective and no two pathologists 
approach or “see” the slide in exactly the same way. Usually, 
it is examined first at low power (4x) to discern the overall 


pattern and to detect areas that have abnormalities. Once the 
overall pattern is appreciated and specific areas of the slide 
identified as worthy of additional study, the pathologists look 
at the cells on medium and high power (20 or 40x). Any 
identified abnormal cell population is further examined for 
uniform or variable nuclear features, the size and shape of the 
nuclei, and features of the nuclear membrane, the chromatin 
pattern, the degree of staining (hyperchromatic or hypochro- 
matic), mitoses (number and abnormalities), the quantity and 
quality of cytoplasm, and the shape and pigmentation of the 
cells and their relationship to each other and to the stromal 
cells. The type and extent of the inflammatory or stromal 
reaction is also noted. A wide variety of “special stains” 
can be performed in the histology laboratory to identify sub- 
stances produced by the malignant cells, such as mucin (for 
epithelial mucins), periodic acid-Schiff (PAS) (distinguishes 
neutral polysaccharides and glycoproteins from sialic acid 
containing muco-substances), or Alcian blue (acid muco- 
substances). Other histochemical stains such as reticulum or 
trichrome are useful for evaluating the relationship of the 
tumour to the stroma. Although many of these substances are 
now defined antigenically and are detected by immunohisto- 
chemistry, these special staining techniques are still useful, 
inexpensive, and can be performed in most histology labo- 
ratories on the same day as the initial H&E section. 

The experienced surgical pathologist collects the visual 
information from the H&E slide almost subliminally, 
analysing and comparing it with a set of internalized patterns 
that have been accumulated in the memory from personal 
experience. The diversity of the histological features in 
human tumours is great and rarely does a pattern conform 
to the idealized description and no two tumours are ever 
exactly alike. Before a final diagnosis is reached, the 
pathologist must be methodical in eliminating histological 
mimics and consider unusual entities that may show similar 
morphological features. It also must be determined if the 
biopsy is representative of the clinical lesion, and if the 
diagnosis “fits” with the clinical setting. No diagnosis can be 
made without the knowledge of the clinical setting, including 
the age and sex of the patient, the anatomical site, previous 
histological and/or radiological findings, and past surgical, 
chemotherapy, or other medical interventions. Changes that 
would indicate malignancy in a brain biopsy from a 40-year- 
old man may be normal if from a 2-week-old baby. 

In surgical specimens, the extent of the tumour is deter- 
mined by the involvement of specific anatomical structures 
leading to a pathological stage. Particularly important is the 
presence or absence of tumour metastasis in regional lymph 
nodes. M argins of resection are carefully evaluated and prog- 
nostic markers are assessed. In many settings, the decision 
for additional therapy is based on the findings in the resected 
specimen. For example, radiation therapy to the site of a pos- 
itive margin may be indicated or the patient maybe placed 
on long-term hormonal therapy for oestrogen-positive breast 
cancers. All of this information is communicated by the 
pathologist to the clinician in a formal written report. There 
is growing support for the utilization of standardized surgical 
pathology reports so that the pathological characteristics of 
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a tumour resection specimen are recorded in a complete and 
consistent manner (Rosai et al., 1993). 

The pathologist is increasingly called on to render precise 
diagnoses on smaller and smaller fragments of tissue. Still, 
in most cases, the distinction between benign and malignant, 
and the classification and grade of the tumour can be deter- 
mined solely by morphological evaluation of the H&E slide. 
Ancillary studies on the tissue such as immunohistochem- 
istry and molecular analysis, as discussed in the subsequent 
text, can refine the diagnosis and contribute clinically useful 
information. 


Tumour Classification 


AII tumour classification schemes are by their nature artificial 
and arbitrary as biological processes are generally continua. 
Yet, specific landmarks can often be used to define bound- 
aries not only in the spectrum from benign to malignant but 
also through the grades of malignancy and among the types 
of tumours. For example, the presence of stromal invasion 
is a critical parameter that separates carcinoma in situ of 
the cervix, a lesion with no metastatic potential, from an 
invasive cervical cancer that has the potential to metasta- 
size and kill the patient. However, many of the boundaries 
are less clear and they can be very difficult to interpret in 
an individual case whether from inherent properties of the 
lesion or from inadequate tissue sampling. It is not surprising 
that pathologists often vary in their thresholds for recogniz- 
ing some specific diagnostic entities. However, meaningful 
reproducible criteria have been identified and are generally 
recognized for the diagnosis of most human cancers. With 
some exceptions, the most universally accepted classifica- 
tion schemes for human tumours are published in a series of 
monographs by the World Health Organization (WHO) and 
in the systemic series of fascicles developed for the United 
States Armed Forces Institute of Pathology. 

Currently, tumours are classified on the basis of their 
histogenesis or the cell of origin for the neoplastic pro- 
liferation. Tumours that arise from the glandular epithelial 
cells of the body are called adenomas if benign or carci- 
nomas if malignant. M alignant tumours from the supporting 
tissues derived from the embryonic mesodermal layer are 
sarcomas. Haematopoietic cells give rise to leukaemias and 
lymphomas. Tumours are thought to arise from stem cells, 
those cells that have retained the ability to replicate and dif- 
ferentiate into specialized tissues. Neoplasms are classified 
on the basis of the type of differentiation the specific tumour 
cells display. Carcinomas with a glandular growth pattern 
are adenocarcinomas, whereas those that have a recogniz- 
able squamous differentiation are squamous cell carcinomas. 
Angiosarcomas have vascular channels, whereas a chon- 
drosarcoma shows cartilaginous differentiation. Identification 
of specific cellular products either morphologically by light 
or electron microscopy or by immunohistochemical (IHC) 
detection is frequently helpful in the determination of the lin- 
eage of a tumour. For example, a squamous cell carcinoma 
can be recognized by the presence of intercellular bridges, an 
adenocarcinoma by the presence of acinar formation and/or 


mucin, and a rhabdomyosarcoma by immunoreactivity with 
the muscle marker, desmin. Although the classification of 
tumours is still primarily morphological, it has become more 
sophisticated and biologically more meaningful by incor- 
porating IHC techniques that recognize specific proteins 
expressed by the tumour cells and by molecular studies that 
identify tumour-specific genetic changes. 

By assigning a name to a tumour, the probable behaviour 
and clinical implications are communicated. A diagnosis of 
cancer of the testis is essentially meaningless, but to call 
a testicular mass a seminoma indicates that the tumour is 
probably localized and can be cured by surgery or if spread to 
lymph nodes it is treatable by radiation therapy. On the other 
hand, a diagnosis of embryonal or choriocarcinoma of the 
testis implies a more ominous prognosis and the likelihood of 
distant spread is high and aggressive chemotherapy is needed 
to control the disease. 


Electron Microscopy in Tumour Classification 


Ultrastructural analysis of a tumour was for many years 
the primary means by which a poorly differentiated tumour 
was Classified. For example, using transmission electron 
microscopy, malignant nerve sheath tumours could be rec- 
ognized by their long cytoplasmic processes, primitive cell 
junctions, and fragmented external basal lamina. Rhab- 
domyosarcomas had 6-nm (actin) and 15-nm (myosin) fil- 
aments associated with Z discs. Identification of sub-cellular 
structures such as desmosomes (epithelial tumours), neurose- 
cretory granules (neuroendocrine tumours), or melanosomes 
(malignant melanoma) is also an example of how the electron 
microscope was applied in diagnostic pathology. Although 
immunohistochemistry has replaced electron microscopy for 
many of these applications, it is still useful in some cases and 
ultrastructural localization of specific antigenic substances 
may be a powerful tool in the future (Herrera et al., 2000). 


Immunohistochemistry in Tumour Classification 


The diagnosis of tumours as benign or malignant is primarily 
based on morphological features, but immunohistochemistry 
is a powerful and complementary aid in classifying tumours 
and in identifying markers that have prognostic significance. 
The basic premise of classification by immunoreactivity 
is that malignant cells, even when very undifferentiated, 
continue to make antigenic substances that characterize the 
cell or tissue from which they arose. The same antigenic 
substance is present in normal, benign, and malignant cells 
so that the expression of an antigen by itself is not usually 
diagnostic for cancer. It is absolutely essential that IHC 
analysis of a tumour be interpreted in the context of a 
carefully selected differential diagnosis based on the clinical 
setting and morphologic features of the tumour. To do 
otherwise is to invite diagnostic disaster. 

One of the most challenging problems to a surgical pathol- 
ogist is the diagnosis of a poorly differentiated tumour when 
no primary site is clinically evident (see Unknown Pri- 
mary). From a therapeutic perspective, it is most critical to 
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Table 3 Intermediate filaments. 
Intermediate filament Location Tumours 
K eratin Epithelial cells All carcinomas, 
adenocarcinomas, squamous 
cell carcinomas, mesotheliomas 
Desmin Muscle tissue, smooth, skeletal, Tumours derived from muscle 
and cardiac such as leiomyosarcoma, 
rhabdomyosarcomas 
Vimentin Mesenchymal cells, fibroblasts, Sarcomas including 
endothelial cells, muscle cells fibrosarcoma, liposarcomas, 





N eurofilament 


neural crest 





Glial fibrillary acidic protein 
ependymal cells 


correctly identify those tumours for which there is effective 
specific systemic chemotherapy or hormonal therapy, such 
as for lymphomas and metastatic carcinomas of the breast, 
prostate, and ovary. Although extensive radiological and 
endoscopic work-ups can be done, these are often unin- 
formative, expensive, and may have significant morbidity. 
Frequently, the use of antigenic markers can be helpful in 
narrowing the possibilities and a likely primary site can be 
suggested on the basis of the clinical setting and subtle mor- 
phological features of the tumour combined with a limited 
IHC panel of antibodies. Among the most useful antigens in 
this setting are the intermediate filaments that compose the 
cell’s cytoskeletal framework (Table 3). 

There is lineage-dependent expression of these proteins 
that is maintained even in very undifferentiated tumours. 
IHC typing with appropriate antibodies can be very helpful 
in differentiating epithelial (expressing keratin filaments) 
from mesenchymal tumours (expressing vimentin filaments). 
M etastatic melanoma and lymphoma are also usually in the 
differential diagnosis of a poorly differentiated tumour and 
the addition of antibodies to S100 and CD45 can be useful in 
the recognition of these tumours. S100 is a calcium-binding 
protein that is strongly expressed in melanomas, although 
it can also be seen in neural tumours, histiocytic lesions, 
and some carcinomas. No single antibody can be interpreted 
in isolation and evaluation by a panel of antibodies is 
usually necessary. To diagnose an undifferentiated tumour 
as melanoma, the tumour should also be strongly positive 
for vimentin, negative for keratin, and lymphoid markers, 
and melanocytic differentiation confirmed by reactivity to 
premelanosome markers such as HM B45 or Melan-A. 

Immunophenotyping of lymphomas is essential for their 
classification. A family of membrane protein tyrosine phos- 
phatases, recognized by the antibody cluster CD 45, is present 
on most haemato-lymphoid cells and their tumours. M em- 
brane positivity for CD45 in an undifferentiated malignant 
neoplasm is virtually diagnostic of lymphoma. M ost non- 
Hodgkin lymphomas have immunophenotypes that corre- 
spond to stages in the normal development of lymphoid 
cells. The current classification of lymphomas by the WHO 
depends heavily on the integration of morphological features 


Neural tissue, both central and 
peripheral, cells derived from 


Glial cells, astrocytes, 


angiosarcomas, also 
lymphomas, melanomas 
Adrenal and extra-adrenal 
phaeochromocytomas, 
neuroblastomas 
Astrocytomas, ependymomas, 
gliomas 


with clinical, immunophenotypic, and genetic features (J affe 
et al., 2001). 

The cytokeratins have a diverse and unique expression 
pattern that has been found to be useful in the identification 
of the site of origin for many epithelial tumours. The 
cytokeratins consist of a family of at least 20 different 
polypeptide chains, and two-dimensional gel electrophoresis 
studies showed that these are more or less distributed 
in a tissue-specific manner. Tumours tend to retain the 
cytokeratin profile of the epithelial tissue from which they 
arose (Chu et al., 2000). About 95% of colonic carcinomas 
are keratin 7 negative and keratin 20 positive, whereas the 
majority of adenocarcinomas in the differential diagnosis 
of such as endometrioid ovarian adenocarcinoma and most 
adenocarcinomas of the lung are keratin 7 positive and 
keratin 20 negative. Table 4 lists the keratin 7/20 profile 
of some common epithelial cancers that are frequently in 
the differential diagnosis of the metastatic carcinoma of 
unknown origin (see Unknown Primary). 

A large number of antibodies against protein products 
are helpful in the characterization of tumours including a 
few that are relatively tissue-specific. For example, the anti- 
body to PSA is relatively sensitive and specific for prostate 
tissue, thyroglobulin for thyroid, and oestrogen receptor 


Table 4 Use of keratin 7 and keratin 20 in the differential diagnosis of 
common epithelial cancers. 
Keratin 20 


K eratin 7 Tumours 





Transitional cell 

Ovarian cancer (mucinous) 

Pancreatic cancer 

Breast (lobular and ductal) 

Lung (adenocarcinoma, non- small cell) 
Ovarian cancer (serous) 

Endometrial adenocarcinoma 

Epithelial mesothelioma 

Thymoma 
Colorectal adenocarcinoma 
Hepatocellular cancer 
Renal cell cancer 

Prostatic cancer 

Squamous cell cancer 
Small cell (neuroendocrine) 


Positive Positive 


Positive 


Negative 


Positive 
Negative 


Negative 
Negative 
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(ER) for tumours of the breast or of gynaecologic origin. 
Neuroendocrine tumours react with markers for neurose- 
cretory granules such as synaptophysin and chromogranin. 
Immunoreactivity for desmin is strong evidence that the 
tumour is of muscle derivation, and only glial tumours (or 
some germ cell tumours differentiating into glial tissue) 
express glial fibrillary acidic protein (GFAP). M ore recently, 
the IHC identification of tissue-specific transcription factors 
such as TTF-1 (expressed almost exclusively in lung and 
thyroid tissue), OCT4 (expressed in germ cells), and CDX2 
(expressed strongly in lower gastrointestinal (G1) tract epithe- 
lium) has increased the capacity of the surgical pathologist to 
assign a specific site of origin for a tumour. For further read- 
ing on the role of immunohistochemistry in tumour diagnosis, 
the readers are referred to an excellent issue in Seminars in 
Diagnostic Pathology (Suster et al., 2000). 

Although expression of a specific antigen is usually not 
diagnostic for malignancy, finding aberrant expression at a 
site that does not normally have immunoreactive cells can 
be diagnostically significant. For example, finding malignant 
glandular cells in an abdominal lymph node that express PSA 
is good evidence for metastatic prostate cancer. Similarly, 
keratin-positive cells are not usually found in bone marrow, 
and in a patient with breast cancer the presence of cells that 
react with keratin antibodies is evidence for metastatic dis- 
ease. M orphologically, atypical cells can be found in ascites 
and pleural fluids as a result of a reactive or malignant pro- 
cess. If the atypical cells in the fluids express epithelial 
antigens such as carcinoembryonic antigen (CEA), B72.3, 
CD15, or BerEP4, a malignant process is likely as these 
markers are not found on reactive mesothelial or inflam- 
matory cells. Also, aberrant expression of antigens can be 
extremely helpful in establishing the diagnosis of lymphoma. 
Demonstration of a lymphoid population that co-expresses 
CD20 (a B-cell marker) as well as CD43 (a T-cell marker) 
is very strong evidence for malignant lymphoma. 

IHC identification of specific gene products in a patient s 
tumour is increasingly being used as an aid in the selection 
of therapy. Breast cancers expressing oestrogen and/or pro- 
gesterone receptors respond to hormonal therapy, and for the 
last decade immunohistochemistry has been the standard for 
the determination of steroid receptor status. With the devel- 
opment of Herceptin® treatment for metastatic breast cancer, 
the immuno-determination of HER2/neu overexpression is 
also routinely performed (see Breast). 

Immunohistochemistry is based on a series of biochemical 
reactions that start with an antibody recognizing a specific 
tissue epitope and end with the visual detection of the anti- 
body - antigen complex. Antibodies generally recognize a 
specific shape of an epitope formed either by continuous 
amino acid sequences or discontinuous residues that are con- 
formationally folded into the recognized epitope. The detec- 
tion of specific proteins/polypeptides in denaturing gels such 
as Westerns or sodium dodecyl sulphate (SDS) polyacry- 
lamide gel electrophoresis (PAGE) often employs antibodies 
that are raised against polypeptides that are usually contin- 
uous epitopes. However, many of these antibodies do not 
recognize the same antigen in tissue sections and may actu- 
ally have unexpected reactivity with unrelated molecules. In 


tissue sections, diagnostically useful antibodies often recog- 
nize spatially related conformational epitopes that are lost 
when proteins denature. M ost primary antibodies for diag- 
nostic immunohistochemistry are murine monoclonals, but 
recently rabbit monoclonal antibodies have become commer- 
cially available. These tend to have the high affinity of rabbit 
antibodies with the specificity and consistency of monoclonal 
antibodies. Sensitivity and specificity are also improved by 
combining into a cocktail several monoclonal antibodies rec- 
ognizing different epitopes on the same antigen. 

For the detection of the antigen- antibody complex, hetero- 
antisera are raised against species-specific epitopes on the 
immunoglobulin protein. The oldest immunopathological 
method was to visualize the antigen using a secondary anti- 
body labelled with a fluorescent dye that emits visible light 
after exposure to ultraviolet (UV) radiation. Although this 
method is suitable for virtually any antigen, it requires a spe- 
cialized microscope and the immunostain is not permanent. 
M ore useful for tumour pathology are the detection systems 
in which a bridging antibody links the primary antibody to 
an antibody that reacts with an enzyme that precipitates a 
chromogen at the site such as the peroxidase - antiperoxidase 
(PAP) system (Figure 1). Another common detection system 
is the avidin-biotin peroxidase complex (ABC). Here, the 
biotinylated secondary antibody links the primary antibody 
to a large pre-formed complex consisting of avidin, biotin, 
and peroxidase. Large latticelike complexes are formed so 
that several active peroxidase molecules are linked to each 
biotin-binding site, increasing the sensitivity of the system 
(Figure 2). With this system, the endogenous biotin must be 
blocked; otherwise, the non-specific background staining can 
be high, particularly in the kidney, stomach, or liver. The 
visual detection of specific antigen-antibody complexes in 
tissue sections depends on many factors, including the nature 
of the antigenic determinants recognized, how well they sur- 
vived tissue fixation and processing, the type of antibody 








A Antigenic sites 
m Peroxidase 














Figure 1 A secondary antibody (B) is directed against the immunoglobu- 
lins of the species producing the primary antibody that interacts with the 
antigen (A) and the antibody of the enzyme immune complex (C). The sec- 
ondary antibody must be added in excess so that the FAB portions can bind 
to both antibodies. The substrate for the peroxidase enzyme - a chromogen 
(often 3,3’-diaminobenzidine tetrahydrochloride (DAB) - is added and an 
insoluble coloured precipitate is deposited at the site of the complex. This 
is referred to as the peroxidase- antiperoxidase (PAP) method. 
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Figure 2 The avidin- biotin complex (ABC) method consists of a primary 
antibody (A) that interacts with the antigen. Its immunoglobulin portion 
is recognized by a biotinylated secondary antibody (B). A preformed 
avidin- biotin- peroxidase complex (C) binds to the biotin on the linked 
antibody. The peroxidase enzyme reacts with a chromogen (such as DAB) 
and a visual precipitate is produced. The high affinity of avidin for biotin 


(dissociation constant of 10-19) contributes to the sensitivity of this method. 


used, and the sensitivity of the detection system. There are 
now numerous commercial systems available for the automa- 
tion of IHC staining, but careful attention to technical details 
is still necessary for optimum results. 

Loss of antigenicity during the fixation process is a major 
source of false negatives, but, with the development of anti- 
gen retrieval methods, this is less of a problem than it once 
was. Enzymatic digestion of the tissue with proteinases was 
first found to be helpful in detecting a few antigens in 
the formalin-fixed tissue, but heat-induced epitope retrieval 
(HIER) has been shown to be more effective for a wider spec- 
trum of antigens. The mechanism by which the exposure of 
formalin-fixed sections in an aqueous medium to high tem- 
peratures reconstitutes epitopes is only partially understood. 
Fixatives such as formalin probably cross-link adjacent pro- 
teins in association with calcium. This cagelike complex is 
disrupted by heat and hydrolysis, aided by calcium chela- 
tion and/or precipitation by agents in the buffers. During the 
cooling phase, antigenic sites can be reformed. Small solubi- 
lized proteins that sterically inhibit the binding of antibodies 
may also be released during the process. A variety of means 
have been utilized to supply heat, including microwave, hot 
water baths, autoclaves, pressure cookers, and rice steamers. 
Other variables include the temperature, duration of heat- 
ing, pH, concentration, and the buffers used (citrate, borate, 
EDTA, and several proprietary solutions). The exact condi- 
tions for the release of a specific antigenic site are variable 
and must be empirically determined for each antibody. How- 
ever, using antigen retrieval methods, a wide variety of 
antibodies that were once restricted to analysis of only frozen 
sections are now determined in routinely processed formalin- 
fixed material. 


W hen interpreting immunostains, it is critical that the pat- 
tern of reactivity be consistent with the known distribution 
of the cellular antigen. Antibodies to the intermediate fila- 
ments should give a fibrillary cytoplasmic staining pattern 
and, if the staining is granular or muddy, or is present only 
in the Golgi region, artifactual staining should be suspected. 
S-100 is relatively unique in that it has both nuclear and dif- 
fusely cytoplasmic staining. P53 and the hormone receptors 
oestrogen and progesterone should be nuclear. M any of the 
lymphoma markers are membrane specific, such as CD45 
and CD20. A common source of false-positive errors is the 
failure to recognize an aberrant cellular distribution pattern. 

Both positive and negative controls are critical in pre- 
venting interpretation errors in histological material. Known 
positive and negative tissue samples must be analysed with 
every run, and, if at all possible, internal controls in the 
same tissue should also be scrutinized. IHC studies have a 
number of potential problems with both false negatives and 
false positives that may lead to diagnostic errors. Tumours 
are heterogeneous and irregular expression is a major source 
of false negatives, especially on small biopsies that are not 
representative. It is becoming increasingly clear that tumours 
can have aberrant antigen expression and few, if any, indi- 
vidual markers are specific to one or to a small group of 
tumours. Sarcomas such as leiomyosarcoma can express ker- 
atins, and, for some sarcomas such as synovial sarcomas and 
epithelioid sarcomas, keratin expression is a diagnostic fea- 
ture. Vimentin expression is also not very unusual, and it 
is actually expected in some carcinomas such as endome- 
trial, renal, and most carcinomas growing in body fluids. 
A few years ago, CD99 was thought to be relatively spe- 
cific for Ewing’s sarcoma/primitive neuroectodermal tumour 
(PNET), but reactivity is now appreciated in a wide variety 
of sarcomas and lymphoid malignancies. Although reactiv- 
ity to the leucocyte common antigen (CD45) is characteristic 
of haemato-lymphoid cells, some lymphomas with plasma- 
cytoid differentiation or large cell anaplastic lymphomas are 
negative. False positives due to aberrant expression of anti- 
gens can also be a source of errors, emphasizing the need to 
interpret immunohistochemistry results in the context of the 
clinical and morphological features. 


Molecular Studies in Tumour Classification 


Molecular classification of human tumours began with the 
recognition of the Philadelphia chromosome associated with 
chronic myelogenous leukaemia in 1960 by Nowell and 
Hungerford. Over the next few decades, classical cytogenet- 
ics demonstrated recurring non-random translocations asso- 
ciated with specific morphologic subtypes of leukaemias and 
lymphomas (Table 5). Many of the over 200 translocations 
known to occur in leukaemias and lymphomas are linked 
to very specific morphological, clinical, or immunopheno- 
typic subtypes. Molecular characteristics of these tumours 
are an integral component of current WHO classifica- 
tions (see Lower Gastrointestinal Tract for lymphomas 
and Blood and Bone Marrow: Myeloid Leukaemias and 
Related Neoplasms). 
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Table 5 Some common molecular abnormalities of lymphomas and leukaemias. 


Lymphoma/leukaemia 


Molecular defect Genes involved 





Follicular lymphoma 

Mantle cell lymphoma 

Burkitt lymphoma 

Anaplastic large cell lymphoma 
Lymphoplasmacytoid lymphoma 
B-cell chronic lymphocytic lymphoma 
Acute lymphoblastic leukaemia 

Pre-B 
B-cel 
Acute myeloid leukaemia (AML) 

MO AML with minimal differentiation 
M1AML without differentiation 

M2 AML with differentiation 

M3 acute promyelocytic leukaemia 

M4 acute myelomonocytic leukaemia 
M5 acute monocytic leukaemia 





Table 6 Translocations used in the diagnosis of sarcomas. 


t(14;18) IgH /BCL-2 
t(11;14) CCND-1 (BCL-1)/IgH 
t(8;14) c-M YC /IgH 
t(2;5) NPM /ALK 
t(9;14) PAX-5/IgH 
t(14;19) IgH /BCL-3 
t(1;19) E2A/PBX-1 
t(9;22) and others BCR/ABL 
—5/del, —7/del, +8 

—5/del, —7 del, t(3;3), t(9;22) 

t(8;21) AML/ETO 
t(15;17) PML-RAR-a@ 
inv (16) CBDF-B 
t(9;11) MLL/AF9 


Sarcoma Translocation Genes involved Available molecular test 
Ewing's sarcoma t(11;22) FLI-1L/EWS PCR, FISH 
Clear cell sarcoma t(12;22) ATF1/EWS PCR, FISH 
M yxoid chondrosarcoma t(9;22) CHN/EWS PCR, FISH 
Desmoplastic round cell tumour t(11;22) WT1/EWS PCR, FISH 
Synovial sarcoma t(X ;18) SSX1/SYT PCR, FISH 
Alveolar rhabdomyosarcoma t(2;13) PAX3/FKHR PCR 
t(1:13) PAX7/FKHR 
M yxoid liposarcoma t(12;16)(q13;p11) TLS/CHOP FISH, classic 
cytogenetics 
t(12;22)(q13;p12) (rare) EWS/CHOP 
Round cell liposarcoma t(12;16) TLS/CHOP FISH, classic 
cytogenetics 
Inflammatory myofibroblastic tumour t(2p23) ALK /TPM 3(4) PCR 


Endometrial stromal sarcoma T(7;17) 


Molecular tests are also useful in the diagnosis of sar- 
coma. A large number of sarcomas have been found by 
cytogenetic and molecular methods to have characteristic 
chromosomal translocations (Xia and Barr, 2005). These 
abnormalities segregate the tumours into categories similar to 
conventional histopathology (Table 6) (see Pancreas). The 
genes involved in these chromosomal translocations have 
been extensively studied, and many generate novel fusion 
oncoproteins, which function as aberrant transcription fac- 
tors. One of the first to be characterized is the fusion protein 
identified in a rare paediatric tumour, Ewing’s sarcoma. In 
these tumours, the 3’ RNA-binding domain of a ubiqui- 
tously expressed gene, EWS, is replaced by the DNA-binding 
domain of a member of the ETS transcription factor fam- 
ily. Most commonly, this is FLI-1, but at least four other 
related genes (ERG, ETV1, FEV, or EIAF) are less fre- 
quently involved. The EWS gene is also translocated with 
other transcription factors in several morphologically diverse 
sarcomas, including desmoplastic small round cell tumours 
(EWS-WT1), myxoid chondrosarcomas (EW S-CHN), clear 
cell sarcomas (EWS-ATF1), and a few myxoid liposarco- 
mas (EWS-CHOP). In all these cases, the specific tran- 
scription factor fused to the strong EWS promoter seems 
to determine the morphologic and clinical features of the 
tumour. 


J AZF1-JJAZ1 


In the common epithelial tumours of adults, simple 
genetic or cytogenetic changes similar to those seen in 
haemolymphoid neoplasms or sarcomas have not been iden- 
tified by conventional techniques. Currently, the majority of 
carcinomas are routinely classified by traditional histopatho- 
logic criteria based on histogenesis and differentiation with 
immunohistochemistry as an important ancillary technique. 
Although the majority of tumours can be classified in a clin- 
ically useful manner by these conventional methods, there 
are significant limitations as morphologically similar tumours 
may have very different clinical outcomes. At least theoreti- 
cally, a classification scheme based on molecular character- 
istics should be more objective and reproducible and might 
predict the biological behaviour of individual tumours more 
accurately. 

Expression profiling utilizing gene array technology per- 
mits the analysis of the expression of thousands of genes 
simultaneously in a single tumour. The reader is referred to 
the recent literature for descriptions of the technology as well 
as discussion of study design and data analysis (Stoughton, 
2005). This is an exciting new way to approach the classifica- 
tion of malignant epithelial tumours and, although it is in its 
infancy, it is already contributing new insights into tumour 
biology and tumour classification. For example, the analysis 
of several independent microarray data sets in prostate cancer 


10 SYSTEMATIC ONCOLOGY 


identified overexpression of ERG and ETV1, two mem- 
bers of the ETS family of transcription factors that are also 
involved in translocations characteristic of Ewing’s sarcomas 
and some leukaemias. Characterization of the transcripts in 
prostate cancer cell lines demonstrated that the transcription 
factor’s coding regions were fused to an androgen responsive 
gene, TMPRSS2. The TMPRSS2-ETV1 or ERG rearrange- 
ment was then confirmed by fluorescent in situ hybridization 
(FISH) studies in 23 of 29 (79%) unselected prostate can- 
cers. This is a powerful demonstration of the application 
of data mining of microarray expression profiles to identify 
previously unsuspected molecular alterations (Tomlins et al., 
2005). 

Preliminary molecular classification of the common malig- 
nancies of adults by microarray expression data has been 
proposed for a number of tumours including lung, ovarian, 
prostate, and colon. However, the studies on ductal carcino- 
mas of the breast and large B-cell lymphoma illustrate the 
power that this technology has to identify clinically relevant 
categories of tumours not previously appreciated. Diffuse 
large cell lymphoma is a common type of non-Hodgkin lym- 
phoma of adults and is clinically a heterogeneous group with 
some patients responding well to chemotherapy and oth- 
ers rapidly dying of their disease. Using a deoxyribonucleic 
acid (DNA) array constructed primarily from B-cell libraries, 
Alizadeh and co-workers demonstrated that two distinct sub- 
groups could be identified by differential expression patterns. 
One group expressed genes characteristic of germinal centre 
B cells and had a 76% survival after 5 years, whereas the 
other group had an expression pattern resembling activated 
B cells with only 16% survival after 5 years (Alizadeh et al., 
2000). From an analysis of the highly expressed genes, an 
algorithm for identifying the good prognostic groups was 
derived using immunoreactivity to just three proteins (CD10, 
BCL6, and MUM-1). The immunostains can be applied to 
routinely fixed paraffin embedded tissue and are effective in 
assigning a prognostic category to patients with similar sur- 
vival based on the DNA microarray data (Hans et al., 2004). 

In ductal carcinoma of the breast, hierarchical clustering 
of the microarray expression profiles segregated tumours into 
two major groups in close agreement with their IHC ER 
status (Sorlie, 2004). These were further divided into five 
molecular subtypes with prognostic and therapeutic impli- 
cations (see Jeffrey et al., 2005). The ER-negative tumours 
included a group of tumours (ERRB 2) that expressed genes 
in the 7q22 amplicon associated with HER2/neu overexpres- 
sion as well as a basal subgroup identified by the expression 
of keratin 7 and keratin 17. Three subgroups of the ER- 
positive tumours were also recognized and one of these was 
unexpectedly associated with a poor clinical outcome. 

These examples are among the first attempts to classify 
tumours by gene expression profiles. The application of this 
technology will be a major thrust for translational research 
in the future and has great potential in the development 
of a tumour classification based on underlying biology. It 
also has the promise to optimize the clinical management of 
individual patients. 


Tumour Grading 


The grade of a cancer is a reflection of how closely 
the tumour cells resemble their normal counterparts, both 
morphologically and functionally, and usually also incorpo- 
rates an estimate of the proliferative activity of the tumour. 
Malignant cells in well-differentiated cancers can usually 
be readily recognized as having a histiogenic relationship 
to their cell of origin, that is, they look like the tissues 
from which they arose. In some cases, for example, in very 
well differentiated follicular cancers of the thyroid, the cells 
cannot be recognized as malignant until they demonstrate 
invasion. At the other extreme, some very undifferentiated 
tumours can only be assigned a lineage after exhaustive IHC 
or molecular studies. Occasionally, the cell of origin is never 
identified. In general, poorly differentiated cancers have a 
more aggressive behaviour than well-differentiated tumours 
of the same histological type. 

For most tumours, there are specific morphological criteria 
for the assignment of grade and these have been shown to 
correlate with clinical behaviour. By evaluating the architec- 
ture, presence or absence of specialized structures, the degree 
of cellular anaplasia, and mitotic activity, many tumours 
are graded I-III with grade | tumours well differentiated 
and grade III poorly differentiated. This rather simplis- 
tic approach conveniently separates those tumours that are 
expected to do better (grade |) and those that are more deadly 
(grade III) from the majority of tumours in the middle. How- 
ever, for some organs, more formalized grading systems are 
widely used such as the combined histological grade (mod- 
ified Bloom- Richardson criteria) for breast carcinomas and 
Gleason’ s grading system for prostate cancers. These assign a 
numerical value to specific features. For example, with breast 
cancer, a value of 1-3 is assigned for each of three parame- 
ters: degree of gland formation, nuclear features of anaplasia, 
and mitotic activity. The sum of these values (between 3 and 
9) determines the tumour grade (see Breast). In the prostate, 
architectural features are graded between 1 and 5 and the sum 
of the predominant and secondary patterns gives a score. 
Both of these systems have been shown to be reasonably 
reproducible and to correlate strongly with prognosis. Such 
grading systems are necessary for comparing results in ther- 
apeutic studies. 


Tumour Staging 


It is essential to have a uniform standardized system for 
classifying the extent of disease (staging) in order to compare 
therapeutic interventions and estimate outcome. One of the 
most widely used staging systems to describe the anatomic 
extent of neoplastic diseases has been developed by the 
American J oint Committee on Cancer (AJ CC, 2002) in coop- 
eration with the TNM Committee of the International Union 
Against Cancer. For most organs, the size of the tumour 
at its primary site and/or the involvement of local struc- 
tures describe the tumour topography (T). The presence and 
extent of regional lymph node involvement (N) and whether 
or not there is documented evidence of distant metastasis 
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(M ) indicate spread of the tumour. These variables are incor- 
porated into a shorthand notation called the TNM staging 
system. For most anatomical sites, there are at least four cat- 
egories for T, three for N, and two for M, so that for some 
purposes the TNM groupings are condensed into stages (0, 
1-1V). Carcinoma in situ at all sites is Stage 0, while metas- 
tasis to distant sites is Stage IV, and Stages I-III indicate 
increasingly greater extent of tumour spread. Staging can be 
clinical (CTNM ), determined prior to initial therapy from the 
physical examination and imaging studies. The pathologic 
stage (pT NM ) is assigned with information obtained from the 
surgical pathologist's assessment of the initial surgical resec- 
tion of the primary tumour and regional lymph nodes. If the 
tumour recurs after treatment, the patient can be assigned a 
recurrent tumour stage (rTNM ) and finally if a post-mortem 
examination is performed, an autopsy stage (aT NM) may be 
assigned. 

For common epithelial malignancies in adults (breast, 
colon, lung, prostate), lymph node status is probably the 
single most important standard risk factor for recurrence 
and a few additional comments should be made about their 
assessment. Extensive lymph node dissection has been the 
norm for cancer surgery and is responsible for much of the 
morbidity of the operations. Particularly for breast cancer 
and melanoma, sentinel lymph node biopsy is emerging 
as a technique to separate patients who have clinically 
occult lymph node metastasis from those whose tumours 
have not spread, thereby sparing the latter group from the 
complications associated with radical lymph node dissection. 

The first lymph node to receive lymphatic drainage from a 
tumour bed is termed the sentinel lymph node (although it is 
often two or three nodes) and should be the first lymphatic 
tissue to be colonized by metastatic carcinoma spreading 
by lymphatics. A few hours before surgery, dyes or weak 
radioactive compounds are injected into the tumour bed, 
which enter the lymphatics and are transported to the drain- 
ing lymph nodes. At surgery, these are identified visually or 
with the use of a hand-held Geiger counter and are selectively 
removed. Usually, an intraoperative assessment is done by a 
frozen section during surgery and, if metastatic tumour is 
found, a full regional lymph node dissection is performed. If 
no tumour is seen during intraoperative examination, the tis- 
sue is subjected to an extensive histological and IHC study to 
find tiny (even single cell) metastasis. For epithelial tumours 
and melanoma, immunohistochemistry for keratins and S100, 
respectively, is often used for identification of metastatic foci 
that could be easily missed by morphological examination 
only. Identification of tumour cell DNA or messenger ribonu- 
cleic acid (MRNA) by PCR-mediated amplification can also 
be done but is still primarily a research technique reserved for 
patients on clinical protocols. Long-term prospective clinical 
trials are in progress to determine the clinical significance of 
finding a few isolated tumour cells in the sentinel lymph 
node. For breast cancer, if the sentinel lymph node(s) is 
negative, there is less than a 2% chance that a full axil- 
lary dissection would reveal a positive node. The procedure, 
however, can be technically challenging for both the sur- 
geons and the pathologists, and considerable experience is 
necessary to achieve this success rate. 


Tumour Markers and Prognostic Markers 


In a broad sense, tumour markers are molecules or substances 
that are produced by tumours or in response to tumours 
that can be used for early detection, diagnosis, prediction 
of disease progression, and monitoring response to therapy. 
M any tumour markers are substances normally produced by 
the tissue of origin such as prostate-specific antigen (prostate) 
or a-fetoprotein (liver and germ cell tumours) and can be 
elevated in both benign and malignant processes. A great 
number of tumour markers have been proposed as clinically 
useful but only a few are in routine clinical practice (Table 7). 
Ultimately, a tumour marker is only routinely evaluated if the 
results alter therapy and improve the clinical outcome. One 
of the most useful prognostic indicators for breast cancer 
is the expression of oestrogen and progesterone receptors. 
Not only is the expression a favourable prognostic marker, 
effective anti-oestrogenic therapy is also available for women 
whose tumours express the receptors. In the early 1990s, 
IHC detection of oestrogen and progesterone receptors in 
breast cancer essentially replaced the dextran-coated charcoal 
biochemical analysis. This eliminated the need for frozen 
tissue and now the status can be obtained for very small 
tumours or even in fine needle aspiration specimens. 

Markers are most useful when linked to specific pharma- 
cological therapy or other forms of intervention based on the 
results. HER2/neu amplification in breast cancer predicting 
responsiveness to therapy with Herceptin® has already been 
mentioned and is now also being evaluated in other cancers 
such as lung and prostate. Similarly, for lymphomas that 
express CD20 antigen, antibody therapy with Rituximab® is 
effective. 

On an investigational basis, many markers are associated 
with biological behaviour but they are not routinely assessed, 
as the marker result does not lead to changes in the therapy 
or outcome. For instance, small blood vessel density has a 
prognostic value in breast cancer, but it is not yet routinely 
evaluated. First drugs that block angiogenesis will have to 
be proved effective in clinical trials and then the method for 
the assessment of neovascularization also has to be proved 
to be predictive of response to therapy. 

To be useful in determining successful treatment of cancer, 
a marker must be elevated prior to the initiation of therapy 
and then has to fall in a normal range when the tumour is 
surgically removed or is shrunken by therapy. A ny elevation 
in subsequent measurements is evidence that the tumour has 
returned. Measurement of serum a-foetoprotein and/or 8- 
HCG has been used very successfully in this manner for the 
assessment of the response to chemotherapy in germ cell 
tumours. A rise in these markers after a patient has been 
rendered free of disease by surgery or chemotherapy is an 
indication for treatment regardless of whether the recurrence 
can be detected by radiographic or other means. 

The literature contains a plethora of individual tumour 
markers with a good predictive value in univariant analysis, 
but each new prognostic marker must be evaluated against 
well-established markers using appropriate multivariant sta- 
tistical analysis. Many have shown strong correlation with 
traditional prognostic factors such as tumour stage, lymph 
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Table 7 Commonly used tumour markers. 





Tumour marker Elevated Comments 
a-Foetoprotein (AFP) Germ cell Glycoprotein synthesized by yolk sac and foetal liver. Usually 
tumours measured in serum but can be detected by 
Hepatocellular immunohistochemistry in the tumour tissue 
carcinomas 
Bence-J ones Proteins and serum Multiple Detection of monoclonal light chains in the urine (B ence-J ones 
monoclonal immunoglobulins myeloma Proteins) or immunoglobulins in serum useful for diagnosis, 


CA125 Ovarian cancer 


Gastrointestinal 
tumours, lung 
cancers, some 
breast cancers 


Carcinoembryonic antigen (CEA) 


Calcitonin Medullary 
carcinoma of the 
thyroid 

HER2/neu Breast cancer 

Human chorionic gonadotropin Trophoblastic 

(HCG) tumours 

N-MYC Neuroblastoma 


Prostate-specific antigen (PSA) Prostate cancer, 


some hindgut 
carcinoids 


node status, histological type of tumour, mitotic activity, 
and histological grade. This should not be surprising as 
the traditional predictors of the outcome reflect multiple 
molecular events and as such are crude combinational bioas- 
says. It is anticipated that the developing technology of 
proteomic and microarray expression profiling will eventu- 
ally lead to molecular tests that will more accurately define 
a tumour’s aggressiveness and can be used to predict and 
follow response to therapy. However, these tests must be 
rigorously evaluated and validated for clinical benefit and 
reproducibility before being put into general practice (see 
Simon, 2005 for discussion). 


Response to Therapy 


Unfortunately, most cancers are currently still treated by the 
relatively crude methods aimed at the removal or ablation 
of malignant cells by surgery, chemotherapy, or radiation 
therapy. Hormonal therapy is of value for the few cancers 
that are responsive. However, despite the tremendous amount 
of research, numerous press releases, and scientific publica- 
tions, immunotherapy and gene therapy have had little impact 
on routine clinical cancer care. Both of these therapies are 
likely eventually to find a niche and will be helpful in the 
treatment of a restricted set of tumours, but neither is likely 
to revolutionize cancer therapy in the near future. 
Molecular pharmacogenomics may improve cancer ther- 
apy by predicting an individual tumour’s response to specific 
drug regimens and in assessing the patient's suscepti- 
bility to side effects and toxicity. The customization of 


monitoring, course of disease and response to therapy. 
Glycoprotein is elevated in sera of ovarian cancer patients, but 
also in many benign and reactive processes affecting the 
peritoneal lining 

Family of cell-surface glycoproteins that are elevated in a wide 
variety of carcinomas 


Approximately 80- 90% of medullary carcinomas of the 
thyroid secrete calcitonin and serum elevation can be used to 
identify individuals at risk in families with an inherited form of 
multiple endocrine neoplasias 

Amplification of the gene associated with response to Herceptin 
therapy 

Glycoprotein secreted by placenta and is elevated in germ cell 
tumours with a trophoblastic component. Usually measured in 
serum but can be detected by immunohistochemistry in the 
tumour tissue 

Amplification of the gene is a poor prognostic indicator 
Produced by epithelial cells of the prostate gland and can be 
elevated in prostate cancer as well as by some benign prostate 
conditions 


therapy based on molecular targets is exemplified by the 
treatment of patients with the drug imatinib (Gleevec®). 
This is a tyrosine kinase inhibitor that is a very effective 
therapy for the Philadelphia-positive chronic myelogenous 
leukaemia that has an abnormal tyrosine kinase fusion pro- 
tein ABL/BCR1 as well as a completely unrelated sarcoma 
and GI stromal tumours that have mutations in another 
tyrosine kinase, c-KIT. Acute promyelocyticleukaemia is 
a form of acute myeloid leukaemia (AML), which is 
characterized by a t(15;17) translocation that involves the 
retinoic acid receptor-a, and treatment with trans-retinoic 
acid induces differentiation with the majority of patients 
cured of their leukaemia (Slack and Rusiniak, 2000). There 
are a few molecular markers that have a major impact 
on treatment decisions. For example, childhood acute lym- 
phoblastic leukaemia (ALL) with the Philadelphia chromo- 
some has a very poor prognosis compared to ALL with 
prognostically good translocations t(12;21). This is reflected 
in a more aggressive treatment for Philadelphia-positive 
ALL. 

Analysis of a patient's enzyme systems or genes for 
drug metabolism and detoxification as well as tumour- 
specific factors such as the presence or absence of mul- 
tiple drug-resistant genes may lead to improvements in 
the selection of active drugs, their dosage, and tim- 
ing of therapy. However, the molecular foundations for 
the determination of a tumour’s resistance or sensitiv- 
ity to specific chemotherapies is still not understood on 
either an empirical or a scientific basis and unfortunately 
there are still few, if any, applications in routine cancer 
care. 
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MOLECULAR DIAGNOSTICS 


The first use of molecular techniques in diagnostic pathol- 
ogy was the determination of clonality of haemato-lymphoid 
proliferations and this is still a potent tool for the diagno- 
sis of lymphomas. The immunoglobulin genes and T-cell 
receptor genes undergo unique somatic rearrangements dur- 
ing lymphocyte maturation. In reactive processes, there are 
expansions of many clones of lymphocytes but in neoplastic 
proliferations the tumour is descendent from a single lym- 
phoid cell. Originally, Southern blot analysis was used to 
detect these gene rearrangements, but now robust polymerase 
chain reaction (PCR) assays are available. M any lymphomas 
and leukaemias have specific characteristic translocations 
that can be identified by cytogenetics and/or molecular meth- 
ods (Gulley, 2003). Table 5 lists some of the more common 
molecular abnormalities used in the diagnosis of lymphomas 
and leukaemias. 

The differential diagnosis of sarcomas can be difficult, 
particularly for spindle cell sarcomas as well as small 
round cell tumours. Ewing’s sarcoma/PNET, desmoplastic 
small round cell tumours (DSRCT), olfactory neuroblastoma, 
rhabdomyosarcoma, neuroblastoma, lymphoma, small cell 
osteogenic sarcoma, small cell melanoma, and mesenchymal 
chondrosarcoma as well as others can have a very similar 
morphology with the tumour composed of small undifferen- 
tiated cells. Subtle morphologic features and the IHC panels 
can be immensely helpful in elucidating the correct diagnosis. 
However, if the immuno-staining pattern is aberrant or the 
clinical setting atypical, then cytogenetic and molecular anal- 
ysis for the specific translocations may be essential to arrive 
at the correct diagnosis. For example, identification of the 
characteristic translocation t(X;18) in poorly differentiated 
spindle cell lesions by FISH analysis helps in discriminat- 
ing monophasic and poorly differentiated synovial sarcomas 
from other spindle cell sarcomas. For a few sarcomas, such 
as alveolar soft part sarcoma and inflammatory myofibroblas- 
tic tumours, there is overexpression of the fusion protein and 
antibodies to the retained portion of one of the gene products 
(TFE3 or ALK respectively) can be utilized to recognize the 
underlying molecular defect. 

The difficulty in obtaining relatively pure tumour sam- 
ples for analysis has hindered the widespread application 
of molecular techniques to solid tumours. Unlike the lym- 
phomas and many sarcomas that grow as relatively pure 
tumour masses, for most epithelial cancers there is an inti- 
mate intermingling of tumour cells with the stromal tissue 
and inflammatory cells. Separation of the malignant cell pop- 
ulation by laser-capture microdissection is one method for 
the isolation of a relatively pure tumour cell population for 
study (Simone et al., 1998). However, this technique depends 
on the morphological recognition of the malignant cells and 
is very labour intensive, which limits its use in a routine 
diagnostic practice. 

The inherent increased cost of sophisticated technology 
is justified if it can reduce total disease management by 
eliminating unnecessary diagnostic procedures and ineffec- 
tive treatment. However, billing and reimbursement issues as 
well as the costs of required licensure are major obstacles in 


the implementation of the current technology in many hospi- 
tal settings. In addition, any one assay is required for clinical 
care relatively infrequently and the expense of training and 
maintaining personnel and equipment in a small laboratory 
is prohibitive. For most institutions, selected cases that have 
specific indications for molecular testing are referred to a 
reference laboratory. 


MINIMAL RESIDUAL DISEASE (MRD) 


The failure of primary treatment of cancer is usually 
attributed to the presence of undetected metastatic disease 
(minimal residual disease (M RD)). Identification of patients 
with “hidden tumour cells” is increasingly possible by IHC, 
cytogenetic, and molecular techniques. For example, nor- 
mal haematopoietic cells do not express epithelial antigens. 
Demonstration of keratin-positive cells in bone marrow by 
immunohistochemistry in these patients can be used to detect 
occult metastatic disease. As few as one or two tumour 
cells in 10° bone marrow cells can be detected by cytok- 
eratin immunohistochemistry and enrichment techniques can 
increase that sensitivity by a factor of 10 (Pantel et al., 2003). 

It is routine to monitor patients with haemato-lymphoid 
malignancies in remission for MRD to identify recurrence 
before any clinical symptomatology. This can be accom- 
plished by the analysis of serial bone marrows using cytoge- 
netics or PCR amplification. Identification of the characteris- 
tic fusion transcript or immunoglobulin gene rearrangement 
before there is any morphologic or clinical evidence of recur- 
rence may allow the institution of earlier therapy. The use of 
quantitative PCR testing has improved the estimate of tumour 
volume and response to treatment. In some clinical situations, 
flow cytometry detection of cells with aberrant immunophe- 
notype may be the most effective means to follow the patients 
(Bruggemann et al., 2004). A few solid tumours, primarily 
sarcomas, have similar characteristic translocations, and sim- 
ilar methods have been used to identify MRD in patients with 
Ewing’s sarcoma or alveolar rhabdomyosarcoma. 


THE FUTURE 


M ost of us who have spent our professional lives diagnosing 
cancer recognize that we are at the beginning of a revolution 
that is not just going to have a technical impact, but is also 
fundamentally challenging our traditional concepts of tumour 
Classification by histogenesis and morphology. It is likely 
that the H&E section will be the cornerstone of diagnosis 
in the near future, but it is being and increasingly will be 
challenged. There will be re-evaluation and redefinition of 
many diagnostic entities as our knowledge and understanding 
of the underlying alterations in DNA and ribonucleic acid 
(RNA) expression become increasingly sophisticated. The 
transfer to clinical medicine of this new technology and the 
information it generates will not be quick, easy, or painless, 
and diagnostic anatomical pathology will be in a transition 
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state for many years. It will take time to determine what 
information is therapeutically applicable and cost-effective 
and how it should be obtained. A pplication of this knowledge 
to individual patients will still require physicians, whether 
traditional pathologists or specialists in the new molecular 
pathology, to exercise judgement and insight. However, in 
the end, the hope is that the process will open up new 
areas of treatment options that can be individualized for 
each patient based on the inherent characteristics of the 
tumour. 
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NORMAL DEVELOPMENT AND STRUCTURE 


The human integument is an extraordinarily versatile organ 
composed of tissue in a state of constant self-renewal and 
differentiation. In adults, the skin is the largest organ of 
the body, accounting for a 1.2- 2.3m? of surface and 16% 
of body weight. Human skin provides protective, sensory, 
thermoregulatory, biochemical, metabolic, and immune func- 
tions. It is composed of tissue that grows, differentiates, 
and renews itself constantly. The skin is a complex organ 
system, and there are both benign and malignant tumours 
described for each component. The benign tumours usually 
present as isolated, relatively stable skin nodules and the 
malignant lesions, on the other hand, form a complete spec- 
trum from slowly growing tumours, which tend to invade 
only locally, to aggressive, rapidly growing, and metastasiz- 
ing lesions. 

In utero, the skin forms from ectoderm and mesoderm, 
giving rise to the most superficial epidermal layer and the 
underlying dermal layer, respectively. Appendages result 
from downgrowths of specialized epidermal cells, which 
differentiate to become hair follicles, eccrine and apocrine 
glands. The epidermis is composed primarily of a continuum 
of four layers which represent a maturation sequence pro- 
ducing tough, flattened cells filled with the structural protein 
keratin at the skin surface (Figure 1). The epidermis consists 
of a basal layer, the spinous layer (for the spiky appear- 
ance of the keratinocytes due to the desmosomes between 
them), the granular layer (in which keratohyaline granules 
can be seen) and the cornified layer. The basal cell layer, a 
reservoir for proliferating cells, takes part in maintaining a 
rate of epidermal turnover that is sufficient to maintain an 
effective environmental interface. Basal cell carcinoma is an 
example of a tumour composed of cells with morphological 
resemblance to basal keratinocytes and basaloid hair matrix 
epithelial cells. The spinous layer contains larger polyhedral 
cells and is a site for active synthesis of keratin proteins. 
Usually, squamous cell carcinoma recapitulates the spinous 
layer. The uppermost granular and cornified layers, repre- 
senting either nucleated cells with keratohyaline granules or 
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anucleated cells, are sites of terminal differentiation of the 
epidermal cells. Therefore, tumours, like some squamous cell 
carcinomas that form keratin in association with granular 
layer differentiation, show primarily epidermal-type differ- 
entiation, for example, invasive squamous cell carcinoma. In 
addition, the epidermis contains two minority populations of 
dendritic cells, one (melanocytes) producing brown photo- 
protective melanin pigment, and the other (Langerhans cells) 
partly responsible for immune surveillance against environ- 
mental pathogens and proteins perceived as foreign. The 
dermis contains nutrient blood vessels, sensory and affer- 
ent nerve fibres, immune cells, dermal dendritic cells and 
fibroblasts which produce a matrix consisting of collagen, 
and elastic fibres which impart stretch and recoil upon expo- 
sure to mechanical stress. Tumours of the dermis may arise 
from any one of its cellular components, for example, the 
blood vessels, nerve cells, fibroblasts, or smooth muscle. 
Usually, such tumours tend to be non-specific dermal nod- 
ules, clinical and histological examination determines their 
origin. Metastatic skin cancer is relatively rare, but again 
diagnosis depends on histological analysis. 

Specific anatomical features of skin structure and related 
functions are described in Figure 1. As will be described in 
the subsequent text, understanding the basic oncology of the 
skin depends heavily on appreciation of normal structure, 
since most tumours recapitulate to varying degrees their 
normal cellular counterparts. 


TUMOUR PATHOLOGY 


Tumour pathology of the skin involves literally hundreds 
of benign and malignant neoplasms derived from epider- 
mal cells (keratinocytes and melanocytes) and dermal cells 
(endothelial cells, nerve cells, immune cells, and fibrob- 
lasts). The primary goals of diagnostic tumour pathology 
are to utilize gross and microscopic examination (i) to clas- 
sify neoplasms according to histogenesis, (ii) to make some 
prediction concerning anticipated biological behaviour, and 
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Figure 1 Histology of normal skin. The epidermal and superficial dermal 
layers are shown in a routine haematoxylin and eosin-stained section 
blended with a superimposed schematic diagram. The four epidermal 
layers, from top to bottom, are termed (1) stratum corneum, (2) stratum 
granulosum, (3) stratum spinosum, and (4) stratum basalis (basal cell 
layer). Dendritic cells within the mid-epidermis are Langerhans cells 
(L) and within the basal cell layer are melanocytes (M). The underlying 
papillary dermis contains blood vessels (V), fibroblasts (F), phagocytic 
histiocytes (H), mast cells (M a), and dermal dendritic cells (D), all of which 
collaborate with the epidermis to provide protection via establishing barriers 
to injury mediated by mechanical factors, radiation, and foreign proteins. 


(iii) to assess adequacy of surgical treatment. Classification 
generally depends on how closely given neoplasms recapitu- 
late their “cell of origin.” For example, the two most common 
forms of epidermal malignancy, the basal cell carcinoma 
and the squamous cell carcinoma, show differentiation fea- 
tures that most resemble cells of the normal stratum basalis 
and stratum spinosum, respectively. Tumours anticipated to 
behave in a benign manner possess a number of features, 
including slow growth, architectural symmetry, and cellu- 
lar uniformity. By contrast, aggressive tumours (i.e., those 
prone to produce damage to normal structures or to seed 
distant sites through metastasis) often grow in an inexorable 
and destructive manner, demonstrate necrosis, asymmetry of 
architecture, an infiltrative pattern, and show considerable 
variability in cell size and shape. Exceptions exist, how- 
ever, and in some instances the ability to predict biological 
behaviour based on tumour pathology is limited by currently 
available methods of analysis. 


Aetiology 


There are numerous environmental factors responsible for 
the genesis of skin cancer. Exposure of the skin to UV 
light is a major risk factor for the development of cutaneous 
melanoma and non-melanoma skin cancer (including basal 
cell carcinoma and squamous cell carcinoma). Other predis- 
posing factors for squamous cell carcinoma include indus- 
trial carcinogens (tars and oils), chronic, non-healing ulcers 
potentially giving rise to free radical formation, old burn 


scars, arsenical ingestion, ionizing radiation, and tobacco and 
betel nut chewing in the case of perioral and intraoral can- 
cers. Photocarcinogenesis begins with DNA damage after 
UV exposure. Genetic mutations accumulate within a single 
cell, resulting in clonal expansion and subsequent malignant 
transformation. UV radiation likely serves as an initiator of 
carcinogenesis by its production of DNA photoadducts in 
the skin, and acts as a promoter of skin cancer by altering 
immune surveillance. In non-melanoma skin cancer multiple 
other pathways may be affected. For example, environmen- 
tally injured skin cells, particularly epithelial stem cells that 
cycle slowly, may be eradicated via apoptosis in conjunction 
with the normal P53 pathway. M utations in P53 may serve to 
impair this physiologic pathway in a manner that promotes 
persistence of injured stem cells. Subsequent accumulation 
of additional mutations over time in these stem cells then 
culminates in malignant transformation. 

Different wavelengths of UV light induce different types 
of DNA damage. UVC (200-290nm, which is mostly 
absorbed by oxygen and ozone in the earth’s atmosphere) and 
UVB (290-320nm) generate pyrimidine dimers by exciting 
the DNA molecule directly (DNA absorbs UV radiation 
most effectively from 245 to 280nm, with a maximum of 
260nm), and covalently binding two adjacent pyrimidines 
in the same polynucleotide chain. Cyclobutane-pyrimidine 
dimers, in particular, thymine- thymine dimers, are the most 
common DNA photoproducts formed in the basal layer 
of the epidermis (Chadwick etal., 1995). In comparison, 
UVA (320-400 nm) damages DNA indirectly by generating 
reactive oxygen species, including singlet oxygen, hydrogen 
peroxide, and superoxide radical. These reactive oxygen 
species react predominantly with guanine and generate 
mutagenic DNA changes (Feig etal., 1994). In addition, 
UV radiation inhibits the antigen-presenting cell function 
of Langerhans cells, decreases the number of circulating 
CD4* helper-inducer T cells, inhibits natural killer cell 
activity and depresses peripheral blood mononuclear cell 
response to a T-cell mitogen, phytohaemagglutinin (Kripke 
and Morison, 1985). 

Cutaneous squamous cell carcinoma, basal cell carcinoma, 
and lentigo maligna melanoma occur mostly in chronically 
sun-exposed areas, such as the face, dorsum of hands, and 
extensor surface of arms, and are associated with a high 
cumulative dose of UV exposure. Conversely, superficial 
spreading and nodular types of melanoma occur most fre- 
quently in intermittently sun-exposed areas such as the back 
in men and the lower legs in women, and are associated 
with a history of sunburns (Elwood and Gallagher, 1998). 
K eratinocytes may be more susceptible to UV -induced muta- 
genesis from chronic UV exposure than melanocytes because 
of their increased proliferation (as a protective response) after 
prior UV exposure, with subsequent replication of damaged 
DNA. In contrast, melanocytes may be more vulnerable to 
UV-induced mutagenesis from a single high dose of UV light 
because of their high levels of anti-apoptotic proteins such 
as bcl-2 compared to keratinocytes, which readily undergo 
apoptosis and are less likely to survive the same high amount 
of DNA damage (Bivik et al., 2005). 


SKIN 3 


Eye and hair colour, skin type, and constitutive skin pig- 
mentation also have a major role in cutaneous malignancies. 
Fair-skinned, blue-eyed individuals, and lightly pigmented 
populations show a significantly higher number of cuta- 
neous malignancies than more darkly pigmented populations, 
underscoring the importance of melanin pigment in pro- 
tection against UV radiation induced carcinogens. M elanin 
absorbs and dissipates UV radiation as heat. During imme- 
diate pigment darkening (which begins during irradiation 
and can last from several minutes to days), melanin under- 
goes photo-oxidation in the UVA (300-360nm) range to 
produce semiquinone free radicals. Redistribution of pre- 
existing melanosomes within melanocytes into the dendrites 
also occurs (Routaboul et al., 1999). Unlike immediate pig- 
ment darkening, delayed tanning provides photoprotection 
against subsequent UV radiation. Delayed tanning (the skin 
darkening which occurs approximately 72 hours following 
UV exposure) involves an increase in melanocyte as well 
as melanosome number and size, elongation and branching 
of melanocytic dendrites, stimulation of melanocyte tyrosi- 
nase activity, and accelerated transfer of melanosomes to 
keratinocytes. Individuals with darkly pigmented skin also 
selectively exhibit an increase in natural killer activity in 
response to irradiation with low-dose UVB, which could 
underlie at least partly their resistance to the development 
of photo-dependent skin cancer (M atsuoka et al., 1999). 

A corollary to understanding the effects of various envi- 
ronmental carcinogens on the skin is the realization that 
breakdown in specific host defences may facilitate these 
processes. For example, defective melanin pigmentation or 
inability to develop photoprotective tanning, resulting in 
frequent sunburns, is associated with an increased risk of 
developing skin cancer. Genetically determined predisposi- 
tion to environmental carcinogens includes individuals with 
inborn errors in DNA repair after U V -induced damage, a con- 
dition termed xeroderma pigmentosum. Affected individuals 
cannot repair UV damage to the skin after exposure to UV 
radiation, and this leads to early development of cutaneous 
neoplasms - basal cell carcinoma, squamous cell carcinoma, 
and malignant melanoma. Others suffer from gene mutations, 
which result in a tendency for dysregulated skin prolifera- 
tion, resulting in numerous basal cell cancers at an early age 
(basal cell naevus or Gorlin syndrome). Exposure to ion- 
izing radiation is an environmental factor that predisposes 
to cutaneous malignancy (X-irradiation, etc.). Immune defi- 
ciency may predispose to local defects in the body’s ability 
to fend off deleterious mutations, thus producing an envi- 
ronment permissive to the genesis of skin cancer. Indeed, 
immune-suppressed populations experience higher rates of 
cutaneous malignancy than immunologically normal indi- 
viduals. Moreover, certain viruses may incite altered cell 
proliferation in the setting of immune deficiency, as is the 
case of oncogenic human papilloma virus in the setting of 
renal transplantation, and human herpesvirus 8 in the setting 
of Kaposi’s sarcoma associated with acquired immunodefi- 
ciency syndrome (AIDS). In HIV infection, the risk of these 
cancers increases gradually, while the same risk increases 
fairly quickly among transplant patients (M ueller, 1999). 


SCREENING AND PREVENTION 


Environmental factors, such as the progressive depletion of 
the photoprotective ozone layer by anthropogenic pollutants, 
are potentially conspiring to produce increasing numbers 
of skin cancers. Ozone depletion increases the amount of 
biologically harmful solar UV radiation that reaches the 
surface of the Earth, leading to an increased incidence of 
cutaneous neoplasms. Indeed, the incidence of malignant 
melanoma is increasing at an alarming rate, with an esti- 
mate of a1 in 75 lifetime risk of developing this potentially 
lethal tumour for individuals born in 2000 (Brown and Nel- 
son, 1999). The Caucasian population in Auckland, New 
Zealand, has the highest incidence of malignant melanoma 
in the world (J ones et al., 1999); K auai, Hawaii, on the other 
hand, has one of the highest melanoma rates recorded in the 
United States (Chuang et al., 1999). Accordingly, skin can- 
cer prevention has become increasingly focused on public 
education regarding avoidance of sun exposure and the use 
of broad-spectrum sunscreens with active ingredients such as 
zinc oxide, titanium dioxide, and mexoryl (a bis-benzylidene 
campho-sulphonic acid derivative). Such measures are par- 
ticularly important in lightly pigmented individuals or in 
those where genetic background or immune status could pre- 
dispose to cancer formation. Health care professionals and 
patients alike also have been targeted for educational pro- 
grammes that enhance early detection of both melanoma and 
non-melanoma skin cancers. This approach is particularly 
important, since even malignant melanoma is 100% curable 
if it is surgically removed before the development of vertical 
growth within the dermal layers has occurred. M onitoring of 
patients with multiple pigmented spots representing potential 
precursors for or markers of malignant change has also been 
facilitated by the use of digital photography and dermoscopy. 
Recently, real-time confocal scanning laser microscopy has 
been developed for in vivo spatio-temporal visualization and 
non-invasive imaging and monitoring of non-melanoma skin 
cancer (Rajadhyaksha et al., 2001). 


GROSS AND MICROSCOPIC PATHOLOGY 


Precursors of Non-Melanoma Skin Cancer: Actinic 
(Solar) Keratoses 


Although some skin cancers appear to develop “de novo” 
in normal skin, many others are preceded by proliferations 
termed atypical or dysplastic. These lesions have already 
begun to lose normal responsiveness to control mechanisms 
that determine the order and uniformity typical of normal 
skin and benign proliferations. 

With regard to premalignant dysplasias of non-melanocytic 
epidermal cells, a series of progressively dysplastic changes 
typically occur in keratinocytes, a phenomenon analogous to 
the atypia that precedes carcinoma of the squamous mucosa 
of the uterine cervix. Excessive chronic exposure to sunlight 
can induce premalignant lesions in the epidermis, causing 


4 SYSTEMATIC ONCOLOGY 





Figure 2 Actinic keratosis (a and b) and squamous cell carcinoma in situ (c and d). A typical lesion of actinic keratosis, with prominent dysplasia of the 
basal layer and lowermost stratum spinosum is evidenced by nuclear enlargement and hyperchromasia (a and b), as well as formation of increased scale 
with retained nuclei (parakeratosis). Squamous cell carcinoma in situ is diagnosed when the entire epidermis is replaced by atypical epithelial cells (c and 


d) in the absence of dermal invasion. 


histological changes in the normal keratinocyte maturation 
pattern and individual cell keratinization, known as actinic 
keratosis (Figure 2). As would be expected, such lesions 
occur in particularly high incidence in lightly pigmented indi- 
viduals. Exposure to ionizing radiation, hydrocarbons, and 
arsenicals may induce lesions similar to or identical with 
actinic keratosis. Clinically, actinic keratoses are character- 
ized by scaly erythematous or pigmented papules or plaques 
distributed on the sun-exposed sites, especially the face, neck, 
upper trunk, or extremities. Most lesions are usually less 
than 1cm in diameter and may be tan-brown, red, or skin- 
coloured. Some lesions may produce so much keratin that a 
“cutaneous horn” develops, a phenomenon analogous to the 
formation of a true animal horn, which also originates from 
keratin-like protein. Because sites of predilection tend to be 
photodistributed, the lips may also develop similar lesions, 
and these are referred to as actinic cheilitis. 

Cytologic atypia is seen in actinic keratosis in the low- 
ermost layers of the epidermis and may be associated with 
increased numbers of basal cells (Figure 2) or, alternatively, 
with thinning of the epidermis that results in a thin, semi- 
transparent epidermal layer. The atypical basal cells usually 
contain enlarged, darkly stained nuclei. The superficial der- 
mis contains amorphous, thickened, blue-grey, altered elastic 
fibres, a result of abnormal dermal elastic fibre synthesis by 
sun-damaged fibroblasts (Thielmann et al., 1987). The stra- 
tum corneum is thickened and, unlike in normal skin, nuclei 
in the cells in this layer are often retained, a pattern termed 
parakeratosis. 


Squamous Cell Carcinoma 


Squamous cell carcinoma is the most common tumour aris- 
ing on chronically sun-exposed sites. It is typically detected 
on the face, extremity, and trunk of older people. Except 
for lesions that develop on the lower legs, these tumours 
have a higher incidence in men than in women. Indus- 
trial carcinogens (tars and oils), chronic ulcers and draining 
osteomyelitis, old burn scars, ingestion of arsenicals, ion- 
izing radiation, tobacco and betel nut chewing in the oral 
cavity, immunosuppression and genetic factors are all impli- 
cated in the pathogenesis of squamous cell carcinoma, in 
addition to exposure to sunlight. In the case of tumours 
induced by sunlight exposure, endogenous melanin pigment 
provides an important photoprotective effect. UV radiation is 
believed to damage DNA by directly forming photoadducts, 
which contribute to cell mutation and subsequent unchecked 
proliferation. Normally, many such altered cells may be elim- 
inated by immunosurveillance mechanisms before tumours 
become clinically apparent. Accordingly, albinos with defec- 
tive melanin pigment production, patients with xeroderma 
pigmentosum, an inborn enzyme defect in DNA repair, and 
those with immunosuppression all tend to have a higher 
incidence of this neoplasm. Rothmund- Thomson syndrome 
(poikiloderma congenitale), Werner syndrome, and Cockayne 
syndrome, similar to xeroderma pigmentosum, are autosomal 
recessive disorders with defective DNA repair, characterized 
by an increased propensity to develop squamous cell carcino- 
mas. While the mutation in Rothmund- Thomson syndrome 
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is in the RECQL4 helicase gene (Petkovic et al., 2005), and 
the mutation in Werner syndrome is in the RECQL2 heli- 
case gene (Shen and Loeb, 2000), mutations in Cockayne 
syndrome overlap with the xeroderma pigmentosum variants 
(XP-CS complex) (Tantin, 1998). 

Other familial cancer syndromes with a propensity to 
develop squamous cell carcinomas exist. In patients with 
dyskeratosis congenita (Zinsser- Engman-Cole syndrome 
with X -linked recessive or autosomal dominant inheritance), 
mutations in RNA telomerase result in altered cell pro- 
liferation in blood and epithelium (Vulliamy etal., 2001). 
These patients develop squamous cell carcinomas of the oral 
mucosa, rectum, and cervical cancer, as well as premalignant 
leukoplakia, caries, loss of teeth, Fanconi’s type pancytope- 
nia with secondary infection and haemorrhage, in association 
with reticulated hyperpigmentation, atrophy, telangiectasias, 
palmoplantar hyperkeratosis, hyperhidrosis, friction bullae, 
acrocyanosis, alopecia, nail dystrophy, blepharitis, and con- 
junctivitis. Huriez syndrome has an autosomal dominant 
inheritance pattern and is characterized by aggressive cuta- 
neous squamous cell carcinomas in association with scleroa- 
trophy, nail dystrophy, lamellar keratoderma of hands and 
soles, poikiloderma-like changes of the nose, telangiectasias 
of lips, flexural contractures of the little fingers, and a dis- 
tinctive little finger nodule (Hamm et al., 1996). Muir Torre 
syndrome, an autosomal dominantly inherited syndrome is 
linked to the Lynch II cancer family syndrome with mutations 
in DNA mismatch repair genes hMSH2 (most common) and 
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hMLH1 (Entius et al., 2000). In addition to colorectal carci- 
noma, cancers of the genitourinary tract and adenocarcinoma 
of lung and breast, patients present with multiple sebaceous 
tumours including sebaceous adenomas and carcinomas, as 
well as keratoacanthomas (see below). 

Histological variants of squamous cell carcinomas include 
various well- and poorly differentiated tumours, which may 
mimic various non-squamous neoplasms (M urphy and Elder, 
1991b). Immunohistochemistry may assist in evaluating anti- 
genic parameters, useful to determine the cell lineage of 
such tumours. This is important, because poorly differenti- 
ated squamous cell carcinomas may occasionally be confused 
with malignant melanomas, certain lymphomas, or even mes- 
enchymal neoplasms. For example, a panel of antibodies 
to determine the presence of keratin (carcinoma), leucocyte 
common antigen (LCA) (haematopoietic cells), S-100 (neural 
and melanocytic cells), and desmin/vimentin (dermal spindle 
cell tumours) may be helpful in diagnosing poorly differen- 
tiated variants of squamous cell carcinoma. 

Squamous cell carcinomas that have not invaded through 
the basement membrane of the dermoepidermal junction 
(Figure 2; carcinoma in situ) clinically appear as sharply 
defined, red scaly plaques. M ore advanced invasive lesions 
are nodular, show variable keratin production appreciated 
clinically as hyperkeratosis, and may ulcerate (Figure 3). 
Well-differentiated lesions may be indistinguishable from 
keratoacanthoma, a variant with a tendency to regress spon- 
taneously, possibly as a consequence of immune-mediated 
mechanisms. W hen the mucosa is involved by squamous cell 
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Figure 3 Invasive squamous cell carcinoma. Clinically, (a) there is an exophytic tumour surmounted by an abundance of keratotic scale. Scanning 
magnification (b) reveals endophytic (invasive) tongues of epithelium that extend into an inflamed dermis beneath a zone of markedly increased surface 
scale formation. The endophytic tongues are formed by cells exhibiting marked nuclear atypia and mitotic activity (c, inset); foci of abortive keratinization 


(“squamous pearls” in d, arrow) may be noted within the invasive component. 
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carcinoma, a zone of white thickening is seen, an appearance 
caused by a variety of disorders and clinically referred to as 
leukoplakia. 

Unlike actinic keratoses (see preceding text), squamous 
cell carcinoma in situ is characterized by cells with atypical 
(enlarged, angulated, and darkly stained) nuclei completely 
replacing all layers of the epidermis (Figure 2). When over 
time these cells acquire the ability to break through the base- 
ment membrane and enter into the underlying dermis, the 
process has become invasive. Invasive squamous cell car- 
cinoma (Figure 3) exhibits variable differentiation, ranging 
from tumours formed by polygonal squamous cells resem- 
bling those of the stratum spinosum arranged in orderly 
lobules and exhibiting numerous large zones of keratiniza- 
tion, to neoplasms formed by highly anaplastic, rounded cells 
with foci of necrosis and only abortive, single-cell keratiniza- 
tion (keratin “pearl” formation). 

Unlike some advanced melanomas (see subsequent text), 
invasive squamous cell carcinomas are usually discovered at 
stages where complete resection results in permanent disease 
eradication (North etal., 1997; Rowe etal., 1992). Up to 
5%, however, may metastasize to regional nodes, particularly 
deeply invasive tumours that involve skin of the head and 
neck (Friedman et al., 1985). 

As indicated earlier, the most common exogenous cause 
of squamous cell carcinoma is exposure to UV radiation 
with subsequent DNA damage and associated mutagenic- 
ity. Individuals who are immunosuppressed as a result of 
chemotherapy or organ transplantation, or who have xero- 
derma pigmentosum, are at increased risk of developing 
malignant skin neoplasms (Penn, 1987). A considerable pro- 
portion of these tumours are squamous cell carcinomas, 
implicating aberrations in local immune networks in the 
skin in the production of an environment permissive to neo- 
plasia. Interestingly, sunlight, in addition to its effect on 
DNA, also seems to have a direct and at least a transient 
immunosuppressive effect on skin by influencing the nor- 
mal surveillance function of antigen-presenting Langerhans 
cells in the epidermis (Cooper etal., 1985). For exam- 
ple, in experimental animals, it now appears that although 
Langerhans cells responsible for T-lymphocyte activation are 
injured by UV radiation, similar cells responsible for the 
selective induction of suppressor lymphocyte pathways are 
resistant to UV damage (Granstein et al., 1987). Moreover, 
local exposure of the skin to UV radiation may also result 
in alterations in systemic immunity. Such phenomena could 
result in both systemic and local imbalances in T-cell func- 
tion that would favour tumour genesis and progression. DNA 
sequences of certain viruses (e.g., human papillomavirus 
HPV 36) have been detected in DNA extracted from potential 
precursors of squamous cell carcinoma (Kawashima et al., 
1986). This suggests a role for these agents in the causa- 
tion of these cutaneous epithelial neoplasms. Finally, certain 
chemical agents appear to have direct mutagenic effects on 
epidermal keratinocytes by producing DNA adducts with 
subsequent oncogene activation (H ochwalt et al., 1988; Perez 
et al., 1997). 


Basal Cell Carcinoma 


Basal cell carcinoma by far is the most frequent of all cuta- 
neous cancers. Like squamous cell carcinoma, basal cell car- 
cinomas are slow-growing tumours that rarely metastasize. 
They also have a tendency to occur at sites subject to chronic 
sun exposure and in lightly pigmented people. Other predis- 
posing factors include ionizing radiation, chronic scarring, 
and arsenical exposure. As with squamous cell carcinoma, 
the incidence of basal cell carcinoma increases sharply with 
immunosuppression and in patients with inherited defects in 
DNA replication or repair (xeroderma pigmentosum). The 
rare, dominantly inherited basal cell naevus or Gorlin syn- 
drome (Bale, 1997) results from a specific gene mutation 
which now has been characterized and is associated with 
the development of numerous basal cell carcinomas in early 
life, palmoplantar pits which rarely develop into basal cell 
carcinomas, with abnormalities of bone (jaw cysts, frontal 
bossing, bifid ribs, vertebral fusion, kyphoscoliosis), cen- 
tral nervous system (calcification of falx cerebri, agenesis 
of corpus callosum, medulloblastoma, mental retardation), 
eyes (hypertelorism, congenital blindness, cataracts, colobo- 
mas, strabismus) and reproductive organs (ovarian fibromas 
and fibrosarcoma). 

Clinically, basal cell carcinomas present as smooth- 
surfaced, pearly papules often containing prominent, dilated 
subepidermal blood vessels termed telangiectasias. Some 
may contain melanin pigment and, as a consequence, may 
appear clinically similar to pigmented moles or melanomas. 
Chronic, large lesions may ulcerate (rodent ulcers), and 
extensive local invasion of bone, facial sinuses, and deep 
subcutaneous nerves may occur after many years of neglect 
(Dixon et al., 1989). 

By light microscopy, tumour cells typically resemble those 
in the normal basal cell layer of the epidermis, or perhaps 
even more, the basaloid cells that form the bulb region of 
the hair follicle (Figure 4). Different histological variants 
of basal cell carcinoma can be distinguished according to 
the tumour growth pattern (e.g., nodular, sclerosing, cystic, 
pigmented). The earliest buds of basal cell carcinoma arise 
from the epidermis or follicular epithelium and do not 
characteristically occur on mucosal surfaces. Two patterns 
of growth include either multifocal origins from the basal 
cell layer of the epidermis and extending over several square 
centimetres or more of skin surface, or nodular invasive 
lesions growing downward deeply into the dermis as cords 
and islands of darkly stained cells embedded in fibrotic 
matrix often with a pale blue hue as a consequence of 
associated mucin deposition. Occasional tumours may appear 
cystic clinically and are found to contain large cystic spaces 
upon histological examination. The cells at the periphery of 
the tumour cell cords and islands tend to be arranged radially 
with their long axes in approximately parallel alignment, a 
characteristic feature also seen in the bulb of hair follicles 
and referred to as palisading. The stroma shrinks away from 
the epithelial tumour nests, creating clefts, or “separation 
artifacts” that assist in differentiating basal cell carcinomas 
from certain follicular appendage tumours also characterized 
by proliferation of basaloid cells (e.g., trichoepithelioma). 
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Figure 4 Basal cell carcinoma. This characteristic tumour (a) appears to have arisen from the basal layer of the epidermis and is composed of cells with 
relatively scant cytoplasm, producing a blue-staining (basaloid) appearance. Cells within the dermis tend to palisade at the periphery of tumour islands (b); 
note the typical cleft formation between these cells and the adjacent stroma (arrow), a diagnostically helpful phenomenon known as separation artifact. 
Higher-grade (locally aggressive) tumours may show pronounced atypia and prominent necrosis (c) or infiltrating patterns whereby variably attenuated 


cords of basal cells infiltrate within a cellular, desmoplastic stroma (d). 


Mutations in the tumour-suppressor gene termed 
PATCHED (PTC ) have been detected in human patients with 
the basal cell naevus syndrome. In this condition, multiple 
basal cell carcinomas as well as other anomalies develop 
according to an inherited pattern. M oreover, mice genetically 
engineered to overexpress the attachment site or ligand for 
the PTC molecule, which is termed sonic hedgehog or SHH, 
and which mimics the loss of PTC function, develop basal 
cell carcinomas (Oro et al., 1997). SHH interacts with sig- 
nalling proteins important for controlling cell fate, patterning, 
and growth. Thus, both SHH and PTC may have important 
roles in human skin carcinogenesis in the basal cell nae- 
vus syndrome, although their precise roles in the majority of 
basal cell carcinomas unassociated with genetic patterns of 
inheritance remain to be elucidated. 

Basal cell carcinomas are also found in association 
with other familial cancer syndromes, although the genetic 
mechanisms underlying these syndromes are unknown. The 
Bazex- Dupre- Christol syndrome, which is inherited in an 
X-linked dominant pattern, is characterized by multiple basal 
cell carcinomas of the face arising at an early age, follicu- 
lar atrophoderma, localized hypohidrosis, and hypotrichosis, 


with later findings including facial hyperpigmentation, milia, 
and hair shaft dystrophy, in the absence of systemic mani- 
festations (Kidd et al., 1996). This syndrome is to be distin- 
guished from the Bazex syndrome associated with carcino- 
mas of the upper aerodigestive tracts, which is associated 
with hyperkeratotic plaques of ears, nose, cheeks, hands, 
feet, and knees. Rombo syndrome has an autosomal dom- 
inant inheritance and patients present with multiple basal 
cell carcinomas in association with atrophoderma vermicula- 
tum, milia, hypotrichosis, trichoepitheliomas, and peripheral 
vasodilation with cyanosis (M ichaelsson et al., 1981). 


Precursors of Non-Melanoma Skin Cancer: 
Dysplastic Moles 


In terms of malignant melanoma, the association of 
pigmented “moles” (naevocellular naevi) with malignant 
melanoma was made over 160 years ago. However, it was 
not until 1978 that a genuine precursor of melanoma was 
described in detail. In that year, Clark and colleagues detailed 
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Figure 5 Dysplastic melanocytic naevus. Lesions often present clinically as one or more regions of variegated melanization with irregular borders and a 
pebbly or centrally papular surface (a). At lower magnifications (b and c), early lesions may appear to represent ordinary junctional or superficial compound 
naevi. Upon inspection at higher magnifications (d- f), three diagnostically essential features become evident: (i) lamellar fibrosis within the papillary dermis 
(d, arrow), (ii) architectural atypia (manifested here by bridging or coalescence of adjacent junctional naevus nests) (e), and (iii) cytologic atypia (either 
random and lower grade nuclear enlargement with hyperchromasia and contour angulation (e) or more uniform higher-grade nuclear enlargement with more 


open (“vesicular”) and irregularly clumped chromatin and visible nucleoli (f). 


the characteristics of lesions they termed BK mole (a name 
derived from the first letters of the last names of the initial 
two families studied) (Clark et al., 1978). 

Clinically, BK moles (today more often referred to as 
dysplastic naevi) are larger than most acquired naevi (often 
greater than 6mm in diameter) and may occur as hundreds 
of lesions on the body surface. They are flat to slightly 
raised, often with a “pebbly” surface (Figure 5). Frequently 


they form targetlike lesions, with a darker, raised centre, 
and an irregular, flat periphery. In contrast to most benign 
moles, dysplastic naevi usually show variability in pigmen- 
tation (variegation) and borders that are irregular in contour. 
Unlike ordinary acquired moles, they have a tendency to 
occur both on non-sun-exposed and on sun-exposed body 
surfaces. Dysplastic naevi may occur in multiple members of 
families prone to the development of malignant melanoma, 
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a condition known as the familial atypical multiple mole 
melanoma (FAMMM ) syndrome or dysplastic naevus syn- 
drome or hereditary melanoma syndrome (Lynch etal., 
2002). Some of the members of these families also develop 
pancreatic carcinoma. These families harbour a p16 °°%N2A 
germ-line mutation (chromosome 9) that has variable expres- 
sivity. Protein complexes consisting of a cyclin-dependent 
kinase (CDK4 or CDK6) and cyclin D control passage 
through the G1 checkpoint of the cell cycle by phospho- 
rylating the retinoblastoma (RB) protein. The ability of these 
complexes to phosphorylate RB is inhibited by a family of 
low molecular weight proteins including p16'"*4?, Germ- 
line mutations in the p16'"**# gene have been identified in 
approximately half of the families with hereditary melanoma. 
In melanoma families that do not carry germ-line p16 !N**8 
mutations, an Arg24Cys mutation in CDK 4 (chromosome 
12) has been described. The CDK 4-Arg24Cys substitution 
has previously been identified as a somatic mutation in a 
melanoma that gives rise to a tumour-specific antigen rec- 
ognized by autologous cytotoxic T lymphocytes. This muta- 
tion has a specific effect on the pl6'“*** binding domain 
of CDK4, but has no effect on its ability to bind cyclin 
D and form a functional kinase. Therefore, the germ-line 
Arg24Cys mutation in CDK4 generates a dominant onco- 
gene that is resistant to normal physiological inhibition by 
p16!NK4a, 

Dysplastic naevi also occur as isolated lesions not associ- 
ated with the inheritable melanoma syndrome. In this more 
common situation, the risk of malignant change appears to 
be low. Transitions from dysplastic naevi to early melanoma 
have been documented clinically and histologically within a 
period as short as several weeks, although the majority of 
such lesions are relatively stable. 

Upon microscopic examination (Figure 5), dysplastic 
naevi consist of compound naevi with both architectural and 
cytological evidence of abnormal growth. Unlike ordinary 
moles, where the neoplastic melanocytes tend to be arranged 
in orderly, small, discrete theques or nests, dysplastic 
naevus cells form nests that tend to be enlarged and 
exhibit coalescence. As part of this process, single naevus 
cells begin to replace the normal basal cell layer of 
the epidermis, producing so-called lentiginous hyperplasia. 
Cellular atypia, consisting of irregular, often angulated, 
nuclear contours, and obliteration of nuclear detail by 
DNA-rich nuclear contents (hyperchromasia), is frequently 
observed. Associated alterations in the superficial dermis 
consist of a sparse inflammatory infiltrate, loss of melanin 
pigment from presumably destroyed naevus cells, with 
uptake of this pigment by dermal macrophages (melanin 
pigment incontinence), and concentric and lamellar fibrosis 
surrounding the epidermal ridgelike downgrowths that are 
involved by the naevus. All of these features are useful in 
the histological recognition of a dysplastic naevus. 

Several lines of evidence support the belief that some 
dysplastic naevi are precursors of malignant melanoma. In 
one study (Greene et al., 1985), it was shown that in a large 
number of families prone to the development of melanoma, 
over 5% of family members developed melanoma over an 8- 
year follow-up period. In addition, new melanomas occurred 


only in individuals with dysplastic naevi. From these and 
related studies, it has been concluded that the actuarial 
probability of patients with the dysplastic naevus syndrome 
developing melanoma is 56% at age 59. Further support 
of the relationship of melanoma to dysplastic naevi is the 
observation that the latter demonstrate expression of some 
abnormal cell surface antigens (Van Duinen etal., 1994), 
chromosomal abnormalities (Caporaso et al., 1987) and in 
vitro vulnerability to deleterious and mutagenic effects of 
UV radiation (Smith et al., 1987). 

Specific steps have been proposed (Clark etal., 1985) 
whereby benign naevi may undergo aberrant differentia- 
tion to become dysplastic and to eventually evolve into 
melanoma. Parallels may be found in neoplasia involving 
other organ systems, such as uterine cervix, and thus dys- 
plastic naevi are regarded by some as a paradigm for how 
certain malignant tumours develop from benign, albeit dys- 
plastic proliferations of cells. 


Malignant Melanoma 


Malignant melanoma is a relatively common neoplasm 
that, as little as several decades ago, was considered to 
be a potentially deadly form of skin cancer. The great 
preponderance of melanomas arise in the skin, although 
other sites of origin include the oral and anogenital mucosal 
surfaces, oesophagus, meninges, and eye. All melanomas 
have the potential for metastasis if left untreated, and 
therefore the conventional modifier “malignant” is really 
unnecessary. As a result of increased public awareness of 
the earliest signs of cutaneous melanomas, most are cured 
surgically in the early stages of their biological evolution 
(Mihm, 1971). Nevertheless, the incidence of malignant 
melanoma is on the rise, necessitating vigorous surveillance 
of its development. 

As with epithelial malignancies of the skin (see preced- 
ing text), sunlight appears to play an important role in the 
development of cutaneous melanoma. For example, men 
commonly develop this tumour on the upper back, whereas 
women tend to have a relatively high incidence of melanoma 
on both the back and the legs. Lightly pigmented individu- 
als are at higher risk for the development of melanoma than 
darkly pigmented individuals, an observation supported by 
epidemiological studies examining tumour incidence in equa- 
torial regions versus those characterized by high latitudes. 
Sunlight, however, does not seem to be the sole predisposing 
factor for the development of melanoma, and the presence 
of a pre-existing naevus (in particular, a dysplastic naevus), 
hereditary factors, or even exposure to certain carcinogens 
(as in the case of experimental melanomas in rodent mod- 
els) may play a role in melanoma development and evolution 
(Barnhill et al., 1993). 

Clinically, malignant melanoma of the skin is usually 
asymptomatic, although itching and focal bleeding may be 
early manifestations. The most important clinical sign of 
possible dysplastic or malignant degeneration is change in 
colour in a pigmented lesion. Unlike benign (non-dysplastic) 
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Figure 6 Melanoma. Although most lesions are larger than dysplastic naevi, they are also characteristically variegated and irregular in contour (a). Early, 
relatively flat lesions correlate with radial growth, which may involve upward (pagetoid) spread of malignant melanocytes into the epidermal layer (b) or 
contiguous and continuous replacement of the basal cell layer by variably aggregated malignant melanocytes (c). M ore advanced lesions become elevated 
in association with progressive dermal invasion and the tendency for invasive cells to form tumourigenic nodules (vertical growth, d); and ulceration (top 
right, d). Invasive melanoma cells often produce little pigment and consist of uniform populations of large rounded cells with prominent nuclei and nucleoli, 
mitotic figures, and apoptotic cells (e); numerous variants exist, however, with respect to pigmentation and cell shape (e.g., spindle cell vertical growth). 
Residual smaller and benign-appearing naevus cells (f, lower half of field) may be present in sharp juxtaposition to larger melanoma cells (arrow) in some 


melanomas, suggesting origin from the former. 


naevi, melanomas usually exhibit striking variations in pig- 
mentation, appearing in shades of black, brown, red, dark 
blue, and grey (Figure 6). Occasionally, regions of white or 
flesh-coloured hypopigmentation are also present. The bor- 
ders of melanomas are not smooth, round and uniform, as 
in naevocellular naevi; rather, they tend to be irregular and 


often “notched”. In conclusion, the clinical warning signs 
of melanoma are (i) enlargement of a pre-existing mole, (ii) 
itching or pain in a pre-existing mole, (iii) development of 
a new pigmented lesion during adult life, (iv) asymmetry 
and irregularity of the borders of a pigmented lesion, and 
(v) variegation of colour within a pigmented lesion. 
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Crucial to understanding the complicated histology of 
malignant melanoma is the concept of radial and verti- 
cal growth. Simply described, radial growth indicates the 
tendency of a melanoma to grow horizontally within the 
epidermal and superficial dermal layers, often for a pro- 
longed period of time. During this stage of growth, melanoma 
cells do not have the capacity to metastasize, and clinical 
cure is frequently achieved by surgery. Specific types of 
radial growth phase melanoma are lentigo maligna, super- 
ficial spreading and acral/mucosal lentiginous. These can be 
defined on the basis of architectural and cytological features 
of growth within the epidermal layer as well as biological 
behaviour (e.g., lentigo maligna type of radial growth usu- 
ally occurs on sun-damaged facial skin of the elderly and may 
continue for as long as several decades before the tumour 
develops the capacity to metastasize). With time, the pat- 
tern of growth assumes a vertical component. The melanoma 
now extends downward into the deeper dermal layers as an 
expansile growing mass lacking cellular maturation, without 
a tendency for the cells to become smaller as they descend 
into the reticular dermis. Clinically, this event is heralded 
by the development of a nodule in the relatively flat radial 
growth phase, and correlates with the emergence of a clone 
of cells with true metastatic potential. The probability of 
metastasis in such a lesion may be predicted by simply mea- 
suring in millimetres the depth of invasion of this vertical 
growth phase nodule below the granular cell layer of the 
overlying epidermis (Breslow, 1970). Prediction of clinical 
outcome has been improved further by taking into account 
factors such as number of mitoses and degree of infiltra- 
tive lymphocytic response within the tumour nodule (Clark 
et al., 1989). 

Individual melanoma cells are generally considerably 
larger than naevus cells. They contain large nuclei with irreg- 
ular contours and have chromatin characteristically clumped 
at the periphery of the nuclear membrane with prominent red 
(eosinophilic) nucleoli (Figure 6). These tumour cells pro- 
liferate as poorly formed nests or as individual cells at all 
levels of the epidermis in the radial phase of growth and 
as expansile, balloon-like nodules in the dermis in the ver- 
tical phase of growth. The nature and extent of the vertical 
growth phase determine the biological behaviour of malig- 
nant melanoma; therefore, it is important to observe and 
record vertical growth phase parameters in a pathology report 
(see Models for Skin Cancer). 


Mycosis Fungoides (Cutaneous T-Cell Lymphoma) 


Cutaneous T-cell lymphoma (CTCL) represents a spectrum 
of lymphoproliferative disorders that affect the skin (M urphy 
and Mihm, 1999). Two types of malignant T-cell disor- 
ders were originally recognized: mycosis fungoides (M F) 
that is a chronic proliferative process, and a nodular erup- 
tive variant, MF d'emblée. It is now recognized that MF 
d'emblée is best classified under peripheral T-cell lym- 
phoma. A variety of presentations of T-cell lymphoma occur, 
including MF and its variants (hypopigmented MF, poik- 
ilodermatous MF, folliculotropic MF, pagetoid reticulosis, 


and granulomatous slack skin), Sézary syndrome, adult T- 
cell leukaemia/lymphoma, primary cutaneous CD30* lym- 
phoproliferative disorders (consisting of primary cutaneous 
anaplastic large cell lymphoma and lymphomatoid papulo- 
sis), subcutaneous panniculitis-like T-cell lymphoma, extran- 
odal natural killer (NK )/T-cell lymphoma, and primary cuta- 
neous peripheral T-cell lymphoma (consisting of provisional 
entities such as primary cutaneous aggressive epidermotropic 
CD8* T-cell lymphoma, cutaneous y/é T-cell lymphoma, 
and primary cutaneous CD4* small/medium-sized pleomor- 
phic T-cell lymphoma). CTCLs with an aggressive clinical 
course, visceral involvement, and poor prognosis include 
Sézary syndrome, primary cutaneous NK /T-cell lymphoma, 
primary cutaneous aggressive epidermotropic CD8* T-cell 
lymphoma, cutaneous y/5 T-cell lymphoma, and unspecified 
primary cutaneous peripheral T-cell lymphoma (Willemze 
et al., 2005). 

MF is a T-cell lymphoproliferative disorder, arising pri- 
marily in the skin and may evolve into generalized lymphoma 
(Murphy, 1988). M ost afflicted individuals have disease that 
remains localized to the skin for many years; a minority have 
rapid systemic dissemination. This condition may occur at 
any age, but mostly affects persons over 40 years of age. 

Clinically, lesions of the MF type of CTCL represent 
scaly, red-brown patches, raised, scaly plaques (that may 
often be confused with benign dermatoses such as psori- 
asis), and fungating nodules. Eczema-like lesions describe 
early stages of disease when obvious visceral or typical nodal 
spread has not occurred (Figure 7). Raised, indurated, and 
irregularly outlined, erythematous plaques may then super- 
vene. Systemic spreading correlates with development of 
multiple, large (up to 10cm or more in diameter), red- 
brown nodules/tumours. Sometimes plaques and nodules may 
ulcerate. Most patients with MF do not progress beyond 
the plaque stage of disease. Lesions commonly affect sun- 
protected areas but may involve numerous body surfaces, 
such as the trunk, extremities, face, and scalp. In some 
individuals, systemic spread and seeding of the blood by 
malignant T cells is accompanied by diffuse erythema and 
scaling of the entire body surface (erythroderma), a condition 
known as Sézary syndrome, which constitutes a broader spec- 
trum of erythrodermic CTCL. Sézary syndrome is defined 
historically by the triad of erythroderma, generalized lym- 
phadenopathy, and the presence of neoplastic T cells (Sèzary 
cells) in skin, lymph nodes, and peripheral blood. These 
patients have an absolute Sézary cell count of at least 1000 
cells/mm?, an expanded CD 4+ T-cell population resulting in 
a CD4/CD8 ratio of more than 10, and a T-cell clone in the 
peripheral blood, demonstrated by molecular or cytogenetic 
methods. 

Histologically, the identification of the Sézary-Lutzner 
cells is the hallmark of CTCL of the MF type. These are 
T-helper cells (CD4*); they form characteristically ban- 
dlike aggregates within the superficial dermis (Figure 7) 
and invade the epidermis as single cells and small clusters 
(Pautrier microabscesses). The tumour cells have markedly 
infolded nuclear membranes, imparting a “hyperconvoluted” 


12 SYSTEMATIC ONCOLOGY 





Figure 7 Cutaneous T-cell lymphoma (CTCL, mycosis fungoides). Early lesions tend to produce eczema-like patches and plaques (a), while nodules 
(b) typify advanced disease associated with potential for systemic dissemination. The hallmark of earlier stages of CTCL is a bandlike superficial dermal 
infiltrate of lymphocytes (c) that prominently infiltrate the epidermal layer (seen in inset as a superimposed segment of the epidermis immunohistochemically 
stained for the T-cell marker, CD3). At higher magnification (d), the infiltrating cells show uniform atypia, evidenced by nuclear enlargement, hyperchromasia, 
and elaborately infolded contours. In advanced disease, dermal infiltration predominates over epidermal involvement (e), and smaller malignant T cells may 


begin to transform to larger, more primitive forms. 


or “cerebriform” contour. Patches and plaques show pro- 
nounced epidermal infiltration by Sèzary - L utzner cells (epi- 
dermotropism); but in more advanced nodular lesions, the 
malignant T cells often lose this epidermotropic tendency, 
grow deeply into the dermis, and eventually seed lym- 
phatics and the peripheral circulation. Many inflammatory 
dermatoses mimic MF not only clinically but histologi- 
cally as well. Histologic mimics include lichenoid dermatitis 
including lichen planus, lichen sclerosus, and pigmented 
purpuric dermatitis, spongiotic dermatitis including allergic 
contact dermatitis, actinic reticuloid, and drug-induced pseu- 
dolymphoma, in particular, due to phenytoin (Schreiber and 
McGregor, 1968). In general, patients with this condition 
have fever, generalized rash, and lymphadenopathy. How- 
ever, there are also reports of cutaneous lesions resembling 


MF secondary to medications without systemic symptoms. 
Some drug-induced pseudolymphomas show clonal gene 
rearrangements, making a distinction by molecular methods 
difficult. Usually, drug-induced pseudolymphoma resolves 
with cessation of drug therapy and recurs with rechallenge. 
Other medications that may cause histologic mimics of 
MF include carbamazepine, fluoxetine, enalapril, captopril, 
quinine, atenolol, phenobarbital, d-penicillamine, and anti- 
histamines. 

The aetiology of CTCL is under active investigation. 
The discovery that a highly aggressive form of T-cell 
lymphoma or leukaemia in adults is caused by infection 
of helper T cells by a specific retrovirus (human T-cell 
leukaemia virus-| or HTLV-I) promotes the possibility that 
conventional CTCL may also have an infectious cause 
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(Murphy, 1988). The proliferating cells in CTCL are clonal 
populations of lymphocytes of the CD4 subset; they often 
express aberrant cell surface antigens as well as clonal T- 
cell receptor gene rearrangements, and detection of these 
features may be of diagnostic assistance in difficult cases 
(Bakels et al., 1997). 

Skin-directed therapies including topical corticosteroids or 
cytotoxic agents, for example, mechlorethamine (nitrogen 
mustard) and carmustine (BCNU), phototherapy (psoralen- 
UVA), and targretin (a retinoid X receptor ligand) therapy 
are often delegated for early lesions of CTCL (Duvic et al., 
2001), while more aggressive systemic chemotherapy and 
bone marrow transplant are indicated for advanced disease 
with nodal or visceral involvement. In patients with circulat- 
ing malignant cells, exposure of blood cells removed from 
the body to photosensitizing agents and UVA irradiation, 
followed by reinfusion into the patient (extracorporeal pho- 
topheresis; Rook et al., 1991), has shown promise as a novel 
therapeutic approach to disseminated CTCL (see Lymph 
Nodes). It has been hypothesized that extracorporeal pho- 
topheresis directly induces significant levels of apoptosis in 
lymphocytes of CTCL. 


Angiosarcoma 


Angiosarcoma is a rare malignant tumour of endothelium 
showing variable degrees of vascular differentiation. Unlike 
most sarcomas, it has a predilection for skin and superfi- 
cial soft tissue. The most common form of angiosarcoma 
is cutaneous angiosarcoma without lymphoedema in the 
elderly. It occurs primarily on the face and scalp, frequently 
in patients over 40 years of age, with highest incidence 
in those over 70years of age. The lesion presents as sin- 
gle or multiple bruiselike plaques, may progress to become 
nodules, infiltrate the adjacent soft tissues, and ulcerate. 
Histological examination shows diffuse dermal hypercellu- 
larity and irregular vascular spaces formed by malignant 
endothelial cells. These atypical neoplastic cells have hyper- 
chromatic nuclei with irregular contours. The malignant cells 
of better-differentiated tumours recapitulate vascular spaces, 
bulging into the vessel lumens and forming intraluminal tufts 
(Figure 8). Poorly differentiated tumours, on the other hand, 
often are composed of sheets formed by solid aggregates of 
tumour cells (Murphy and Elder, 1991a). Angiosarcoma can 
develop as a result of previous irradiation and in lymphoede- 
matous extremities, such as those produced after surgery for 
breast cancer (Stewart- Treves syndrome) or as a result of 
previous radiation therapy. Surgery is used as initial therapy 
for lesions deemed resectable and is followed by radiation 
therapy. Intra-arterial or systemic doxorubicin is given to 
patients with unresectable lesions, often in conjunction with 
primary radiation therapy. Prolonged survival for patients 
with metastatic soft tissue angiosarcomas is uncommon. 
Because of a tendency for diffuse, clinically undetectable 
local spread, surgical therapy of cutaneous angiosarcoma 
of the scalp or face alone is often inadequate. Wide-field 
radiation has been used as adjunctive modality to surgery 


for treating local disease. Paclitaxel, a taxane, has anti- 
angiogenic and apoptotic effects. Its antitumour activity has 
been reported in K aposi’s sarcoma (see below). In K aposi’s 
sarcoma, paclitaxel has been shown to induce the phosphory- 
lation of BCL-2 and thus block apoptosis. B ecause the origin 
of angiosarcoma is the endothelial cell, it is conceivable that 
the anti-angiogenic activity of paclitaxel is a mechanism that 
contributes to its efficacy in angiosarcoma. Although par- 
tial clinical response to paclitaxel as a single agent against 
angiosarcoma has been reported in a case series, further 
investigation is necessary to define its role in the treatment 
of this disease (Fata et al., 1999). 

An angioproliferative disorder, which may show findings 
similar to angiosarcoma, is Kaposi's sarcoma (Figure 8). 
This vascular proliferative disorder occurs in four variant 
forms: chronic or classic K aposi’s sarcoma (an indolent cuta- 
neous variety, seen in elderly individuals and common in 
Ashkenazi J ews and Southern Europeans), African endemic 
K aposi’s sarcoma (including a fulminant lymphadenopathic 
type which mainly affects children), Kaposi’s sarcoma in 
iatrogenically immunosuppressed patients with organ trans- 
plants, cancer, or autoimmune diseases due to chronic use of 
immunosuppressive and cytotoxic agents, and AIDS-related 
epidemic K aposi’s sarcoma. All clinical variants are viewed 
as a virally induced disease and human herpesvirus 8 is gen- 
erally regarded as the inductive agent. K aposi’s sarcoma may 
begin as small solitary (isolated) purpuric papules, charac- 
terized by small zones of intracutaneous haemorrhage and 
comparable to bruises or petechiae (patch stage). Progression 
of Kaposi’s sarcoma results in raised plaques and nodules, 
which are often large and destructive clinically. Advanced 
stage tumours frequently ulcerate. In AIDS-related epidemic 
Kaposi’s sarcoma, the viscera including the gastrointesti- 
nal tract, lymph nodes, and lungs are frequently affected 
with poor prognosis. Histological examination during early 
phases demonstrates a multifocal angioproliferative process 
characterized by an increase in the number of spindle cells 
and thin-walled, poorly formed vessels within the superficial 
vascular plexus, lymphoplasmocytic inflammatory infiltrates, 
and dilated lymphatics. Advanced lesions show expansive 
nodular growth of atypical spindle cells, containing hyper- 
chromatic nuclei, in a sievelike manner with extravasated 
erythrocytes (Murphy and Elder, 1991b). Such lesions may 
be confused with other malignancies of mesenchymal cells. 
The treatment of K aposi’s sarcoma, in addition to paclitaxel 
discussed previously, includes surgical excision of solitary 
lesions, intralesional injection of bleomycin and systemic 
chemotherapy for visceral involvement. In AIDS patients, 
K aposi’s sarcoma lesions regress with an improvement in 
the immune status. 

Bacillary angiomatosis is an infection caused by Bar- 
tonella henselae and Bartonella quintana, small gram- 
negative rods. It occurs mainly in HIV-infected patients as 
a subcutaneous vascular proliferations. It is becoming rare 
because prophylactic medications against mycobacterial dis- 
eases are also very effective against Bartonella species in 
HIV patients. The vascular proliferation seen in bacillary 
angiomatosis may be due to an angiogenic factor produced 
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Figure 8 Kaposi's sarcoma and angiosarcoma. Both lesions may present as bruise or ecchymosis-like areas of pink-purple discolouration that becomes 
progressively elevated and even nodular with time (a illustrates clinical lesions of K aposi’s sarcoma). Both K aposi’s sarcoma (b) and angiosarcoma (e) may 
show increased numbers of abnormally contoured and variably ectatic and enlarged vascular spaces within the dermis. At higher magnification, irregular 
spaces filled with compressed erythrocytes and lined by flattened and relatively bland endothelial cells (c and d) are characteristic of patch and plaque 
stages of Kaposi's sarcoma. In contrast, vascular spaces formed in angiosarcoma are lined by atypical endothelial cells that protrude into the lumens of 
neoplastic vessels (f). Advanced and higher-grade lesions of angiosarcoma may be composed of tumoural aggregates of more malignant cells with a paucity 
of vascular spaces (g); similarly, advanced nodular lesions of K aposi’s sarcoma are formed by tightly aggregated, variably atypical spindle cells. 


by B. henselae and B. quintana. A catch scratch or bite pre- 
cedes bacillary angiomatosis in only 20% of cases caused by 
B. henselae. Clinically, bacillary angiomatosis may present 
as erythematous/purpuric papules or nodules that may be 
ulcerated. W hile immunocompetent patients may have a sin- 
gle lesion at the site of inoculation, immunocompromised 
patients may develop generalized, disseminated lesions. His- 
tologically, lobular proliferations of capillaries with promi- 
nent and protuberant endothelial cells are seen, in association 
with a neutrophilic infiltrate, leukocytoclasis, and bluish 
granular clumps of bacilli. Bacillary angiomatosis responds 
to treatment with oral erythromycin. 

As mentioned previously, tumours of the dermis may 
arise from any one of its cellular components including the 
blood vessels, nerve cells, fibroblasts, or smooth muscle. 
A complete discussion of various other primary cutaneous 
mesenchymal malignancies (e.g. sarcomas of smooth muscle, 
neural, and fibroblast lineages) is beyond the scope of this 
chapter. 


PROGNOSTIC FACTORS 


The most common forms of skin cancer, namely, squamous 
cell and basal cell carcinoma, are slowly growing, locally 
invasive and tend not to exhibit metastatic behaviour. H ow- 
ever, some squamous cell carcinomas, particularly those that 
involve the face, ears, oral and genital mucosa, may metasta- 
size to local lymph nodes. Histologically, perineural invasion 
and extension of the tumour into fat are associated with more 
aggressive behaviour. Basal cell carcinomas rarely if ever 
metastasize. Locally aggressive basal cell carcinomas often 
show a sclerosing or diffusely infiltrative pattern of dermal 
invasion. 

Malignant melanoma, in contrast, shows a well-defined 
ability to metastasize once it has entered the vertical phase 
of growth. Numerous parameters have been defined which 
correlate with prognosis for such lesions. Negative attributes 
are represented by axial (vs acral) site of occurrence, male 
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gender, progressive depth of dermal invasion, high mitotic 
count, absence of tumour infiltrating lymphocytes at the 
base of the tumour nodule, presence of regression and 
documentation of vascular invasion and microscopic satellite 
formation. In lesions diagnosed unequivocally as vertical 
growth phase melanomas, such prognostic variables may be 
charted on multivariate databases, permitting prediction of 
8-year survival with confidence intervals that demonstrate 
considerable accuracy (Elder and Murphy, 1991). 

The new American Joint Committee on Cancer (AJ CC) 
staging system for cutaneous melanoma more accurately 
reflects independent prognostic factors that are used in clini- 
cal trials and in reporting the outcomes of various melanoma 
treatment modalities (Balch etal., 2000). Major revisions 
include: (i) melanoma thickness and ulceration, but not level 
of invasion, to be used in the T classification; (ii) the number 
of metastatic lymph nodes, rather than their gross dimen- 
sions, the delineation of microscopic versus macroscopic 
lymph node metastases and presence of ulceration of the pri- 
mary melanoma to be used in the N classification; (iii) the 
site of distant metastases and the presence of elevated serum 
lactate dehydrogenase (LDH), to be used in the M classi- 
fication; (iv) an upstaging of all patients with stages |, Il, 
and III disease when a primary melanoma is ulcerated; (v) a 
merging of satellite metastases around a primary melanoma 
and in-transit metastases into a single staging entity that is 
grouped into stage III disease; and (vi) a new convention 
for defining clinical and pathologic staging so as to take into 
account the new staging information gained from intraoper- 
ative lymphatic mapping and sentinel lymph node biopsy. 

A major drawback in predicting prognosis of melanocytic 
tumours is represented by a recently recognized, relatively 
rare but genuine group of neoplasms that possess hybrid 
or intermediate characteristics between melanocytic naevi 
and fully evolved malignant melanoma. These tumours 
have been variously termed borderline melanomas, minimal 
deviation melanomas, naevoid melanomas, severely atypical 
melanocytic naevi, severely atypical dermal and epidermal 
melanocytic proliferations and melanocytic tumours of uncer- 
tain malignant potential (MELTUM Ps) (Elder and Murphy, 
1991). Depending on the designation, such problematic, grey- 
zone tumours may possess some or all of either the architec- 
tural or cytological features of melanoma, but do not qualify 
as fully evolved malignant lesions, leaving the prediction 
of their biological behaviour an open question. Diagnostic 
classification of such tumours, even amongst experts in der- 
matopathology (Farmer et al., 1996), has proved extremely 
problematic. Accordingly, a pathologist has to be astute to 
identify such a lesion as at least representing significant 
melanocytic atypia. Often the best that one can do at this 
juncture is to relate concern regarding the hybrid nature of 
the histological features and to recommend complete exci- 
sion, in addition to close clinical follow-up. Hopefully, as 
more of these problematic lesions are characterized, repro- 
ducible diagnostic criteria and prognostic attributes will be 
identified that will permit more accurate determination of the 
likelihood of eventual metastasis. 


OVERVIEW OF CLINICAL MANAGEMENT 


Not all actinic keratoses evolve into skin cancers, and 
some may actually remain stable or resolve due to immune 
responses. However, a significant number of these lesions, 
especially hypertrophic actinic keratoses, do become malig- 
nant to warrant conservative local eradication of these 
potential precursor lesions. This can usually be accom- 
plished by electrodesiccation and curettage, cryotherapy or 
topical application of chemotherapeutic agents including 5- 
fluorouracil, a synthetic pyrimidine analog, which inhibits 
the proliferation of the dysplastic cells and immunomod- 
ulatory agents such as imiquimod (Aldara). Imiquimod is 
a topical immune response modifier that enhances both 
innate and acquired immunity. It stimulates rapid synthesis 
and release of cytokines (particularly interferon-a and -y, 
and interleukin-12) from monocytes, macrophages, dendritic 
cells, and keratinocytes, via activation of Toll-like recep- 
tor 7 and upregulation of the transcription factor nuclear 
factor-«B, favouring a Thl-mediated, cytotoxic response 
(Stanley, 2002). The mechanism of action of diclofenac in 
the treatment of actinic keratoses is not clearly understood 
(Rivers et al., 2002). However, like other non-steroidal anti- 
inflammatory drugs (NSAIDs), diclofenac has been shown 
to have antitumourigenic effects, an observation that is 
currently under investigation. As an NSAID, diclofenac 
inhibits the cyclooxygenase enzymes (COX-I and COX-II), 
which are involved in arachidonic acid metabolism. It is 
thought that by inhibiting the metabolism of arachidonic 
acid, NSAIDs curtail the numerous and potent tumourigenic 
effects of its metabolites. Such effects include the conver- 
sion of procarcinogens to carcinogens, inhibition of immune 
surveillance, inhibition of apoptosis, stimulation of angio- 
genesis and increasing the invasiveness of tumour cells. 
As a result, NSAIDs are emerging as potentially power- 
ful agents in the prevention of cancer, particularly those 
of epithelial origin. Photodynamic therapy is a promis- 
ing new treatment modality for actinic keratoses (Pariser 
et al., 2003). 6-A minolaevulinic acid leads to selective accu- 
mulation of photoactive porphyrins in premalignant skin 
lesions and makes them susceptible to phototoxic effects 
on illumination with red light (630nm). Radical or exten- 
sive surgery is not indicated in the treatment of actinic 
keratoses. 

Most squamous and basal cell carcinomas may be ade- 
quately treated by complete eradication either by surgical 
excision or by destructive means, such as electrodes- 
iccation and curettage or cryotherapy. Topical therapy 
with imiquimod and photodynamic therapy with topical 
ô-A minolaevulinic acid are alternative options for the treat- 
ment of superficial basal cell carcinomas. Excision has the 
advantage of providing histological analysis to ensure neg- 
ative margins, although the alternative modalities of local 
destruction have proved highly effective (Fitzpatrick et al., 
1999), especially when lesions are small and biologically 
non-aggressive. In situations where tumours are present in 
close proximity to vital structures, particularly involving 
facial skin, a modified Mohs technique may be desirable 
(Leslie and Greenway, 1991). In this setting, multiple frozen 
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sections of marginal tissue are examined at the time of the 
excision. Lymph node dissection in the case of invasive 
squamous cell carcinoma may be indicated when suspi- 
cious clinical enlargement of draining lymph node chains 
exists. 

The role of wide excision and lymph node dissection in 
the setting of vertical growth phase melanoma is poten- 
tially problematic. It is generally recommended that pri- 
mary lesions be excised with a margin which will mini- 
mize the likelihood of local recurrence. However, this rec- 
ommendation is controversial, with some experts arguing 
that although wider excisions may decrease the incidence 
of local metastases, they fail to improve survival. This 
assumption is based on the contention that local metas- 
tases of melanoma generally correlate with contempora- 
neous seeding of distant sites (Ackerman and Scheiner, 
1983). In recent years, sentinel lymph node sampling has 
gained acceptance in the treatment of many vertical growth 
phase melanomas. In this procedure, a radiographically 
detectable dye is injected at the site of the primary tumour. 
This dye is taken up by draining lymphatic vessels and 
delivered physiologically to regional lymph nodes. The 
first nodes to be detected by this method are presumed 
to be candidates for early metastases, and therefore they 
are surgically removed and studied extensively by histo- 
logical and sometimes by immunohistochemical analysis 
for the presence of occult melanoma metastases. Occa- 
sionally, entire lymph node chains will be removed as 
part of a procedure termed prophylactic elective regional 
lymph node dissection. The clinical rationale for such pro- 
cedures is to surgically eradicate early metastases while they 
are theoretically confined to draining lymph nodes. Sen- 
tinel lymph node sampling has been traditionally regarded 
as important to clinical staging and prognosis. However, 
very recent data suggests that this approach, when used 
to identify positive sentinel nodes and trigger immediate 
(rather than delayed) regional lymphadenectomy, also may 
offer some degree of therapeutic benefit (Morton etal., 
2006). 

M elanoma is recognized to be an immunogenic tumour and 
various immunostimulatory treatments have shown antime- 
lanoma activity. Interferon-a induces expression of tumour- 
associated antigens, upregulates major histocompatibility 
complex (MHC) class | cell surface antigen and has been 
shown to stimulate antimelanoma cytotoxic T lymphocytes 
in melanoma cell cultures. In this regard, adjuvant ther- 
apy for melanoma has recently focused on immunoenhanc- 
ing therapies, such as melanoma vaccines and interferon-a. 
Systemic interferon-w has been shown to improve disease- 
free and overall survival in advanced melanoma. Although 
these approaches have provided encouraging preliminary 
data in the treatment of clinically advanced melanoma 
metastases (Murphy etal., 1993), their role as adjuvants 
to ameliorate the potential for eventual metastatic spread 
is not as yet fully defined and awaits further experimental 
validation. 

Intralesional interferon-w therapy has been reported in 
both lentigo maligna and recurrent lentigo maligna. Recently, 
there have been case reports of the successful use of topical 


imiquimod therapy in the management of lentigo maligna, 
especially for patients in whom surgery is not a viable option 
(Powell et al., 2004). 
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NORMAL DEVELOPMENT AND STRUCTURE 


The first sign of development of the oral cavity occurs in the 
third week of human embryogenesis as a pit or invagination 
of the tissues underlying the forebrain. The pit increases in 
length as the forebrain expands anteriorly. This pit or groove 
lined by ectoderm is also known as the stomadeum, and 
later develops into the oral cavity. Another small pouch, 
called Rathke’s pouch, which is produced from the same 
groove, is responsible for the development of the anterior 
lobe of the pituitary and enamel organs. The surrounding 
tissue forms the rest of the face. The lower part of the face 
and neck are formed by the pharyngeal arches that surround 
the oral pit on both sides of the neck. During the third 
week, the mandibular arch and cheeks are formed by the 
first pharyngeal arch. Development of the face from four 
primary tissue masses takes place rapidly from the fifth week 
to the seventh week. These tissue masses are the frontonasal 
process, the two maxillary processes, and the mandibular 
arch. The oral mucosa is covered by stratified squamous 
epithelium. The mucosa of the oral cavity is divided into 
three parts according to its function, as masticatory, lining, 
and specialized mucosa. The masticatory mucosa is normally 
keratinized and is found in the dorsum of the tongue, hard 
palate, and gingivae. The lining mucosa is non-keratinized, 
while the specialized mucosa contains taste buds. A large 
majority of neoplastic lesions arise from the squamous 
epithelium. 

Three sets of major salivary glands, namely, parotid, sub- 
mandibular, and sublingual, arise from oral epithelial buds 
invading the underlying oral ectomesenchyme. The parotid 
gland and the submandibular gland start their development at 
the sixth week of intrauterine life, while the sublingual gland 
starts later in the eighth week. All parenchymal tissues of the 
glands appear to arise from oral epithelium, which is either 
ectodermal or endodermal in origin. The capsule and septa 
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of the glands originate from the mesenchyme that may be 
either mesodermal or neural crest in origin. The anatomical 
relationship of the parotid gland with the facial nerve is 
important as the nerve divides the gland into superficial and 
deep lobes. An understanding of this relationship is essential 
in parotid surgery. Unlike other major salivary glands, the 
parotid contains small lymph nodes, mostly in the superfi- 
cial lobe. The functional unit of the salivary gland consists 
of either serous or mucous secretory acini and a complex 
ductal system. Saliva, which is produced in the acini, enters 
into intercalated ducts lined by cuboidal cells and then into 
the striated duct lined by columnar cells. The last portion of 
the duct, which opens into the oral cavity, is referred to as 
the excretory duct, lined by stratified squamous epithelium. 
All the acini are surrounded by myoepithelial cells, which 
have the contractile power to squeeze saliva into the duc- 
tal system. A large number of minor salivary glands arising 
from the oral ectodermal and endodermal epithelium remain 
as discrete acini and ducts throughout the oral mucosa except 
for the anterior hard palate and gingivae. These minor glands 
secrete saliva in a continuous fashion and account for approx- 
imately 5% of the total daily salivary output of 1 litre. 


TUMOUR PATHOLOGY OF SQUAMOUS CELL 
CARCINOMA 


Epidemiology 


Cancer of the oral cavity is almost synonymous with 
squamous cell carcinoma (SCC) as 90% of cancers in the oral 
mucosa appear to be of this type. The second most common 
oral malignancy is the different types of adenocarcinomas 
arising from salivary glands. A small proportion of cancers 
in the oral cavity are melanomas, lymphomas, and various 
types of sarcoma. 


2 SYSTEMATIC ONCOLOGY 


Oral squamous cell carcinoma (OSCC) is the sixth most 
common malignancy and is a major cause of cancer mor- 
bidity and mortality worldwide. Despite the advancement in 
treatment, involving surgery, chemotherapy, and radiother- 
apy (RT), the long-term survival has been less than 50% with 
no significant improvement in prognosis over the last four 
decades (Greenlee et al., 2000). Approximately 500 000 oral 
and pharyngeal cancers are diagnosed annually and three- 
quarters of these are from developing countries, including 
65 000 cases from India alone (Gupta et al., 1982). Accord- 
ing to the statistics for the year 2000, the number of SCCs 
occurring in the oral and oropharyngeal mucosa amounted to 
389 650, which included 5% of all cancers in men and 2% 
in women (Parkin et al., 2003). This appears to be a major 
health problem in countries such as Sri Lanka, Bangladesh, 
Pakistan, Taiwan, and also in other south and south-east 
Asian countries. The increased incidence of OSCC in this 
part of the world is due to the habit of chewing tobacco 
in different forms (Daftary et al., 1991). The incidence of 
OSCC in the United States and Europe is much less than in 
the developing countries and amounts to 3% of all malignan- 
cies. It has been reported that 50 000 new cases are diagnosed 
in those regions annually (Parkin, 2001). 

OSCC typically occurs in men during the fifth to eighth 
decades of life. Although it is known that the incidence 
increases with age, there is a growing trend in the recent 
years for OSCC to occur in young patients, especially of 
the male gender (Siriwardena et al., 2006). The incidence of 
oral cancer in young patients is reported to be approximately 
6% of all OSCCs in the United Kingdom (Llewellyn et al., 
2001). There is a variation in the site of occurrence in 
different parts of the world. It is clear that in the western 
world, the common sites to be affected are the tongue 
and the lip. In south Asia, where tobacco chewing habits 
are extensively practised, the commonest site of occurrence 
appeared to be the buccal mucosa, especially the retromolar 
area (Figure 1). This is directly related to the chewing habit, 
as the betel quid is kept in the buccal pouch for many hours. 
OSCC is reported to occur in the hard palate in women 
from some areas of India because of the practice of reversed 
smoking, where the burning end is kept inside the mouth. 


Aetiology 


Although the aetiology of OSCC is thought to be multi- 
factorial, the use of tobacco in different forms appears to 
play a major role. It is clear that various other factors have 
either a synergistic role or a direct effect on oral carcino- 
genesis. The aetiological agents that have been suggested 
include genetic susceptibility, alcohol, nutritional deficien- 
cies, viruses, fungi, and ultraviolet light. Recently, areca nut 
has been classified as an oral carcinogen on its own without 
tobacco (IARC, 2004). 

There are numerous studies on the association of tobacco 
and OSCC in relation to the carcinogenic potential of 
tobacco. Out of about 2500 different compounds isolated 
from tobacco, over 300 carcinogens have been identi- 
fied in tobacco smoke or in its water-soluble compo- 
nents, which can be expected to leach into saliva (IARC, 
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Figure 1 Anatomical distribution of oral squamous cell carcinoma. (Court- 
sey of Prof F. Fortune.) 


1986). Tobacco-specific nitrosamines are the most potent 
carcinogens present in tobacco. The other identified main 
carcinogens from tobacco are polycyclic aromatic hydrocar- 
bons, carbon monoxide, trace metals, phenols, and hydrogen 
cyanide. The way tobacco is used varies across the world. It 
has been used in many different forms and also in different 
combinations with other additives. Tobacco in smoking form 
and smokeless tobacco are the two main ways of usage. The 
smoking form includes cigarettes, cigar, and beedi ; the latter 
used mainly in south Asia is reported to be more hazardous 
than cigarette smoking (Dikshit and K anhere, 2000). Tobacco 
smoking and alcohol account for 75% of the oral cancers in 
Europe, America, and Japan. The other less popular smok- 
ing methods such as pipe smoking and reversed smoking 
show their definite carcinogenic potential by producing can- 
cers on the palate, as this site has the highest direct challenge 
by tobacco. Smokeless tobacco habits are more popular in 
south and south-east Asia, where different ingredients such 
as tobacco, areca nut, and slaked lime are wrapped in a betel 
leaf and chewed for many hours while keeping it in the 
buccal pouch. The aetiological relationship of the chewing 
habit and cancers is obvious as a majority of oral cancers 
are reported from buccal mucosa in relevant populations. 
Traditional tobacco products used in Sudan and the M id- 
dle East are fermented and mixed with sodium bicarbonate; 
these seem to contain increased levels of highly carcinogenic 
nitrosamines (Idris et al., 1998). Tobacco in the form of snuff 
dipping used in Scandinavian countries and North America 
is regarded as less carcinogenic (Johnson, 2001). 

Unlike most other cancers, the evidence for familial 
and genetic susceptibility does not appear to be strong in 
OSCC. However, it is reasonable to presume a possible 
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genetic background because large numbers of individuals use 
tobacco but only a small proportion of them develop cancers, 
and some cancer patients do not have identifiable risk factors 
at all (Siriwardena et al., 2006; Das et al., 2002). The slight 
increase in oral cancers in Blacks in the United States may 
largely be related to social and environmental factors rather 
than to pure genetic predisposition. 

Pure ethanol has never been considered as carcinogenic 
in in vitro animal studies (Tuyns, 1990). The accepted fact 
with regard to the carcinogenicity of alcohol is that it has a 
synergistic effect with tobacco rather than being a primary 
carcinogen. Alcohol use may lead to nutritional deficiencies 
and subsequent immunosuppression, which could increase 
the susceptibility to cancer. It is also known that alcohol 
increases the permeability of the oral mucosa and enhances 
penetration of carcinogens. 

The role of viruses such as human papillomavirus (HPV), 
human herpesvirus and Epstein-Barr virus (EBV) in the 
aetiopathogenesis of oral cancer is not conclusive to date. It 
is suggested that E6 oncoprotein from HPV 16 and 18 binds 
to the tumour-suppressor P53 to induce its degradation. A 
recent study reports that HPV 16 prevalence is significantly 
high in head and neck SCC (Kreimer etal., 2005). The 
detection rate of HPV in oral cancer (30-35%) is much 
less than that of cervical cancer (85-90%). Presence of 
candida in both dysplastic epithelial lesions and OSCC is 
not an unusual finding. Although this organism has enzymes 
to promote the nitrosation of dietary substrates, whether it 
invades oral cancers as a secondary phenomenon or shows a 
causal relationship is far from clear. 

Long-term exposure to sunlight is a known factor in the 
aetiology of SCC of the lip. Other evidence that supports this 
appears to be the increased incidence of lip cancer in white- 
skinned people living in countries with long, regular hours 
of sunshine and in those who are in outdoor professions such 
as farming, fishing, forestry, etc (Hindle et al., 2000). 


Premalignancy 


A significant number of OSCCs occur in a background of 
either a precancerous lesion or a precancerous condition. A 
precancerous lesion is defined as a morphologically altered 
tissue in which cancer is more likely to occur than in its 
apparently normal counterpart. A precancerous condition is 
a generalized state associated with a significantly increased 
risk of cancer. Common examples of the former category 
include leukoplakia and erythroplakia. L eukoplakia is defined 
as a predominantly white lesion that cannot be characterized 
as any other definable lesion, whereas erythroplakia is 
predominantly a red lesion that cannot be categorized as any 
other lesion (Figure 2). The malignant transformation rate of 
leukoplakia ranges from 3 to 6%. When epithelial dysplasia is 
evident at the time of diagnosis, the malignant transformation 
rate can increase up to 10-14%. Some leukoplakias tend 
to regress while others remain stable. Histological evidence 
of dysplasia helps to predict the possible outcome to some 
extent; however, there is a need for molecular markers 
to identify lesions with definite potential for malignant 





Figure 2 (a) Homogeneous leukoplakia - a common presentation of oral 
precancer. (b) Speckled leukoplakia - precancerous lesion with a higher 
malignant transformation than homogeneous leukoplakia. Secondary can- 
didal infection in homogeneous leukoplakia may present with a similar 
appearance. (Courtsey of Dr. A. Ariyawardana.) 


transformation. In this context loss of heterozygosity (LOH) 
and DNA ploidy have proved useful, but a definite answer 
to the question is yet to emerge and further research is 
needed (Sudbo and Reith, 2005). Proliferative verrucous 
leukoplakia is a type of leukoplakia with unknown aetiology, 
seen predominantly in elderly females. Risk factors cannot be 
identified in most patients although the possibility of HPV 16 
has been suggested in some patients (Eversole, 2000). The 
most important feature of this disease is the alarming rate 
of malignant transformation ranging from 60 to 100%, with 
some patients developing multiple primary cancers (Bagan 
et al., 2004). This has been attributed to the concept of 
field cancerization that exists in the oral mucosa, giving 
rise to multiple primary SCCs or second primary in some 
patients. This has been reported to occur in 10-35% of the 
cases (Van oijen et al., 2000). However, it has recently been 
reported that tobacco in smokeless form is the major factor 
for field cancerization (Thomas et al., 2003). Erythroplakia 
has the highest risk of malignant transformation compared 
to all other precancerous lesions and conditions. The high 
risk for malignant transformation is based on the fact that on 
histology erythroplakia typically presents as severe dysplasia, 
carcinoma in situ, or microinvasive carcinoma (Reichart 
et al., 2005). General consensus is that at least 90% of 
erythroplakias eventually transform into SCC. 

Precancerous conditions include oral submucous fibrosis 
(OSF), oral lichen planus, discoid lupus erythematosus, 
sideropenic dysphagia, and tertiary syphilis. Out of these, 
OSF is considered as the most significant condition in 
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Figure 3 Oral submucous fibrosis showing rigidity of buccal (a) and labial 
(b) mucosa. (Courtsey of Dr. A. Ariyawardana.) 


terms of development of OSCC. OSF is a precancerous 
condition characterized by fibrosis of the submucosa leading 
to restriction in mouth opening and is predominantly seen in 
south Asia (Figure 3). The main aetiological agent for OSF is 
known to be areca nut, which is one of the ingredients in betel 
quid, and 7- 13% of OSFs transform into OSCC (Tilakaratne 
et al., 2006). Areca nut has recently been described as 
containing carcinogenic substances because of the presence 
of nitrosamines (IARC, 2004). Identification of oral cancer 
in these patients can be delayed owing to restricted mouth 
Opening, leading to poor prognosis. 

Lichen planus is a T-cell-mediated disease showing an 
immune reaction against basal keratinocytes with associated 
apoptosis. M alignant transformation of lichen planus is in the 
region of 1- 4% (Laeijendecker et al., 2005). 


Screening and Prevention 


Like prevention of any other disease, prevention of oral 
cancer has three approaches. They are divided into primary, 
secondary, and tertiary prevention strategies. 

Primary prevention refers to the identification of risk 
factors and the effort to reduce or eliminate them. In the 
case of oral cancer, this level of prevention is of paramount 
importance as most of the risk factors are identifiable. 
Secondary prevention is to identify the disease at an early 
stage with the aim of reducing morbidity and mortality. 
This level of prevention too is beneficial in the management 


of OSCC as the majority of oral cancers are preceded 
by precancerous lesions and conditions. Tertiary prevention 
deals with treatment and interventions designed to reduce 
recurrence after treatment (see Treatment of Oral Squamous 
Cell Carcinoma). 

Screening programmes, a major part in the category of 
secondary prevention, are popular in the prevention and early 
diagnosis of cancers in other parts of the body such as 
cancer of the cervix. The rationale for screening for oral 
cancer is based on the fact that most oral cancers arise 
from pre-existing lesions. However, the appropriateness of 
screening programmes on a global scale is questionable in 
terms of cost-effectiveness and reduction in morbidity and 
mortality, as the incidence is not high in most countries 
(Patton, 2003). However, in areas such as south Asia where 
oral cancer is reported to be the commonest malignancy, 
such programmes could lead to early detection. In areas of 
high incidence, up to 2- 16% of suspicious lesions have been 
identified by screening. This can be achieved successfully by 
training primary health care workers (Warnakulasuriya et al., 
1990). The yield is very low in countries such as the U nited 
States amounting to 2.9% of precancers and as low as 0.1% 
of cancers (Moles etal., 2002). According to the present 
situation, screening for oral cancer has beneficial effects in 
high-incidence areas of the world. A ccording to some studies, 
toluidine blue staining identifies high-risk oral premalignant 
lesions with poor outcome. In addition, it is reported that 
staining correlated positively with clinicopathological risk 
factors and high-risk molecular patterns (Zhang et al., 2005). 
A recent review suggests that there is insufficient evidence to 
support or to refuse the use of visual examination, toluidine 
blue staining, fluorescence imaging, and brush biopsy as 
screening methods (K ujan et al., 2003). 


Pathology of Oral Squamous Cell Carcinoma 


Macroscopic/Clinical Features of Oral Premalignancy 
and Squamous Cell Carcinoma 


The majority of oral premalignant lesions present as either 
white or red patches. White patches, also known as leuko- 
plakia (Figure 2), can present in many ways such as homo- 
geneous white lesions, white lesions intermingled with red 
areas, or nodular patches. White lesions when infected with 
candida usually present with red areas, which may give a 
very suspicious appearance to the lesion. Sudden change in 
the appearance of a white lesion should alert the clinician to a 
possible malignant transformation, which is an indication for 
an urgent biopsy. OSCC presents in many different ways. It 
is worth realizing that in rare cases a lesion without any sus- 
picious clinical appearance could be an SCC microscopically. 
However, a majority of OSCCs present as either a growth 
or an ulcer with an indurated base and an everted irregular 
margin (Figure 4). There may be other associated features 
depending on the site and the structures involved. Anaes- 
thesia, paraesthesia, bleeding, limitation of mouth opening, 
restriction of tongue movement, and palpable and fixed cervi- 
cal lymph nodes are some of the frequently observed findings 
(Figure 5). 
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Figure 4 Clinical appearance of oral squamous cell carcinoma. (a) Ulcer 
on the lower lip, (b) growth on the buccal mucosa, and (c) macroscopic 
appearance of an excised SCC. (a, b. Courtsey of Dr K umara Ekanayake.) 


Histopathology/Immunohistochemistry 


In general, despite the advances in molecular markers, iden- 
tification of histopathological features of epithelial dyspla- 
sia is considered a reliable way to label oral precancerous 
lesions that have the potential for malignant transforma- 
tion. Although the severity of epithelial dysplasia is pro- 
portional to the risk of subsequent cancer development, 
histological grading has limited value in prediction for the 
individual patient (Tabor etal., 2003). The main disad- 
vantage with the present system of grading oral epithe- 
lial dysplasia is the problem of inter- and intra-examiner 
variability (Brothwell etal., 2003; Scully etal., 2003). 
Owing to the significant variation in the normal structure 
of the oral mucosa, implementation of a system like cer- 
vical intraepithelial neoplasia (CIN) appears to be difficult. 
The main histopathological features of epithelial dysplasia 
include basal cell hyperplasia, drop-shaped rete processes, 


Figure 5 Metastatic squamous cell carcinoma in submandibular lymph 
node. (Courtsey of Dr. Kumara Ekanayake.) 


loss of polarity of basal cells, nuclear and cellular pleo- 
morphism, increased nuclear- cytoplasmic ratio, increased 
number of mitoses, suprabasal/abnormal mitoses, nuclear 
hyperchromatism, abnormal keratinization/keratin pearl for- 
mation, reduced intercellular cohesion, irregular epithelial 
stratification, and enlarged nucleoli. 

Epithelial dysplasia is traditionally classified into mild, 
moderate, and severe dysplasia (Figure 6). Owing to the 
fact that not every dysplastic lesion transforms into malig- 
nancy and some SCCs arise from apparently normal epithe- 
lium, the presence of dysplasia only indicates that the 
lesion has a significantly increased risk of malignant change 
without predicting the malignant potential of an individual 
case. This again shows the importance of using molecu- 
lar markers to identify high-risk lesions correctly (Scully 
et al., 2003). 

OSCC presents in many different histopathological forms. 
The conventional type constitutes the majority while other 
types such as verrucous, basaloid, spindle, adenosquamous, 
papillary, acantholytic, and carcinoma cuniculatum account 
for the rest (Figure 7). 

Conventional OSCCs are traditionally graded into well-, 
moderately, and poorly differentiated types (Figure 7). This 
grading depends on the level of differentiation of squamous 
cells in the tumour. Well-differentiated SCC closely resem- 
bles the normal squamous epithelium and keratin formation 
is found to be frequent. The other end of the spectrum is 
the poorly differentiated type in which cells do not show the 
morphological features of squamous epithelium. The pathog- 
nomonic feature of SCC is the invasion of epithelial cells - 
arranged into islands or strands or as individual cells - into 
the underlying tissue with destruction of the basement mem- 
brane. Varying degrees of dysplastic features are evident in 
cells, with variable host response. Vascular and perineural 
invasion are observed in some tumours. Occasional cases 
may pose problems in arriving at a diagnosis and demand 
immunohistochemical back-up. Poorly differentiated SCC 
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Figure 6 Cellular changes during oral carcinogenesis from normal to squamous cell carcinoma. 





Figure 7 Different histological presentations of oral squamous cell car- 
cinoma. (a) Well-differentiated SCC, (b) moderately differentiated SCC, 
(c) poorly differentiated SCC, (d) verrucous carcinoma, (e) basaloid SCC, 
and (f) adenosquamous carcinoma. 


needs to be differentiated from lymphoma and melanoma, 
as these two entities also occur in the oral cavity. The 
value of this differentiation should not be underestimated 
as the treatment varies in the three entities. The use of three 
basic antibodies, namely, against cytokeratin, S100 protein, 
and leucocyte common antigen are the key to differentiate 
the aforementioned entities. The S100 protein is positive in 
over 95% of melanomas and cytokeratin is negative (B arrett 
etal., 1995), Other markers such as HMB 45 or melan-A 
are more specific markers for melanoma. The lesions that 
show pseudoepitheliomatous hyperplasia (pseudocarcinoma- 
tous) should be differentiated from true SCC. This feature 
is evident in some of the benign oral lesions such as gran- 
ular cell tumour, necrotizing sialometaplasia, discoid lupus 
erythematosus, and median rhomboid glossitis. 

Verrucous carcinoma (V C) is considered the most differen- 
tiated form of malignancy arising from squamous epithelium. 
Although it is an uncommon entity, 75% of all VCs occur 
in the oral cavity. They are usually seen in elderly males; 
and smokeless tobacco and HPV have been implicated in 


the aetiology (Miller etal., 2001). Histologically, it shows 
characteristic exophytic and endophytic growth patterns of 
the epithelium with minimal cytological atypia. The base- 
ment membrane is intact and bulbous rete processes seem to 
push into the underlying tissue. It is evident that VC devel- 
ops foci of invasion with time and the tumour should then 
be labelled as an SCC. 

Basaloid SCC, a rare subtype and a high-grade variant, 
usually occurs in the posterior part of the oral mucosa. The 
base of the tongue, the soft palate, and the posterior part of 
the floor of the mouth are the common sites to be affected. 
Majority of tumour cells show basaloid features and are 
arranged in a lobular pattern with a characteristic comedo- 
type necrosis. 

Adenosquamous carcinoma is another high-grade variant 
and shows conventional SCC with islands of adenocarcinoma 
in the superficial part of the tumour, or a mixture of 
both in the deeper areas. Presence of mucous cells can be 
demonstrated in most cases (Coletta et al., 2002). 

Adenoid or acantholytic SCC is very rare in the oral 
mucosa, but occasional cases do occur in sun-exposed lips. 
Carcinoma cuniculatum, a variant of SCC usually occurring 
in the foot, is shown to involve oral mucosa rarely. The 
tumour shows proliferation of squamous epithelium without 
obvious cytological atypia and contains broad rete processes 
and keratin-filled crypts burrowing into the bone (Allon 
et al., 2002). 


Molecular Genetic Findings of Premalignancy 
and OSCC 


The concept of developing a cancer in a precursor lesion is 
well evidenced in the oral mucosa (Lippman et al., 2005) 
(Figure 8). However, the natural history of SCC does not 
appear to be uniform as some precursor lesions never turn 
into malignancy, while others regress occasionally. This has 
led to the necessity of identifying reliable molecular markers 
or changes in premalignant lesions that may suggest the 
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Figure 8 Different molecular changes taking place in the development of oral squamous cell carcinoma. (Reprinted with permission from the American 


Society of Clinical Oncology.) 


outcome of a given lesion. The markers that have been 
described for determining future cancer development can 
be classified into DNA content (ploidy), LOH, expression 
of oncogenes and tumour suppressor genes, proliferation 
markers, and differentiation markers (Reibel, 2003). 

It has been shown that premalignant lesions with ane- 
uploidy transform into malignancy more frequently than 
lesions with normal DNA content, irrespective of the histo- 
logical grade of dysplasia (Sudbo et al., 2001; Femiano et al., 
2005). However, these results need to be confirmed through 
multicentre studies with large samples before being intro- 
duced into routine practice. In addition, DNA aneuploidy 
appears to be associated with advanced-stage carcinomas, 
perineural invasion, and lymph node metastasis (Bueno et al., 
1998). Therefore, it shows that the DNA content of a tumour 
may help in deciding the aggressiveness of the tumour. 

LOH is defined as loss of genomic material in one of a 
pair of chromosomes. Recent studies have shown that LOH 
in regions that contain known tumour-suppressor genes is an 
early predictor of malignant transformation of precancerous 
lesions (Zhang etal., 2001). This understanding will lead 
the clinician to identify high- and low-risk lesions in the 
context of management. Frequent LOH on chromosomes 3p, 
9p, 13q, and 17p has been demonstrated as an early event in 
oral carcinogenesis (Califano etal., 1996; Lee et al., 2000; 
Partridge et al., 2000). It is evident that LOH at 3p and 9q 
increases the risk of malignant transformation by 3.8-fold 
and the risk further increases to 33-fold when LOH occurs 
on chromosomes 4q, 8p, 11q, 13q, and 17p in addition to the 
former (Rosin et al., 2000). 


Tumour-suppressor genes, which are involved in cell cycle 
control and apoptosis, play a major role in carcinogene- 
sis. The P53 gene located on chromosome 17p13.1 exhibits 
mutation in 50-70% of epithelial tumours of the head and 
neck. LOH of the P53 allele has been reported in 22% of pre- 
cancers and 20% of oral cancers. The prognostic significance 
of P53 in oral cancer is yet to be established, although there 
are multiple studies comparing the expression of P53 in pre- 
malignant lesions and subsequent malignancies (M urti et al., 
1998; Shahnavaz et al., 2000). Combining other parameters 
to assess either precancer or cancer may provide more sig- 
nificant correlation (Lee et al., 2000). Further, it is possible 
that the P53 that was identified by immunohistochemistry is 
the stable protein rather than the mutated P53 (Ranasinghe 
et al., 1993). Therefore, P53 may not be a reliable predic- 
tor at least when used in isolation. A few genes related 
to P53 and cell cycle regulation such as P16, P27, P63, 
and P73 are also altered in varying degrees in oral can- 
cer. The role of the APC tumour-suppressor gene in oral 
cancer has been reported recently with the view that LOH 
at the APC locus or hypermethylation of the promoter 1a 
may lead to free -catenin accumulation in the cytoplasm 
of tumour cells, enhancing the progression of malignancy 
(Gao et al., 2005). Promoter methylation, an alternative form 
of gene silencing, depends on epigenetic factors rather than 
direct DNA mutations, and has been described to be involved 
in OSCC. The main genes to be methylated are CDKN2A, 
CDH1, MGMT, and DAPK1 (Ha etal., 2006). CDKN2A 
involved in the retinoblastoma pathway of the cell cycle 
appears to be methylated in 23-67% of primary OSCCs. 
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CDH1, agene responsible for cell adhesion, which promotes 
metastasis when underexpressed or mutated, shows promoter 
methylation in up to 85% of tumours. A few other tumour- 
suppressor genes such as CDKN2B, RASSF1, MLH1, TP73, 
SERPINB5, and DBC1 have been implicated in promoter 
methylation in a small proportion of oral cancers. However, 
the clinical significance of these findings needs to be estab- 
lished through further studies. 

Overexpression or mutations of genes responsible for cel- 
lular growth and differentiation play a major role in tumouri- 
genesis and such overexpressed or mutated genes are known 
as oncogenes. Epidermal growth factor receptor (EGFR) and 
its ligands have been studied extensively in OSCC. The stud- 
ies show that MRNA for EGFR is elevated up to 69 times in 
oral cancer when compared with normal oral mucosa (Gran- 
dis et al., 1993). c-ERB-B2, a gene related to c-ERB-B1, is 
found to be either overexpressed or amplified in 0- 41% of 
head and neck SCCs (Nagai, 1999). However, the value of 
this finding is controversial. Amplification and overexpres- 
sion of c-MYC /N-MYC_ have been observed in 20-40% of 
oral cancers. Oral cancer associated with chewing tobacco 
has KRAS/NRAS amplification, a point mutation at HRAS, 
and loss of an HRAS allele (Xu etal., 1998). Studies from 
the western world report amplification of 11q13, contain- 
ing INT2, HST1, and cyclin D1 oncogenes, in 30-50% of 
patients with oral cancer (Das etal., 2002). According to 
recent literature, STAT3 expression and activation was found 
in 82% of oral cancers related to chewing tobacco, while 
there was no expression at all in normal mucosa and prema- 
lignant lesions (Nagpal et al., 2002). 

The telomere plays an important part in maintaining the 
stability of chromosomes. As cell division progresses, the 
telomeres become shorter and chromosome ends become 
unprotected, leading to karyotypic abnormalities and death of 
cells. M ost cancers can evade this mechanism by maintaining 
the telomere length with the help of telomerase. It has been 
shown that telomerase is reactivated in 80-90% of oral 
cancers, while normal tissues do not show any significant 
activity (Sebastian et al., 2005). 


Prognostic Factors 


The factors responsible for prognosis of oral premalignancy 
and OSCC can be discussed under three categories, namely, 
clinical, histopathological, and molecular markers. 

The clinical features that are helpful in predicting the 
behaviour of oral premalignant lesions were discussed in the 
preceding text. The most reliable clinical prognostic indicator 
for SCC is the TNM staging (Tables 1 and 2). Tumour size 
and nodal status are the most significant clinical prognostic 
factors (Platz et al., 1985; Wenzel et al., 2004). According to 
some studies, nodal metastasis appears to be the single most 
important predictor for survival. Prognosis of tumours of the 
anterior part of the oral cavity such as the lip appears to be 
better than that of tumours from the posterior sites. 

Histological differentiation of tumour cells has been con- 
sidered a prognostic factor for a long time, although some 
studies suggest that level of differentiation alone may not 


Table 1 TNM classification of squamous cell carcinomas of the lip and 
oral cavity. 


T: Primary tumour 
TX: Primary tumour cannot be assessed 
TO: No evidence of primary tumour 
Tis: Carcinoma in situ 
T1: Tumour 2cm or less in greatest dimension 
T2: Tumour more than 2 cm, but not more than 4cm in greatest dimension 
T3: Tumour more than 4cm in greatest dimension 
T4a (lip): 
Tumour invades through cortical bone, inferior alveolar nerve, floor of 
the mouth, or skin (chin or nose) 
T4a (oral cavity): 
Tumour invades through cortical bone, into deep/extrinsic muscles of 
tongue, maxillary sinus, or skin of the face 
T4b (lip and oral cavity): 
Tumour invades through masticator space, pterygoid plates, or skull 
base or encases internal carotid artery 
N: Regional lymph nodes 
NX: Regional lymph nodes cannot be assessed 
NO: No regional lymph node metastasis 
N1: Metastasis in a single ipsilateral lymph node, 3cm or less in greatest 
dimension 
N2: Metastasis specified as N2a, N2b, and N2c here 
N 2a: Metastasis in a single ipsilateral lymph node, more than 3cm, but 
not more than 6cm in greatest dimension 
N2b: Metastasis in multiple ipsilateral lymph nodes, not more than 6 cm 
in greatest dimension 
N2c: Metastasis in bilateral or contralateral lymph nodes, not more than 
6cm in greatest dimension 
N3: Metastasis in a lymph node, more than 6cm in greatest dimension 
M: Distant metastasis 
M X: Distant metastasis cannot be assessed. 
MO: No distant metastasis 
M1: Distant metastasis 











Adapted from World Health Organization Classification of Tumours, Pathology & 
Genetics of Head and Neck Tumours, 2005.) 


Table 2 Stage grouping. 





Stage 0 Tis NO MO 
Stage EL NO MO 
Stage II T2 NO MO 
Stage III TA T2, T3 N1 MO 
NO, N1 MO 

Stage IVA T1, T2, T3 N2 MO 
T4a NO, N1, N2 MO 

Stage IV B Any T N3 MO 
T4b AnyN MO 

Stage IVC Any T Any N M1 





(Adapted from World Health Organization Classification of Tumours, Pathology & 
Genetics of Head and Neck Tumours, 2005.) 


be a reliable factor in predicting prognosis and it correlates 
poorly with the outcome (K earsley et al., 1993). However, it 
is evident that different histopathological subtypes have vary- 
ing prognoses over others. VC has a much better prognosis 
than conventional SCC, while basaloid and adenosquamous 
types appear to have a poor outcome. The invasive front 
of the tumour is shown to be a better predictor of lymph 
node metastasis. Tumours with individual cells or thin strands 
at the invasive front tend to metastasize to lymph nodes 
more frequently than tumours with broad invasive fronts 
(Kurokawa etal., 2005). A number of studies have iden- 
tified tumour thickness as an important prognostic indicator 
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(Fukano et al., 1997). Another major risk factor associated 
with poor prognosis is the presence of more than one positive 
node with extracapsular invasion (Wenzel et al., 2004). Pos- 
itive excision margin is regarded as the main cause for local 
recurrence and poor prognosis. Vascular invasion and degree 
of lymphoplasmacytic host response may also play a role in 
predicting the outcome of OSCC. 

The molecular markers that have been described in rela- 
tion to prognosis are different factors related to tumour 
growth (EGF, EGFR, Cyclins, BCL2, heat shock proteins, 
telomerase, AgNOR), oncogenes/suppressor genes (P53, 
P16, P27, RB, APC, RAS, MYC), markers for angiogene- 
sis (VEGF, nitric oxide synthase 2 (NOS2), platelet derived 
endothelial cell growth factor (PD-ECGF)), and factors 
responsible for invasion/metastasis (MMPs, various adhe- 
sion molecules). Most of these have already been dealt 
with in the section Molecular Genetic Findings of Pre- 
malignancy and OSCC. However, it is difficult to arrive 
at a conclusion to recommend a particular marker/markers 
that reliably predict the prognosis of an individual case. 
Despite the advances in molecular pathology, clinicopatho- 
logical correlation remains the best predictor for prog- 
nosis. Therefore, currently, molecular markers are more 
likely to be used in association with traditional means 
of histopathological evaluation rather than in isolation 
(Schliephake, 2003). 


Treatment of Oral Squamous Cell Carcinoma 


Treatment modalities available for the management of OSCC 
are surgery, RT, and chemotherapy. The role of chemother- 
apy in OSCC is controversial, although some centres tend 
to include it in treatment protocols. Chemoprevention, gene 
therapy, and photodynamic therapy are the suggested treat- 
ment options for the future. 

It is necessary to consider tumour- and patient-related fac- 
tors in order to select the correct mode of treatment. The main 
tumour-related factors are site, size, bone involvement, sta- 
tus of the lymph nodes, and histopathological features. A ge, 
occupation, medical condition, acceptance, and compliance 
of the patient towards treatment are some of the important 
patient-related factors that should be considered in selecting 
the appropriate mode of treatment. 

The common practice in managing OSCC is to use a 
combined treatment with surgery and RT. In specific cir- 
cumstances such as with T1 and T2 lesions, either surgery 
or RT in isolation is offered as the primary treatment. It is 
accepted that tumours that have invaded the bone or are close 
to bone are not suitable for definitive RT because of the risk 
of exposing the bone to radiation, leading to osteoradionecro- 
sis. Therefore, the tumours in sites such as the hard palate or 
gingivae are best treated by surgery. If RT is selected as the 
definitive treatment, a combination of external and interstitial 
irradiation is necessary in most cases. Small and superficial 
tumours may be treated with brachytherapy alone. 

If surgical resection is used as the definitive treatment 
for early-stage cancers, the expected morbidity is minimal 
with none of the long-term complications experienced with 





Figure 9 Different levels of neck nodes. Sternomastoid muscle is a key 
landmark for boundaries between different levels (muscle is in brown 
colour). Nodes are divided into six groups and metastasis into different 
levels shows a direct relationship with prognosis. (Drawing by Praveen 
Tilakarathe) 


RT. Therefore, some centres use surgery as the treatment 
of choice for early-stage OSCC. However, advanced cases 
need combined treatment protocols. Although it is usually 
RT and surgery, numerous factors should be considered in 
order to decide on the initial treatment option. There are 
inherent advantages and disadvantages in selecting either 
RT or surgery as the initial treatment. Preoperative RT may 
delay the surgical treatment and tend to increase the risk 
of infection and delay wound healing. It appears that post- 
operative RT offers better local and regional control rates. 
Therefore, in current practice, stage III and IV tumours are 
treated with surgery with immediate reconstruction followed 
by post-operative RT. 

The nodal status of patients with OSCC is the most 
important factor in deciding the prognosis of an individual 
case (Figure 9). Hence, management of nodes is an impor- 
tant area in treatment planning. Over the years, it is known 
that clinical judgement of nodal status does not pick up 
micro- and early metastasis. In order to assess the sentinel 
lymph node of an NO neck, biopsies have been introduced 
recently with variable results (K ontio et al., 2004). The sen- 
tinel node is the first lymph node to receive metastatic tumour 
cells. Sentinel nodes are identified by a combination of lym- 
phoscintigraphy and injection of blue dye in the tumour bed. 
Depending on the TNM staging, the clinician has to select 
the appropriate type of neck dissection. Neck dissections are 
performed either as comprehensive neck dissections or as 
selective neck dissections. 

As premalignant lesions precede most of the oral can- 
cers, chemoprevention has attracted some attention. Chemo- 
prevention is the use of drugs or natural agents in order 
to inhibit the development of an invasive cancer. These 
agents act either by blocking the DNA damage that ini- 
tiates carcinogenesis or by arresting the progression of 
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premalignant cells, which already have damaged DNA 
(Sporn etal., 2002). Retinoids are thought to inhibit the 
carcinogenic process by interacting with several classes of 
intranuclear retinoid-acid receptors and have been shown to 
reverse leukoplakia. 

Gene therapy represents a new, innovative approach to the 
treatment of oral cancer by targeting mutated genes such as 
EGFR and telomerase. However, this has not yet been shown 
to be suitable for the management of OSCC. 

Despite the advances in the management of OSCC, 5-year 
survival rates have not increased over the last two decades. 
At present the 5-year survival rates for stages |, II, Ill, and 
IV appear to be 85, 66, 41, and 9%, respectively (Neville 
et al., 2002). 


SALIVARY GLAND TUMOUR PATHOLOGY 
Epidemiology 


The incidence of salivary neoplasms varies from 0.4 to 
13.5 cases per 100000. This figure amounts to 2% of all 
neoplasms in the head and neck. The incidence of malig- 
nant salivary tumours is in the range of 0.4-2.6 cases 
per 100000 (Barnes etal., 2005). The anatomical distri- 
bution of salivary tumours has been shown as 64-80% in 
parotid, 7- 11% in submandibular, 1% in sublingual, and 
9-23% in minor glands. The majority of these tumours 
are benign (54-79%) and the rest are malignant (21-46%) 


Table 3 Classification of salivary gland tumours. 


Malignant tumours Benign tumours 


Acinic cell carcinoma 
M ucoepidermoid carcinoma 


Adenoid cystic carcinoma 


Pleomorphic adenoma 
M yoepithelioma 


Basal cell adenoma 


(Table 3). Apparently, up to 90% of tumours in the sub- 
lingual gland are malignant. The literature on the epidemi- 
ology of tumours of minor salivary glands is sparse. Less 
than 25% of all salivary tumours are reported to occur 
in minor glands. Pleomorphic adenoma (PA) is the com- 
monest salivary tumour, with prevalence ranging from 33 
to 70% of all salivary neoplasms. Approximately 80% of 
PAs and nearly all Warthin’s tumours occur in the parotid 
gland. M ucoepidermoid carcinoma (M EC) is the commonest 
malignant salivary gland tumour. However, in minor sali- 
vary glands, polymorphous low-grade adenocarcinoma is a 
frequently encountered tumour. Recently, racial and geo- 
graphic variations in the frequency and distribution of various 
tumours have been suggested (Toida et al., 2004). For exam- 
ple, the reported frequency of MEC in British patients is 
much lower than the worldwide range, and there is a sev- 
enfold increase in the occurrence of Warthin’s tumour in 
Denmark and Pennsylvania compared to the expected fre- 
quency. Although females are usually affected more than 
males, some gender variation is expected in different tumour 
types. The female predominance is more marked in benign 
tumours. 


Aetiology 


Although the exact aetiology of salivary gland tumours is 
far from clear, various aetiological factors such as radiation, 
viruses, occupational, hormonal, and nutritional factors, and 
smoking have been suggested (Takeichi et al., 1983; Tsai 
etal., 1996; Preston-M artin etal., 1988; Horn-Ross et al., 


Soft tissue tumours Haematolymphoid tumours 


Haemangioma Hodgkin's lymphoma 


Diffuse large B-cell lymphoma 
Extranodal marginal zone B-cell 
lymphoma 


Polymorphous low-grade adenocarcinoma 
Epithelial-myoepithelial carcinoma 
Clear cell carcinoma, not otherwise 
specified 

Basal cell adenocarcinoma 
Sebaceous carcinoma 

Sebaceous lymphoadenocarcinoma 
Cystadenocarcinoma 

Low-grade cribriform cystadenocarcinoma 
M ucinous adenocarcinoma 
Oncocytic carcinoma 

Salivary duct carcinoma 
Adenocarcinoma (NOS) 

M yoepithelial carcinoma 

Carcinoma ex-pleomorphic adenoma 
Carcinosarcoma 

M etastasizing pleomorphic adenoma 
Squamous cell carcinoma 

Small cell carcinoma 

Large cell carcinoma 
Lymphoepithelial carcinoma 
Sialoblastoma 








(Adapted from World Health Organization Classification of Tumours, Pathology & Genetics of Head and Neck Tumours, 2005.) 


Warthin’s tumour 
Oncocytoma 
Canalicular adenoma 


Sebaceous adenoma 
Sebaceous lymphadenoma 
Non-sebaceous lymphadenoma 
Inverted ductal papilloma 
Intraductal papilloma 
Sialadenoma papilliferum 
Cystadenoma 
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1999; Pinkston et al., 1996). The relative risk of develop- 
ing salivary tumours is much higher (3.5-fold for benign and 
11-fold for malignant) among the survivors of the atomic 
bomb explosions in Hiroshima and Nagasaki and appears to 
be directly related to the level of exposure. Further, there is 
evidence that exposure to dental radiographs and ultraviolet 
radiation could increase the risk of salivary tumours. EBV 
has been implicated in the aetiology of salivary tumours espe- 
cially in lymphoepithelial carcinomas from Asian countries. 
It has been shown that occupational exposure to radioac- 
tive materials, nickel compounds/asbestos, and rubber mate- 
rial in the plumbing industry are significant risk factors. 
Recently, it has been reported that the relative incidence of 
Warthin’s tumour among smokers versus non-smokers is 7.6 
for men and 17.4 for women. Hormones may play a role 
in the aetiopathogenesis of some salivary tumours. Oestro- 
gen and progesterone receptors have been demonstrated in 
PA, MEC, adenoid cystic carcinoma, and salivary duct car- 
cinoma. Although the exact relationship of their presence 
to aetiopathogenesis is not clear, some claim that recurrent 
tumours have higher expression levels than non-recurrent 
tumours. 


Clinical Features 


The soft palate, buccal mucosa, and upper lip are fre- 
quently involved intraoral sites. In both minor and major 
glands, asymptomatic, firm swelling is the commonest pre- 
sentation of a salivary tumour (Figure 10). Although rapid 
growth and pain appear to be more related with malig- 
nant tumours, benign tumours tend to show the same in 
a minority of cases. Rarely, malignant tumours in the 
oral cavity may present as an ulcer or an ulcerated mass. 
Malignant tumours of major glands present as a hard or 
firm lump, which may be fixed to the surrounding tissue, 
unlike a benign tumour, which is movable. Facial nerve 
involvement is a common finding in malignant tumours, 
especially with adenoid cystic carcinoma of the parotid 
gland. 


Histopathology/Immunohistochemistry 


Diagnosis is usually achieved either by fine needle aspira- 
tion (FNA) biopsy or by an incisional biopsy. FNA is a 





Figure 10 Long-standing pleomorphic adenoma in the parotid gland. 
There are no signs of facial nerve involvement despite the size of the 
tumour as perineural invasion is a feature of malignancy. 


reliable and simple method to differentiate benign tumours 
from malignant ones and inflammatory lesions from those 
that are neoplastic. However, FNA may not be able to give 
a definitive diagnosis in some tumours. False-positive and 
false-negative rates range from 1 to 14% and the accu- 
racy rate for benign or malignant diagnoses ranges from 
81 to 98%. Salivary gland tumours show a wide range of 
histopathological features. Histopathological grade is decided 
by different methods in various tumours. The first method is 
to classify different tumour types into low grade and high 
grade. Accordingly, acinic cell carcinoma and basal cell car- 
cinoma are considered as low grade, and tumours such as 
salivary duct carcinoma and sebaceous carcinoma as high 
grade. Histological features and growth characteristics are 
used to grade adenoid cystic carcinoma and MEC. Tubular 
and cribriform types of adenoid cystic carcinoma are clas- 
sified in the intermediate category, whereas the solid type 
is considered as a high-grade malignancy. MEC is divided 
into low, intermediate, and high with the assessment of five 
histopathological features, cystic areas, mitoses, anaplasia, 
vascular/perineural invasion, and necrosis. Histopathological 
features of common salivary gland tumours are shown in 
Figure 11.PA is an encapsulated tumour in major glands, 
but frequent lack of encapsulation in some areas is evi- 
dent in intraoral tumours. The cells are mainly hyaline 
or plasmacytoid with frequent squamous metaplasia. The 
stroma can vary as myxoid, chondroid, or a combination 
of the two (Figure 11a). Warthin’s tumour shows charac- 
teristic bilayered epithelium arranged into papillary projec- 
tions, with numerous cystic spaces and lymphoid tissue 
(Figure 11b). MEC, the commonest salivary gland malig- 
nancy, is composed of (Figure 11c) epidermoid, mucous- 
secreting, and clear cells in varying numbers. Cystic spaces 
are frequent in low-grade tumours. High-grade tumours show 
features of cellular atypia. Adenoid cystic carcinoma has 
three histopathological subtypes, namely, cribriform, tubu- 
lar, and solid pattern. The cells are mostly basaloid and 
may show varying degrees of cytological atypia. Perineu- 
ral invasion is a common feature (Figure 11d). Acinic cell 
carcinoma presents a wide range of histological features. The 
most differentiated tumours show a close resemblance to 
normal acinar structures, whereas others may show micro- 
cystic or papillary cystic arrangements (Figure 11e). Clear 
cells may be prominent in some examples. Polymorphous 
low-grade adenocarcinoma shows cytologic uniformity and 
histologic diversity with an infiltrative growth pattern. It 
shows lobular, papillary, cystic, cribriform, and many other 
combinations of histological appearances (Figure 11f). The 
tumour cells are medium sized and show minimum hyper- 
chromatism. 

Diagnosis of salivary tumours can be achieved with 
routine haematoxylin and eosin stains in a majority of 
cases. Immunoprofiles of most salivary tumours are non- 
specific. Most of the salivary tumours are immunore- 
active for cytokeratin, smooth muscle actin, carcinoem- 
bryonic antigen (CEA), $100 protein, and glial fibrillary 
acidic protein (GFAP). The myoepithelial cell, a cell that 
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Figure 11 


Histopathology of common salivary tumours. (a) Pleomorphic adenoma showing myoepithelial cells in a myxochondroid stroma. (b) Warthin’s 


tumour with papillary arrangement of the epithelium with prominent lymphoid tissue. (c) Mucoepidermoid carcinoma consists of mucous-secreting cells, 
epidermoid cells, and frequent cystic areas. (d) Adenoid cystic carcinoma with basaloid cells arranged into cribriform and trabecular patterns in a 
hyalinized stroma. (e) Acinic cell carcinoma showing well-differentiated acini and microcystic areas. (f) Polymorphous low-grade adenocarcinoma consists 


of cytologically bland cells arranged in different histological patterns. 


is commonly present in salivary tumours, is immunore- 
active for $100, cytokeratins, smooth muscle actin, and 
GFAP. 


Molecular Genetics 


Unlike most cancers, salivary tumours do not show any evi- 
dence of familial predisposition. Surprisingly, only a few 
studies have been carried out on salivary tumours in order 
to investigate molecular aspects, and most of the litera- 
ture is on PA. Accordingly, rearrangements of chromo- 
somes 3p21, 8q12, 12q13-15, together with PLAG1 and 
HMG1C genes have been reported. There is evidence for 
translocations in chromosomes 11q21 and 19p13 in both 
MEC and Warthin’s tumour. In addition, structural and 
molecular alterations at 6q, 8q, and 12q are shown to be 
evident in adenoid cystic carcinoma and carcinoma aris- 
ing in PA (Barnes etal., 2005). Although the literature 
on the role of the P53 tumour-suppressor gene in other 
cancers is abundant, its role in salivary tumours has not 
been proved. Mdmz2 protein, a cellular regulator of p53 
protein activity, is reported to be highly expressed in sali- 
vary tumours, but there were no alterations in p53 (de 
Arujo etal., 2000). High expression of EGFR/HER2/neu 
family members is shown in MEC and adenoid cystic car- 
cinoma (Gibbons etal., 2001). The expression levels are 
higher in the former. Overexpression of HER2 in salivary 
duct carcinoma has been reported. Further, HER2 expres- 
sion is higher in malignant tumours when compared with 
the benign tumours, and its expression has a relation- 
ship with prognosis (Giannoni et al., 1995). Proto-oncogene 
c-KIT expression appears to be restricted to myoepithe- 
lial carcinoma, adenoid cystic carcinoma, and lymphoep- 
ithelial carcinoma, but absent in other types of salivary 
tumours (Jeng et al., 2000). Expression-profile studies have 


shown that a small set of genes separate MEC and clear 
cell carcinoma from their benign counterparts. Extracellu- 
lar matrix-related genes and genes-encoding transcription 
factors, SOX4 and AP-2a, together with members of the 
W nt/B-catenin signalling pathway are over-expressed in ade- 
noid cystic carcinoma. However, the available literature on 
molecular genetics is not adequate to understand the under- 
lying changes in a vast majority of different types of salivary 
tumours. 


Prognostic Factors 


Prognosis of salivary tumours mostly depends on the micro- 
scopical grade and the tumour type. Similar to most other 
cancers, clinical stage has a direct relationship with sur- 
vival and prognosis (Tables 4 and 5). In a recent study, it 
has been shown that advanced age, poor tumour differenti- 
ation, and presence of cervical metastasis are unfavourable 
prognostic factors (Bell et al., 2005). The size of the tumour 
appears to have a direct relationship with survival irrespec- 
tive of the histological type or grade. Further, patients with 
tumours less than 4cm in diameter show a better survival 
rate and a lower risk of locoregional or distant metastasis 
(Speight et al., 2002). Histological grading criteria are avail- 
able for most of the malignant salivary tumours, and they 
help in planning treatment as well as in predicting prognosis 
to a certain extent. The system for grading MEC into low, 
intermediate, and high with the help of five histopathological 
features is shown to have a prognostic correlation (Auclair 
et al., 1992; Guzzo et al., 2002). The histopathological sub- 
type of a given entity is used as a prognostic indicator for 
tumours such as adenoid cystic carcinoma. Tubular and crib- 
riform variants of adenoid cystic carcinoma show a better 
prognosis than the solid type. Site appears to be a predictive 
factor for prognosis in some tumours. For example, acinic 


ORAL CAVITY AND MAJOR AND MINOR SALIVARY GLANDS 13 


Table 4 TNM classification of carcinomas of the salivary glands. 


T: Primary tumour 

TX: Primary tumour cannot be assessed 

TO: No evidence of primary tumour 

T1: Tumour 2cm or less in greatest dimension without extraparenchymal 
extension 

T2: Tumour more than 2 cm, but not more than 4cm in greatest dimension 
without extraparenchymal extension 

T3: Tumour more than 4cm and/or tumour with extraparenchymal 
extension 

T4a: Tumour invades skin, mandible, ear canal, or facial nerve 

T4b: Tumour invades base of the skull, pterygoid plates, or encases 
carotid artery 

N: Regional lymph nodes 

NX: Regional lymph nodes cannot be assessed 

NO: No regional lymph nodes metastasis 

N1: Metastasis in a single ipsilateral lymph node, 3cm or less in greatest 

dimension 

N2: Metastasis as specified in N2a, N2b, and N2c in the following text 

N 2a: Metastasis in a single ipsilateral lymph node more than 3 cm, but not 

more than 6cm in greatest dimension 

N 2b: M etastasis in a multiple ipsilateral lymph nodes, not more than 6 cm 

in greatest dimension 

N2c: M etastasis in bilateral or contralateral lymph nodes, not more than 

6cm in greatest dimension 

N3: Metastasis in a lymph node, more than 6cm in greatest dimension 

M : Distant metastasis 

M X: Distant metastasis cannot be assessed 

M0: No distant metastasis 

M 1: Distant metastasis 








(Adapted from World Health Organization Classification of Tumours, Pathology & 
Genetics of Head and Neck Tumours, 2005.) 


Table 5 Stage grouping 


Stage T1 NO MO 
Stage II T2 NO MO 
Stage Ill T3 NO MO 
TL 2ial 3 N1 MO 
Stage IVA Tl, T2, T3 N2 MO 
T4a NO, N1, N2 MO 
Stage IVB T4b Any N MO 
Any T N3 MO 
Stage IVC Any T Any N M1 








(Adapted from World Health Organization Classification of Tumours, Pathology & 
Genetics of Head and Neck Tumours, 2005.) 


cell carcinoma of the submandibular gland has a poor prog- 
nosis, whereas tumours from the parotid gland and minor 
glands show a better prognosis (Hoffman et al., 1999). 


Treatment of Salivary Tumours 


Surgery is the treatment of choice for a majority of both 
benign and malignant salivary tumours. Refined imaging 
techniques such as CT and MRI have enhanced the effec- 
tiveness of the surgical mode of treatment. Surgical treat- 
ment of the primary site for both minor and major gland 
tumours appears to have changed in some ways over the 
last few decades. For example, some clinicians prefer extra- 
capsular dissection of benign tumours of the parotid gland 
rather than superficial parotidectomy, as the former carries 


less morbidity (McGurk et al., 2003). However, for malig- 
nant tumours, this technique is not considered appropriate. 
The present trend is to preserve the facial nerve during the 
excision of parotid tumours. In situations where this is not 
possible, attempts should be made to reconstruct the nerve 
immediately with an interpositional nerve graft, provided the 
facilities are available (Bell etal., 2005). When clinically 
positive neck nodes are present, neck dissection is performed 
to remove them. Treatment of the NO neck is controver- 
sial. M ost centres treat high-grade salivary malignancies with 
elective neck dissection in order to eliminate occult disease. 

The role of RT in the management of salivary tumours 
is not clear. Post-operative RT is given for high-grade cases 
with high risk of locoregional relapse. RT is also the standard 
treatment for cases that are inoperable. Chemotherapy plays 
a palliative role. Today, the integration between RT and 
chemotherapy appears to have provided an increased local 
control. This integration is important in increasing the 5-year 
survival rate of patients with high-grade tumours (Cortesina 
et al., 2005). Recent reports have indicated that neutron- 
based radiation therapy is more effective than photon-based 
radiation therapy for the treatment of malignant salivary 
gland neoplasms with gross disease. It has also been reported 
that the former provides excellent local and regional control 
of microscopic disease. 

In general, salivary gland neoplasms respond poorly to 
chemotherapy, and adjuvant chemotherapy is currently indi- 
cated only for palliation. Doxorubicin- and platinum-based 
agents are most commonly used, with the platinum-based 
agents inducing apoptosis and the doxorubicin-based drugs 
promoting cell arrest. Platinum-based agents, in combina- 
tion with mitoxantrone or vinorelbine, are also effective in 
controlling recurrent salivary gland malignancy. 
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The upper and lower respiratory tracts are the site of 
many common primary and secondary tumours. This area 
is exposed to many noxious environmental and occupational 
influences. 


NOSE AND PARANASAL SINUSES 


A wide range of malignant tumours and precursor lesions 
may arise in the nasal passageways, including carcinomas, 
soft tissue tumours, haematolymphoid tumours, bone and 
cartilage tumours, neuroectodermal tumours, and germ cell 
tumours (Barnes et al., 2005). 

Sinonasal squamous cell carcinoma is uncommon account- 
ing for only 3% of head and neck malignancies. It most 
frequently occurs in the maxillary sinus followed by nasal 
cavity, ethmoid, sphenoid, and frontal sinuses. Both verru- 
cous and conventional keratinizing squamous cell carcinoma 
may arise, and there is also a distinctive non-keratinizing 
type referred to as cylindrical cell or transitional carcinoma. 
Other variants of squamous cell carcinoma include papil- 
lary, basaloid, spindle cell, adenosquamous, and acantholytic 
carcinoma. The inverted (Schneiderian) papilloma is a rec- 
ognized precursor lesion for sinonasal cancer. 

Lymphoepithelial carcinoma is a poorly differentiated 
squamous carcinoma (PDSC) that is accompanied by a 
prominent reactive lymphoplasmacytic infiltrate. M ost cases 
involving the sinonasal tract occur in Southeast Asia, and 
there is strong association with Epstein-Barr virus (EBV) 
(Zong etal., 2001). The pathological features and clinical 
behaviour are similar to those of nasopharyngeal carcinoma 
(NPC), with a generally favourable clinical response to 
locoregional radiotherapy. Recently a separate entity referred 
to as sinonasal undifferentiated carcinoma (SNUG) has been 
recognized (see Mendenhall et al., 2006 for a review). The 
histopathological features of SNUG overlap with those of 
lymphoepithelial carcinoma, but SNUG is typically EBV 
negative and shows a high mitotic rate, necrosis, apoptosis, 
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and lack of squamous or glandular differentiation. Even with 
aggressive therapy, the prognosis of SNUG is poor. 

Adenocarcinomas and salivary type carcinomas comprise 
around 20% of sinonasal malignancies. Two types of adeno- 
carcinoma are recognized, intestinal and non-intestinal types, 
and both occur in high- and low-grade patterns. The intesti- 
nal type adenocarcinoma is linked to inhalation of wood 
and leather dust particles and formaldehyde exposure (Luce 
etal., 2002; Korinth etal., 2005). Papillary, colonic, and 
rarer solid, mucinous and mixed histological patterns are 
recognized (Barnes et al., 2005). Prognosis is related to his- 
tological subtype with solid and poorly differentiated types 
having the worst outcomes. Non-intestinal sinonasal ade- 
nocarcinomas appear to arise from lining mucosa and are 
of unknown aetiology. Low-grade non-intestinal carcinomas 
occur most frequently in the ethmoid sinus, whereas high- 
grade examples are seen more commonly in the maxillary 
sinus, but high- and low-grade examples may be encoun- 
tered in any paranasal sinus. As in the larynx, trachea, and 
lung, any of the salivary carcinomas may arise from minor 
glands in the submucosa. 


Neuroendocrine Tumours 


This group of tumours includes typical carcinoid (TC), atyp- 
ical carcinoid (AC), and small cell carcinoma of neuroen- 
docrine (NE) type. The features are similar to those arising 
elsewhere in the respiratory tract and are discussed in the 
following text. 


Sinonasal Papillomas 


Schneiderian papillomas are uncommon lesions and often 
present with nasal obstruction. Inverted, oncocytic, and 
exophytic histological types are recognized. An association 
with human papillomavirus (HPV) seems likely. Recurrence 
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after removal is common and squamous cell carcinoma may 
arise in long-standing cases. 


Neuroectodermal Tumours 


Ewing’s sarcoma (EWS)/primitive neuroectodermal tumour 
(PNET) may arise in the nasal cavity and paranasal sinuses 
and appears to have a better prognosis in the head and 
neck than at other sites. Olfactory neuroblastoma is a 
malignant neuroectodermal tumour arising from the olfactory 
membrane, and it accounts for around 2% of sinonasal 
tract tumours. Radiologically they typically form a dumb- 
bell-shaped mass across the cribriform plate. Olfactory 
neuroblastoma must be distinguished from NE carcinoma 
by immunohistochemistry and careful examination of the 
microscopic features. M elanotic neuroectodermal tumour of 
infancy is a rare neoplasm with a biphasic population of 
neuroblastic and epithelial cells, most commonly located in 
the palatal area or maxillary sinus. Most tumours respond 
well to resection, but metastases can develop. Mucosal 
malignant melanoma more commonly affects the nasal cavity 
than the paranasal sinuses and has a poor prognosis in 
common with mucosal melanomas at other sites in the head 
and neck. Heterotopic central nervous system (CNS) tissue 
(nasal glioma) and ectopic pituitary adenoma may also be 
encountered in the nasal cavity. 


Haematolymphoid Tumours 


Malignant non-Hodgkin's lymphoma (NHL) is the second 
most common nasal malignancy after squamous carcinoma, 
accounting for around 15% of cancers. The most common 
NHL encountered is extranodal NK/T type, and it shows 
a relatively high prevalence in Asian and South American 
populations. A diffuse lymphomatous infiltrate, which is 
angiocentric and angiodestructive, is typical. Apoptotic 
bodies and coagulative necroses are also common, and the 
presence of a rich inflammatory infiltrate may give rise to 
confusion with granulomatous inflammation. The majority 
of NK/T-cell lymphomas present with localized disease. 
Chemotherapy and radiotherapy are used for treatment and 
long-term prognosis is relatively poor. 

Diffuse B-cell lymphoma and extramedullary plasmacy- 
toma may also occur in the nose. 


Germ Cell Tumours 


Immature teratomas and teratomas with malignant transfor- 
mation may occur in infancy and childhood in the sinonasal 
tract. Teratocarcinoma and yolk sac tumour have been doc- 
umented in adults with extremely rare cases reported in 
childhood. M ature teratoma is the main germ cell neoplasm 
occurring in the sinonasal tract and shows features similar to 
those of its gonadal counterpart. 


NASOPHARYNX 


Although a wide variety of tumours can occur in the 
nasopharynx including those of soft tissue, bone, haema- 
tolymphoid, and epithelial origin, it is the NPC that has 
attracted the most attention. NPC shows a striking geo- 
graphic variation, with the highest incidence in Southern 
China. Morphologically NPC is identical to lymphoepithelial 
carcinomas at other sites, and it shows a strong associa- 
tion with EBV. Typically patients have multiple symptoms, 
the most common presentation being enlarged cervical nodes 
with nasal symptoms. NPC has a highly malignant phenotype 
with extensive local infiltration, lymphatic spread, and fre- 
quent haematogenous dissemination. Deposits may be found 
in bone, lung, liver, and distant nodes. 

NPC typically shows solid sheets, irregular islands, and 
trabeculae of carcinoma cells admixed with lymphocytes 
and plasma cells. Undifferentiated and differentiated types 
can be found; the undifferentiated type possessing crowded 
nuclei and the differentiated type resembling transitional cell 
carcinoma. NPC shows strong cytokeratin reactivity for pan- 
cytokeratin markers (AE1/AE3, MNF-116) and is negative 
for CK7 and 20. In situ hybridization for Epstein- B arr virus 
encoded early ribonucleic acid (EBER) is the most sensitive 
and specific method for detection of EBV in this setting. 
All cells containing latent infection should show nuclear 
staining. TP53 mutation is rare, but DN-P63 is consistently 
overexpressed and may block the apoptotic pathway. Fre- 
quent aberrant expression of cyclin D1, p21"45, p16, p27, 
pRB, and BCL2 have been reported (Fan etal., 2006). 
Expression of hypoxia-associated genes has been associated 
with a poor prognosis. Good responses to radiation ther- 
apy have been reported in recent years for disease localized 
to head and neck. PET scanning for distant metastasis is 
useful in evaluative outcomes, as distant spread is asso- 
ciated with poor outcomes even if locoregional control is 
achieved. 


LARYNX 


Squamous papillomas may arise from the true cords at other 
sites in the larynx, the oropharynx, and the trachea. They 
may be isolated but more frequently occur in childhood as 
recurrent respiratory papillomatosis. M ost laryngeal papil- 
lomas are caused by HPV, types 6 and 11 (Travis etal., 
1999; Draganov etal., 2006), but types 16, 18, 31, 33, 
35, and 39 have also been identified (Barnes et al., 2005). 
These tumours are glistening, nodular, exophytic masses, 
and, depending on their site and size, cause hoarseness, 
stridor, or respiratory distress. A rare complication is squa- 
mous cell carcinoma that may develop in the larynx or 
lung. 

Histologically there are multiple layers of orderly squa- 
mous epithelium with no atypia, covering a fibrovascular 
core. A few cases may show varying degrees of dysplasia and 
koilocytic changes are often present. Prominent surface ker- 
atin or intraepithelial dyskeratosis suggests verruca vulgaris 
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or verrucous carcinoma. Squamous carcinomas usually arise 
in juvenile lesions, often in the setting of irradiation or other 
promoters. Treatment is by surgery, but recurrence is fre- 
quent. Solitary adult and juvenile papillomas are often cured 
by surgery. 


Keratosis and Dysplasia 


Keratosis is an epithelial area with a marked degree of 
orthokeratosis or parakeratosis unassociated with underlying 
epithelial proliferation. Typically keratosis is due to long- 
term tobacco use and affects the vocal cords. The mucosa is 
thickened and white. Leukoplakia is a clinical term meaning 
“white plaque” and not a pathological description. K eratotic 
epithelium usually separates it from the vocal cords. This 
is helpful diagnostically since an intact basal layer helps 
exclude invasive carcinoma. 

Non-dysplastic keratosis shows a normal or increased 
thickness of squamous epithelium with a prominent granular 
layer and overlying layers of orthokeratin admixed with 
parakeratosis. Maturation is orderly and mitoses are basal. 
If there is no dysplasia there appears to be only a minimal 
risk of developing a subsequent carcinoma, and such lesions 
are classified in some schemes as “hyperplasia”. 

Dysplasia is graded into mild, moderate, and severe and 
has similarities to the system used in the cervix except that 
keratinization is more common in the larynx. Mild dysplasia 
involves the basal layer; moderate dysplasia extends upwards 
to involve usually two-thirds of the epithelium but does not 
involve the superficial epithelium. Severe dysplasia shows 
increased mitoses and atypia, and may involve almost the 
full thickness of the epithelium. When the full thickness is 
involved the term carcinoma in situ may be used (Barnes 
et al., 2005). The Ljubljana classification recognizes four 
categories: squamous (simple) hyperplasia, basal/parabasal 
cell hyperplasia, atypical hyperplasia (“risky epithelium”), 
and carcinoma in situ. The squamous intraepithelial neoplasia 
(SIN) system combines severe dysplasia and carcinoma in 
situ as SIN 3, and classifies mild dysplasia as SIN 1 and 
moderate dysplasia as SIN 2. 

The more severe the dysplasia grading, the greater the 
chance of an invasive carcinoma coexisting or developing 
in the larynx. Involvement of the underlying seromucinous 
glands by dysplastic epithelium is not considered to be 
evidence of invasion. There is evidence that a binary system 
of “low risk” and “high risk” for dysplasia grading may be 
more effective at predicting malignant transformation than 
the more complex schemes currently used (reviewed in K ujan 
et al., 2006). 


Invasive Squamous Cell Carcinoma 


Squamous carcinoma of the larynx is associated with 
cigarette smoking and excessive alcohol intake (Figure 1). 
“Social” use of alcohol does not appear to cause an increased 
risk, and alcohol risks are small in the absence of smok- 
ing (Altieri etal., 2005). There is no association between 





Bisected laryngectomy specimen showing advanced squamous 
cell carcinoma. 


Figure 1 


asbestos exposure and carcinoma of this site. Carcinoma of 
the larynx is divided into supraglottic, glottic, and subglottic 
types. This division has relevance for surgical management. 
Transglottic carcinoma is a term applied to carcinomas bridg- 
ing the laryngeal ventricle and involving both the vocal cord 
and supraglottic regions. M ost of these are glottic carcinomas 
extending into the supraglottis. 

The majority of squamous carcinomas of the larynx are 
glottic, arising anteriorly on the mobile part of the cord. 
They cause hoarseness. Most of the remaining laryngeal 
carcinomas are supraglottic and arise from the epiglottis, 
ventricles, false cords, and aryepiglottic folds. These give 
rise to changes in voice quality and may cause difficulty 
in swallowing or the feeling of a mass in the throat. 
Subglottic carcinomas account for 5% or less of all laryngeal 
carcinomas. 

The tumours are usually ulcerated and vary in size from 
small lesions to large masses, which may almost obstruct the 
laryngeal lumen (Figure 1). Subtypes of squamous cell car- 
cinoma include verrucous, basaloid, papillary, spindle cell, 
acantholytic, and adenosquamous types, but conventional 
squamous cell carcinoma is most frequently encountered. 
Since the true cords have a limited lymphatic supply, glottic 
tumours have a good prognosis. Thus they are often cured by 
radiation or limited surgical resection, often by transoral laser 
cutting. With an increase in size the cords become fixed and 
the tumour may extend outside the larynx, involving nodes. 
Subglottic carcinomas are often circumferential and extend 
beyond the larynx, penetrating the cricothyroid membrane. 
These cases are likely to involve cervical nodes. 

Early carcinomas are usually cured with limited surgery or 
radiation, but laryngectomy is one of the treatments for larger 
tumours. Clinical trials aimed at organ preservation have 
shown that chemotherapy is an effective modality (Pfister 
et al., 2006). The size of the tumour and degree of differenti- 
ation are important factors in determining prognosis. Patients 
with laryngeal carcinoma have an increased risk of develop- 
ing another tumour, especially in the lung or elsewhere in 
the head or neck. 
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Genetic Changes in Laryngeal Carcinoma 


TP53 mutation has been reported as an independent prog- 
nostic factor in laryngeal squamous carcinoma (Bradford 
etal., 1997; Narayana etal., 1998; Russo etal., 2006). 
Detection of epidermal growth factor receptor (EGFR) by 
FISH has been shown to be a powerful predictor of out- 
come (Morrison et al., 2005). Retinoblastoma (RB) protein 
expression relates to survival (Dokiya et al., 1998). Deregu- 
lation of the RB tumour-suppressor pathway by aberrant E 2F 
activity and associated DEK overexpression have also been 
reported (Carro et al., 2006). Cyclin D1 overexpression iden- 
tified patients with poor-grade laryngeal carcinoma, tumour 
extension, lymph node involvement, and poor histological 
differentiation (B ellacosa et al., 1996; K orkmaz et al., 2005). 


Other Carcinomas 


Lymphoepithelial carcinoma that is morphologically identical 
to NPC and is also EBV positive occurs in the larynx. Giant 
cell carcinoma, an undifferentiated carcinoma composed of 
bizarre multinucleated cells often containing neutrophils and 
debris, is rarely found in the larynx, and is similar to giant 
cell carcinoma of the lung, as described in the following 
text. Malignant salivary type neoplasms may also occur in 
the larynx. 


Neural Laryngeal Tumours 


Neurilemmomas, neurofibromas, granular cell tumour, para- 
ganglioma, malignant melanoma, and carcinoid tumour (see 
Lung) can all be identified in the larynx. 


Haematolymphoid Tumours 


Primary laryngeal non-H odgkin’s lymphoma is uncommon. 
M ost are of B-cell type; diffuse large cell type is often found, 
but rare examples of NK/T- and peripheral T-cell lymphoma 
have been reported. Extramedullary plasmacytoma has been 
well described in the larynx, where it causes a subepithelial 
tumour. 


Soft Tissue and Bony Tumours 


Haemangiomas may arise in the larynx. In infants they 
present with respiratory distress and affect the subglottic 
region. Adult haemangiomas are commoner and usually 
affect the supraglottic and glottic areas. They may cause 
cough and haemoptysis, as well as hoarseness. Inflammatory 
myofibroblastic tumour may involve the larynx and is now 
considered a borderline malignant tumour with rare examples 
showing metastasis. The commonest site is the vocal cords, 
where it causes hoarseness and stridor. Other soft tissue 


laryngeal tumours include fibrosarcoma, liposarcoma, chon- 
drosarcoma, rhabdomyosarcoma, leiomyosarcoma, synovial 
sarcoma, K aposi’s sarcoma, and malignant fibrous histiocy- 
toma. Malignant tumours of bone and cartilage also occur, 
sometimes following irradiation. Giant cell tumour (osteo- 
clastoma) has been described most often in the thyroid 
cartilage. 


Primary Mucosal Melanoma 


This is a rare tumour mostly occurring in the supraglottic 
larynx and less commonly in the glottic region. The prognosis 
is poor with less than 20% 5-year survival. 


Metastatic Disease 


Carcinomas may metastasize to the larynx; the commonest 
tumour is cutaneous melanoma, followed by kidney, breast 
lung, prostate, and gastrointestinal tract carcinomas. 


TRACHEA 


The trachea is rarely affected by tumours, the commonest 
being polyposis, adenoid cystic carcinoma, and mucosa- 
associated lymphoid tissue (MALT) lymphoma, but any of 
the neoplasms mentioned in the following text may affect 
this area. 


LUNG 


Lung tumours may be primary or secondary, benign or 
malignant. M etastases are common from both carcinomas 
and sarcomas because the lung receives the entire cardiac 
output. 


Classification of Lung Tumours 


An increased number of new pulmonary lesions have been 
described in the last 18 years (Travis et al., 2004a) (Table 1). 
Itis impossible in a chapter such as this to give a comprehen- 
sive description of all lung tumours and the reader is referred 
to specialist texts (Hasleton, 1996; Travis et al., 2004a; Dail 
and Hammar, in press). 


Benign Lung Tumours and Hamartomas 


These may be central or peripheral. Central indicates they 
involve main bronchi, and peripheral, the lung parenchyma. 
Central tumours cause collapse of a lobe or lung, with 
recurrent infections leading to bronchiectasis. Central lung 
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Table 1 Classification of lung tumours. 


Epithelial tumours 
Benign 
Papilloma 
Adenoma 
Alveolar and papillary 
Salivary gland type 
Mucous gland 
Pleomorphic 
M ucinous 
Pre-invasive lesions 
Squamous 
Atypical adenomatous hyperplasia 
Diffuse idiopathic pulmonary 
N euroendocrine cell hyperplasia 
M alignant 
Squamous cell carcinoma (and variants, including basaloid) 
Small cell carcinoma (and variants) 
Adenocarcinoma (and variants) 
Large cell carcinoma (and variants, including large cell 
neuroendocrine carcinoma and lymphoepithelial carcinoma) 
Adenosquamous carcinoma 
Carcinomas with pleomorphic, sarcomatoid, or sarcomatous 
elements (including carcinosarcoma and pulmonary blastoma) 
Carcinoid tumour 
Typical 
Atypical 
Carcinomas of salivary gland type (including mucoepidermoid 
and adenoid cystic carcinomas) 
Unclassified 
Soft tissue tumours 
Mesothelial tumours 
Miscellaneous tumours (including hamartoma and sclerosing 
haemangioma) 
Lymphoproliferative disorders 
Secondary tumours 





tumours typically present with cough, recurrent chest infec- 
tions, and haemoptysis due to surface ulceration of the 
tumour. 

Peripheral lung tumours are often detected as a chance 
radiological finding, known as a solitary pulmonary nod- 
ule. Approximately 40% of solitary nodules are malignant 
and 60% are benign. The benign lesions may be inflamma- 
tory or non-neoplastic. By convention a nodule is 4-6cm 
in diameter; a larger lesion is termed a mass, often sug- 
gesting malignancy. Solitary nodules are investigated using 
computed tomography (CT), PET scans, and fine-needle 
biopsy. Radiologically benign lesions tend to have a smooth, 
circumscribed periphery; malignant tumours have irregu- 
lar margins. Calcified nodules are usually benign and can 
be followed up. If a nodule has been radiologically sta- 
ble in size for 2years and the patient is below 35 years, 
it is malignant in only 1-5% of cases. Persistent solitary 
nodules of unknown aetiology need resection, though PET 
scans using !8F-fluorodeoxyglucose (FDG) are increasingly 
being used. Its specificity is less than ideal. A new molecular 
imaging probe (18F-deoxyfluorothymidine; FLT) might afford 
more specific tumour imaging. Only one study has com- 
pared the use of FDG-PET and FLT-PET for tumour staging 
and correlation between PET uptake intensity and tumour 
cell proliferation. The number of patients was small (11 
patients with solitary pulmonary nodules and 11 with known 





Figure 2 Intrapulmonary hamartoma showing a lobulated, glistening, 
well-circumscribed tumour. 


non-small cell lung cancer; NSCLC). The findings showed 
that FLT-PET is unlikely to provide more accurate staging 
information or better characterization of pulmonary nodules 
than FDG-PET (Yap et al., 2006). We have seen three benign 
lung lesions classified as PET positive and resected in 1 year, 
one of them an adenochondroma of the bronchus. 

Hamartomas develop in adults and have an abnormal 
karyotype. The most characteristic aberrations are mutations 
of high-mobility group (HM G) proteins, especially 6p21 and 
12q14- 15 (Fletcher et al., 1995; Hess, 1998; K azmierczak, 
1996, 1999). These molecular abnormalities indicate that 
these “hamartomas” are true neoplasms. They are twice 
as common in smokers and are associated with bronchial 
carcinoma. They are often peripheral and range from 1 
to 4cm in diameter. The cut surface is grey (Figure 2) 
but yellow if fat is prominent. They consist of cartilage, 
bone, fat, loose myxoid tissue, and islands of ciliated or 
columnar epithelium. Recurrence or sarcomatous change is 
very rare. 


Papillomas and Adenomas of the Bronchus 


Papillomas are solitary or multiple and both are rare. 
Solitary lesions present in middle-aged smokers as a central 
tumour. It grows as a wartlike lesion and consists of 
squamous epithelium, which matures towards the surface. 
Papillomatosis is seen in children. HPV types 6 and 11 can 
be identified in both solitary and multiple tumours. Subtypes 
16, 18, and 31/33/35 are found in squamous papillomas 
associated with squamous cell carcinomas (Bejui-T hivolet 
et al., 1990; Popper et al., 1992, 1994), suggesting that these 
viral subtypes may be associated with tumour progression. 
One-third of cases show carcinoma in situ or invasive 
carcinoma, and thus papillomas require a close follow-up 
at minimum. 

Glandular and mixed squamous, and mucous gland ade- 
nomas are solitary, benign central tumours. Papillary and 
alveolar adenomas are peripheral tumours. All these adeno- 
mas are rare. 
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Neuroendocrine Tumours 


There are no truly, premalignant NE lesions, though dif- 
fuse idiopathic pulmonary neuroendocrine hyperplasia (DI P- 
NECH) has been placed in the pre-invasive section of the 
new World Health Organization (W HO) classification (Travis 
et al., 2004a). Very rare cases are associated with tumourlets 
and TCs. DIPNECH may bea non-specific reaction to airway 
inflammation and/or fibrosis. There is NE cell hyperplasia 
associated with peripheral carcinoids. Adjacent to central 
TCs, there is a decrease in NE cells. No in situ lesion has 
been found in association with small cell carcinoma, although 
dysplastic squamous epithelium overlies the tumour. 

A tumourlet was defined by the WHO as “a microscopic, 
peribronchiolar, nodular aggregate of uniform, round to oval 
or spindle-shaped cells with moderate amounts of cytoplasm 
and morphology similar to the cells of carcinoid tumours” 
(Travis etal., 1999). An arbitrary size of 0.5cm or less 
was given for these lesions; larger tumours were termed 
bronchial carcinoids. Tumourlets are incidental findings on a 
background of focal pulmonary fibrosis and bronchiectasis, 
but not diffuse interstitial pulmonary fibrosis. They may 
be mistaken for small cell carcinoma but lack the typical 
cytological features and mitoses. 

There is a spectrum of biological behaviour in NE tumours, 
ranging from the “benign” bronchopulmonary carcinoid to 
small cell lung carcinoma (SCLC). The latter neoplasm 
accounts for 15-25% of all lung malignancies. This does not 
imply there is a transition from one tumour type to another. 
TC, AC tumours, and large cell neuroendocrine carcinomas 
(LCNECs) are rare, together accounting for 2- 3% of lung 
tumours. Nearly all patients with AC, SCLC, and LCNEC 
are cigarette smokers. While TC and AC are morphologically 
similar to NE tumours elsewhere in the body, they do 
not behave in a fashion similar to them. For example, 
the carcinoid syndrome is rare in bronchial carcinoids. 
Bone production is rare in gastrointestinal carcinoids but 
commoner in bronchial tumours. 

TC may be central or peripheral. Central tumours give 
signs and symptoms but nearly 20% of cases may be asymp- 
tomatic. Endocrine manifestations are rare but hormones 
and peptides, including calcitonin, bombesin, and cytokines 
are easily detectable immunohistochemically. This paradox 
may be due to the small tumour volume and the efficiency 
of endothelial cells in detoxicating these products. These 
tumours cause haemorrhage due to the presence of many 
small blood vessels stimulated by TGF-a production by the 
tumour. Macroscopically they are yellow/grey (Figure 3). 
Up to 30% contain bone-stimulated osteogenic cytokines 
(TGF £1 and IGF-1). 

TC has various growth patterns, including trabecular, 
insular, or acinar. There should be fewer than two 
mitoses/2 mm?2/10 hpfs, and no necrosis. They may show 
cytological atypia, especially on frozen section (Sheppard, 
1997), increased cellularity, and lymphovascular invasion. 
These features should not be interpreted as indicative of AC. 
The lesion may still be classed as typical if the histology is 
as described in the preceding text and tumour is present in 





Figure 3 Intrabronchial carcinoid, which is distending the bronchus, and 
has a grey appearance on cut surface. 


lymph nodes. Special stains are not required to confirm the 
diagnosis owing to distinctive histology. 

ACs are more commonly peripheral and have the NE 
architecture, as described in the preceding text, with a 
mitotic rate of 2- 10/2 mm?/10 hpf and/or punctate necrosis. 
Superficial biopsies from AC may be misdiagnosed as SCLC 
(Pelosi et al., 2005). 

LCNEC are usually peripheral, tan tumours with focal 
necrosis and haemorrhage. Histology shows an NE appear- 
ance, with large cells, irregular pleomorphic nuclei, and low 
nuclear/cytoplasmic ratios. The cytoplasm is abundant, gran- 
ular, and eosinophilic. Necrosis is usually geographic and 
mitoses are frequent, with a mean of 75/2 mm?/10 hpf. Prog- 
nosis is poor. 

SCLC (“oat cell carcinoma”) is described with malignant 
tumours, though TC is classified by the WHO as a malignant 
tumour. 

There is under-representation of 11q, including the MEN 
gene in up to 50% of TCs (Ullman etal., 1998; Walch 
et al.,1998), but ACs show less 10q and 13q (Walch 
et al., 1998)). 


Carcinoma of Lung 


Epidemiology 


The lung is the commonest cancer site worldwide and is in 
first place in all areas of Europe, North and South A merica, 
Australia, and New Zealand. The lowest rates are seen in 
Southern Asia (India and Pakistan) and sub-Saharan A frica. 
Lung cancer appears to be rising in incidence, by 70% 
in women and 30% in men (Travis etal., 1995). In the 
EEC, lung cancer accounts for 21% of all cancer deaths 
in men, the corresponding figure for women is 4%. This 
latter figure is increasing, and worldwide lung cancer is the 
fifth most frequent cancer in women. This is due to the 
social acceptability of smoking, the targeting of women in 
tobacco advertisements, and appetite suppression caused by 
cigarettes. A decline in incidence in all cell types is predicted 
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soon in the United States. The rate in the west will probably 
continue to decrease, balanced by an increase in the third- 
world countries. This proposed western decrease does not 
take into account any drug habits of teenagers. 

Tobacco smoking is associated with most of the major 
histological types of lung cancer. The increase in lung 
cancer risk according to the number of cigarettes smoked 
appears stronger for squamous and small cell carcinomas 
than for adenocarcinoma. The histological type of cancer 
is to some extent determined by geography, race, and sex. 
Adenocarcinomas tend to be commoner in some Asian 
male populations (Chinese and Japanese) and in North 
America. Almost everywhere, except England and Poland, 
adenocarcinoma is the commonest cell type in women, where 
the squamous variant predominates (Parkin et al., 2002). The 
increase in adenocarcinoma is unexplained. In the United 
States, there has been a decline in tar and nicotine levels, 
due to filter-tipped cigarettes. There has been a progressive 
introduction of specially processed tobacco and perforated 
cigarette paper. These changes may have altered the types 
of carcinogens in the cigarette smoke, perhaps affecting the 
histological type. 


Aetiology 


Cigarette Smoking Cigarette smoking is the most impor- 
tant cause of lung cancer. With increased cigarette sales at 
the beginning of the 1900s, changes were made in the types 
of tobacco used. The smoke was milder and thus easier to 
inhale. pH was adjusted, so absorption did not occur across 
the oral mucosa. Subjects had to inhale smoke to absorb 
substantial amounts of nicotine. This deep inhalation and 
absorption of the tobacco’s toxic and carcinogenic substances 
enhanced the lung cancer risk. The evidence linking cigarette 
smoking with lung cancer started to accumulate in the 1930s. 
Four retrospective studies showing statistically significant 
relationship between lung cancer and smoking were pub- 
lished in the 1950s. Relative risk increases in a step-wise 
fashion with the increased number of cigarettes smoked. The 
age at which the subject begins to smoke is also critical. 
Other types of tobacco inhalation, ranging from pipes and 
cigars in the west to bidis in Asia, also correlate with a 
significant risk for lung cancer. 

Cigarette smoking is a major cause of mortality and mor- 
bidity in the western world. As tobacco sales decline in this 
area, producers are targeting third-world countries. Cigarette 
smoke yields more than 4000 constituents. These include 
carbon monoxide, hydrogen cyanide, aldehydes, cadmium, 
ammonia, nicotine, and benz[a]Janthracene, a potent carcino- 
gen. In addition, there are aromatic hydrocarbons and other 
toxic substances, which may be tumour initiators, includ- 
ing benzanthracenes and benzopyrenes. These are suspended 
as water droplets. The larger droplets are propelled on the 
mucociliary escalator back to the mouth; 98% of smoke par- 
ticles landing in the bronchi are removed by cilia within 
24hours. Smaller particles enter alveoli and, if undissolved, 
are ingested by macrophages and removed to lymphatics. 
Cigarette smoke impairs cilial and macrophage function, 
increasing the toxic effect on the lung. Cigarette smoking 


affects virtually every organ system, ranging from adenolym- 
phoma of the parotid to peripheral vascular disease (see 
Tobacco Use and Cancer). 


Involuntary (Passive) Smoking This is a combination of 
side-stream smoke, emitted into the air from a burning 
cigarette between puffs and some of the mainstream smoke, 
exhaled by the smoker. The potential carcinogenicity of 
passive smoking was highlighted by the increased risk of 
lung cancer in non-smoking women married to smokers. It 
is now estimated that in the United States about 2000 deaths 
per year are due to passive smoking. Several large studies 
have shown an increased risk of lung cancer by between 20 
and 25% (IARC, 2003; Boffetta et al., 1998; Fontham et al., 
1994; Hackshaw et al., 1997). 


Genetic Predisposition Eighty five percent to 90% of 
smokers consuming 20 or more cigarettes a day will not 
develop lung cancer. Host factors must be important in 
altering the risk/predisposition to the development of this 
disease. Sellars et al. 1990 reported an increased familial 
risk of developing NSCLC in relatives of lung cancer 
patients (OR = 2.16, p < 0.05). There are some candidate 
genes involved in xenobiotic metabolism and DNA repair. 
Combinations and variations of such genes modify smoking- 
related lung cancer risk. Such influence is affected by 
ethnicity, histology, exposure time, and possibly tobacco 
types, as well as possible dietary and other host factors. 
Some of the genetic changes predisposing to lung cancer are 
inherited in a Mendelian character. In relatives of patients 
with RB there is a 15-fold risk of lung cancer developing 
in carriers. Lung cancer is seen in some families with 
Li-Fraumeni syndrome. This is due to germ-line mutation of 
the TP53 tumour-suppressor gene. Both the RB and the TP 53 
gene are mutated or inactivated in most SCLCs and NSCLCs. 

This is a rapidly expanding area, and the finding of 
EGFR mutations in NSCLC, as just one example, is enabling 
targeted therapy. For reviews see Dacic et al. (2006), Dowell 
(2006), Hilbe etal. (2006), Langer and Natale (2005), 
Marchetti et al. (2006), Kim etal. (2006), Rosell etal. 
(2005), and Sugio et al. (2006). 


Occupation This is a complex subject, since employees 
may be exposed to more than one potentially carcinogenic 
substance. The proportion of lung cancers attributable to a 
given occupational exposure has been estimated at 10- 15%. 
Tobacco smoke acts as a strong confounder in the association. 

A prime example of industrially induced cancer is 
asbestos. Cigarette smoke and asbestos have a multiplicative 
effect in increasing the incidence of lung cancer. Other causes 
of lung cancer include exposure to cadmium, chromium (VI 
compounds), arsenic and its compounds, nickel, crystalline 
silica, radon, coal tar, plutonium, radon-222 and its decay 
compounds, dioxin, beryllium, and bis(chloromethyl) ether 
(Mapel and Coultas, 2002). Some diseases, such as inter- 
stitial pneumonia or scleroderma, carry an increased risk of 
developing lung cancer. In the former disease, asbestos expo- 
sure must be excluded. There is currently much debate as to 
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whether it is asbestosis, that is, fibrosis plus asbestos bod- 
ies, that causes the disease or just asbestos exposure without 
fibrosis. For a discussion of the arguments see Henderson 
et al. (1997). 

Hydrocarbons, derived from coal or petroleum, and poly- 
cyclic aromatic hydrocarbons, such as dibenzanthracene and 
benzo[a]pyrene, are known carcinogens. Exposure to hydro- 
carbons with increased lung cancer risk is seen in coke-oven, 
gashouse, and aluminium workers, who are exposed to pitch 
volatiles (tar). Car and bus exhausts also contain hydrocar- 
bons, and truck and bus drivers have an increased risk of 
lung carcinoma. 


Radiation The increased risk of lung cancer in radiation 
was first shown in Schneeberg, due to radon gas in the mines. 
Radon is a decay product of naturally occurring uranium. An 
increased risk of lung cancer is seen in uranium miners in 
Colorado and fluorspar miners in Newfoundland. 


Pulmonary Fibrosis An increased incidence of lung cancer 
complicates interstitial pulmonary fibrosis, other significant 
causes of pulmonary fibrosis, and chronic obstructive pul- 
monary disease. However, the earlier concept of pulmonary 
scar cancer is no longer regarded as valid, since it has been 
shown that the fibrosis is a reaction to the tumour (M adri 
and Carter, 1984). 


Viruses and Cancer Human immunodeficiency virus (HIV) 
infection is only seen as a cause of lung cancer in young indi- 
viduals with a history of heavy tobacco smoking, as well as a 
moderately advanced immunodeficiency status (Tirelli et al., 
2000). These patients were considerably younger than most 
patients with carcinoma at this location. Lymphoepithelioma- 
like carcinoma of lung is EBV related in Asian patients, but 
not usually in Caucasians. This tumour is not usually related 
to cigarette smoking. 


Chromosomal Changes in Lung Cancer 


SCLC shows deletions on the short arm of chromosome 3, 
but this loss has also been observed in NSCLC. 

Oncogenes regulate normal growth and development, 
but when activated promote tumour formation. Dominant 
oncogene mutations are seen in the MYC family in SCLC 
and in the RAS family in NSCLC. The MYC family encodes 
nuclear phosphoproteins, which bind to DNA and probably 
have transcriptional regulatory functions. Amplification of c-, 
N-, and L-MYC has been detected in SCLC. 

The RAS family of proto-oncogenes consists of HRAS, 
KRAS, and NRAS. These encode related 21-kDa membrane- 
associated proteins, which have a role in transduction of 
growth signals. RAS gene mutations are found in 20-40% 
of NSCLCs, especially adenocarcinomas, but not in SCLC. 
KRAS mutations in NSCLC tumours are associated with 
poorer prognosis. KRAS mutations correlate with smoking 
in lung adenocarcinoma, suggesting that exposure to carcino- 
gens in tobacco smoke activates these mutations. 

The HER-2/neu oncogene encodes a transmembrane 
tyrosine-specific protein kinase, p185"°", which is a growth 


factor receptor. Overexpression of p185"°" is common in 
NSCLC and adenocarcinoma and is associated with short- 
ened survival. RB gene is always mutated in SCLC but in 
only 20% of NSCLCs. TP53 mutations are seen in 75% of 
SCLCs and 50% of NSCLCs. The commonest mutation is a 
guanine-to-thymine transversion. 


Premalignant Lesions 


Three types of the preinvasive epithelial lesions are docu- 
mented in the new WHO classification. These are as follows: 


1. squamous dysplasia and carcinoma in situ 
2. atypical adenomatous hyperplasia (A AH) 
3. diffuse idiopathic pulmonary neuroendocrine hyperplasia. 


Pre-invasive Squamous Lesions of the Bronchi There 
is a great impetus in the United States and Japan, and a 
nascent one in Europe, to detect early bronchial carcino- 
mas, so they may be resected early, hopefully effecting a 
cure. Laser imaging fluorescence endoscopy (LIFE) uses the 
different characteristics of malignant and premalignant tis- 
sues to enhance the bronchoscopist’s ability to detect small 
preneoplastic bronchial lesions. In high-risk groups, such 
as smokers, it is six times more sensitive than white light 
bronchoscopy in detecting pre-neoplasia (Lam et al., 1998). 
Approximately 40% of in situ squamous lesions are detected 
by LIFE. Seventy-five percent of in situ lesions are super- 
ficial or flat, the rest are nodular or polypoid (Kato et al., 
1996; Nagamoto et al., 1986). Flat lesions are often vascu- 
lar and there is often vascular budding into the epithelium, 
called angiogenic squamous dysplasia. One study utilizing 
this technique showed that deletions of 8p21- 23 commenced 
early during the multi-stage development of lung cancer and 
persisted for up to 48 years after smoking cessation (Witsuba 
et al., 1999), 

A range of changes in smokers and patients with carcinoma 
of the lung are seen explaining the above molecular findings. 
These changes ranged from loss of normal ciliated lining 
cells with basal cell hyperplasia, low columnar non-ciliated 
epithelium or squamous metaplasia, and increasing degrees 
of dysplasia through to carcinoma in situ and invasive 
carcinoma. Auerbach et al., (1957) meticulously blocked out 
entire bronchial trees and showed all these changes coexisted 
in any one cancerous lung. 

Basal (reserve cell) hyperplasia, immature squamous 
hyperplasia, and squamous metaplasia may be misdiagnosed 
as dysplasia by the unwary. As with any other dysplas- 
tic lesion, diagnosis of pre-neoplasia should be made with 
great caution in the presence of active chronic inflamma- 
tion, as well as adult respiratory distress syndrome (ARDS) 
(Hasleton and Roberts, 1999). Previous radiotherapy and/or 
chemotherapy may cause misdiagnosis. These two treatment 
modalities should be suspected if there are large, bizarre 
nuclei, and plentiful cytoplasm. The WHO criteria for grad- 
ing of squamous dysplasia can be reliably replicated by 
both pulmonary and non-pulmonary pathologists (Nicholson 
et al., 2001). 
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Atypical Adenomatous Hyperplasia AAH is defined by 
the WHO as a localized proliferation of mild to moderately 
atypical cells lining involved alveoli and sometimes respi- 
ratory bronchioles, resulting in focal lesions in peripheral 
alveolated lung, usually 5mm or less in diameter, and gener- 
ally in the absence of underlying interstitial inflammation or 
fibrosis. There is often a fine interstitial fibrosis beneath these 
atypical cells but the usual profibrogenic cytokine, TGF-£, 
cannot be implicated (K err et al., 2005, Personal Communi- 
cation). 

The expression of the putative tumour-suppressor 
gene product Fragile Histidine Triad (FHIT); cell adhe- 
sion molecules CD44v6, E-cadherin and #-catenin; and 
matrix metalloproteinase 2 and its inhibitor, tissue 
inhibitor metalloproteinase (TIMP)-2, in a range of AAH 
lesions, bronchioloalveolar carcinomas (BACs), and invasive 
adenocarcinomas, were investigated to determine the changes 
in molecular expression associated with this form of neo- 
plastic progression. Loss of FHIT expression is a relatively 
late event in the progression of lung adenocarcinogenesis 
in this example and has potential as a surrogate marker of 
invasion. Loss of CD44v6 expression follows the conven- 
tion of falling adhesion molecule expression as malignancy 
develops. Increased expression of E-cadherin and £-catenin 
may reflect increased cell-cell contact as tissue architec- 
ture changes in the transition from AAH to adenocarcinoma. 
Loss of MM P-2 and TIM P-2 in stromally invasive tumours 
may reflect a particular role for MMP-2 at the BAC stage, 
with later downregulation of this particular enzyme (K err 
et al., 2004). 

If these specialized stains are not used, the size of 
the lesion, which is arbitrary, distinguishes it from BAC. 
Other features delineating AAH from BAC are given in the 
following text in the differential diagnosis. 


Geographical Differences in Incidence of AAH and 
BAC There are geographical differences in incidence of 
AAH and BAC between Japan and the United Kingdom. 
M any papers relating to these two lesions originated from the 
east, suggesting biological variations in the incidence of lung 
cancer between different continents. AAH has been described 
in the United Kingdom (Kerr et al., 1994). There appears to 
be an increase in adenocarcinomas, both in the east and the 
United States (Travis et al., 1995). This is not mirrored in the 
United Kingdom, where squamous cell carcinoma remains 
the predominant cell type in lung cancer. 


Clinical and Pathological Considerations 


AAH is asymptomatic and is an incidental pathological 
finding at lobectomy or pneumonectomy (M iller, 1990). It is 
found incidentally in up to 10% of lungs surgically resected 
for carcinoma (Kitamura etal., 1996). AAH may coexist 
with squamous carcinoma of the lung and metastatic colonic 
and renal carcinomas, but is most commonly associated with 
primary pulmonary adenocarcinoma. 

The lesions are minute (smaller than 5mm) white lesions, 
where the airways may still be identified, after magnification. 
Histologically there is a uniform proliferation of atypical 


cuboidal or low columnar epithelial cells with no mitoses 
growing along the alveolar septa. There are no admixed 
ciliated or mucous cells. There is variation in the cell den- 
sity, with larger nuclei having increased variation in size, 
shape, and nuclear hyperchromatism. Eosinophilic intranu- 
clear inclusions may be seen but are not specific for neoplas- 
tic cells. Ultrastructurally the cells are type II pneumocytes 
or Clara cells. 


Immunohistochemistry Urine protein 1, which is identical 
with Clara-specific 10-kDa protein, may be expressed in 70% 
of overt BACs but not in AAH lesions (Kitamura etal., 
1999). K i-67, a marker of cell proliferation, has demonstrated 
that AAH has a proliferative activity intermediate between 
normal cells and adenocarcinoma (Kitaguchi etal., 1998). 
Overexpression of cyclin D1 is high in AAH (47-89%) 
but decreased in “early” adenocarcinoma (28%), and overt 
adenocarcinoma (35%) (Kurasono etal., 1998). Thyroid 
transcription factor 1 (TTF-1) is always positive in this 
lesion. The reader is also referred to the discussion in 
the preceding text on markers indicating invasion (K err 
et al., 2004). 


Molecular Studies Both 3p and 9p deletions may be found 
in certain populations of AAH cells. In another study, 
3p, 9p, and 17p showed loss of heterozygosity (LOH) 
in 18, 13, and 66% of AAH cases, respectively. The 
corresponding carcinomatous lesions showed LOH in 67, 
50, and 17%, respectively. This suggests that AAH lesions 
with moderate or severe atypia are a preneoplastic stage of 
lung adenocarcinoma. KRAS codon 12 mutation may be an 
early event in the development of peripheral adenocarcinoma 
(Kitamura et al., 1999; Westra et al., 1996). 

There is allelic loss of tumour-suppressor gene loci in 
the tuberous sclerosis complex-1 (TSC1)-associated regions 
on the long arm of chromosome 9 (9q) and on the short 
arm of chromosome 16 (16p) in human lung carcinoma; 
24% of adenocarcinomas show LOH and partial LOH 
on 9q. The incidence of associated AAH is significantly 
higher in adenocarcinomas harbouring a partial LOH in 
the TSC1-associated regions. These results suggest that 
TSC 1-associated regions are new candidate loci for tumour- 
suppressor genes in lung adenocarcinoma, especially when 
accompanied by multiple AAH lesions (Suzuki et al., 1998; 
Takamochi et al., 2001). 


Differential Diagnosis \n a small biopsy, AAH or BAC 
may be part of an invasive adenocarcinoma or an intrapul- 
monary metastasis. The distinction of AAH from BAC has 
been considered in the preceding text. AAH and multiple syn- 
chronous lung cancers may be part of the Li- Fraumeni syn- 
drome (Nadav et al., 1998). Alveolar or papillary adenomas 
may be misdiagnosed as AAH on small biopsy specimens. 
These two entities are solitary tumours. 

Honeycomb lung (end-stage interstitial fibrosis) may show 
bronchiolar epithelial proliferation but the distribution of the 
epithelium is irregular. The epithelium does not grow along 
slightly thickened uniform alveoli with an intact architec- 
ture, as in BAC, but is part of an extensive fibroblastic, 
remodelling process. 
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Organizing pneumonia is associated with type II cell 
hyperplasia but there is intra-alveolar fibrosis. 

Atypical type II proliferations suggest radiotherapy- or 
chemotherapy-induced change, as with Busulphan or any 
drug causing ARDS. On cytology, ARDS shows bizarre 
type II or bronchiolar cells. Typically the sheets or balls of 
cells in BAC are composed of monotonous cells, uniform 
in size and shape. They have round to oval nuclei and 
a finely granular chromatin. In ARDS there is group-to- 
group variability of cells, often with marked variation in the 
nuclear/cytoplasmic ratio. Alveolar hyperplasia can be seen 
in lymphangioleiomyomatosis (Lantuejoul et al., 1997). 


Prognosis There was no difference in the age, follow-up 
interval, or survival rate in one study of 13 patients with 
no detectable nodules preoperatively, compared with cases 
showing nodules on CT scan. 

Some cases of BAC have a good prognosis (Logan et al., 
1996). The 5-year survival rate in stage | disease was 72.9% 
and in stage II was 60.6%, falling to 27.1% in stage IIIA 
and 0% in stages IIIB and 4. The 5-year survival rate was 
higher (64.6%) in AAH associated with well-differentiated 
adenocarcinoma, as opposed to the presence of this lesion in 
adenocarcinoma with pulmonary metastases. 


Tumourlets 


Tumourlets are micronodular, NE cell proliferations 
extending beyond the bronchial/bronchiolar walls, forming 
aggregates with organoid and nested patterns, and usually 
measuring less than 0.5cm in diameter. Tumourlets are 
often associated with fibrosis in the walls of bronchiectatic 
cavities but are uncommon in interstitial pulmonary fibrosis. 
A possible explanation is the prominent inflammation seen 
in bronchiectasis, whereas in interstitial pulmonary fibrosis 
inflammation is an early event and is usually less prominent 
than the fibrosis at the time of biopsy. The differential 
diagnosis is considered under DIPNECH subsequently, but 
on biopsy the unwary may suggest SCLC. Tumourlets lack 
the mitotic activity and cytoplasm of SCLC. 


Diffuse Idiopathic Neuroendocrine Hyperplasia 
(DIPNECH) 


DIPNECH is a proliferation of NE cells limited to the bron- 
chiolar epithelium. There are increased numbers of scattered 
single cells, small nodules (NE bodies), or linear prolif- 
erations of NE cells within the bronchiolar epithelium. It 
is typically associated with obliterative bronchiolar fibrosis, 
and coexisting interstitial or airway fibrosis or inflammation 
should be absent. This is because, especially with inflamma- 
tion, there is a proliferation of NE cells. 

DIPNECH is rare and may be part of a diffuse NE 
proliferation or identified adjacent to a peripheral carcinoid 
(Miller and Muller, 1995). It may present as an interstitial 
lung disease (Armas et al., 1995). Rare cases may show the 
full gamut with DIPNECH, tumourlets, and peripheral TC 
tumours (Miller et al., 1978). DIPNECH was significantly 


associated with TC tumours (p = 0.001) in a recent study 
(Ruffini et al. (2004). 


Differential Diagnosis Minute meningiothelioid nodules 
are perivenular, interstitial aggregates of small regular cells 
with no airway contact. The cells often have a lobu- 
lar, whorled arrangement, reminiscent of chemodectomas. 
Meningiothelioid nodules coexpress vimentin and epithelial 
membrane antigen (EMA). DIPNECH is positive for NE 
markers, such as neural cell adhesion molecule (NCAM), 
chromogranin, and synaptophysin. 


Pathology of Carcinoma of Lung 


All lung carcinomas show histological heterogeneity. There 
is most probably a common stem cell and consequently there 
are mixtures of squamous, small cell, or adenocarcinoma. 
Major cellular heterogeneity is present in only 5% of 
cases. This heterogeneity explains why postchemotherapy for 
SCLC, a squamous or adenocarcinoma may develop at the 
site of the original tumour. 

Synchronous tumours arise at the same time as a pri- 
mary, while metachronous tumours occur after resection 
of the initial neoplasm. The incidence of synchronous and 
metachronous tumours is difficult to elucidate from the liter- 
ature but approximately 1% of common lung neoplasms are 
multiple. 


Classification of Lung Tumours 


The WHO has produced a new pulmonary and pleural 
tumour classification (2004). The main tumour types are still 
adeno-, squamous carcinoma, and SCLC but the WHO has 
recognized a new variant - sarcomatoid carcinoma. 


Clinical Presentation due to Local Disease 


Central tumours cause obstructive symptoms, including 
cough, haemoptysis, wheezing, and stridor; features similar 
to benign neoplasms. Haemoptysis is caused by bronchial 
ulceration, but in a few cases there may be infiltration into 
a large pulmonary artery, causing severe haemorrhage. In 
addition, there may be bone pain, dyspnoea, clubbing, and 
dysphagia. More than 90% of patients with lung cancer 
are symptomatic at presentation, reflecting advanced disease. 
This is especially the case with SCLC, which is assumed to 
be a systemic disease at presentation. A few patients have 
stage | disease and in some centres have been offered surgery 
and chemotherapy, although the role of the former has yet to 
be established in patients with extensive nodal disease (L uc- 
chi et al., 1997). Patients with general systemic symptoms or 
metastases in both SCLC and NSCLC have a poor prognosis. 

Pancoast tumours (Superior sulcus tumours) are localized, 
arising posteriorly at the apex of the upper lobe near the 
brachial plexus. They infiltrate C8, T1, and T2 nerve roots, 
causing pain, temperature changes, and muscle atrophy in the 
shoulder and arm innervated by these nerve roots. Horner’s 
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syndrome is caused by involvement of the sympathetic 
chain and stellate ganglion, causing unilateral enophthalmos, 
ptosis, and miosis. Superior vena caval obstruction presents 
as oedema and plethora of the face, as well as dilated 
neck and upper torso veins. Hoarseness is due to recurrent 
laryngeal nerve entrapment, seen more frequently in left 
upper lobe tumours, as the left recurrent laryngeal nerve 
loops around the aortic arch. Tumour can involve the phrenic 
nerve, paralysing a hemi-diaphragm. The oesophagus may be 
infiltrated causing dysphagia and, if the pleura is involved, an 
effusion occurs. Pleural invasion adversely affects prognosis 
(Shimizu etal., 2005; Dejmek etal., 2006) and is an 
indicator of nodal metastases (Inoue et al., 2006). 

Twenty percent of SCLCs have metastases at presentation. 
Squamous cell carcinoma tends to remain intrathoracic, 
whereas adeno- and large cell carcinoma show secondaries 
in regional nodes, liver, gut, adrenals, CNS, and bone. 


Paraneoplastic Syndromes 


This term identifies symptoms and signs secondary to can- 
cer, occurring at a site distant from the tumour or its 
metastases. They are caused by the production of prod- 
ucts, such as polypeptide hormones, hormonelike peptides, 
antibodies, immune complexes, and so on, by the tumour. 
Non-metastatic hypercalcaemia is commonest in squamous 
cell carcinoma. The squamous carcinoma cells secrete a 
parathormone-related protein (PTH-rP), which shows a lim- 
ited sequence homology with parathyroid hormone. Cush- 
ing’s syndrome, the commonest, is due to ectopic ACTH 
production, usually seen in SCLC. The syndrome of inap- 
propriate antidiuretic hormone secretion (SIADH) is seen 
mainly with SCLC. In half the cases there is ectopic vaso- 
pressin secretion from the tumour. In the remainder there 
is abnormal release of this peptide from the posterior pitu- 
itary because of altered or defective chemoreceptor control. 
Gynaecomastia develops because of increased levels of beta 
human chorionic gonadotrophin (8-hCG) produced by the 
tumour. This hormone is most commonly seen in germ cell 
tumours of the mediastinum and gonads, and very rarely as 
a primary pulmonary tumour. 


Neurological Syndromes 


These are usually associated with an autoimmune reaction, 
in which the tumour shares antigens with normal nervous 
tissue. In recent years, antibodies reactive with nuclear and 
cytoplasmic antigens and neurons throughout the CNS and 
peripheral ganglia have been identified in patients with these 
syndromes. The Lambert-Eaton myasthenic syndrome is 
uncommon and is associated with SCLC. There is muscle 
weakness and fatigue, most pronounced in the pelvic gir- 
dle and thighs. There may be dysarthria, dysphagia, and 
blurred vision. Hypertrophic osteoarthropathy is character- 
ized by finger clubbing, periosteal bone formation (see the 
following text), and arthritis. Other neurological syndromes 
include autonomic neuropathy and subacute sensory periph- 
eral neuropathy. 


The enlargement of the distal phalanx of the digits due to 
an increase in the connective tissue in the nail bed is termed 
clubbing and is almost always a feature of hypertrophic 
osteoarthropathy. It is seen especially in squamous and 
adenocarcinomas but has also been documented in other 
diseases, including congenital cyanotic heart disease and 
cystic fibrosis. It may be neurogenic (vagally mediated), 
hormonal due to a high oestrogen level, and vascular due to 
arterio-venous shunts or growth hormone. Growth hormone 
or a similar substance may have a role in the pathogenesis of 
clubbing in patients with bronchial neoplasms. The highest 
growth hormone level was seen in a patient with SCLC and 
pronounced clubbing; levels had fallen to normal by the time 
chemotherapy was completed and clubbing was completely 
resolved (Gosney et al., 1990). 

For therapy, lung carcinomas are divided into SCLC 
and NSCLC, the former only rarely treated with surgery. 
The commonest non-small cell carcinomas are squamous, 
adeno-, and large cell carcinomas. 


Squamous Cell Carcinoma 


These are often mainly central, or segmental bronchi, or 
peripheral. They may show an endobronchial growth pat- 
tern or infiltrate between the cartilaginous rings to invade 
Surrounding tissue. The tumour is solid, grey/white but 
may show cavitation (Figure 4). Such cavity formation may 
cause clinical misdiagnosis as apical cavitating tuberculo- 
sis. There is often related bronchiectasis and obstructive 
pneumonitis, due to bronchial obstruction. The pneumoni- 
tis causes both radiological and macroscopic problems in 
definition of the true extent of the tumour particularly 
if there is a prominent inflammatory component to the 
tumour. 

Adjacent to the tumour, there may be combinations of 
carcinoma in situ, chronic bronchitis, squamous metaplasia, 
and reserve cell hyperplasia. The tumour shows varying 





Figure 4 Cavitating squamous cell carcinoma. The central area has 
undergone necrosis, and the firm grey tissue on the periphery is more likely 
to contain viable tumour tissue. It is difficult to discern, at the very periphery 
of the tumour, the difference between inflammation, collapsed lung, and 
tumour. 
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Figure 5 Well differentiated invasive squamous cell carcinoma showing 
keratinization and intercellular bridges. 


degrees of squamous differentiation, lying in a fibrous stroma 
with a varying amount of acute and chronic inflammation. 
Recent and old haemorrhage may be seen. Well differentiated 
tumours show keratin pearls and keratinization (Figure 5). 
Intercellular bridges should be sought and paradoxically can 
be best identified with a mucin stain. Rarely can mucin 
be seen in the malignant cells but more than 10% of 
the tumour volume should show a distinctive glandular 
component before adenosquamous carcinoma is diagnosed. 
Tumour giant cells imply a poor prognosis. Clear cell change, 
due to glycogen accumulation, is also a feature of some 
tumours but has no prognostic connotation. The nuclei 
are hyperchromatic and may show prominent nucleoli. The 
tumour may encircle the bronchus and a fibre-optic biopsy 
may only reveal fibrosis. 

Squamous cell carcinomas manifest earlier than other 
types of pulmonary malignancy because of obstructive 
symptoms. They may involve lymph nodes by direct 
spread and show lymphatic and vascular invasion, but 
the prognostic significance of the latter in NSCLC is 
uncertain. Some suggest that vascular invasion indicates 
a poor prognosis, others show it has no effect on sur- 
vival, since tumour-associated desmoplasia causes occlu- 
sive intimal fibrosis in thin walled pulmonary arteries and 
veins. 

Basaloid carcinoma, a subgroup of squamous cell carci- 
noma, grows exophytically in proximal bronchi. M ediastinal 
pleura or adipose tissue are often invaded. There is a solid 
lobular or anastomosing or trabecular pattern with small, 
moderately pleomorphic, cuboidal, or fusiform cells. There 
is peripheral palisading and a high mitotic rate. Other sub- 
types of squamous carcinomas are clear cell, not to be 
confused with adenocarcinoma, papillary, pleomorphic, and 
spindle cell, and the small cell variant. Basaloid carcinoma 
has been thought to have a poor prognosis (Moro et al., 
1994), but this view has recently been challenged (Kim et al., 


2003). The latter authors showed the actuarial 5-year sur- 
vival rate was 40.6% in patients with PDSC, and 36.5% in 
basaloid carcinoma (p = 0.86). In stage | and II patients, 
the actuarial 5-year survival rate was 53.9% in the PDSC 
group, and 57.2% in the basaloid group (p = 0.97). There 
were no differences in recurrence rate or relapse pattern 
(p = 0.584), 


Differential Diagnosis The differential diagnosis includes 
florid, bronchial squamous metaplasia and dysplasia, which 
if high grade can be very difficult to distinguish on a small 
biopsy from invasive tumour. Any benign lung tumour with 
squamous metaplasia on the surface, especially granular cell 
myoblastoma or benign squamous cell papilloma; tumours 
with a squamous component, such as carcinosarcoma and 
spindle cell sarcomas; metastatic tumours with a squamous 
appearance, including primary or secondary sarcomas, and 
mesothelioma can be confused with squamous cell carci- 
noma. Special stains, including mucins and cytokeratins, may 
be helpful in determining the cell of origin and in some cases 
the site. 

It may be difficult with poorly differentiated tumours to 
differentiate squamous from adenocarcinoma. If mucin stains 
are diffusely negative the term non-small cell carcinoma 
is used. This enables medical oncologists to distinguish 
this tumour from SCLC and give the appropriate treat- 
ment. 


Treatment and Prognosis Treatment depends on stage. 
Cases with stage IIIA disease or less are treated by surgery 
though the role of surgery is yet to be established in N2 and 
N3 disease. Other options for more advanced disease are 
radiotherapy, either direct beam or intraluminal, brachyther- 
apy, and chemotherapy. 

Prognosis of squamous cell carcinoma depends on stage. 
Five-year survival rates are stage |, 50%; stage II, 30%; and 
stage IIIA, approximately 10% (Mountain, 1988). 


Adenocarcinoma (AC) 


It is often impossible to distinguish a bronchial primary from 
secondary AC on routine section. If an AC is thought to be 
secondary, a primary should be sought in the stomach, colon, 
pancreas, breast, ovary, prostate, or kidney. Special stains, 
such as cytokeratins 7 and 20, TTF-1 (commonly expressed 
in lung cancer), prostate-specific antigen (PSA), oestrogen 
receptor (ER), and progesterone receptor (PR) may help in 
identifying the site of the primary tumour. ER and sometimes 
PR may be expressed in primary pulmonary AC. 

ACs are usually peripheral, well-circumscribed masses 
(Figure 6). These tumours may be central, arising from 
bronchial mucous glands. Pleura involvement shows fibro- 
sis and puckering. Peripheral tumours usually occur in 
females, while the bronchial gland type tends to show a 
male predominance. There is no significant survival dif- 
ference between the two variants. ACs vary in size and 
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Figure 6 Adenocarcinoma of lung. There is a large, fairly well-defined, 
lobulated tumour. Cut surface is glistening owing to the mucus. 


may occupy an entire lobe. They sometimes contain car- 
bon pigment and may show marked scarring. The scar 
grade may well play a part in prognosis. A study from 
Japan showed that modified scar grade was an independent 
prognostic factor (p = 0.0176). The scar grade also had 
a significant impact on survival in various subsets of 
patients, including those with pathologic stage IA disease, 
patients with tumours of diameter 20 mm or less, or patients 
with a mixed subtype tumour with a BAC component. 
Tumours with a sparse fibroblastic reaction may represent 
early invasive cancers or invasive cancers with low malig- 
nant potential, which should be distinguished from frankly 
invasive cancers (modified scar grade 3 or 4) (Maeshima 
et al., 2002). 

The term scar carcinoma is no longer used, since the 
stroma is a desmoplastic response to tumour rather than the 
tumour arising in a pulmonary scar (pulmonary fibrosis). 
AC may be single or multiple, creating confusion with 
metastases. Pleural seeding is common and may mimic a 
mesothelioma. 

Histologically there are different growth patterns with 
tubular, papillary, acinar, signet ring, and solid variants 
(Figure 7). It is common to have a mixture of the above 
patterns in any one tumour. The cells are large, polygonal, 
and tend to be discohesive, with a high nuclear/cytoplasmic 
ratio. Some cases have mucin vacuoles. Thirty percent of 
ACs show no mucin. Spindle - and giant cell - foci may be 
identified. The tumour spreads aerogenously and may show 
a peripheral bronchioloalveolar pattern. This should not be 
diagnosed as BAC. AC is often associated with AAH. It 
rapidly invades lymphatics, blood vessels, and the pleura and 
spreads to distal sites. 


Differential Diagnosis This includes any secondary AC, as 
detailed in the preceding text, adenosquamous carcinoma, 
muoepidermoid tumour of the bronchus, germ cell tumours, 
carcinoid tumours with glandular foci, pulmonary blastoma, 
and mesothelioma. The stains mentioned in the preceding 


Figure 7 Well-differentiated adenocarcinoma of lung lying in a fibrous 
stroma. 


text will help differentiate some primary pulmonary tumours 
from secondary ones. 

Trainee pathologists may misdiagnose benign lesions, such 
as radio- or chemotherapy-induced change, type II cell 
hyperplasia, associated with interstitial pulmonary fibrosis 
and resolving ARDS, alveolar adenoma, sclerosing haeman- 
gioma, and AAH. 


Treatment and Prognosis Surgery is the most appropriate 
treatment option. Survival is related to stage; stage | has a 
50% 5-year survival rate, stage II approximately 25%, and 
stages IIIA and B, less than 10% (Mountain, 1988). These 
figures are pre-CT scans and the Japanese literature sug- 
gests they are detecting earlier tumours with this modality. 
Tumours with peripheral bronchioloalveolar patterns have a 
survival advantage (Caretta et al., 2001). 


Bronchioloalveolar Carcinoma (BAC) (Alveolar 
Carcinoma) 


This is a subtype of AC. It is the commonest tumour in 
North American women. There are greyish/white nodules 
often with a pneumonic pattern. If close to the pleura there 
is puckering and fibrosis, as in AC, but the tumour does 
not usually infiltrate this layer. Mucinous tumours have a 
glistening appearance. The tumour may involve an entire lobe 
(Figure 8) or lung, often giving bronchorrhoea. 

There are two main subtypes, mucinous and non- 
mucinous. Non-mucinous BACs consist of Clara or type II 
cells, and mucinous BACs have goblet or mucin-producing 
cells. Both grow along intact alveolar walls as a single 
layer, occasionally forming papillae. If stromal invasion is 
identified, the tumour is classified as an AC, though how 
much invasion is required for the conversion has not been 
agreed. In non-mucinous BAC, the cells are cuboidal with 
an eosinophilic, ciliated cytoplasm, and prominent nuclei. In 
mucinous BAC there are tall columnar, well-differentiated 
mucinous cells, lacking cilia. The nuclei are uniform and 


14 SYSTEMATIC ONCOLOGY 





Figure 8 Alveolar cell carcinoma showing grey “consolidation” involving 
one lobe and extending into an adjacent lobe. 


show varying degrees of hyperchromasia. The cells produce 
much mucin. Discrete satellite nodules are seen in either type. 

The differential diagnosis is similar to AC, as detailed 
in the preceding text. It is impossible on a small biopsy 
to differentiate invasive AC with a peripheral BAC pattern, 
from BAC or AAH. 


Treatment and Prognosis The optimum treatment is 
resection and the 5-year survival rate is 42.1%, with a higher 
survival rate for stage | disease. Stage is a vital factor 
in determining prognosis, especially for small tumour size. 
Noguchi et al. (1995) studied small peripheral adenocarcino- 
mas measuring 2 cm or less in the greatest dimension. They 
showed that localized BAC had no lymph node metastases 
and a 100% 5-year survival. 


Small Cell Lung Carcinoma (SCLC) 


This tumour grows rapidly and may occasionally present as 
metastases without any visible primary tumour. A primary 
tumour in the upper respiratory tract, oesophagus, or cervix 
may metastasize to the lung. It presents as hilar masses 
with extension into lymph nodes (Figure 9). The tumour is 
soft, white, and shows extensive necrosis. In advanced cases 








Figure 9 A central small cell lung carcinoma, which has almost totally 
obliterated a main bronchus but can be seen involving nodes around the 
pulmonary artery and extending along some lymphatics. 
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Figure 10 Small cell lung cancer, showing small nuclei, little cytoplasm, 
evidence of some nuclear moulding, and some intranuclear vacuoles. This 
magnification is too low to be able to discern the salt and pepper nature of 
the nuclear chromatin. 


the bronchial lumen is obstructed by extrinsic compression. 
There are two main histological variants. 

The first is “classical” small cell carcinoma (Figure 10), 
and the second a combined small cell carcinoma. In classical 
SCLC there are sheets of small, hyperchromatic nuclei with 
nuclear moulding and little cytoplasm. There is a high mitotic 
rate. Because of the high cell turnover and necrosis, DNA 
leaches out and is taken up by blood vessels (“Azzopardi 
effect”). A combined SCLC has the above pattern and 
adeno-, large cell, or squamous carcinomatous components. 

This tumour stains positively with NCAM, synaptophysin, 
chromogranin, and TTF-1. Lymphovascular invasion occurs 
early and distant metastases are common. These are seen in 
bone marrow, liver, kidney, adrenals, cerebrum, cerebellum, 
meninges, and regional and cervical lymph nodes. A fter 
chemotherapy, recurrent tumours may be predominantly 
squamous or adenocarcinoma. SCLC is very chemo- and 
radio-responsive. 


RESPIRATORY SYSTEM 15 


Differential Diagnosis Benign lesions may be confused 
with SCLC, especially if there is crush artefact, when a 
diagnosis of SCLC should never be made. Any chronic 
inflammatory condition, such as tuberculosis, or lymphoma 
may show this feature. Tumours confused with SCLC 
are tumourlets, other NE tumours, or on a small biopsy, 
squamous, large cell, and AC, which may have an SCLC 
component, metastatic carcinomas, and lymphomas. 


Treatment and Prognosis This neoplasm is usually treated 
with chemotherapy, since cases with stage | disease are 
rare. There is an approximately 10% 5-year survival after 
treatment. 


Large Cell Carcinoma 


Large cell carcinomas are large necrotic masses, which fre- 
quently invade the overlying pleura, and grow into adjacent 
structures. This is a diagnosis of exclusion, since no acinar, 
squamous, or NE differentiation, or mucin production is seen. 
Large cell carcinomas have sheets and nests of large cells 
with prominent vesicular nuclei and nucleoli (Figure 11). 
The cell borders are easily visualized. Necrosis and haem- 
orrhage are frequent and there may be acute and/or chronic 
inflammation. 

There are several variants. These include clear cell carci- 
noma, composed entirely of clear cells, basaloid carcinoma, 
and lymphoepithelioma (lymphoepithelial-like carcinoma). 
Lymphoepithelial-like carcinoma has a marked lymphoplas- 
macytic infiltrate, and the EBV genome may be identified. It 
is commoner in the Far East. 

The differential diagnosis is similar to sarcomatoid car- 
cinoma, described in the following text. It includes all the 
carcinomas, primary or secondary, described in the preced- 
ing text, as well as LCNEC, primary or metastatic sarcoma, 
anaplastic large cell lymphoma, and melanoma. The progno- 
sis is grim, with an approximately 1% 5-year survival. 





Figure 11 


Large cell lung cancer showing tumour cells with very promi- 
nent nuclei, a large amount of cytoplasm, and a tumour giant cell. This is 
a diagnosis by exclusion and no mucin should be identified. In addition, 
there should not be the typical palisaded pattern of a large cell neuroen- 
docrine carcinoma. M any pathologists would use the term non- small cell 
lung cancer on a small biopsy in a case such as this. 


Adenosquamous Carcinoma 


These are usually peripheral tumours. There must be defi- 
nite squamous and adenocarcinomatous components, one of 
which must comprise more than 10% of the tumour. 


Sarcomatoid Carcinoma of Lung 


This entity was first described by Fishback et al. (1994), 
who studied 78 cases, with a male to female ratio of 2.7:1. 
About 80% of the patients had thoracic pain, cough, and 
haemoptysis but 18% were asymptomatic. Foci of squamous 
cell carcinoma were present in 8%, large cell carcinoma 
in 25%, and adenocarcinoma in 45%. The remaining 22% 
of tumours were pure spindle and/or giant cell carcinomas. 
Spindle and giant cell carcinomas were found together in 
38% of patients. Nodal metastases were the most significant 
single prognostic factor. Only 1% of cases had SCLC foci; 
such cases are classified as combined small cell carcinoma. 

Travis et al. (2004b) defines sarcomatoid carcinomas as 
a group of poorly differentiated, NSCLCs that contain a 
component of sarcoma or sarcoma-like (spindle and/or giant 
cell) differentiation. Five subgroups are currently recognized: 
pleomorphic carcinoma, spindle cell carcinoma, giant cell 
carcinoma, carcinosarcoma, and pulmonary blastoma. We 
believe the last tumour is a misfit in this group, since it 
has a different genotype and is closer to well-differentiated 
foetal adenocarcinoma (Hasleton, 2006). 

The malignant spindle cell component consists of fusiform 
cells with eosinophilic cytoplasm (Figure 12). The spin- 
dle cells vary from an epithelioid appearance to a slender 
banal morphology. The chromatin is frequently vesicular 
or coarse and hyperchromatic. Giant cell carcinoma, with 
multiple tumour giant cells, covered by neutrophil poly- 
morphs (emperopolesis), is a variant of pleomorphic carci- 
noma. However, tumour giant cells are an integral component 
of pleomorphic carcinoma. There is a mild to moderate 
inflammatory component, predominantly lymphocytes. As in 





Figure 12 Pleomorphic carcinoma showing bizarre tumour cells with 
some abnormal mitoses, a large amount of nuclear chromatin and some 
cells with very marked increase in nuclear/cytoplasmic ratio. There is no 
discernible squamous, small cell, or adenocarcinomatous pattern in this field. 
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mesothelioma, separation of spindle cell carcinoma from a 
desmoplastic stroma is often difficult. 

Molecular techniques have shown that KRAS2 showed 
mutations in fewer pleomorphic carcinomas than adenocar- 
cinomas. Pleomorphic carcinomas also showed fewer TP53 
point mutations than adenocarcinoma or squamous carci- 
noma. The TP53 point mutations in pleomorphic carcinoma 
were exon 7 mutations, which are commoner than the exon 
8 mutations of squamous and adenocarcinoma (Przygodzki 
etal., 1996). A second study by Przygodzki et al. (2001) 
utilized the Fishback classification. 

The frequency of isoleucine/valine heterozygotes in pleo- 
morphic carcinoma was significantly greater than seen 
amongst the baseline white population (p < 0.001), as well 
as compared with other studies of adeno-, large cell, or squa- 
mous cell carcinomas of the lung (Przygodzki et al., 1996). 

Przygodzki et al. (1998) demonstrated that the heterozy- 
gote genotype of the CYP1A1 gene occurred in 76% of 
pleomorphic carcinomas. These results suggest that epoxide- 
adduct-mediated carcinogenesis may be more important in 
the pathogenesis of pleomorphic carcinoma than in the gen- 
esis of other lung cancers. Unfortunately, we have no data 
on the other subsets of SC. 

The differential diagnosis is described in the preceding 
text under Large Cell Carcinoma but any spindle cell lesion 
also has to be considered. The Travis et al. (2004b) recom- 
mends multiple epithelial markers, such as keratin or EMA, 
as useful in confirmation of the carcinomatous differentiation 
in the spindle cell component, when there is no evidence of 
squamous, adeno-, or large cell carcinoma. If these mark- 
ers are negative, differentiation from a sarcoma is difficult. 
K eratin may be positive in synovial sarcoma, mesothelioma, 
epithelioid haemangioendothelioma; rarely in leiomyosar- 
coma, anaplastic large cell lymphomas; and occasionally 
in malignant peripheral nerve sheath tumours. Therefore, 
reliance on a single cytokeratin will cause problems. In such 
problematic pulmonary tumours, a battery of immunostains 
may be useful, but total reliance on special stains could lead 
to errors. Heterologous elements are necessary for the diag- 
nosis of carcinosarcoma. 


Pulmonary Lymphomas 


Pulmonary lymphoid proliferations may occur in rheumatoid 
disease and in Sjogren’s syndrome. Pulmonary lymphoid, 
or histiocytic tumours, are classified into MALT lymphoma 
(marginal zone B-cell lymphoma of the MALT type), diffuse 
B-cell lymphoma, lympomatoid granulomatosis, and pul- 
monary Langerhan’s cell histiocytosis. The term lymphocytic 
interstitial pneumonia is confined to inflammatory lesions. 
MALT lymphoma accounts for up to 90% of primary pul- 
monary lymphomas, yet these lesions are rare. 

MALT lymphoma consists of a diffuse infiltrate with 
small lymphoid cells, which surround reactive follicles and 
affect large areas of the lung. Lymphoepithelial lesions are 
common. It is often associated with autoimmune disease, 
poly- or monoclonal gammopathy, due to inflammation, in 


some cases, or underlying immunosuppression. Unlike dif- 
fuse B-cell lymphoma patients, in most the pulmonary dis- 
ease is asymptomatic. Also unlike diffuse B-cell lymphoma, 
there is no pleural or cartilaginous invasion. M ost cases can 
be identified by CD20/CD79a with a variable background 
of reactive T cells. Light chain restriction is identified in 
all cases on fresh tissue (Nicholson and Harris, 2004). The 
tumour cells are usually Bcl-2 positive, in contrast to reac- 
tive, monocytoid B cells. Mantle zones are decorated with 
CD45RA. 

Diffuse B-cell lymphoma patients are aged 50- 70 years, 
with respiratory and systemic symptoms (“B” symptoms). 
There may be pulmonary nodules with foci of necrosis. 
The cells are large, blastlike, and show a vascular invasion 
as well as pleural and parenchymal involvement. There 
is CD20/CD79a positivity, with a variable background of 
reactive T cells. 


Sarcomas 


Primary pulmonary sarcomas are rare. Epithelioid haeman- 
gioendothelioma is a low-grade vascular sarcoma, occurring 
more commonly in young women. There is chest pain, dysp- 
noea, mild cough, and multiple bilateral nodules. It can also 
affect pleura as a primary site, liver, bones, and soft tissues. 
The tumour may resemble a mesothelioma. K aposi’s sar- 
coma may be seen in HIV-positive patients and is described 
elsewhere. 


Secondary Tumours 


The lung is frequently the site of secondary adenocarcinomas 
and sarcomas, especially osteogenic and chondrosarcoma. 
Because of advances in chemotherapy, it may be beneficial 
to treat these patients with localized resection. In the case of 
secondary adenocarcinomas, as mentioned in the preceding 
text, TTF-1 and cytokeratins can be useful in determining 
whether a tumour is primary or secondary (see Unknown 
Primary). 
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INTRODUCTION 


Oesophageal and gastric cancers are very common, 
accounting for 6- 34% of cancer-related deaths (A oki et al., 
1992). This chapter summarizes the current status of our 
knowledge of the origin, pathology, molecular biology, and 
behaviour of these tumours. 


NORMAL STRUCTURE 


Oesophagus 


The mucosa of the oesophagus consists of stratified layers 
of squamous cells that show an orderly progression of 
differentiation from the basal layer to the surface (Figure 1). 
The squamous cell lining regularly renews itself. New cells 
form from progenitor cells at its base. Old cells are shed 
from the mucosal surface. Newly formed cells mature as they 
move upwards to the surface. At the surface, they are held 
together by intercellular junctions. The oesophageal lining is 
lubricated by mucus derived from the salivary glands and 
the submucosal glands of the oesophagus. Contraction of 
the esophageal muscle coat propels food and liquid into 
the stomach. Contraction of the muscular sphincter at the 
lower end of the oesophagus prevents the reflux of the 
gastric acid and digestive enzymes back into the resting 
oesophagus. 


Stomach 


The stomach has three subsites: the cardia, the corpus, and 
the pyloric antrum (Figure 2) (Fenoglio-Preiser et al., 1999). 
The lining epithelium of the gastric pits is similar at each 
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location (Figure 3), but each subsite has characteristic glands. 
The cardia, a 1-cm segment of the stomach lying at its 
junction with the oesophagus, has mucous-producing glands 
resembling oesophageal mucus glands. The corpus consti- 
tutes two-thirds of the gastric surface area. Its glands contain 
chief cells and parietal cells. Chief cells produce pepsino- 
gen. Parietal cells are proton pumps that secrete hydrochloric 
acid in response to neurogenic stimuli and gastrin. They also 
serve as the source of the intrinsic factor that modulates 
small-intestinal absorption of vitamin By. Autodigestion of 
the stomach by pepsin and hydrochloric acid is prevented 
by surface cell mucus. The pyloric antrum constitutes the 
distal third of the stomach. Antral glands also contain chief 
cells that make pepsinogen. Pepsinogen occurs in two forms. 
Pepsinogen group | (PGI) production occurs only in the 
corpus, while PGII is made in all three parts of the stom- 
ach. The ratio of PGI:PGII serum levels is usually >3.5. 
The PGI:PGII ratio may fall below 3.5 if PGI produc- 
tion is diminished due to loss of corpus glands, and this 
has been used to select patients for screening in popula- 
tions at high risk of developing gastric cancer (Miki et al., 
1993). The gastric epithelium in all three regions of the 
stomach maintains a dynamic equilibrium between cell pro- 
duction and cell loss. Cell proliferation increases when there 
is an excessive loss of gastric cells due to mucosal injury 
(Figure 4). 

The gastric mucosa contains a diverse endocrine cell 
population. The predominant antral endocrine cell is the 
gastrin-producing G cell. The G cell is part of a physiological 
negative feedback loop. High gastric acid levels inhibit gas- 
trin release, while hypochlorhydria induces gastrin secretion. 
Prolonged achlorhydria induced by drugs, vagus nerve dener- 
vation, or atrophy of the corpus mucosa leads to an increase 
in the G cells and hypergastrinaemia (Figure 5). Gastrin is a 
mucosal growth factor and also stimulates the growth of cor- 
pus enterochromaffin like cells (ECL) cells that may develop 
into carcinoid tumours. Other antral endocrine cells produce 
serotonin and somatostatin. 
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Figure 1 The normal histology of the oesophagus. The oesophagus 
consists of squamous epithelium arranged in stratified layers. The cells 
at the bottom (basal layer) are small and these cells represent the 
proliferative compartment. They give rise to daughter cells that pass 
upwards into the overlying epithelium, becoming increasingly mature as 
they do so. As a result, the amount of cytoplasm relative to the nucleus, 
the nuclear:cytoplasmic ratio decreases. The basement membrane separates 
the basal cell layer from the underlying lamina propria. 
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Figure 2 Diagrammatic representation of the stomach. The stomach is 
divided into four areas: the cardia, fundus, body, and antrum. In each 
of these areas, the stomach is lined by surface epithelium, which extends 
down into the gastric pits. U nderlying the gastric pits are the gastric glands. 
The gastric glands of the fundus and body resemble one another and are 
sometimes referred to as oxyntic glands. These glands differ from those 
seen in the cardia and the antrum. 


Surface 





Figure 3 Photograph of the superficial portion of the gastric mucosa 
showing the surface foveolar epithelium extending into the gastric pit. Cell 
replication occurs in the mucous neck region (MNR), which is the area of 
junction between the pit and the underlying glands. 


EPIDEMIOLOGY 


Oesophageal Cancer 


Squamous Cell Carcinoma (SCC) 


Oesophageal mortality and incidence varies widely within 
and between countries (Munoz and Day, 1996). As much 
as a 500-fold incidence difference can exist between the 
most and least affected areas of the same country. Squamous 
cell carcinoma (SCC) is virtually non-existent in western 
and northern Africa and is relatively uncommon in most 
of North America and western Europe. In contrast, a high- 
risk zone extends from eastern Turkey through the southern 
former Soviet Union, Iraq, and Iran to northern China. High- 
risk areas also include Chile, the Transkei region of South 
Africa, Japan, and regions of France and Brazil. High-risk 
foci have been explained on the basis of local food preser- 
vation practices that favour the generation of carcinogenic 
nitroso compounds from mould growing in pickled vegeta- 
bles. Low economic status increases the risk of other cancers 
(particularly of the stomach), but this effect is greatest for 
the SCC of the oesophagus. With a few exceptions (see sub- 
sequent text), familial clusters of SCC are best explained 
by the shared environmental hazards of the economically 
deprived. 
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Figure 4 The area of the gastric pits, which lies between the surface cells and the underlying gastric glands represents the replication zone of the stomach. 
(a) The replicating cells in a normal gland are highlighted by immunohistochemical markers that impart a dark brown stain to the nuclei of these cells. 
(b) When the mucosa becomes damaged, the number of brown staining cells increases and the gastric pits shorten. These changes indicate increased 


proliferation in response to mucosal injury. 
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Figure 5 A feedback loop exists between parietal cells and G cells that 
secrete gastrin. When acid is secreted, the acid suppresses G-cell function. 
In situations of hypochlorhydria, G cells increase their gastrin output. This 
serves directly to stimulate gastrin receptors on the surfaces of parietal cells. 
Gastrin also acts indirectly by stimulating ECL cells to release histamine. 
The histamine then binds to histamine receptors on the parietal cells. The 
binding of both gastrin and histamine to their respective receptors on parietal 
cells causes acid secretion. In situations of prolonged G-cell secretion, ECL 
hyperplasia develops. 


Adenocarcinoma 


Adenocarcinomas constitute a small proportion of oeso- 
phageal cancers, but in the U nited States they are now more 
frequent than SCC among white males (Zheng et al., 1993). 
Oesophageal adenocarcinomas and those of the gastric car- 
dia share clinical features, epidemiologic backgrounds, and 
molecular profiles. It is difficult to determine whether a large 
gastroesophageal junction cancer originates from the stomach 
or the oesophagus. It is likely that epidemiological studies 
of oesophageal adenocarcinomas include some cancers of 
the cardia, and vice versa. This explains why both cancers 
share similar time trends and a predisposition to affect white 
men. Both cancers have increased in incidence between 1975 
and 1995. The increased incidence of oesophageal adeno- 
carcinoma in white males is especially strong, rising from 
0.7 to 3.2 per 100000 in this time span. Prolonged gastro- 
oesophageal reflux disease (GERD) is an established risk 


factor for this cancer and its precursor - Barrett's metapla- 
sia. A diet characterized by a high intake of meat, fat, and 
calories, but a low intake of fruits and vegetables, has also 
been identified as a risk factor for this tumour. 


Stomach Cancer 


Intestinal-Type Gastric Cancer 


The most common stomach cancer in high-risk populations 
is a gland-forming tumour that arises in the pyloric 
antrum showing confluent intestinal metaplasia. Intestinal- 
type tumours account for almost two-thirds of the gastric 
cancers in the high-risk areas of northeast Asia, central 
America, and eastern Europe. They arise after long-term 
infection with Helicobacter pylori in persons whose diet 
is deficient in antioxidant vitamins (Correa, 1988; Nomura, 
1996). Intestinal-type gastric cancer has shown a dramatic 
decrease in frequency in western Europe and North America 
since 1940. This decline, and the persistence of high inci- 
dence in developing countries, suggests that gastric cancer 
risk is closely tied to the socio-economic status. 

First-degree relatives of stomach cancer patients are at an 
increased risk of developing gastric cancer, perhaps because 
they eat in the same kitchens and share H. pylori infec- 
tions; or because they share a genetically based vulnerability 
to gastric carcinogens. The Bonaparte family is an exam- 
ple of a familial gastric cancer cluster (Figure 6) (Sokoloff, 
1939). Napoleon and his father had autopsy-confirmed antral 
cancers. Four of his seven siblings were diagnosed with 
gastric cancer. There were 30 offspring from Napoleon’s 
generation, and none developed gastric cancer. This sug- 
gests a pattern of weak genetic penetrance modulated by 
environmental factors. Napoleon's brothers and sisters were 
raised in rural Corsica under less-than-ideal living conditions 
while his parents participated in a guerilla war against the 
French. The small size of the Bonaparte families after the 
move to the European mainland is typical of migrants who 
improve their economic status. These small families were 
better fed, better housed, and less likely to be infected with 
H. pylori. 
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Figure 6 Diagram of the Bonaparte family tree indicating the presence of gastric cancer in several generations of the family. 


Diffuse Gastric Cancer 


Most diffuse tumours arise in the corpus of patients 
<50 years of age who have severe superficial gastritis due 
to H. pylori infection (Nomura and Stemmermann, 1993). 
The appearance of these cancers in younger individuals with- 
out atrophic gastritis suggests the presence of a genetically 
influenced vulnerability to environmental carcinogens. Three 
observations support this concept. First, patients with diffuse 
gastric cancers are more likely than the general popula- 
tion to have blood type A (Correa etal., 1973).Second, 
families with clusters of stomach cancer usually have diffuse- 
type carcinomas (Lehtola, 1978). Third, a newly recognized 
E-cadherin gene mutation is associated with a familial 
gastric cancer characterized by early age at onset and a 
poorly differentiated diffuse growth pattern (Gayther et al., 
1998). 


AETIOLOGY 


Oesophagus 


Squamous Cell Carcinoma 


Oesophageal SCCs can be divided into two groups: tumours 
associated with tobacco and alcohol consumption and those 
occurring in populations consuming a poor diet that lacks 
green, leafy vegetables, citrus fruits, and protective micronu- 
trients (e.g., zinc, riboflavin, and vitamin A). Lack of these 
micronutrients renders the oesophageal mucosa susceptible 
to injury by various carcinogens, including mycotoxins in 
the Transkei, substituted hydroxyphenanthrenes in Iran, and 
N-nitroso compounds in China. 

The risk of SCC from alcohol increases exponentially, 
while the increase in risk from tobacco is linear (Tyuns et al., 
1977). The strong association of oesophageal cancer with 
alcohol explains the especially high rates of oesophageal 
cancer in calvados-producing regions of northern France. 
Alcohol increases oesophageal cancer risk by displacing pro- 
tective micronutrients with empty calories (Ziegler, 1986). 


In contrast, a strong protective effect has been demon- 
strated from antioxidant vitamins and fresh fruit. In addition, 
alcoholic beverages may contain carcinogens, or facilitate 
the transport of tobacco-associated carcinogens across the 
oesophageal lining. It may also impair the ability of the liver 
to detoxify carcinogens. 

Human papillomavirus (HPV) associates with SCC at 
many sites, including the oesophagus. Of approximately 70 
HPV strains, two, types 16 and 18, have been identified in 
oesophageal SCC. The frequency of HPV in oesophageal 
cancer varies from country to country, and appears to 
be most common in South Africa (Lewin and Appleman, 
1996). HPV is probably not involved in the evolution of 
all oesophageal SCCs. It is absent from the majority of 
oesophageal cancers in Asia and Europe. When present, viral 
genetic sequences are present in non-neoplastic, dysplastic, 
invasive, and metastatic lesions (see Human DNA Tumour 
Viruses). 

Delayed oesophageal emptying increases the exposure of 
oesophageal squamous cells to ingested carcinogens. A chala- 
sia results from impaired relaxation of the lower oesophageal 
sphincter and absent motility in the oesophageal wall. A 
population-based achalasia study, with 24years of follow- 
up, found a 16-fold increase in SCC when compared with 
the unaffected population (Sandler et al., 1995). 


Adenocarcinoma 


The lining of the lower oesophagus can be injured by 
prolonged reflux of gastric acid and digestive enzymes. As 
a result, the squamous lining may change into a glandular 
lining resembling that of the intestines, a lesion known as 
Barrett’s oesophagus (Jankowski et al., 2000), a precursor 
to oesophageal adenocarcinoma. 


Stomach Cancer 


Intestinal-Type Cancers 


Stomach cancer in high-risk populations arises through multi- 
steps, aS proposed by Correa (1988). In the first step, the 
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Figure 7 Intestinal metaplasia in the stomach. (a) This gross photograph of the stomach shows areas of dark staining. The stomach was immersed in a 
solution of alkaline phosphatase. This preferentially stains areas of intestinal metaplasia, resulting in the dark, inverted V -shaped pattern at the junction of 
the corpus and antrum. The duodenum located at the right-hand edge of the photograph also intensely stains with the enzyme. (b) Histological features of 
intestinal metaplasia (IM) showing the replacement of the normal gastric glands (NGG) with intestinalized glands. 


normal gastric mucosa is changed into an intestinal type of 
mucosa - intestinal metaplasia. M ultiple foci of metaplastic 
mucosa appear at the antral - corpus junction (Figure 7). As 
these foci multiply and fuse, the process progresses along the 
lesser curvature (Stemmermann and Fenoglio-Preiser, 2002). 
The entire antrum may ultimately be lined by intestinal-type 
glands, and proximal extension of the process into the corpus 
may replace all but a small portion of its oxyntic mucosa. 
Intestinalization of the stomach begins in adolescence in 
high-risk populations. By the seventh decade, the metaplastic 
process may reduce the parietal cell volume to a level 
insufficient to maintain the acidic gastric juice. Synchronous 
loss of corpus chief cells results in low serum levels of 
PGI. Since cancer risk peaks at the nadir of acid and PGI 
production, alow serum PGI level is a highly specific marker 
for an increased risk for developing stomach cancer. This 
test is not very sensitive, however, since it does not identify 
individuals destined to develop stomach cancer before the 
intestinal metaplasia is sufficiently advanced to affect gastric 
function. 

The sequential steps in the development of intestinal- 
type cancers in high-risk populations are shown in Figure 8. 
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Gastritis results from the combined effects of H. pylori 
infection (Figure 9), high salt and nitrate intake, smoking, 
and a diet deficient in fresh vegetables and protective 
antioxidant vitamins. Prospective studies have shown that 
95% of persons who develop cancer are infected with 
H. pylori. Although at least 75% of persons in high-risk 
areas are infected with H. pylori, only 5% actually develop 
stomach cancer (N omura and Stemmermann, 1993). W hether 
infected persons develop cancer probably depends upon their 
exposure to other risk factors, upon the strain of the infecting 
H. pylori, and possibly upon a genetically driven increased 
vulnerability to these exposures. 


H. pylori Infection H. pylori infection is most frequent in 
large families occupying crowded living quarters that lack 
hot water. Infection is usually acquired in childhood, the 
highest incidence affecting the youngest children of large 
families (Goodman and Correa, 1995). H. pylori infection 
is most common among those with the shortest duration of 
schooling. The small family size and the improved housing 
that is typical of developed countries account, in part, for the 
decrease in their gastric cancer rates. 
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Figure 8 Diagram of the sequential abnormalities occurring in the development of intestinal-type cancers in the stomach. The individual steps are listed 
along the arrow at the bottom of the photograph. Substances thought to play a role in the progression of these steps are indicated above the diagram. 
This process is multifactorial and involves the presence of H. pylori, dietary substances, and autoantibodies, which produce gastritis and atrophy of the 
gastric glands that then lead to intestinal metaplasia. As a result of the atrophic gastritis and the replacement of gastric mucosa by mucosa resembling the 
intestine, the parietal cells decrease in number and as a result hydrochloric acid production decreases or ceases, allowing bacterial growth. These bacteria 
then serve to metabolize gastric contents into additional carcinogens. Additionally, the bacteria elicit an inflammatory response that generates genotoxic 
damage, further contributing to the molecular alterations occurring within the stomach and the genesis of a progressively abnormal gastric mucosa. 
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Figure 9 H. pylori infection of the stomach showing the presence of 
numerous Helicobacter attached to the surface epithelium. Alcian yel- 
low stain of H. pylori infection showing the presence of numerous 
corkscrew-shaped organisms in the mucus overlying the gastric epithelial 
cells. 
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Figure 10 (a) Active chronic gastritis due to H. pylori infection. (b) Note 
the presence of large numbers of acute inflammatory cells in the starred 
glands. 


H. pylori infection increases gastric cancer risk via several 
pathways. The infection causes epithelial cell damage, and 
cell proliferation increases in response to the cell loss. As 
the cells proliferate, their DNA unwinds, increasing the 
number of gastric cells vulnerable to genotoxic damage 
and subsequent genetic instability. Additionally, H. pylori 
infections generate a brisk inflammatory response with 
invasion of the replicating epithelium by white blood cells 
(Figure 10). Two types of inflammatory cells, neutrophils 
and monocytes, generate the toxic molecule, nitric oxide 
(NO) (Figure 11). In addition, other toxic molecules can 
be generated from NO including nitrosamines. Nitrosamines 
are bacterial mutagens and are gastric carcinogens in many 
animal models. Endogenous production of these compounds 
near the replicating gastric epithelium exposes them to an 
increased risk of DNA damage. The inflammatory cells also 
induce free radical damage due to the formation of NO and its 
oxidative by-products. Ascorbic acid, an antioxidant, protects 
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Figure 11 Diagram of the injury induced by neutrophils in the mucous 


neck region. 


the gastric mucosa against oxidative stress, but H. pylori 
infections decrease ascorbic acid concentrations in the gastric 
juice. Notall H. pylori are equally efficient in inducing these 
changes. The most virulent of the bacteria contain a gene 
known as cagA (Blaser et al., 1995). 

We have gained new insights into the mechanism of 
gastric carcinogenesis from studies of H elicobacter-infected 
mouse models, in which disease outcome is determined by 
the expression of host proinflammatory cytokines. In the 
presence of inflammation, circulating bone marrow - derived 
stem cells participate in the replication of gastric epithelium, 
with the potential of differentiating into cells with gastric 
or intestinal characteristics (Houghton and Wang, 2005). 
This would account for the observation that hybrid goblet 
cells, sharing both gastric and intestinal phenotypes, may 
be encountered in areas of intestinal metaplasia (Aihara 
et al., 2005). 


Diet and Stomach Cancer Dietary patterns were once 
thought to be the most important basis of gastric cancer 
induction. Although diet has recently conceded the pride of 
place to H. pylori infection, it retains a major role in the 
cause and prevention of this tumour. Strong experimental 
and epidemiological evidence links salt intake to gastri- 
tis, intestinal metaplasia, and gastric cancer. Evidence that 
dietary nitrite and nitrate play a direct role in gastric car- 
cinogenesis is inconclusive, but these substances do induce 
intestinal metaplasia. Foods with high salt and nitrate concen- 
trations, such as dried and salted fish or pickled vegetables, 
predispose to stomach cancer in many studies. Such foods 
constituted a major portion of the diet prior to the devel- 
opment of household refrigeration in western countries. The 
decrease in gastric cancer rates in western countries since 
1945 is attributable, in part, to the decreased consumption of 
carcinogens in smoked, salted, and pickled foods and to the 
increased intake of protective antioxidants. 


Gastric Ulcer A stage is reached in the expansion of 
multifocal gastritis when the intestinalized antrum is exposed 
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to acid/pepsin secretion from the still intact corpus mucosa. 
The intestinalized mucosa lacks the protective mucus barrier 
of the normal antrum and is vulnerable to ulceration. Gastric 
ulcers share many risk factors with gastric cancer: H pylori 
infection, high salt intake, smoking, and a parallel decline 
in frequency in western countries. Gastric ulcer patients are 
younger than patients with stomach cancer. If their H. pylori 
infection is not treated, the expansion of their multifocal 
gastritis into the corpus replaces their risk of ulcer with an 
increased risk of cancer. 


Autoimmune Gastritis Autoimmune gastritis is a precursor 
to benign and malignant stomach tumours. It is caused 
by autoantibodies against parietal and chief cells. Cell 
proliferation in the corpus increases in response to the 
antibody-mediated cell loss. Cell destruction proceeds faster 
than cellular replacement, so that glands in the corpus 
become atrophic. Loss of parietal cells results in a reduction 
in gastric acid production and a compensatory increase in 
antral gastrin secretion. The increased gastric cancer risk in 
this condition has several causes: (i) a bacterial flora emerges 
in the stomach that can generate potential carcinogens from 
dietary amines, (ii) endogenous production of mutagens may 
follow NO production by reacting white cells in the stomach 
lining, (iii) the increased cell turnover puts more cells at risk 
of accumulating genetic damage, and (iv) increased gastrin 
production promotes the growth of gastric lining cells. 

The diagnosis of autoimmune gastritis is confirmed by 
demonstrating low or no stomach acid and very low serum 
levels of PGI (Samloff et al., 1975). Autoimmune gastritis 
may be found in asymptomatic relatives of patients with 
pernicious anaemia (Samloff et al., 1982), and may coexist 
with H. pylori gastritis (Ma etal., 1994). Increased gastrin 
production stimulates gastric mucosal growth, sometimes 
contributing to the development of gastric polyps (Figure 12) 
and gastric carcinoma. The risk of developing carcinoma 
with autoimmune gastritis varies from 2.1 to 5.6 times that 
of persons without the condition. The cancers arise in the 
antrum as well as the corpus. 


Previous Surgery \ncreased stomach cancer risk compli- 
cates previous ulcer surgery (Fisher etal., 1993). Partial 
gastrectomy for antral or duodenal peptic ulcer requires 
the removal of the nerves that stimulate acid secretion and 
anastomosis of the gastric remnant to the small intestine. 
Reflux of digestive enzymes through the gastrointestinal 
stoma into the denervated gastric remnant causes a gastritis 
that increases the risk of gastric cancer. The elevation of risk 
becomes apparent 20 years after the resection and increases 
thereafter. 


Radiation The stomach is sometimes included in the radi- 
ation field in patients with abdominal tumours, such as 
lymphoma. A small number of these patients have an 
increased risk of developing stomach cancer. The tumours 
develop from X -ray-induced mutations in the gastric mucosa. 
Japanese victims of the Hiroshima/Nagasaki atomic bomb 
explosions also had an increased incidence of gastric cancer. 





Figure 12 Gross photograph of a stomach from a patient with autoimmune 
gastritis showing the presence of numerous gastric polyps. They mainly 
arise in the corpus. The corpus mucosa between polyps is atrophic. 


Diffuse Cancer 


The aetiology of diffuse gastric cancer is poorly under- 
stood. These tumours are usually associated with the super- 
ficial gastritis that characterizes H. pylori infection, but 
their H. pylori antibody levels are not as consistently ele- 
vated as they are in intestinal-type cancers (Nomura et al., 
2002). 


SCREENING AND PREVENTION 


Oesophagus 


Squamous Cell Carcinoma 


Patients with advanced SCC may have difficulty swallow- 
ing. Initially, symptoms appear with the consumption of solid 
foods, but as the tumour enlarges even liquids are swallowed 
with difficulty. Severe weight loss follows. Many cancers 
ulcerate, resulting in upper gastrointestinal bleeding. The 
bleeding may be inconspicuous and unsuspected. Fatal inter- 
nal bleeding may occur if a deeply invasive cancer erodes 
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Figure 13 Cytological preparation of a carcinoma of the oesophagus. 
These cells were brushed off the surface of the oesophagus. They pref- 
erentially dislodge because of their malignant qualities. They have enlarged 
nuclei and small amounts of cytoplasm. There is cytologic atypia. 


a major blood vessel. High-risk populations are screened to 
avoid these dire consequences. 

A cytologic examination of oesophageal lining cells dis- 
lodged by a brush or balloon allows the discovery of cancer 
cells in the early phases of carcinogenesis (Figure 13). Cytol- 
ogy screening forms the basis of community screening in 
the high-risk areas of central China, where up to 50% of 
the resected oesophageal cancers are non-invasive or early 
invasive tumours (Qui and Y ang, 1988). An endoscopic iden- 
tification of areas of dysplasia is made possible when the 
mucosa is stained with Lugol’s iodine solution, methylene 
blue, or indigo carmine dye, which stain the normal mucosa, 
but leave the abnormal mucosa unstained (Kitamura et al., 
1996; Kiesslich et al., 2004). 

The guidelines for endoscopic screening of the oeso- 
phageal mucosa in high-risk patients are as follows: biopsy 
specimens should be obtained from all plaquelike, nodular, 
erosive, and friable areas. Normal areas, including mildly 
wrinkled mucosa and isolated small white patches, need not 
be sampled. Biopsy specimens should be obtained from dif- 
fusely irregular (prominently wrinkled) mucosa and distinct 
areas of focal reddening. Although widespread screening 
is not medically or economically feasible in low-risk pop- 
ulations, focussed screening may be applicable to patients 
entering alcohol abuse programmes. 


Adenocarcinoma 


The symptoms associated with the progression of oeso- 
phageal adenocarcinomas are similar to those associated with 
SCC. As with SCC, long-term survival requires diagnosis at 
a pre-invasive or early invasive stage. This is most likely 
to occur if patients known to have Barrett’s oesophagus are 
screened on a regular basis to detect the progression of the 
process to the level of high-grade dysplasia. 

Given the low absolute risk of cancer in patients with 
GERD, annual endoscopic screening for all patients with 
GERD cannot be endorsed (Shaheen and Ransohoff, 2002). 
In the presence of known Barrett's metaplasia, however, 


the following approach is recommended by the American 
Gastroenterological Association (Wang et al., 2005): 


e A programme of regular endoscopic surveillance for dys- 
plasia and early carcinoma is recommended for patients 
with Barrett's oesophagus unless contraindicated by 
comorbidity. 

e Random biopsies should be taken from the involved 
segment of oesophagus with four sites sampled every 
1-2cm, with additional biopsies taken from endoscopi- 
cally detectable lesions. 
Patients without dysplasia or identifiable lesions on their 
initial evaluation should be re-examined in one year to 
decrease the chance of sampling errors. If the second set 
of surveillance biopsies shows no evidence of dysplasia, 
the patient should be re-evaluated in 5 years. 
If dysplasia is detected, the finding should be confirmed 
by at least one other expert pathologist. 
Patients with low-grade dysplasia and no endoscopically 
detected mucosal abnormality should be re-examined on a 
yearly basis because of their increased cancer risk. These 
patients should also undergo intensive anti-reflux therapy. 
If high-grade dysplasia is detected, treatment with either 
oesophagectomy or endoscopic mucosal resection is rec- 
ommended. 
For patients confirmed to have multiple foci of high-grade 
dysplasia, surgery is advised to resect all of the oesophagus 
that is lined by columnar epithelium. Surveillance may be 
offered to such patients if they are willing to undergo 
endoscopy every 3months with at least eight random 
biopsies taken every 2 cm. 

Surveillance should only be practised if the patient is 

anticipated to have a reasonable life expectancy and can 

tolerate treatment for high-grade dysplasia or invasive 
cancer. 


Stomach 


The nature of the symptoms depends upon the site and 
growth pattern of the tumour. Bulky tumours may erode 
and cause bleeding, while diffuse tumours may restrict 
the expansion of the stomach, causing early satiety and 
severe weight loss. The first symptoms may be caused by 
metastases. For example, the first sign of gastric cancer in a 
young woman may be a grapefruit-sized ovarian mass - the 
Krukenberg tumour. Other symptoms caused by metastases 
include spread of the cancer to the lymph nodes of the lower 
neck and to the accumulation of excess fluid in the abdominal 
cavity. The mode of progression of stomach cancer depends 
upon the age and sex of the patient, its subsite origin, and 
its histological type. 

The Japanese, in response to the high incidence of 
gastric cancer in their country, have introduced community 
screening to detect cancers early in their development. As a 
result, 50- 60% of stomach cancers are discovered while still 
limited to the stomach lining or to the tissues immediately 
beneath it. Recent Japanese studies have also assessed 
the effectiveness of radioimmunoassays to determine the 
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serum PGI level and the ratio between PGI and PGII in 
predicting the presence of stomach cancer in participants 
in an endoscopic screening programme (Kitahara etal., 
1999). However, the sensitivity of this approach is not 
sufficient to detect all tumour cases. Additional variables 
must be identified before a focussed screening programme 
can be used to identify high-risk subjects in low-risk western 
settings. These might include two or more of the following: 
(i) first-generation migrants from countries with high rates 
of gastric cancer, (ii) a high H. pylori antibody level, (iii) 
persons with a strong history of stomach cancer among close 
family relatives, (iv) smokers with a history of stomach 
ulcer, (v) persons who have had a partial resection of the 
stomach 17 or more years previously, and (vi) persons who 
have received radiation treatment to the upper abdomen prior 
to age 30. Japanese studies of patients with untreated early 
cancer suggest that re-examination need not be performed 
more frequently than every 5 years. 


PATHOLOGY 


Oesophageal Carcinoma 


Squamous Cell Carcinoma 


The oesophageal lining passes through a series of steps that 
progress through varying degrees of dysplasia, finally ending 
in an invasive carcinoma (Figure 14). 


Gross Appearance The gross appearance of oesophageal 
neoplasia varies with the stage of neoplasia. The earliest 
lesions may appear normal to the naked eye. Alternatively, 
the oesophageal mucosa may appear reddened owing to 
inflammation and vascular congestion. Intraepithelial or 
minimally invasive lesions may appear as areas of superficial 
erosion or whitish plaques. Invasive carcinomas usually 
arise from these erosive or plaquelike lesions. Invasive 
SCC may arise in any part of the oesophagus, but are 
most common in its distal half. Invasive oesophageal SCC 
present various growth patterns (Figure 15). They may be 
bulky polypoid lesions that obstruct the oesophagus or may 
be flat lesions that infiltrate the oesophageal wall. Some 
infiltrating cancers cause oesophageal strictures. The extent 


Mild Moderate 





and configuration of an invasive tumour partly determines 
how a patient presents. Patients with bulky polypoid lesions, 
or with areas of stenosis, are more likely to experience 
difficulty in swallowing than those with ulcerating or flat 
tumours. 


Microscopic Appearance Neoplastic squamous cells lose 
the orderly growth and maturation of the normal oesoph- 
agus. Proliferation is no longer restricted to the basal 
layer. The cells appear disorganized and jumbled, and, 
depending on the degree of change that is present, mitotic 
activity appears at various levels in the epithelial layer. 
This earliest form of neoplasia is called dysplasia and 
implies the presence of an unequivocally neoplastic 
epithelium. 

Dysplasia comes in several grades, ranging from mild to 
moderate to severe (Figure 16). When the entire epithelial 
thickness is replaced by neoplastic cells, the process may be 
termed carcinoma in situ (CIS). Today there is a tendency 
to place intraepithelial neoplasias into two grades, high- 
and low-grade dysplasias. Using such a two-tier system, 
CIS falls into the category of severe dysplasia. Progres- 
sion of squamous cell neoplasia beyond CIS is recognized 
by the neoplastic disruption of the basement membrane 
and penetration of the tumour into the underlying tissues. 
Microinvasive carcinomas penetrate only a few millimetres 
into the underlying tissues. Once invasion has occurred, the 
tumour may spread horizontally beneath the intact squa- 
mous cell lining adjacent to the cancer, or it may penetrate 
through the oesophageal wall to involve contiguous struc- 
tures. If that structure is the trachea, food can be aspirated 
into the lungs via a fistula created by the tumour. If the 
adjacent structure is the aorta or the pulmonary artery, mas- 
sive and fatal internal haemorrhage results. If the patient is 
spared either of these devastating events, the tumour may 
enter the lymph channels that drain the wall of the oesoph- 
agus. Tumour cells in these lymphatics may then spread 
to regional lymph nodes and disseminate to more distant 
sites. 


Adenocarcinoma of the Oesophagus 


Oesophageal adenocarcinomas arise from the metaplastic 
epithelium of Barrett's oesophagus. As with SCCs, the 
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Figure 14 Diagrammatic summary of the progression of squamous cell neoplasia. As the disease progresses, more and more of the thickness of the 
oesophageal mucosa becomes replaced by neoplastic cells. These eventually invade through the area of the basement membrane into the underlying lamina 
propria and then into the submucosa. From here they can metastasize to sites distant from the oesophagus. 
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Figure 15 Gross appearances of oesophageal cancers. Oesophageal squamous cell cancers may assume a variety of gross appearances. (a) Diffuse infiltration 
of the oesophageal wall causes thickening of the distal end of the oesophagus (E). The line shows the area of the tumour. The stomach (S) is also present. 
(b) An exophytic papillary tumour rises above the surrounding oesophageal mucosa. (c) A large, bulky, polypoid growth. The tumour has been cut in half. 
(d) An ulcerating oesophageal cancer (T) is surrounded by normal oesophagus (E). 


cae. 





Figure 16 Histological features of the progression of oesophageal squamous cell neoplasia. (a) Low-grade dysplasia. (b) High-grade dysplasia. 
(c) Carcinoma in situ. (d) Invasive cancer. The tumour nests (T) are surrounded by a desmoplastic stroma. 


epithelial lining of Barrett's oesophagus becomes progres- Gross Appearance The gross appearance of oesophageal 
sively abnormal as it passes through a series of sequential glandular neoplasia varies depending on its stage (Figure 18). 
steps that eventually result in the development of invasive The distal oesophagus loses its smooth pink appearance and 
adenocarcinoma (Figure 17). becomes reddened and less smooth. The mucosal alterations 
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Figure 17 Diagrammatic representation of the progression of the normal 
oesophagus to an adenocarcinoma arising in the background of Barrett's 
oesophagus. 


may make it difficult to identify the gastro-oesophageal 
junction. The termination of the gastric folds marks the prox- 
imal margin of the stomach. Dysplasic areas in the B arrett’ s 
oesophagus may be flat or polypoid. Flat dysplasia may be 
difficult for the endoscopist to identify. Some areas of dys- 
plasia may appear slightly depressed or ulcerated. Invasive 
cancers may invade both laterally underneath the adjacent 
normal tissue and to penetrate through the oesophageal wall. 
It may be impossible to tell whether a large cancer arose 
from the distal oesophagus or from the cardia of the stom- 
ach. These are sometimes referred to as oesophago-gastric 
junction tumours. 


Microscopic Appearance Dysplasia constitutes the first 
step in the progression of Barrett's change into cancer. 
Dysplasia is recognized by the appearance of an increased 
nuclear- cytoplasmic ratio and loss of nuclear polarity. Low- 
grade dysplasia of the metaplastic glands is analogous to 
tubular adenoma of the colon. As the degree of dysplasia pro- 
gresses, the cells become increasingly disorganized and the 
nuclei lose their pseudostratified appearance. Invasive cancer 
becomes recognizable once the tumour cells extend through 





the muscularis mucosae into the submucosa. The evolution 
from low-grade dysplasia through moderate- to high-grade 
dysplasia and invasive cancer is shown in Figures 17 and 19. 
Well-differentiated cancers make clearly identified glands. 
Very poorly differentiated tumours may form no recogniz- 
able glandular structures. Even well-differentiated tumours 
have the tendency to undermine adjacent non-neoplastic tis- 
sues and to invade the lymphatics of the oesophageal wall at 
an early stage. M ost cancers arising at the cardio-oesophageal 
junction are late-stage tumours, with dissemination to lymph 
nodes on both sides of the diaphragm at the time of diagnosis. 
Spread of these tumours to the liver is also fairly common. 
Oesophageal cancers that have progressed to the point of 
causing symptoms carry an extremely poor prognosis. M ost 
of symptomatic oesophageal cancers are unresectable, and 
the average life expectancy of untreated patients is less than 
10 months. 


Stomach Cancer 


Gross Appearance 


The gross appearance of early gastric cancers tumours is 
shown in Figure 20. Protruded, type l, early cancers are most 
likely to occur in the antrum of older male patients with 
extensive intestinal metaplasia. Flat or ulcerated types I1 and 
Ill early tumours are more likely to occur in younger patients 
and may arise in the mucosa at the junction of the antrum 
and corpus of a stomach showing minimal or no intestinal 
metaplasia. 

The appearance of advanced tumours is shown in 
Figures 21 and 22. Cancers arising in the corpus are usually 
type IV tumours, as are most cancers in women <50 years 
old. 


Microscopic Appearance 


Gastric cancer has growth patterns, and one cancer may 
assume several forms. Lauren, a Finnish pathologist, devised 





Figure 18 Gross appearance of adenocarcinoma arising in Barrett oesophagus. (a) Note the irregularity of the squamocolumnar junction. Normally, there 
should be a sharp demarcation with the distal stomach. The stomach (S) ends near the S. The smooth, lighter coloured mucosa represents the normal colour 
of the oesophagus (E). A small tumour is present beneath the T. (b) This photograph shows a large, fungating neoplasm arising in an area of Barrett 
oesophagus. The gastric folds terminate at the area of the arrow. The area above this is replaced by Barrett oesophagus (BE). Above that is the tumour, and 
the smooth, lighter coloured area of the mucosa represents normal oesophagus (E). The oesophagus has been extensively replaced by glandular epithelium 


and by the neoplasm. 
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Figure 19 Evolution of the neoplastic changes in Barrett oesophagus. (a) The squamous epithelium has been replaced by glandular epithelium. One 
gland is a non-neoplastic gland representing Barrett oesophagus (BE). The majority of the glands that are present show evidence of low-grade dysplasia 
(D). (b) Further progression of the dysplasia with the presence of large numbers of cells showing nuclear palisading. (c) An invasive adenocarcinoma 


undermining the normal squamous mucosa of the oesophagus. 


a simplified classification of these tumours (Lauren, 1965), 
which subsequently proved helpful to epidemiologists study- 
ing the origins of stomach cancer. This system is based on 
the observation that many stomach cancers form rudimentary 
glands that superficially resemble intestinal glands; these are 
termed intestinal in type (Figure 23). Others consist of disco- 
hesive cells that form no distinct structures and stimulate an 
overgrowth of the supporting connective tissues (Figure 24). 
These are termed diffuse tumours and their cells may be so 
widely separated from one another that they are difficult to 
identify. Antral tumours in older men with extensive mul- 
tifocal gastritis generally are intestinal in type, whereas the 
cancers that arise in the corpus of younger men and women 
are usually diffuse. Most stomach cancers arising in high- 
risk areas are intestinal in type. It is not unusual for gastric 


cancers to show both patterns of growth and these can be 
called mixed tumours. A committee of World Health Orga- 
nization (WHO) pathologists devised another classification 
scheme, which identifies the many variants of stomach cancer 
(Table 1). Classifying gastric cancer is subjective by either 
system, and inter-observer differences lessen their value as 
prognostic markers for individual cases. 


Table 1 World Health Organization classification of histological types of 
epithelial tumours of the stomach. 


Adenocarcinoma Adenosquamous carcinoma 


Papillary Squamous cell carcinoma 
Tubular Undifferentiated carcinoma 
M ucinous Unclassified carcinoma 


Signet ring cell carcinoma 
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Figure 20 Gross appearance of early gastric cancer. 
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Figure 21 Gross appearance of advanced gastric cancer. 


TREATMENT 


Oesophagus 


Squamous Cell Carcinoma 


Surgical treatment of SCC is most successful when the 
tumour is confined to the lining of the oesophagus or is 
limited to the most superficial portion of the submucosa. 
The extent of the tumour may be estimated through the use 
of endoscopic sonography, which uses echoes of ultrasonic 
pulses at the time of endoscopy to measure the depth 
of tumour penetration into the oesophageal wall and to 


Table 2 WHO TNM classification of oesophageal tumours. 


Primary tumour (T) 


TX Primary tumour cannot be assessed 

Tis Carcinoma in situ 

T1 Tumour invades lamina propria or 
submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades adventitia 

T4 Tumour invades adjacent structure 

Nodal involvement (N) (surgical evaluation) 

NX Regional lymph nodes cannot be assessed 

NO No regional node metastases 

N1 Regional node metastases 

Distant metastases (M ) 

MX Distant metastases cannot be assessed 

MO No distant metastases 

M1 Distant metastases 

Stage grouping 

Stage 0 Tis NO MO 

Stage | T1 NO MO 

Stage IIA T2,3 NO MO 

Stage IIB T1,2 N1 MO 

Stage Ill T3,4 N1 MO 

Stage IV Any T N1 M1 


identify the regional lymph node metastases. This allows 
the physician to assign a stage to the tumour and to plan 
treatment. The standard staging method employed is termed 
the TNM system, where T indicates the extent of tumour 
penetration, N indicates the presence or absence of lymph 
node metastases, and M indicates the presence or absence 
of distant metastases. The WHO TNM staging criteria for 
oesophageal cancer are shown in Table 2 (Hamilton and 
Aaltonen, 2000). 

The treatment of the late-stage oesophageal cancer is more 
likely to be palliative than curable. Surgery may resect 
or bypass the tumour, ionizing radiation may be used to 
shrink or destroy it, and chemotherapy may be used to 
control its growth. These approaches may be used alone 
or in combination, depending upon the stage of the tumour 
and the physical condition of the patient. For example, the 
presence of cirrhosis of the liver, a not uncommon condition 
among alcoholics with advanced oesophageal cancer, may 
preclude the use of many chemotherapeutic agents. An early 
cancer in an otherwise healthy patient may be treated by 
surgical resection alone. Radiation or chemotherapy may 
be used prior to surgery (so-called neoadjuvant therapy) in 
order to reduce a large tumour to manageable proportions or 
to diminish the risk of early recurrence, so-called adjuvant 
therapy. The TNM stage of a resected cancer may be 
modified by neoadjuvant therapy and this should be taken 
into account when staging a specimen. Radiation may also 
be used alone to palliate symptoms in treating patients with 
inoperable disease. 

The relative 5-year survival with oesophageal cancer in 
the United States for the year ending 1988 was only 8.1%. 
This is a measure of the grim prognosis that accompanies the 
late-stage cancers that prevail in that country. Fewer than 3% 
of patients with late-stage tumours survive for 5 years after 
diagnosis. 
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Figure 22 Gross appearance of gastric cancer. (a) Borman type | gastric carcinoma is a bulky tumour protruding into the gastric lumen. (b) A Borman 
type III lesion shows a heaped-up, ulcerated lesion. (c) A Borman type II gastric carcinoma shows a fungating tumour. (d) Linitis plastica with diffuse 


thickening of the gastric wall. 
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Figure 23 Gastric cancer of the intestinal type. (a) A combination of well- and poorly differentiated carcinoma. The tumour forms reasonably intact 
glands everywhere except in the lower right-hand corner where they are discohesive. (b) Back-to-back glands in a moderately differentiated intestinal-type 


carcinoma. 


Adenocarcinoma 


Adenocarcinomas infiltrate the oesophageal wall and often 
show lymphatic and vascular involvement, as well as direct 
extension through the oesophageal wall. Both regional and 
distant metastases develop. Primary oesophageal adenocar- 
cinomas rarely spread distally into the stomach, whereas 
proximal spread is common. 

About 33% of intramucosal tumours, 67% of intramu- 
ral, and 89% of transmural oesophageal adenocarcinomas 
metastasize to the regional lymph nodes. Patients with lym- 
phatic metastases can be cured if fewer than four nodes are 
involved. Endoscopic mucosal resection has been advocated 
for superficial Barrett's related adenocarcinoma. The proce- 
dure incurs low morbidity and mortality risk, but incomplete- 
ness of resection and frequent recurrence are pitfalls that 
entail continued surveillance (M ino-K enudson et al., 2005). 


Stomach 


The depth of tumour penetration and the number of regional 
lymph nodes involved by cancer consistently predict the 
subsequent course of gastric cancer. The TNM system, as 
in the oesophagus, is used to identify the stage of the 
tumour at the time of diagnosis. The WHO TNM staging 
system is summarized in Table 3 (Hamilton and Aaltonen, 
2000). A British study of 31716 gastric cancers showed 
that, as stomach cancers advance from stages | to IV, the 
5-year survival drops from 80% to less than 3%. These 
data reflect the experience of gastric cancer patients in 
most western countries prior to the development of mod- 
ern diagnostic and therapeutic methods (Craven, 1993). 
The cancers in this series were so far advanced that only 
20% were considered suitable for curative resections. A 
more recent Japanese experience reflects the advantage of 
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Figure 24 Diffuse gastric carcinoma. In contrast to the cancers illustrated in Figure 23, glandular formations are not present. (a) The tumour cells diffusely 
infiltrate the intestinal wall. (b) Infiltration of the same cells through the deeper layer of the stomach. 


Table 3 WHO TNM classification of gastric cancers. 


1. Primary tumour (T) 


The principal factor is the degree of penetration of the stomach wall by carcinoma 


TX Primary tumour cannot be assessed 

TO No evidence of primary tumour 

Tis Carcinoma in situ: intraepithelial tumour without invasion of the lamina propria 

T1 Tumour invades lamina propria or submucosa 

T2 Tumour invades the muscularis propria or subserosa 

T3 Tumour penetrates the serosa (visceral peritoneum) without invasion of adjacent 
structures 

T4 Tumour invades adjacent structures (spleen, transverse colon, liver, diaphragm, 


pancreas, abdominal wall, adrenal gland, kidney, small intestine, and 


retroperitoneum) 
2. Nodal involvement (N) 


The regional nodes include the perigastric nodes along the lesser and greater curvatures and the nodes along the left gastric, common hepatic, splenic, 
and coeliac arteries. Involvement of other intra-abdominal nodes represents distant metastasis 





NX Regional lymph nodes cannot be assessed 
NO No regional lymph node metastasis 

N1 Metastasis in 1- 6 lymph nodes 

N2 M etastases in 7- 15 lymph nodes 

N3 M etastases in more than 15 lymph nodes 
3. Distant metastasis (M) 

MX Presence of distant metastasis cannot be assessed 
MO No distant metastasis 

M1 Distant metastasis 

Stage grouping 

Stage 0 Tis NOMO 

Stage IA TINOMO 

Stage IB T1N1M0,T2 NO MO 

Stage || T1N2M0,T2N1M0,T3 NOMO 

Stage IIIA T2N2M0,T3N1M,T4NOMO 

Stage IIIB T3N2 M0 

Stage IV Any T, anyN, M1 


T4N1,2 or 3M0 
T1,2 or 3N3 MO 


making a diagnosis in early disease, and of more exten- 
sive surgery and of adjuvant chemotherapy for advanced 
disease. A report of 2824 patients treated between 1979 
and 1990 noted that 95% were considered suitable for sur- 
gical resection, that half of the patients were at stage |, 
and that their overall 5-year survival was 72% (Kinoshita 
et al., 1993). 

Surgery remains the principal treatment for gastric cancer, 
the extent of surgery depending upon tumour stage. J apanese 
surgeons who have had the opportunity to treat many early 


cancers have used sonographic techniques to assess the depth 
of tumour invasion and have excised the tumour from the 
stomach lining endoscopically, leaving the stomach intact. 
Unfortunately, this procedure is not applicable to the late- 
stage tumours typically found in western patients. Resection 
of all, or part, of the stomach is required for all advanced, 
operable tumours. As in the oesophagus, surgery may be 
supplemented by neoadjuvant or adjuvant radiation and 
chemotherapy. The relative 5-year survival of stomach cancer 
patients in the United States, treated in the years 1983- 1989 
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was only 16.9%, reflecting the late stage of the great majority 
of these cancers at the time of presentation. 


MOLECULAR GENETIC FINDINGS 


Oesophageal Cancer 


Squamous Cell Carcinoma 


A condition known as tylosis accounts for some familial 
SCC. This autosomal-dominant genetic disorder (see G enetic 
Susceptibility to Cancer) associates with oesophageal can- 
cer in 90% of affected persons. The cancers usually appear 
during middle age, but are presaged in early life by thick- 
ening and fissuring of the palms of the hands and soles of 
the feet. Tylosis results from a mutation in the TOC (tylosis 
oesophageal cancer) gene on chromosome 17. 

Several somatic mutations have been found in sporadic 
oesophageal SCC, including the accumulation of P53 protein 
in aggressive cancers (see p53 Family Pathway in Can- 
cer). The P53 protein is overexpressed in more than 75% 
of oesophageal SCC and it may associate with dietary fac- 
tors. It may also predict responsiveness to chemotherapy. 
Overexpression of P53 is usually due to a mutation that 
makes the protein non-functional and therefore predisposes 
the altered cells to genetic instability. Another cell cycle 
regulator, cyclin D1, is also frequently amplified and over- 
expressed in oesophageal SCCs (see Regulation of the Cell 
Cycle, Cell Cycle Checkpoints, and Cancer). 

The normal and neoplastic oesophageal mucosa synthe- 
sizes growth factors and their receptors (see Signalling by 
Tyrosine Kinases). These include epidermal growth fac- 
tor receptor (EGFR) and transforming growth factor alpha 
(TGFa). Oesophageal SCC is the prototypic system for 
demonstrating amplification of the EGFR gene (Mukaida 
et al., 1991), and overexpression of EGFR correlates with the 
degree of the depth of invasion and the frequency of nodal 
metastases. Survival is also decreased with TGFa expres- 
sion and is poorest for patients with tumours that express 
both EGFR and TGFa 

Invasion of the oesophageal wall by SCC is enhanced by 
enzymes that allow the tumour to penetrate the extracel- 
lular matrix (see Invasion and Metastasis). These include 
trypsin, matrilysin, and heparanase. Cancers expressing these 
enzymes show an increased probability of recurrence and 
mortality (Yamamoto et al., 2000). Shortened survival and 
an increased probability of spread to regional lymph nodes 
is also associated with tumour-derived vascular endothe- 
lial growth factor (VEGF), a mitogen that increases the 
microvessel density adjacent to the cancer (Inoue etal., 
1997) (see Angiogenesis. 


Adenocarcinoma 


Oesophageal adenocarcinomas associate with a number of 
molecular abnormalities. The principal genetic changes are 
the loss of p16 gene expression, the loss of P53 function, 


the increase in cyclin D1 expression, the induction of ane- 
uploidy, and losses of the retinoblastoma tumour-suppressor 
gene (RB), DCC (deleted in colon cancer) and APC gene 
(adenomatous polyposis tumour suppressor) chromosomal 
loci (Jenkins et al., 2002). Abnormalities in the expression 
of growth factors and their receptors, especially EGFR and 
TGFa, occur commonly and contribute to non-regulated cell 
growth. Another protein related to cell proliferation that 
becomes abnormal in Barrett's oesophagus and the cancers 
associated with it is P27, a cyclin-dependent kinase inhibitor 
and a negative regulator of cell cycle division. P27 is inac- 
tivated in many Barrett’s oesophagus-associated cancers and 
its loss associates with an aggressive tumour behaviour and 
an unfavourable outcome. 


Gastric Cancer 


The genetic makeup of the patient or his tumour may 
influence the risk of gastric cancer induction, determine its 
histologic type, or influence the risk of progression (Zheng 
et al., 2004). 

Germ-line mutations account for a small proportion of 
familial gastric cancer clusters, and some of these may also 
be influenced by environmental factors. The hereditary non- 
polyposis colon cancer (HNPCC) syndrome is an autosomal- 
dominant disease that carries an increased risk of stomach 
and colon cancer, a germ-line mutation in one of a number 
of DNA mismatch repair genes. A ffected cells are susceptible 
to an accelerated accumulation of mutations (see Genomic 
Instability and DNA Repair). Gastric cancer may be the 
index cancer in an HNPCC family (Aarnio et al., 1997). The 
mean age of HNPCC gastric cancers is much older than the 
mean age of colon cancers in this syndrome. Their histologic 
type and localization to the distal stomach is typical of gastric 
cancers arising on the basis of lifelong H. pylori infection 
and a diet deficient in antioxidant micronutrients. 

Familial adenomatous polyposis (FAP), resulting from 
germ-line mutations in the APC gene on the long arm of 
chromosome 5, predisposes patients to intestinal polyposis 
and cancer (see Genetic Susceptibility to Cancer). FAP 
patients also develop adenomas that may evolve into carci- 
nomas. It has been observed that J apanese patients with FAP 
more frequently have gastric adenomas and carcinomas than 
westerners with this trait, reflecting exposure to the gastric 
cancer risk factors experienced by all Japanese (U tsonomiya 
et al., 1994). 

A newly recognized autosomal-dominant mutation in the 
E-cadherin gene was first found in a familial cluster of poorly 
differentiated gastric cancers in a Maori, New Zealand fam- 
ily. This observation was quickly followed by the observation 
of other gastric cancer families with germ-line E-cadherin 
mutations in Europe, K orea, and J apan (Gayther et al., 1998). 
The gastric cancer resulting from this defect develops in 
early life and is diffuse in type. E-cadherin is an adhesion 
molecule, and loss of its function might explain the discohe- 
sive growth pattern of these diffuse tumours. 

Genetic polymorphisms may also contribute to gas- 
tric cancer risk (see Molecular Epidemiology of Can- 
cer and the Use of Biomarkers). Inherited differences 
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in the ability to detoxify potential carcinogens might 
explain some familial clusters of gastric cancer. The glu- 
tathione S-transferase enzyme system represents an exam- 
ple of a polymorphism that may influence gastric cancer 
risk. These enzymes catalyse the conjugation of numer- 
ous carcinogens. Persons lacking the a form of this 
enzyme (GSTM1) constitute 40% of the Japanese pop- 
ulation and the absence of this form of the enzyme 
increases the risk of developing gastric cancer (Katoh 
et al., 1996). 

Polymorphisms present at codon 72 of the P53 gene may 
also be important in the development of gastric cancer. Eth- 
nic differences occur in the frequencies of different forms 
of this codon. The majority of people of European origin 
are P53 arginine homozygotes, as are patients with cancer 
of the cardia of the stomach. Whether the predilection for 
cardia cancers to occur among white males is due to excess 
vulnerability derived from P53 arginine homozygosity, or 
only reflects a parallel, unrelated trait, remains to be deter- 
mined. 

Gastric cancer is one of the best-characterized neoplasms 
at the genetic level (Zheng et al., 2004). Progression of the 
tumour beyond the stomach involves many host- tumour 
interactions. Activation of oncogenes, inactivation of tumour- 
suppressor genes, and abnormalities in growth factors and 
their receptors favour the development of invasive tumour 


types. 


CONCLUSION 


Environmental hazards account for most oesophageal and 
stomach cancers. Both tumours are closely related to a 
poor economic status. Prevention of these cancers is a 
socio-economic rather than a medical problem, and should 
include improved housing, raised living standards, bet- 
ter education, and a food distribution system that makes 
fresh fruit and vegetables available on a year-round basis 
to all levels of society. Medical intervention is necessary 
when these ideals are not achieved, but this will only 
produce a major reduction in mortality rates if the pro- 
portion of patients who are treated in the early stages of 
tumour progression is greatly increased. Asian community 
screening programmes for stomach and oesophageal can- 
cer have achieved this result and they are clearly adapt- 
able to other high-risk societies, but the development of 
focussed, tumour-specific, screening programmes is neces- 
sary where these cancers are less common. These should be 
given high priority since the late stages of these tumours 
have not proved amenable to currently available therapeutic 
strategies. 
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NORMAL DEVELOPMENT AND STRUCTURE 


Development 


The fore-, mid-, and hindgut are derived from the embryonic 
yolk sac, which is of endodermal origin. During embryogen- 
esis, the midgut communicates with the remains of the yolk 
sac via the vitello-intestinal duct. The midgut is supplied 
by the superior mesenteric artery and from it develop the 
third and fourth parts of the duodenum, jejunum, ileum, cae- 
cum, appendix, ascending colon, and transverse colon. As 
the midgut lengthens, it becomes coiled and this promotes 
the development of its dorsal mesentery containing the supe- 
rior mesenteric artery. Eventually, the midgut can no longer 
be accommodated in the abdominal cavity and it is extruded 
into the umbilical cord as a physiological hernia. A process 
of rotation occurs before the gut is restored to the abdominal 
cavity and takes up its normal anatomical position. 

The hindgut is suspended by a shorter mesentery through 
which the inferior mesenteric artery passes to supply the 
descending colon, sigmoid colon, and upper rectum. The 
superior, middle, and inferior rectal arteries are derived from 
the inferior mesenteric, internal iliac, and internal pudendal 
arteries, respectively. At 5 weeks, the distal hindgut, allantois, 
and urogenital tract end in a common cloaca. Downward 
growth by the urorectal septum occurs until it fuses with 
the cloacal membrane. Two anal tubercles arise from the 
adjacent ectoderm to fuse with the urorectal septum, forming 
the proctodaeum where ectoderm and endoderm are in direct 
contact. The proctodaeum then fuses with the rectum and 
canalizes during the third month to become the anus. 


Gross Appearance 


The small intestine is approximately 500cm in length 
(shorter in life owing to tone in the longitudinal muscle 
coat) and lacks obvious features on external examination 
apart from its mesentery (the duodenum is retroperitoneal). 
The large intestine (colon and rectum) is 150cm in length 


The Cancer Handbook 2nd Edition. Edited by Malcolm R. Alison 
© 2007 John Wiley & Sons, Ltd. 


and variably covered by peritoneum in its different regions. 
The longitudinal muscle is arranged in three continuous 
bands (taeniae coli), which fuse into a continuous sheet at 
the junction of sigmoid colon and rectum. The taeniae coli 
shorten the colon and produce the characteristic sacculations 
or haustra. The colon is also distinguished from the small 
intestine on external inspection by the rows of fat tags called 
epiploic appendages. The superior and inferior mesenteric 
arteries anastomose via a continuous marginal artery along 
the mesenteric border of the colon (Figure 1). 


Histology 


The layers of the intestinal wall, starting from within, 
comprise mucosa, submucosa, muscle coat, and serosa or 
peritoneum (Figure 2). The mucosa consists of columnar 
epithelium, a delicate connective tissue or lamina propria, 
and a thin sheet of muscle called the muscularis mucosae. 
The epithelium comprises secretory crypts and an absorptive 
surface layer. In the small intestine, but not in the colon or 
rectum, the area of the surface epithelium is greatly increased 
by the formation of fingerlike villi. 

The columnar epithelium comprises columnar cells, goblet 
cells, endocrine cells, and Paneth cells (the latter are limited 
to the small intestine and proximal colon). These cells are 
derived from a common precursor, or stem cell. The lower 
crypt includes the replicative compartment. M aturing cells 
migrate up the crypt and reach the surface epithelium within 
a matter of days where they undergo apoptosis (see Stem 
Cells and Tumourigenesis). 


TUMOUR PATHOLOGY 


In this section, a brief overview will be given of the types 
of tumours, both cancerous and benign, that may occur in 
the lower intestinal tract. The rest of this chapter will focus 
on the most common and important cancer: carcinoma of the 
colon and rectum. 
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Figure 1 Transverse colon lifted to show arterial blood supply to the large intestine. a. - artery. 
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Figure 2 Layers forming the wall of the large intestine. 


Types of Tumour 


The types of tumour reflect the normal tissues that con- 
tribute to the structure of the intestinal tract (Hamilton and 
Aaltonen, 2000). 


Epithelial Tumours 


The columnar or glandular epithelium of the intestinal tract 
gives rise to benign and malignant neoplasms termed ade- 
nomas and adenocarcinomas, respectively. The colon and 
rectum are common sites of both adenomas and adenocar- 
cinomas. These lesions occur much less frequently in the 
small intestine. M ost adenocarcinomas arise in a pre-existing 





adenoma and these lesions may be viewed as a neoplas- 
tic continuum. However, only about 5% of adenomas will 
transform into adenocarcinomas. M ultiple adenomas occur 
in the colon, rectum, duodenum, and appendix in the rare 
autosomal dominant condition familial adenomatous poly- 
posis (FAP), which is caused by germ-line mutation of the 
adenomatous polyposis coli (APC ) gene (see Genetic Sus- 
ceptibility to Cancer). 

Certain types of epithelial polyps that have traditionally 
been regarded as non-neoplastic may occur in the intestinal 
tract. They are noted here (Table 1) because it is now appre- 
ciated that these lesions may show clonal genetic alterations 
and under certain circumstances may be precancerous. These 
polyps may be single, may occur in small numbers, or may 
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Table 1 Nature and distribution of epithelial polyps of the intestinal tract. 
Site 

Small 
Type Nature intestine Appendix Colon Rectum 
Adenoma Neoplastic S S U U 
Tubular 
Tubulovillous 
Villous 
H yperplastic Unknown N S S U 
Peutz- J eghers Hamartoma U N S S 
Juvenile Hamartoma S N U U 
Inflammatory Inflammatory N N U S 


U -usual site; S - site of occurrence; N - not found (or uncommon). 


be so numerous that the term polyposis is used. One of 
the commonest epithelial polyps is the hyperplastic polyp, 
which occurs principally within the distal colon and rectum. 
These small polyps are characterized histologically by a saw- 
toothed or serrated-crypt outline. Although these polyps are 
regarded as innocuous lesions, colorectal cancer has been 
associated with the rare condition hyperplastic polyposis in 
which the polyps are large and distributed throughout the col- 
orectum. Large hyperplastic polyps may also occur sporadi- 
cally, particularly in the proximal colon. They have recently 
been distinguished from their small and distally located coun- 
terparts and renamed as sessile serrated polyps/adenomas. 
These polyps have been linked with the subset of colorectal 
cancers showing DNA microsatellite instability (MSI) and/or 
DNA methylation (J ass, 2005). 

Two types of epithelial polyps are classified as hamar- 
tomas (a maldevelopment in which epithelial and connective 
tissues are arranged in a haphazard manner). One of these 
occurs as part of the autosomal dominant Peutz- J eghers syn- 
drome (germ-line mutation of STK 11). Peutz- J eghers polyps 
are multiple and tend to be most numerous within the small 
intestine. J uvenile polyps (Figure 3) are the second type of 
hamartomas and occur in the colon and rectum either singly, 
in small numbers, or multiply in the autosomal dominant con- 
dition juvenile polyposis (germ-line mutations identified in 
DPC4/SMAD4 or BMPR1A). Both Peutz- jJ eghers syndrome 
and juvenile polyposis are associated with an increased risk 
of intestinal cancer. Endocrine cell tumours are considered 
in Endocrine Organs. 

The lower anal canal is lined by squamous epithelium. 
Squamous cell carcinoma may arise from this site. Although 
it is uncommon, the frequency of this cancer is increasing 
in both males and females. Human papillomavirus (types 16 
and 18) has been implicated in the aetiology; risk factors 
and mechanisms are similar to those underlying squamous 
cell carcinoma of the female genital tract (see Female 
Reproductive System). 


Lymphoid Tumours 


Lymphoid tissue is distributed throughout the intestinal tract 
with notable collections in the terminal ileum known as 
Peyer's patches. M ucosa-associated lymphoid tissue (MALT) 
is organized differently from nodal lymphoid tissue in terms 





Figure 3 Histological appearances of juvenile polyp with expansion of 
lamina propria and cystic dilatation of glands. 


of both structure and function. Lymphoid neoplasms are 
malignant by definition, and those arising in MALT are 
known as MALTomas and are derived from B-lymphocytes. 
The stomach does not normally contain lymphoid tissue, yet 
M ALTomas are more common in this organ than in the intes- 
tine (see Upper Gastrointestinal Tract). A special type of 
MALToma occurs in the small intestine and affects popu- 
lations around the Mediterranean and in the Middle East. 
The neoplastic B-lymphocytes secrete a-heavy chains (a 
component of immunoglobulin class A) and the lymphoma 
is also known as a-heavy chain disease or immunopro- 
liferative small intestinal disease (IPSID). Two additional 
B-lymphocyte lymphomas of the intestinal tract are Burkitt's 
lymphoma, occurring mainly in Africa and principally affect- 
ing the ileocaecal region, and mantle cell lymphoma, present- 
ing as multiple mucosal polyps throughout the gastrointesti- 
nal tract. There is also a rare T-cell lymphoma that mainly 
affects the proximal jejunum and is most common in people 
of Northern Europe. M any of these lymphomas are associated 
with gluten-sensitive enteropathy or coeliac disease. 


Stromal Tumours 


Despite the large amount of smooth muscle and connective 
tissue in the wall of the intestinal tract, stromal tumours are 
uncommon. Gastrointestinal stromal tumours (GISTs) were 
considered to be tumours of smooth muscle in the past, 
but most are now known to express the phenotype of a 
pacemaker cell (tyrosine kinase receptor KIT or CD117) 
found in the muscle coat (interstitial cell of Cajal). Behaviour 
is unpredictable, but large size and a high mitotic rate are 
markers of malignancy. Bona fide smooth muscle tumours 
occur in the rectum; most are small and benign. 


Secondary (Metastatic) Cancer 


The intestinal tract is not a common site of metastatic 
cancer. The small intestine is the main site for metastases 
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and melanoma and, breast and lung cancer are the principal 
primary sources. 


EPIDEMIOLOGY 


Colorectal cancer is a leading cause of cancer death, second 
only to lung cancer in the west. It is responsible for 
55000 deaths per year in the United States. There were 
around 875000 new cases worldwide in 1996, accounting 
for 8.5% of all cancers diagnosed in that year. Incidence 
rates vary by at least a factor of 20 between countries, 
with the highest rates being found in the west and the 
lowest in the developing world (Potter, 1999). Although 
these differences are exaggerated by competing causes of 
mortality in developing countries such as infectious disease 
and other types of cancer, age-adjusted statistics show that 
the low incidence is genuine. Colon and rectal cancers share 
many environmental risk factors but differences also exist. 
Colonic cancer occurs with approximately equal frequency 
in males and females, whereas rectal cancer is at least twice 
as common in males. 

Time trends indicate rapid increases in incidence in 
countries or populations that have adopted western lifestyles 
in recent years. Examples include Japan, urban China, and 
male Polynesians in Hawaii. Colonic cancer seems to be 
more sensitive to these changes than rectal cancer. M igrant 
studies have shown that populations migrating from low- to 
high-risk countries rapidly acquire the incidence rates of the 
adopted country, sometimes within the migrating generation. 
For example, one of the highest rates in the world is seen 
among Hawaiian J apanese (Haenszel, 1961). There is now a 
decreasing incidence of left-sided colorectal cancer in the 
west while the incidence of right-sided colon cancer has 
remained static (Rabeneck et al., 2003). 

Colorectal cancer is age related, colonic cancer more so 
than rectal. There will be competing causes of mortality 
in ageing populations, and the mean age at presentation in 
most hospital series falls within the range 65- 75 years. The 
age relationship, common to many types of solid cancer, 
is a reflection of the time-dependent multi-step evolution 
of cancer. The step-wise accumulation of genetic errors 
in somatic cells requires a particular passage of time. In 
individuals who inherit one of the causative genetic errors, 
each somatic cell is already primed (or one step ahead). Such 
individuals develop multiple neoplasms and at an early age. 
This is observed in several forms of hereditary colorectal 
cancer (see subsequent text). 


AETIOLOGY 


The aetiology of colorectal cancer is not known but the brief 
account of descriptive epidemiology given above indicates 
the involvement of both environmental influences and genetic 
factors. The major shifts in incidence following migration 
were once taken as evidence of the overwhelming importance 


of the environment. The modern approach to unravelling 
the aetiology of colorectal cancer integrates lifestyle factors 
and genetic constitution within the discipline of molecular 
epidemiology. 


Dietary and Lifestyle Factors 


Vegetables and Fibre 


Particular dietary practices have been associated with col- 
orectal cancer in defined groups of subjects (cohort studies) 
or when comparing affected cases with matched controls 
(case-control studies) (Trock et al., 1990). However, these 
studies demonstrate associations rather than specific causal- 
ity. Diets high in vegetables (raw, green, or cruciferous) 
are protective, although the nature of the specific agent is 
unclear. High on the list is fibre (the complex carbohydrate 
constituent of plant cell walls), which could act by diluting 
or binding potential carcinogens in the lumen of the bowel. 
Fibre is poorly digested in the small intestine but is fermented 
by bacteria in the proximal colon to generate short-chain fatty 
acids, notably butyrate. Resistant starch (that is not digested 
in the small bowel) is another source of butyric acid. B utyrate 
serves as an essential respiratory nutrient for colonic epithe- 
lium and its lack may be a factor in the aetiology of colorectal 
cancer. Butyrate may also serve as a protective factor in its 
capacity as a differentiating agent. Vegetables are high in 
folate, and absence of this vitamin may also serve as a risk 
factor. 


Meat and Fat 


Estimates of risk of colorectal cancer have been either 
increased or null in cohort and case-control studies exam- 
ining the role of dietary meat and fat. It appears that total 
protein consumption is relatively unimportant, whereas meat 
preparation (processing or heavy cooking) may generate car- 
cinogens such as heterocyclic amines. A dditionally, saturated 
fat of animal origin may be associated with increased risk 
(Potter, 1999) (see Mechanisms of Chemical Carcinogen- 
esis and Dietary Genotoxins and Cancer). 


Calcium and Bile Acids 


Epidemiological studies and intervention data indicate a 
protective role for dietary calcium. A possible mechanism 
may be the conversion of ionized fatty acids and faecal bile 
acids into insoluble salts. Deoxycholic and lithocholic acid 
are bacterially deconjugated bile acids that have been shown 
to serve as promoters or co-mutagens in experimental studies 
of colonic carcinogenesis. Faecal bile acid levels have in turn 
been correlated with meat consumption. 


Selenium 


This essential trace element is a component of the enzyme 
glutathione peroxidase, which catalyses the removal of intra- 
cellular hydrogen peroxide. Deficiency of selenium occurs 


LOWER GASTROINTESTINAL TRACT 5 


when diets lack whole grains and vegetables or when soil 
selenium levels are low. A protective role is supported by 
epidemiological and intervention studies (see Intervention 
and Chemoprevention of Cancer - Treatment of C arcino- 
genesis). 


Smoking and Alcohol 


Higher risks of colonic (not rectal) cancer and adenomas 
have been associated with a long history of smoking. The 
association with alcohol is less clear, beer being implicated 
in rectal cancer in males. 


Non-steroidal Anti-inflammatory Drugs (NSAIDs) 


Non-steroidal anti-inflammatory drugs (NSAIDs), including 
aspirin, have been shown to lower the risk of colorectal 
cancer in cohort and case-control studies. Sulindac causes 
adenomas to regress in FAP and stabilizes the disordered 
apoptotic ratio that occurs in the normal colorectal mucosa 
of subjects with FA P (see Dietary Genotoxins and C ancer). 


Genetic Factors —- High-prevalence Polymorphisms 


N-Acetyltransferases (NAT1, NAT2) and Cytochrome 
P450 (CYP) Enzymes 


The weak effects of diet upon cancer risk might be increased 
by genetic factors. For example, at least three enzymes 
(NAT1, NAT2, and CY P1A2) influence the metabolism of 
heterocyclic amines, produced in the course of cooking 
meat at high temperatures, and hydrocarbons contained in 
tobacco smoke. Particular genetic polymorphisms affect the 
activities of these enzyme systems, but consistent correlations 
between genotypes, lifestyle factors, and risk have not been 
demonstrated to date (Potter, 1999). 


Methylenetetrahydrofolate Reductase (MTHFR) 


Folate may serve as a protective factor by influencing methy- 
lation of DNA and the size of the nucleotide pool required 
for DNA synthesis and repair. The polymorphic enzyme 
methylenetetrahydrofolate reductase (MTHFR) appears to 
increase the risk of colorectal neoplasia in subjects with a 
particular genotype (TT ) and alow-folate diet (Potter, 1999). 


Genetic Factors — Rare Inherited Syndromes 


Familial Adenomatous Polyposis (FAP) 


About 1 in 8000 individuals carries a mutation in the tumour- 
suppressor gene APC, either inherited (75%) or acquired as a 
new mutation (25%). The disease manifests as an autosomal 
dominant trait in which affected individuals develop many 
hundreds and usually thousands of colorectal adenomas in 
their teens. By the age of 50, one or more of these polyps 


is likely to have transformed into a carcinoma. The severity 
of the disease in terms of polyp numbers depends upon the 
nature of the germ-line mutation and modifying influences 
of other genes. Extracolonic manifestations occur, notably 
duodenal adenoma and carcinoma, fibromatosis (an aggres- 
sive but non-metastasizing tumour composed of fibroblasts), 
benign bone tumours, sebaceous cysts of the skin, pancreatic 
cancer, thyroid cancer, hepatoblastoma (primary liver tumour 
recapitulating embryonic liver), and tumours of the central 
nervous system. 

Inactivation of the normal or wild-type APC gene, by 
either mutation or loss, is sufficient to initiate and allow 
further growth of adenomas. The germ-line mutation leads to 
subtle growth disturbance of the normal colorectal mucosa 
by a dominant negative effect (not requiring mutation or loss 
of the normal copy of the gene). These changes include an 
increased rate of crypt fission and a disordered distribution 
of cells undergoing apoptosis (more in the crypt base and 
less on the epithelial surface) (Wasan etal., 1998; Keller 
et al., 1999). The APC gene mediates its normal function (the 
control of growth, differentiation, and proliferation) through 
the W nt-signalling pathway (see Wnt Signal Transduction). 


11307K Mutation of APC 


This mutation, found only in Ashkenazi Jews, creates a 
repetitive poly-A sequence that is subject to replication 
error, in turn causing protein truncation. Small numbers of 
adenomas and cancers occur in affected family members. 


MYH Polyposis 


Bi-allelic germ-line mutation of the DNA repair gene MYH 
results in an autosomal recessive form of polyposis (Sieber 
et al., 2003). 


Lynch Syndrome/Hereditary Non-Polyposis Colorectal 
Cancer (HNPCC) 


This autosomal dominant condition is caused by mutation of 
one of a family of DNA mismatch repair genes. The most fre- 
quently implicated ones are MLH1 and MSH2 followed by 
MSH6 and PMS2. The germ-line mutation is nearly always 
inherited rather than new to an individual. Nevertheless, an 
obvious family history may not be apparent in small fam- 
ilies, as penetrance (the extent to which a mutated gene is 
expressed phenotypically) is not 100%. The frequency of 
disease-causing mutations in particular populations may be 
exaggerated by founder effects (where a particular affected 
individual has been succeeded by multiple, large generations 
within arelatively sparsely populated region). A pproximately 
2% of individuals developing bowel cancer in the West have 
an underlying diagnosis of Lynch syndrome/hereditary non- 
polyposis colorectal cancer (HNPCC). Since around 1 in 20 
individuals will develop colorectal cancer, the population fre- 
quency of disease-causing mutations must be around 1 in 
1000. 
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An early step leading to neoplasia in Lynch syn- 
drome/HNPCC is somatic mutation or loss of the second 
(wild type) mismatch repair gene. Some genes, such as 
TGF BRII and BAX, contain short repetitive tracts that serve 
as targets for mismatch errors occurring during DNA repli- 
cation. If the DNA repair mechanism is not operating ade- 
quately, the mismatches will not be repaired and mutations 
may occur. Most mismatch errors, however, occur in non- 
coding repetitive tracts or microsatellites. The resulting M SI 
does not drive carcinogenesis but is a useful biomarker for 
Lynch syndrome/HNPCC. 

Approximately 70% of subjects carrying a Lynch syn- 
drome/HNPCC germ-line mutation will develop colorectal 
cancer by the age of 65 and at a mean age of 45. Extra- 
colonic cancers may develop in the uterus (endometrium), 
ovary, stomach, small intestine, central nervous system, and 
urinary tract (pelviureter). Benign sebaceous gland adenomas 
may occur in the facial skin (the combination of sebaceous 
adenoma and colorectal cancer has been called M uir- Torre 
syndrome but is part of the Lynch syndrome/HNPCC spec- 
trum). The majority of colorectal cancers arise in adenomas. 
Although adenomas do not occur in large numbers in Lynch 
syndrome/HN PCC, an individual adenoma carries a high risk 
of progressing to cancer and does so within a short time 
frame. This accounts for cancer multiplicity and the clinical 
impression of de novo origin of cancer. Around 60% of col- 
orectal cancers arise in the proximal colon (caecum, ascend- 
ing or transverse colon) (Lynch etal., 1996) (see Genetic 
Susceptibility to C ancer). 


Germ-Line Mutation of TGFB Type II Receptor 


This is a rare cause of familial colorectal cancer. 


Chronic Inflammation 


The risk of colorectal cancer is increased in subjects with 
chronic or long-standing inflammation of the large intestine, 
notably due to ulcerative colitis and Crohn's disease. A 
possible mechanism may be genetic damage by reactive 
oxygen species (superoxide, H202, and hydroxyl radicals), 
in turn generated by the inflammatory mediators released 
by inflammatory cells such as neutrophils and macrophages. 
Cycles of inflammatory damage and healing may also 
increase the rate of epithelial proliferation or change the 
microenvironment so that cells are more susceptible to the 
effects of luminal carcinogens (see The Links between 
Inflammation and Cancer). 


SCREENING AND PREVENTION 


The prevention of colorectal cancer may be achieved by 
primary means including lifestyle adjustments or taking 
preventive medication (chemoprevention) or by screening 
asymptomatic subjects for risk factors that can be reduced 


or neutralized. The main approaches to screening include 
(i) testing faeces for occult blood or DNA alterations, (ii) 
endoscopic examination of the mucosal lining of the large 
bowel, and (iii) demonstration of a high-risk genetic muta- 
tion. If the test lacks specificity and is therefore associated 
with a high false-positive rate, screening can result in unnec- 
essary investigation and promote needless anxiety. Further- 
more, if a cancer is detected earlier than it would otherwise 
have been but not early enough to allow spread and death to 
be prevented, the test will not have improved mortality rates. 
The resultant increase in survival is only apparent. Bringing 
forward the diagnosis of cancer in this way is known as 
lead-time bias. 


Faecal Occult Blood Testing 


The premise underlying this test is that larger adenomas and 
early cancers may bleed to a minor extent that goes unnoticed 
but is identified by a sensitive test for haemoglobin. A 
positive result is followed by a colonoscopy and removal of 
small lesions. Larger lesions may require surgery. Cancers 
detected in asymptomatic subjects are relatively early (in 
terms of their limited extent of spread) and the net result 
of removing adenomas and early cancers is a reduction in 
mortality in the study group as compared with a matched 
unscreened group. The reduction in mortality from colorectal 
cancer in randomized controlled trials has ranged from 15 
to 33%. Among fully compliant participants the mortality 
reduction is of the order of 40% (Mandel etal., 1993; 
Hardcastle et al., 1996; Kronborg et al., 1996). 

Occult blood is not specific for neoplasia and neoplasms 
may not necessarily bleed. Specificity and sensitivity might 
be increased by testing for other products such as mutated 
DNA. It is necessary to test for a range of mutations (multi- 
target testing) to pick up all cancers, and preliminary results 
have been promising (Imperiale et al., 2004). 


Endoscopy 


There is retrospective evidence as well as evidence from 
prospective adenoma follow-up trials that adenoma removal 
prevents colorectal cancer. Endoscopy allows precancerous 
adenomas to be visualized and removed before they can 
transform into cancers. Since no more than 5% of adenomas 
will become cancerous, it is necessary to destroy or remove 
20 to prevent one cancer. The cost-effectiveness is increased 
by offering endoscopy only to subjects at moderate to high 
risk (e.g., by virtue of a positive family history). However, 
most colorectal cancers occur in subjects without a strong 
family history. At least 50% of colorectal cancers occur 
within the range of the flexible sigmoidoscope. It has been 
suggested that a single sigmoidoscopic examination between 
the ages of 55 and 64 would have an important impact 
on morbidity and mortality due to cancer of the rectum 
and sigmoid colon (Atkin etal., 1998). Retrospective data 
suggest that subjects with small adenomas in the distal colon 
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and rectum are at little risk of developing further neoplasms 
or of having more proximal adenomas. However, subjects 
with larger and/or multiple adenomas would require a full 
colonoscopy and additional colonoscopic surveillance (A tkin 
et al., 1992). 

Some would argue that screening only the rectosigmoid 
region is unacceptable and that a full screening colonoscopy 
should be offered as the first step in screening. The draw- 
backs are that colonoscopy is more expensive and techni- 
cally demanding and proximal cancers are less aggressive 
and more age related. An alternative approach is “virtual 
colonoscopy” achieved by computed tomography colonogra- 
phy, which can detect remarkably small lesions. Colonoscopy 
would then be required to biopsy and treat the lesion. 

Colonoscopic surveillance is also offered to subjects with 
chronic inflammatory bowel disease, particularly ulcerative 
colitis. The precancerous lesion is known as dysplasia, 
which appears macroscopically as a flat, velvety area or 
a raised sessile mass or may be invisible. The risk of 
associated or subsequent cancer is then high and colectomy 
is indicated. 


Genetic Screening and Predictive Testing 


This is offered to subjects with autosomal dominant syn- 
dromes that predispose them to colorectal cancer: FAP and 
Lynch syndrome/HNPCC. The steps are similar in both 
conditions. After counselling and obtaining consent, the 
Causative mutation is detected in an affected family member. 
This is achieved in about 70% of FAP families and 50% of 
Lynch syndrome/HNPCC families. After counselling, DNA 
samples from at-risk family members are screened for the 
mutation. M utation-negative subjects are at no increased risk 
compared with the general population and require no fur- 
ther preventive management. Prophylactic surgery is required 
for FAP and this is generally performed in the mid-teens. 
The operative approach is either total colectomy with ileo- 
rectal anastomosis or proctocolectomy with construction of 
an ileo-anal pouch anastomosis. At-risk or mutation-positive 
members of Lynch syndrome/HNPCC families require 1- to 
2-yearly colonoscopic surveillance from the third decade. If 
surgery is undertaken for a large adenoma or cancer, a total 
colectomy may be performed because of the high risk of 
developing additional cancers. 


Dietary Intervention 


A measure that is likely to be associated with general 
compliance is the addition to the diet of a cheap and palatable 
ingredient, particularly if this can be added safely to a product 
that is widely consumed anyway. Of the possible protective 
dietary factors that have been identified so far, resistant starch 
would be one of the easiest to accommodate in the diet. A 
rich natural source is unripe bananas, but resistant starch can 
be added to bread or sprinkled on food without altering its 
taste. 


Chemoprevention 


Cohort and case-control studies have demonstrated the pro- 
tective role of aspirin and other NSAIDs (Potter, 1999). 
These are believed to act through the inhibition of cyclo- 
oxygenase (COX), which is involved in the synthesis of 
prostaglandin (converts arachidonic acid to prostaglandin 
G2). The more specific COX antagonists (sulindac) have 
been shown to cause adenomas to regress in FAP and to 
restore the altered apoptotic index in the normal-appearing 
mucosa of FAP subjects to normal. The molecular mech- 
anisms underlying these interesting observational data are 
unclear. A drawback of NSAIDs is their gastrointestinal side 
effects. COX -2 is not expressed by normal colonic epithelial 
cells but is upregulated in cancer cells. The latest generation 
of selective COX-2 antagonists was developed in order to 
achieve therapeutic or preventive effects without accompa- 
nying gastrointestinal disturbance. 

The most obvious use of chemoprevention is in subjects 
at high risk of colorectal cancer. Cost, safety, and efficacy 
will determine if such an approach to cancer prevention can 
be generalized. Subjects with FAP have been observed to 
develop bowel cancer while taking sulindac. 


PRE-INVASIVE LESIONS 


Adenoma 


The most important pre-invasive lesions in the colorectum 
in terms of frequency and potential for malignant change 
are the benign neoplasms or adenomas (M uto et al., 1975). 
The evidence is as follows: (i) adenomas show a spectrum 
of changes ranging from low-grade dysplasia through to 
high-grade dysplasia (or carcinoma in situ), (ii) longitudinal 
studies demonstrate malignant transformation with time (in 
situations where the adenoma is not removed), (iii) adenoma 
and carcinoma share similar demographic data and risk 
factors, (iv) removal of adenomas reduces the frequency of 
cancer, and (v) the genetic changes in adenomas are also 
present in carcinomas. 


Macroscopic Features 


Adenomas mainly present as polypoid growths that may be 
sessile or pedunculated. They are usually sessile elevations 
when less than 5mm but increasing growth is associated 
with the formation of a stalk composed of normal mucosa 
and submucosa. A minority remain as flat or even depressed 
lesions, which may be difficult to detect at colonoscopy with- 
out the use of dye spraying and high-resolution magnification 
(Figure 4). The head is darker than the surrounding normal 
mucosa in larger adenomas and becomes lobulated, resem- 
bling a baby cauliflower. A rare presentation is as a large 
sessile (broad based) mass with a soft, shaggy surface. These 
are described as villous adenomas, although the fingerlike 
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Figure 4 Histological appearance of flat tubular adenoma of colon with 
low-grade dysplasia. 


villi seen in two-dimensional sections are in reality leaflike 
folds. 


Microscopic Features 


Adenomas are typed as tubular, tubulovillous, and villous 
according to the predominant architectural pattern (Figure 5) 
(Hamilton and Aaltonen, 2000). Tubules are lined by colum- 
nar epithelium and embedded within lamina propria where 
they proliferate by branching. Villi (in reality leaves) com- 
prise a covering of columnar epithelium and a core of lamina 
propria. By forming complex, cerebriform (brainlike) folds of 
epithelium, the surface area of a villous adenoma (Figure 6) 
may be considerable and lead to significant loss of fluid and 
electrolytes. Tubulovillous adenomas combine both architec- 
tural patterns. 

The morphological changes that distinguish adenoma from 
normal include disordered architecture, cytological atypia, 


Mucosa 
Submucosa 
Muscularis 
propria 


(a) (b) 


Figure 6 Villous adenoma of colon. The fingerlike processes are in fact 
leaflike structures in three-dimensional reconstruction and the surface of a 
small villous adenoma appears cerebriform. 


and abnormal differentiation. The combination of changes 
has been described as dysplasia and may be graded as 
mild, moderate, and severe or (in a two-grade system) 
low grade and high grade (Figure 7). Mild or low-grade 
dysplasia deviates little from the normal, whereas severe 
or high-grade dysplasia approximates to carcinoma in situ 
(Figure 8). The terms intraepithelial neoplasia and dyspla- 
sia are synonymous. Because of its aggressive connota- 
tion the term carcinoma in situ is generally omitted from 
diagnostic reports. The risk of cancer developing in an 
adenoma is associated with architecture (extent of villos- 
ity), grade of dysplasia, and size of the adenoma (M uto 
et al., 1975). 

For the purposes of drawing a diagnostic distinction 
between adenoma and adenocarcinoma, a rule has been 
developed that is unique to the lower intestinal tract. In order 
to diagnose cancer there must be invasion across the line of 





(c) 


Figure 5 (a) Tubular, (b) tubulovillous, and (c) villous adenoma of large intestine. 
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Figure 7 (a) Normal epithelium of large bowel, (b) low-grade dysplasia, and (c) high-grade dysplasia. There is progressive loss of differentiation of goblet 
cells (G) and columnar cells (C) accompanied by nuclear enlargement, crowding, stratification, and hyperchromatism. 





Figure 8 Histological appearances of low- (top half) and high-grade 
(bottom half) dysplasia arising on the same villus of a villous adenoma. 


the muscularis mucosae into the underlying submucosa. For 
other epithelial surfaces, cancer is diagnosed when there is 
invasion across the basement membrane. The reasons for this 
difference in approach are pragmatic and practical. First, the 
potential to metastasize is not realized until there has been 
submucosal invasion. Second, invasion across the basement 
membrane into surrounding lamina propria is both unusual 





( 


Figure 9 Formation of adenoma as an outpouching from normal crypt. 


and difficult to diagnose at the light microscopic level. 
Invasion across the basement membrane is generally apparent 
only in the case of poorly differentiated adenocarcinoma, but 
it is unusual for early cancer arising in an adenoma to be 
poorly differentiated. 


Early Morphogenesis 


In squamous and transitional epithelial surfaces, a neoplastic 
clone is conceived as arising within and replacing the normal 
epithelium by lateral spread. W hile such a process may also 
occur within columnar epithelium, at least some, if not most, 
colorectal adenomas originate through a different mecha- 
nism. Microreconstruction studies in the normal-appearing 
mucosa from subjects with FAP have demonstrated neoplas- 
tic crypts occurring as a bud from the side of a normal crypt, 
in other words, recapitulating the normal process of crypt 
fission (Nakamura and Kino, 1984). The bud forms a tubule 
as it migrates up the crypt column to open finally on to 
the epithelial surface. This unicrypt adenoma then undergoes 
fission to form a microadenoma (Figure 9). 

It is possible to identify microscopic epithelial lesions 
by their abnormal crypt openings using a combination 
of dye and magnification of the surface epithelium. The 
choice of dye will depend on whether this is performed 
by dissecting microscope in vitro (e.g., methylene blue) 
or during colonoscopy (e.g., indigo carmine). These micro- 
scopic lesions are known as aberrant crypt foci. A minority 


a) (b) - (c) (d) (e) 
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are microadenomas; most are minute hyperplastic polyps 
(see M ouse M odels for Gastrointestinal C ancer). 


Serrated Adenomas 


This subgroup of adenomas is distinguished from the usual 
adenoma by the serrated or saw-toothed crypt outline of the 
hyperplastic polyp combined with the cytological changes 
of an adenoma (Figure 10). Additionally, the proliferative 
compartment of a serrated adenoma remains in the lower 
crypt, whereas proliferative cells are found within the upper 
crypt and surface epithelium in the usual adenoma. Ser- 
rated adenomas are also characterized by an overexpres- 
sion of secretory or gel-forming mucins including MUC2 
(intestinal) and MUC5AC (gastric). Serrated adenomas are 
probably more closely related to hyperplastic polyps than 
adenomas. Lesions previously regarded as large hyperplastic 
polyps and having a predilection for the proximal colon have 
been renamed sessile serrated adenomas. Mixed polyps com- 
prise separate hyperplastic and adenomatous components. 
Microsatellite markers have demonstrated clonal relation- 
ships between the two components indicating a hyperplasia 
to dysplasia sequence (lino et al., 1999). Serrated adenomas 
are distinguished from traditional adenomas by the find- 
ings of frequent mutation of BRAF mutation and DNA 
methylation and a higher frequency of DNA MSI (Yang 
et al., 2004). 


Dysplasia 


In inflammatory bowel disease, dysplasia occurs as an ill- 
defined or diffuse lesion that may be flat or raised as 
a sessile mass but lacking the sharp demarcation of an 
adenoma. Although the term dysplasia has been applied 
to both the diffuse lesions found in inflammatory bowel 
disease and the circumscribed neoplasia of an adenoma, 
differences between the two forms of dysplasia exist with 





Figure 10 Serrated adenoma in which the serrated contour is produced by 
numerous microacini sprouting from the crypt epithelium. 


respect to histological appearances, molecular genetics, and 
natural history. 


GROSS APPEARANCES 


Colorectal cancers are relatively well circumscribed with 
little growth beyond their macroscopically visible borders. 
A cancer may appear as a mass protruding into the bowel 
lumen, as an ulcer with a raised edge, or as a bandlike 
stricture causing narrowing of the bowel. Protuberant masses 
are more common in the caecum and ascending colon. The 
bowel contents are fluid in this region, and obstruction is 
uncommon. Chronic bleeding from the ulcerated surface 
leads to the symptoms of iron deficiency anaemia, and 
palpation of a mass in the right iliac fossa will point to 
the likely diagnosis. Cancers arising in the splenic flexure 
and left colon are often associated with stricturing that leads 
to the symptoms of partial or complete bowel obstruction. 
Cancers of the rectum are often ulcerating and may present 
with the passage of bright red blood per rectum or the 
sensation of incomplete evacuation. On section the cancer 
appears as a mass of relatively firm, pale tissue replacing 
the normal bowel wall structures. The mucinous subset has 
a grey, gelatinous cut surface reflecting the accumulated 
secretory mucin. 


HISTOPATHOLOGY 


Type 


About 90% of colorectal cancers are adenocarcinomas com- 
posed of glandular structures containing variable amounts of 
mucin. About 10% secrete large amounts of mucin (consti- 
tuting at least 50% of the tumour volume) and are known as 
mucinous adenocarcinomas. The signet ring cell carcinoma 
is a rare form of mucinous carcinoma in which the cells 
are discohesive and contain abundant intracellular mucin, 
which pushes the nucleus towards the cell membrane (giving 
a signet ring appearance) (Figure 11). Loss of the adhesion 
molecule E-cadherin is responsible for the discohesion of 
signet ring cells. Undifferentiated carcinoma is exceedingly 
uncommon. 


Grading 


The grading of adenocarcinoma as well (grade 1), moder- 
ately (grade 2) and poorly (grade 3) differentiated is based 
primarily on the extent to which recognizable glands are 
formed (Figure 12). In well-differentiated adenocarcinoma, 
the glands are regular and the epithelium resembles adenoma- 
tous tubules. In moderately differentiated adenocarcinoma, 
the glands show complex budding, irregular outpouching, or 
gland-within-gland structures. In poorly differentiated ade- 
nocarcinoma, glands are highly irregular or distorted. Cells 
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Figure 11 (a) Normal colorectal epithelium and (b) signet ring cell carcinoma. G - goblet cell and C - columnar cell in normal epithelium; S - signet 
ring cell carcinoma cells; B - basement membrane. 





Invasive Margin 


About 80% of colorectal cancers have a reasonably 


Cells with well-circumscribed invasive margin, whereas 20% show 

es widespread dissection of normal structures and often 
extensive invasion around nerves and within small vessels 
(Figure 13). 





Venous Invasion 





The presence of tumour within large venous channels 
increases the risk of metastatic spread to the liver via the 
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Figure 12 (a) Well-, (b) moderately, and (c) poorly differentiated adeno- 2E a £ TET — 
carcinoma of the large intestine. (b) 


; : ; . Figure 13 (a) Expanding versus (b) infiltrating adenocarcinoma of the 
may be arranged in solid clusters or cords. Undifferentiated large intestine. M - mucosa; SM - submucosa; MP - muscularis propria; 


carcinomas are graded as 4. MES - mesentery. Arrows indicate points of surgical transection of cancer. 


12 SYSTEMATIC ONCOLOGY 





Figure 14 Numerous tumour-infiltrating lymphocytes within the epithe- 
lium of a colorectal cancer showing DNA microsatellite instability. 


Immune Response 


Lymphocytes may be conspicuous as part of a bandlike 
arrangement of inflammatory cells at the growing margin 
(B and T cells), as nodular aggregates (B cells with a 
cuff of T cells) in the surrounding submucosa or serosa, 
within the tumour stroma (B and T cells), or infiltrating 
the malignant epithelium (tumour-infiltrating T lymphocytes) 
(Figure 14). These patterns often coexist and are associated 
with hyperplasia of the regional lymph nodes. 


Ultrastructure and Immunohistochemistry 


In general, these do not provide diagnostically or prognosti- 
cally useful information but immunohistochemistry combines 
with the molecular genetic approach (see subsequent text) to 
generate key insights into basic biological mechanisms. The 
diagnostic use of antibodies to the DNA mismatch repair 
proteins is described in the subsequent text. 


MOLECULAR GENETIC FINDINGS 


Colorectal cancer has provided more fundamental insights 
than any other solid tumour in the search to uncover 
the genetic basis of cancer. The well-documented ade- 
noma- carcinoma sequence provides a simple model that 
is accessible to observation and investigation. Additionally, 
the two major forms of hereditary colorectal cancer, FAP 
and HNPCC, were directly responsible for the discovery 
of important cancer genes through classical linkage studies 
and positional cloning (APC and the DNA mismatch repair 
genes, respectively) (see G enetic Susceptibility to C ancer). 


Genetic Instability 


Molecular genetics is a rapidly expanding field. One of its 
major contributions to date has been the realization that 
colorectal cancer is not a single disease, but multiple dis- 
eases driven by separate molecular pathways. The impact 
of this realization upon epidemiology, aetiology, prognosis, 
and treatment is only just being appreciated. The pathways 
are at least in part determined by the nature of the pri- 
mary fault that drives carcinogenesis: the state of genetic 
instability. This state is caused by the disruption of check- 
point mechanisms in the cell cycle that normally ensure the 
maintenance of genomic fidelity during cell division. Genetic 
instability occurs in at least two major and distinct forms in 
colorectal cancer: chromosomal instability and DNA insta- 
bility (Lengauer et al., 1998) (see Genomic Instability and 
DNA Repair). 


Chromosomal Instability 


The majority (70%) of colorectal cancers arise through this 
pathway. An early genetic change is disruption of the Wnt- 
signalling pathway, generally through bi-allelic inactivation 
of APC, which explains the initiation and early growth of 
adenomas. KRAS mutation occurs in a subset and drives 
further clonal expansion. The key transition from adenoma to 
carcinoma is driven in many cases by bi-allelic inactivation 
of TP53. Other tumour-suppressor genes on 18q, 1p, and 8p 
are implicated (hence “suppressor” pathway). Aneuploidy is 
acquired around the transition from adenoma to carcinoma 
suggesting that chromosomal instability is the mechanism 
for overcoming this rate-limiting step in the evolutionary 
sequence. DNA MSI is not present, hence these cancers have 
been termed microsatellite stable (MSS). 


DNA Instability and MSI-H Cancers 


This mechanism is implicated in Lynch syndrome/HN PCC 
in which there is a germ-line mutation of aDNA mismatch 
repair gene (see preceding text). DNA instability also occurs 
on a sporadic basis in about 15% of colorectal cancers. The 
usual mechanism is silencing of the DNA mismatch repair 
gene hMLH1 through methylation of its promoter region. 
The biomarker for this subtype is widespread DNA MSI or 
microsatellite instability-high (MSI-H). Other genes are also 
methylated, but the mechanism underlying the methylator 
phenotype is unknown. Breakdown of the DNA mismatch 
repair mechanism results in mutation of genes with short 
mononucleotide repeats in their coding sequences: TGF ARII, 
BAX, IGF2R, caspase 5, TCF4, axin, CDX2, and BCL10 
(hence mutator phenotype). Mutation of APC, KRAS, and 
TP53 is uncommon in sporadic MSI-H cancers. MSI-H 
cancers show a predilection for the proximal colon and a 
tendency to occur in elderly women. They are more likely 
to be mucinous and to express the secretory mucin core 
proteins MUC2 and MUCSAC (like serrated adenomas). 
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They are also more likely to be poorly differentiated, have a 
well-circumscribed invasive margin, and show an enhanced 
immune reaction including tumour-infiltrating lymphocytes 
(TILs) (Figure 14) (Jass et al., 1998). 

Loss of expression of DNA mismatch repair proteins can 
now be demonstrated with antibodies to MLH1, MSH2, 
M SH6, and PM S2. This will greatly assist in the diagnosis of 
Lynch syndrome/HNPCC and the identification of sporadic 
MSI-H cancers. 


Mild Mutator Pathway 


It has been suggested that all colorectal cancers will show 
minor MSI if a sufficient number of microsatellite mark- 
ers is used to test for the mutator phenotype. Nevertheless, 
selected dinucleotide and tetranucleotide markers are rela- 
tively sensitive to cancers with low levels of microsatellite 
instability-low (MSI-L) and appear to define a subset that 
differs from MSS cancers with respect to their lower fre- 
quency of BCL2 expression, nuclear expression of 6-catenin 
and 5qLOH and higher frequency of KRAS mutation, DNA 
methylation (e.g., the DNA repair gene MGMT), and lym- 
phocytic infiltration. M SI-L cancers are in other respects like 
MSS cancers, showing high frequencies of APC mutation 
and allele loss at 17p and 18q (Jass et al., 1999). 


DNA Methylation 


Up to 25% of colorectal cancers show extensive DNA 
methylation or the CpG island methylator phenotype (CIM P). 
Importantly, DNA methylation of CpG islands within the 
promoter regions of genes provides a mechanism of silencing 
tumour-suppressor genes (Toyota etal., 1999). Colorectal 
cancer with CIM P also shows a very high frequency of BRAF 
mutation (K ambara et al., 2004) as well as high expression 
of both intestinal (MUC2) and gastric (MUC5AC) secretory 
mucins. These features are shared by serrated polyps and not 
by conventional adenomas and itis likely that serrated polyps 
are the precursor lesions of colorectal cancer with CIMP 
(Jass, 2005). This subset of CRC may be MSI-H, MSI-L, or 
MSS, is more common in females, and shows a predilection 
for the proximal colon (regardless of MSI status) (see The 
Role of Epigenetic Alterations in Cancer). 


Pathways in Inflammatory Bowel Disease 


M utation of TP53 and aneuploidy occur in the early stages 
of neoplastic progression in ulcerative colitis (Potter, 1999). 


PROGNOSTIC FACTORS 


The outcome for a patient with colorectal cancer will depend 
on (i) clinical factors such as age, gender, health status, and 
























































































































































(a) (b) (c) 


Figure 15 Dukes’ classification of rectal cancer. 


mode of clinical presentation; (ii) the extent of spread of 
cancer at the time of diagnosis; and (iii) biological properties 
of the cancer, both histopathological and molecular. Of these, 
staging classifications based on the extent of cancer spread 
(Figure 15) provide the most reproducible and important 
guide to prognosis. 


TNM Classification of Colorectal Cancer 


Definitions of T, N, and M categories are shown in Table 2. 
The data may be converted into four stages (with the 
equivalent Dukes’ pathological stage) as follows: 


1. Stage! (Dukes’ A, Figure 15a): cancer confined to bowel 
wall (T1 or T2) with no spread to lymph nodes (N 0) or 
distant spread (M 0). 

2. Stage II (Dukes’ B, Figure 15b): cancer extends beyond 
muscle coat (T3 or T4) with no spread to lymph nodes 
(NO) or distant spread (M 0). 

3. Stage III (Dukes’ C, Figure 15c): cancer (any T) spreads 
to lymph nodes (N1 or N2) with no distant spread (M 0). 


Table 2 TNM classification (American Joint Commission on Cancer/ 
International Union against Cancer, 1997). 


Primary tumour (T) 

TX Primary tumour cannot be assessed 

TO No evidence of primary tumour 

Tis Carcinoma in situ or high-grade dysplasia 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades through the muscularis propria into subserosa or 
into non-peritonealized pericolic or perirectal tissue 

T4 Tumour directly invades other organs or structures and/or 
perforates visceral peritoneum 


Regional lymph nodes (N) 

NX Regional lymph nodes cannot be assessed 

NO No regional lymph node metastasis 

N1 Metastasis in 1-3 regional lymph nodes 

N2 Metastasis in four or more regional lymph nodes 


Distant metastasis (M ) 

MX Distant metastasis cannot be assessed 
MO No distant metastasis 

M1 Distant metastasis 
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4. Stage IV (no Dukes’ equivalent but called D subse- 
quently): cancer (any T and any N) involving distant sites 
(M1). 


The 5-year survival (non-cancer deaths excluded) is around 
100% for stage 1, 80% for stage II, 50% for stage III, and 
10% for stage IV. Distribution of cancers by stage is around 
15% stage I, 35% stage II, 40% stage III, and 10% stage 
IV. Prognosis is therefore uncertain (50% 5-year survival) 
for 40% of patients with stage III disease. An additional 
component of staging is the assessment of surgical margins, 
particularly the circumferential resection margin in rectal 
cancer. This will provide an important indication of whether 
surgery has resulted in complete removal of the cancer or 
whether residual cancer remains in the patient. 


Histopathological Factors 


Tumour type, grade, invasive margin (expanding versus infil- 
trating), venous invasion, and immune response (see preced- 
ing text) have all been shown to be of prognostic significance. 
A newly recognized feature described as tumour budding is 
characterized by the presence of small clusters of undifferen- 
tiated cells or single cells at the invasive front of the cancer. 
These cells exhibit features of epithelial-mesenchymal tran- 
sition (expression of vimentin and fibronectin) and also show 
properties of high invasiveness as evidenced by loss of cell- 
to-cell cohesion (reduced expression of E-cadherin), secre- 
tion of matrix metalloproteinases (M M P-7 and MT1-MMP), 
and independent movement as indicated by the development 
of cytoplasmic podia (Shinto etal., 2005). In multivariate 
(COX regression) analyses, tumour budding, invasive mar- 
gin, venous invasion, and immune response have been shown 
to provide additional (independent) prognostic data beyond 
that achieved by staging alone. 


Molecular and Genetic Factors 


Microsatellite Status 


Sporadic M SI-H cancers are associated with a good outcome 
and an independent prognostic effect for MSI-H status has 
been demonstrated for stage III colorectal cancer. This is 
explained, at least in part, by the infrequent finding of adverse 
molecular features in MSI-H cancers that are found in MSS 
colorectal cancers. These rarely found adverse prognostic 
features include KRAS and TP53 mutation, 17p and 18q 
loss, and increased expression of COX-2 and VEGF. MSI-L 
status (K ohonen-Corish et al., 2005) and DNA methylation 
in non-MSI-H cancers (Samowitz etal., 2005) have been 
shown to be adverse prognostic factors. 


Other Prognostic Markers 


The classes of molecules that have been linked to prog- 
nosis include enzymes involved in matrix degradation and 


their inhibitors (cathepsin L, urokinase-like plasminogen 
activator, MMPs, tissue inhibitors of metalloproteinases), 
gene products involved in proliferation (Ki-67, p21, p27) 
and apoptosis (BCL2, BAX, survivin), cell surface adhe- 
sion molecules (CD 44, ICA M 1, galectin 3, carcinoembryonic 
antigen (CEA) superfamily), transmembrane growth fac- 
tor receptors (EGFR), and a variety of metabolic enzymes 
(GLUT1 glucose transporter, manganese superoxide dismu- 
tase, thymidylate synthase, ornithine decarboxylase). Some 
of the preceding biomarkers may also predict tumour respon- 
siveness to adjuvant therapy (chemo- or radiotherapy). H ow- 
ever, the utilization of molecular markers in either a prog- 
nostic or a predictive capacity has not yet become a standard 
component of clinical management. Gene expression profil- 
ing provides a novel opportunity for a more comprehensive 
approach to “molecular staging” (Eschrich et al., 2005). 


CLINICAL MANAGEMENT 


Initial Consultation and Diagnosis 


The main approach to treatment is a surgical one, but this 
is preceded by preoperative assessment to establish the diag- 
nosis and provide information on the stage of the disease. A 
mass in the lower rectum need not always be a carcinoma. 
It could be a variety of benign lesions, a lymphoma, or an 
upward-spreading squamous cell carcinoma of the anal canal 
(lesions that are not usually treated by rectal excision). There- 
fore, biopsy and a histopathological diagnosis are mandatory 
steps in the case of rectal masses and highly desirable for 
colonic tumours. The methods of investigation to achieve a 
diagnosis include digital examination, sigmoidoscopy, bar- 
ium enema, and colonoscopy (see Multidisciplinary Team 
Management of C olorectal C ancer). 


Preoperative Staging 


Preoperative staging is particularly important for rectal 
cancer in order to plan surgery and establish the need for pre- 
operative neoadjuvant chemo-radiotherapy. Apart from dig- 
ital examination, the most important investigative technique 
is trans-rectal ultrasound, which provides a high-resolution 
image of the individual layers of the rectal wall and the 
destruction of one or more of these layers by tumour. The 
preoperative assessment of distant metastases is achieved by 
means of routine chest X ray, liver scanning by CT or ultra- 
sound, and serum levels of the tumour marker CEA. 


Early Colorectal Cancer 


There is no strict definition in terms of the extent of spread. 
The term refers to cancer that is sufficiently small and local- 
ized to be safely managed by conservative surgery, namely, 
local excision as opposed to the radical approach required for 
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advanced cancer. In practice, most early colorectal cancers 
have spread no further than the submucosa. An early can- 
cer may be a small focus of malignancy within an adenoma, 
which can be treated by simple polypectomy at the time of 
colonoscopy. It may also be a small ulcerating cancer in 
the lower rectum where the alternative to a disc excision of 
the rectal wall is radical excision of the rectum and anus 
(abdominoperineal excision) and establishment of a perma- 
nent colostomy. Local excision of a cancer is a safe and 
curative option, provided the excision is complete (there is 
no cancer at the surgical margin), the cancer is not poorly 
differentiated, and there is no invasion of vascular spaces. 
Malignant tumours with unfavourable features may warrant 
further treatment but this is individualized on the basis of the 
health, age, and wishes of the patient. 


Surgery for Colon Cancer 


The principle underlying surgical treatment is to resect the 
segment of bowel bearing the cancer together with the 
mesentery carrying the blood supply and lymphatic drainage. 
The feeding arteries are ligated as close as possible to 
their sites of origin. For a cancer of the right colon, the 
right colic, ileocolic, and right branch of the middle colic 
vessels are ligated and divided close to their origins and 
the proximal colon is then resected. For cancers of the left 
colon, the inferior mesenteric and ascending left colic vessels 
are ligated and a left hemicolectomy is performed. Intestinal 
continuity is restored by anastomosis using sutures or staples. 


Surgery for Rectal Cancer 


In the past this was often treated by an abdominoperineal 
excision of rectum and anus and the construction of a 
permanent colostomy. It is now often possible to resect most 
of the rectum and anastomose the proximal colon to the 
distal rectum or even to the upper anal canal, a procedure 
called an anterior resection. When the anstomosis is very 
low in the pelvis, it is usual to divert the faeces from it 
temporarily by fashioning a proximal loop ileostomy that 
is closed after around 12weeks. It is still necessary to 
perform an abdominoperineal excision if the cancer is poorly 
differentiated, a distal margin of clearance of at least 2 cm 
cannot be achieved, or the anal sphincter mechanism is not 
adequate for continence. 


Adjuvant Therapy for Colon Cancer 


Approximately 50% of subjects with stage III or Dukes’ 
C colon cancer will relapse with distant metastases and die 
within 5 years of surgery. This is explained by the presence 
of occult hepatic metastases at the time of surgical treatment. 
The aim of an adjuvant approach is to destroy these metas- 
tases at a time when they are of microscopic dimensions and 
therefore more amenable to cytotoxic therapy. Randomized 


controlled trials have demonstrated significant improvements 
in survival with the combination of 5-fluorouracil and leu- 
covorin (folinic acid), while the newer cytotoxic compounds 
irenotecan and oxaliplatin have been shown to provide addi- 
tional survival benefit. 


Adjuvant Therapy for Rectal Cancer 


Two major adverse outcomes are observed in rectal cancer: 
distant metastases (as for colon cancer) and local recurrence 
of the disease within the pelvic cavity. Recurrent pelvic can- 
cer is incurable and will spread within the pelvis to cause 
pain, bleeding, and urinary tract obstruction. F actors influenc- 
ing local recurrence are the extent of spread of cancer beyond 
the rectal wall and the competence of the surgeon. High lev- 
els of variation in outcome have been demonstrated between 
surgeons (McArdle and Hole, 1991). Sharp dissection of the 
mesorectum, ensuring that its thin fascial (connective tissue) 
covering is not breached, is advocated as a measure to reduce 
the risk of incomplete removal of cancer. However, flawless 
surgery is an unrealizable ideal and local recurrence will con- 
tinue to be a problem for the more locally advanced cancers 
regardless of surgical skills. Radiotherapy or combined radio- 
and chemotherapy have been shown to reduce the incidence 
of local recurrence in randomized controlled trials and have 
become the standard of care for locally advanced (T3 and 
T4) rectal cancer. 

Radiotherapy may damage normal tissues, causing long- 
term complications. The risks of damaging the small intestine 
are reduced if radiotherapy is given preoperatively. Preop- 
erative radiotherapy (combined with chemotherapy) can be 
offered selectively on the basis of preoperative staging using 
trans-rectal ultrasound and/or magnetic resonance imaging. 
The latter is particularly useful for assessing the extent of 
mesorectal spread and the involvement of lateral pelvic wall 
lymph nodes. Following such neoadjuvant therapy, rectal 
cancer may be downstaged (partially eradicated) and some- 
times completely eradicated. Preoperative radiotherapy may 
render surgery less technically difficult, may allow preser- 
vation of the anal sphincter, and may even convert an 
apparently incurable cancer to a curable one. Pathological 
staging of the resected specimen will be less reliable owing 
to destruction of both tumour and lymphoid tissue (W heeler 
et al., 1999). Tumour regression grades have been developed 
to provide a histopathological evaluation of the response 
to neoadjuvant radiotherapy or chemo-radiotherapy (Ryan 
et al., 2005). 


Recurrent and Distant Disease 


This is usually incurable although patients with only a few 
hepatic metastases have been cured by excising the deposits 
of tumour with a clear margin. Local recurrence is also 
salvageable on occasion, particularly if it is at the site of 
the anastomosis. Local recurrence is otherwise managed 
by palliation with radio- and/or chemotherapy as well as 
adequate pain relief. 
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The Future 


Antibodies directed towards EGFR (cetuximab) and VEGFR 
(bevacizumab) now join oxaliplatin and irenotecan as highly 
promising adjuvant therapies. Given the range of thera- 
peutic approaches that is now opening up, there is now 
growing interest in identifying biomarkers that can predict 
whether an individual tumour will be responsive to a par- 
ticular combined regimen. Ultimately this will lead to a 
more targeted or individualized approach to adjuvant therapy. 
Although surgery will continue for the foreseeable future as 
the main treatment option for colorectal cancer, modern man- 
agement of colorectal cancer is increasingly viewed as a team 
exercise involving oncologists, radiotherapists, radiologists, 
endoscopists, geneticists, pathologists, and stoma therapists 
as well as surgeons. The informed participation of the patient 
is also integral to successful management. 
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NORMAL DEVELOPMENT AND STRUCTURE 


The four parts of the pancreas (head, neck, body, and 
tail; Figure 1a) develop from two separate outpouchings of 
the embryological foregut (Hruban etal., 2007). The first 
outpouching, called the ventral anlage, will give rise to most 
of the head and uncinate process of the pancreas. The second 
outpouching, called the dorsal anlage, will form the tail, 
body, and inferior (lower) portion of the head of the gland. 
These two anlages and their duct systems normally fuse 
by the eighth week of gestation to form a single organ 
(Hruban et al., 2007). The main pancreatic duct, called the 
duct of Wirsung, is normally formed when the duct in the 
dorsal anlage fuses with the duct in the ventral anlage. 
Because the ventral anlage also forms the common bile duct, 
the main pancreatic duct usually drains into the duodenum 
in conjunction with the common bile duct at the ampulla 
of Vater (Figure 1b). The remaining portion of the dorsal 
duct forms the accessory pancreatic duct, called the duct of 
Santorini and this accessory duct usually drains separately 
into the duodenum, typically 2 cm cephlad to the ampulla. 
The adult pancreas rests in the centre of the abdomen, 
housed between the duodenum and the spleen. The head 
of the pancreas is closely associated with the duodenum. 
The uncinate process, a hook-shaped projection of the head 
of the gland, forms a groove above which important blood 
vessels, the superior mesenteric artery and vein, pass. The 
neck, body, and tail comprise the parts of the pancreas that 
are successively closer to the spleen (Figure 1a). 
Macroscopically, the pancreas is a single organ. M icro- 
scopically, however, the pancreas contains two distinct 
components (Figure 2). The “exocrine” pancreas secretes 
digestive enzymes into the duodenum, while the “endocrine” 
portion of the pancreas secretes hormones, such as insulin, 
into the bloodstream. The pancreas has cells specialised for 
each of these tasks, as well as the cells needed to support 
and nourish the organ (connective tissue, blood vessels). 
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The exocrine structures of the pancreas include the acini 
and ducts (Figure 2). Acini, which comprise over 80% of 
the pancreatic mass, are arranged in lobular units and secrete 
fluids rich in digestive enzymes into small ductules. These 
small ductules merge to drain their contents into larger ducts, 
which in turn merge into even larger ducts. This pattern 
continues to the level of the main and accessory pancreatic 
ducts, and the digestive enzymes of the exocrine pancreas 
are thereby released into the duodenum. 

The endocrine portion of the pancreas consists of the islets 
of Langerhans (Figure 2). Although a normal pancreas con- 
tains over one million of these islets, they comprise only 
1-2% of the organ mass (Hruban etal., 2007). A pproxi- 
mately 70% of the cells in normal islets are 6 cells, 20% are 
a cells and 10% are ô cells. The œ cells secrete the hormone 
glucagon, the 8 cells secrete the hormone insulin, and the 5 
cells secrete the hormone somatostatin. 

The various neoplasms of the pancreas can be best 
understood if one keeps these structures of the normal 
pancreas in mind. 


TUMOUR PATHOLOGY 


Cancer of the pancreas is not one disease. Instead, it is a 
number of different diseases broadly classified under one 
umbrella term (Hruban et al., 2007). Primary cancers arise in 
the pancreas. M etastatic cancers originate in other organs and 
spread to the pancreas secondarily. Systemic malignancies 
derive from the blood or lymph nodes and, by definition, 
simultaneously involve multiple sites, one of which may be 
the pancreas. 

This section focuses on primary pancreatic neoplasms, 
which can be benign (neoplasms that do not usually spread 
and lead to a patient’s death), borderline (neoplasms for 
which behaviour is difficult to predict), or malignant (neo- 
plasms that, if untreated, will spread beyond the gland and 
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B = body 

H = head 

N = neck 

T = tail 

Un = uncinate 


Bile duct 


Ampulla 
of Vater 


(b) Pancreatic duct 


Figure 1 Structure of the adult pancreas. The head is that portion of the 
pancreas closest to the duodenum and the tail is the portion closest to the 
spleen (a). Note that the main pancreatic duct joins the distal common 
bile duct at the ampulla of Vater (b). (Adapted from an original medical 
illustration by Jennifer Parsons.) 





Figure 2 Microscopic section of normal pancreas. The acini comprise the 
bulk of the exocrine pancreas. The acini produce digestive enzymes, which 
are released into small ducts (arrow) and from there the enzymes travel 
into the duodenum. The islets of Langerhans (nodule on right) form the 
endocrine pancreas. They release hormones such as insulin directly into the 
bloodstream. 


lead to the patient's death). N ot surprisingly, if we remember 
the dual composition of the normal pancreas, primary pancre- 
atic neoplasms can show either endocrine or exocrine (non- 
endocrine) differentiation. The non-endocrine neoplasms can 
be further subclassified as solid or cystic. For example, infil- 
trating ductal adenocarcinoma, the most common primary 
pancreatic malignancy, is a non-endocrine, solid neoplasm. 
Each of the various pancreatic neoplasms is grossly, micro- 
scopically, and clinically distinct. Therefore, understanding 
the pathology of pancreatic cancer forms the cornerstone for 
rational patient diagnosis, treatment, and prognostication. 





Figure 3 Gross photograph of an infiltrating carcinoma in the tail of the 
pancreas adjacent to the spleen. (Photograph courtesy of M ark Li-cheng 
Wu.) 


The following sections will describe the most common 
types of neoplasms of the pancreas. Wherever possible, 
the classification systems published by the Armed Forces 
Institute of Pathology (AFIP) and by the World Health 
Organization (WHO) will be followed (see Table 1) (H ruban 
et al., 2007; K löppel et al., 1996). 


Solid Non-Endocrine Neoplasms 


Infiltrating Ductal Adenocarcinoma 


Gross and Microscopic Features \nfiltrating ductal adeno- 
carcinoma is the most common malignancy of the pancreas, 
accounting for three-quarters of all primary cancers (H ruban 
et al., 2007). Most, but not all, ductal adenocarcinomas arise 
in the head of the pancreas (Hruban et al., 2007). These neo- 
plasms are infiltrative (Figure 3), firm masses. Those that 
arise in the head of the pancreas often obstruct and dilate the 
distal common bile and pancreatic ducts. As a result, many 
patients with pancreatic cancer develop jaundice, a yellow- 
ish discolouration of the skin and eyes caused by obstruction 
of the flow of bile. Microscopically, infiltrating ductal ade- 
nocarcinomas are composed of infiltrating glands of various 
shapes and sizes surrounded by reactive connective tissue 
(Figure 4a). The cancer cells may contain abnormal mitotic 
figures and the nuclei of these cells can show marked pleo- 
morphism (variation in size and shape) and hyperchromasia 
(increased nuclear staining). M ost importantly, the growth of 
these cancer cells violates the normal orderly architecture of 
the pancreas and, as a result, cells are present where they do 
not belong. 

M ost infiltrating ductal adenocarcinomas grow into nerves 
(Figure 4b) and blood vessels, and it is therefore not sur- 
prising that many patients with pancreatic cancer develop 
severe back pain. In addition, most infiltrating ductal ade- 
nocarcinomas spread to lymph nodes (Hruban et al., 2007). 
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Table 1 Histological classification of tumours of the pancreas. 


|. Epithelial neoplasms 
A. Exocrine neoplasms 
1. Serous cystic neoplasms 
(a) Microcystic serous cystadenoma 
(b) Macrocystic serous cystadenoma 
(c) Solid serous adenoma 
(d) Serous cystadenocarcinoma 


2. Mucinous cystic neoplasms 
(a) Mucinous cystic neoplasm with low-grade dysplasia 
(b) Mucinous cystic neoplasm with moderate dysplasia 
(c) Mucinous cystic neoplasm with high-grade dysplasia 
(carcinoma in situ) 
(d) Mucinous cystic neoplasm with an associated invasive 
carcinoma 
3. Intraductal neoplasms 
(a) Intraductal papillary mucinous neoplasms 
(i) Intraductal papillary mucinous neoplasm with low-grade 
dysplasia 
(ii) Intraductal papillary mucinous neoplasm with moderate 
dysplasia 
(iii) Intraductal papillary mucinous neoplasm with high-grade 
dysplasia (carcinoma in situ) 
(iv) Intraductal papillary mucinous neoplasm with an 
associated invasive carcinoma 
(b) Intraductal oncocytic papillary neoplasm 
(c) Intraductal tubular neoplasms 
(i) Intraductal tubular neoplasm with low-grade dysplasia 
(ii) Intraductal tubular neoplasm with high-grade dysplasia 
(carcinoma in situ) 
(iii) Intraductal tubular neoplasm with an associated invasive 
carcinoma 


4. Pancreatic intraepithelial neoplasia (PanIN ) 
(a) PanIN-1A and PanIN-1B 
(b) PanIN-2 
(c) PanIN-3 
5. Invasive ductal adenocarcinoma 
(a) Tubular adenocarcinoma 
(b) Adenosquamous carcinoma 
(c) Colloid (mucinous noncystic) adenocarcinoma 
(d) Hepatoid carcinoma 
(e) Medullary carcinoma 
(f) Signet ring cell carcinoma 
(g) Undifferentiated carcinoma 
(i) anaplastic 
(ii) sarcomatoid 
(iii) carcinosarcoma 
(h) Undifferentiated carcinoma with osteoclast-like giant cells 
6. Acinar cell neoplasms 
(a) Acinar cell cystadenoma 
(b) Acinar cell carcinoma 
(c) Acinar cell cystadenocarcinoma 


. Endocrine neoplasms 

. Microadenoma (<0.5 cm) 

. Well-differentiated pancreatic endocrine neoplasm 
. Poorly differentiated endocrine carcinoma 

(a) Small cell carcinoma 

(b) Large cell endocrine carcinoma 


. Epithelial neoplasms with multiple directions of differentiation 
. Mixed acinar-endocrine carcinoma 

. Mixed acinar-ductal carcinoma 

. Mixed ductal-endocrine carcinoma 

. Mixed acinar-endocrine-ductal carcinoma 

. Pancreatoblastoma 


. Epithelial neoplasms of uncertain direction of differentiation 
. Solid-pseudopapillary neoplasm 
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(Adapted from Hruban et al., 2007.) 


Infiltrating ductal adenocarcinomas also frequently spread 
to other organs (“metastasize”), including the liver (Hruban 
et al., 2007). Such a spread to lymph nodes and other organs 
greatly reduces the effectiveness of surgery in the treat- 
ment of pancreatic cancer and, not unexpectedly, patients 
with metastases do significantly worse compared to patients 
without them (Hruban et al., 2007; Sohn et al., 2000). Unfor- 
tunately, most patients with pancreatic cancer do not come 
to clinical attention until after the cancer has spread. Overall 
survival from infiltrating ductal adenocarcinoma is therefore 
extremely poor, with average survival time of only 6months 
(Hruban et al., 2007). 


Special Features: Histological Precursors One of the more 
important findings in the pathology of infiltrating ductal 
adenocarcinoma of the pancreas has been the identification 





Figure 4 Microscopic section of infiltrating ductal adenocarcinoma. Note 
how the cancer cells form irregular glands and note the presence of an 
atypical mitotic figure (arrow) (a). Ductal adenocarcinomas often invade 
around nerves (b). 
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Figure 5 Illustration depicting the progression from normal pancreatic duct (left), to flat duct lesion without atypia (PanIN-1A), to papillary duct lesion 
without atypia (PanIN-1B), to papillary duct lesion with atypia (PanIN-2), to carcinoma in situ (PanIN-3). (Adapted from an original medical illustration 
by Jennifer Parsons, with permission Clinical Cancer Research, volume 6, pp 2969- 2972.) 


of the morphological precursors to invasive cancer. Called 
pancreatic intraepithelial neoplasias (or PanINs for short), 
these precursors usually arise in the small pancreatic ducts 
and ductules, and are composed of mucin-producing epithe- 
lial cells with varying degrees of nuclear and architectural 
atypia (Hruban et al., 2001; Hruban et al., 2004). As shown 
in Figure 5, PanlNs progress from flat lesions to papillary 
lesions to atypical papillary lesions to carcinomas in situ 
(non-invasive carcinoma) and finally to invasive cancers 
(Hruban et al., 2001). 

An understanding of PanINs and the development of this 
progression model is important because it suggests that the 
detection of precursor lesions and curable early pancreatic 
cancers should be possible in the future (Maitra etal., 
2005). Early detection is especially important in the case of 
ductal adenocarcinoma of the pancreas because, as mentioned 
earlier, most pancreatic cancers have already spread beyond 
the pancreas when they come to clinical attention. 

A number of variants of infiltrating ductal adenocarcinoma 
have been described. These include adenosquamous car- 
cinoma, colloid carcinoma, hepatoid carcinoma, medullary 
carcinoma, signet ring carcinoma, undifferentiated carci- 
noma, and undifferentiated carcinoma with osteoclast-like 
giant cells (Hruban et al., 2007). Let us briefly consider each 
of these variants. 


Adenosquamous Carcinoma 


Adenosquamous carcinoma is a malignant epithelial neo- 
plasm of the pancreas with significant components of both 
glandular and squamous differentiation (Hruban et al., 2007). 
A denosquamous carcinoma is an extremely aggressive neo- 
plasm with a mean survival of only 6months (Hruban 
et al., 2007). 


Colloid Carcinoma 


Colloid carcinoma of the pancreas is also Known as mucinous 
noncystic carcinoma. It is an infiltrating adenocarcinoma 
characterized by mucin-producing neoplastic epithelial cells 
suspended (“floating”) in large pools of extracellular mucin 
(Hruban etal., 2007). Colloid carcinomas almost always 
arise in association with intraductal papillary mucinous 


neoplasms (IPMNs) and appear to have a better prognosis 
than do infiltrating ductal adenocarcinomas (Adsay etal., 
2001; Seidel et al., 2002). 


Hepatoid Carcinoma 


Hepatoid carcinoma of the pancreas is a malignant epithelial 
neoplasm in which a significant component shows liver 
differentiation (Hruban etal., 2007). These neoplasms are 
important to recognize because they can mimic a primary 
liver cancer. 


Medullary Carcinoma 


Gross and Microscopic Findings Medullary carcinoma 
is a newly recognized subtype of ductal adenocarcinoma 
with distinct microscopic appearances. M icroscopically, they 
have poorly defined cellular boundaries (“syncytial growth 
pattern”) and expanding, rather than infiltrating, tumour 
borders (Goggins et al., 1998; Wilentz et al., 2000). 


Special Features: Genetics Medullary carcinomas are 
important to recognize because they are genetically distinct 
tumours, in that they frequently have “microsatellite instabil- 
ity” (MSI), wild-type KRAS genes, and mutant BRAF genes 
(Calhoun etal., 2003; Goggins etal., 1998) (see M olecu- 
lar Genetics). This pattern of genetic alterations is atypical 
for the usual ductal adenocarcinomas, which almost univer- 
sally harbour KRAS gene mutations and seldom, if ever, have 
MSI. In addition, the authors have shown that patients with 
medullary carcinomas often have a family history of cancer 
and that medullary carcinoma may be a sign of an inher- 
ited propensity to develop cancer. M edullary carcinomas also 
may be associated with an outcome better than that for ductal 
adenocarcinomas, but more study is necessary in this regard 
(Wilentz et al., 2000). 


Signet Ring Cell Carcinoma 


Signet ring cell carcinomas are rare neoplasms composed 
of infiltrating round non-cohesive (isolated) cells containing 
intracytoplasmic mucin (Hruban etal., 2007). Most neo- 
plasms with this histologic appearance in the pancreas are 
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metastases from cancers arising in other organs, particularly 
cancers of the breast or stomach. 


Undifferentiated Carcinoma 


As the name suggests, undifferentiated carcinoma is a 
malignant epithelial neoplasm with no glandular structures or 
other features to indicate a definite direction of differentiation 
(Hruban et al., 2007). These are highly aggressive neoplasms 
with a mean survival of only 5.2 months. 


Undifferentiated Carcinoma with Osteoclast-like Giant 
Cells 


Gross and Microscopic Findings Undifferentiated carci- 
noma with osteoclast-like giant cells (UCOCGCs) are typ- 
ically well circumscribed, yellow-pink, and haemorrhagic. 
Under light microscopy these neoplasms are composed of 
striking giant cells containing multiple nuclei (multinucle- 
ated giant cells) dispersed among pleomorphic tumour cells 
with only one nucleus (mononuclear cells) (Hruban et al., 
2007). The multinucleated giant cells in UCOCGCs closely 
resemble osteoclasts, a type of cell found in resorbing 
bone. 


Special Features: Genetics The striking resemblance of the 
multinucleated giant cells in UCOCGCs to the osteoclasts 
normally found in bone confused pathologists for years. Are 
these distinctive neoplasms, ductal adenocarcinomas that had 
elicited an unusual reaction, or are UCOCGCs more closely 
related to bone tumours? The answer has come from genetic 
analysis. UCOCGCs frequently harbour activating point 
mutations in codon 12 of the KRAS gene and, KRAS gene 
mutations are one of the most common genetic alterations 
in ductal adenocarcinomas (Westra et al., 1998). These data 
help establish that UCOCGCs are really carcinomas that 
elicit a non-neoplastic, giant-cell response (Westra etal., 
1998). The survival rate from UCOCGCs is similar or even 
slightly worse than that for ductal adenocarcinoma (Hruban 
et al., 2007). 


Acinar Cell Carcinoma 


Gross and Microscopic Findings Acinar cell carcinomas 
are usually large and most arise in the head of the pan- 
creas (Hruban etal., 2007; Klimstra etal., 1992). Acinar 
cell carcinomas typically have smooth borders. M icroscop- 
ically, the neoplastic cells in acinar cell carcinomas form 
small glands, called acini. The cells are pink and granu- 
lar. These carcinomas usually express the digestive enzymes 
trypsin, lipase, chymotrypsin, and/or amylase, and immuno- 
labelling for these substances may be helpful in distin- 
guishing acinar cell carcinomas from other neoplasms that 
arise in the pancreas. Electron microscopy will reveal the 
presence of zymogen granules in the neoplastic cells (K lim- 
stra et al., 1992). Zymogen granules are the granules that 
hold or package the digestive enzymes in normal acinar 
cells. 





Special Features: Clinical Presentation As many as 20% 
of patients with acinar carcinomas develop the clinical 
syndrome of subcutaneous fat necrosis caused by the release 
of massive amounts of the digestive enzyme lipase into 
the bloodstream by the neoplasm. This dramatic syndrome 
is characterized by skin rash (erythema nodosum-like), 
peripheral eosinophilia (increased numbers of eosinophils 
in the blood), and/or polyarthralgias (joint pain involving 
multiple joints) (Hruban et al., 2007). 

The genetic alterations found in acinar cell carcinomas 
are distinct from those in infiltrating ductal adenocarcinomas 
(Abraham et al., 2002b). The mean survival for patients with 
acinar cell carcinoma of the pancreas is only 18 months 
(Hruban et al., 2007; Klimstra et al., 1992). 


Pancreatoblastoma 


Gross and Microscopic Features Pancreatoblastomas 
are large, necrotic, and white-grey (Abraham et al., 2001; 
Hruban etal., 2007; Klimstra etal., 1995). Microscopi- 
cally, pancreatoblastomas contain multiple cell types, includ- 
ing cells with acinar differentiation and nests of swirled 
cells, called squamoid corpuscles (Figure 6). They may also 
contain relatively undifferentiated small cells with round 
nuclei, cells with endocrine differentiation, and cells with 
ductal differentiation (Abraham et al., 2001; Hruban et al., 
2007; Klimstra et al., 1995). Even bone formation has been 
reported in some cases. 


Special Features: Clinical Presentation This rare neo- 
plasm occurs primarily in children in an age range of 
1-15 years (Klimstra etal., 1995). The survival rate for 
patients with pancreatoblastomas is better than it is for 
patients with infiltrating ductal adenocarcinomas (K limstra 
et al., 1995). 
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Figure 6 Microscopic section of a pancreatoblastoma. Note the prominent 
squamous corpuscle (arrow). 
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Figure 7 Microscopic section of a serous cystadenoma. The cysts (empty 
space at top of photograph) in serous cystadenomas are relatively small and 
are lined by cuboidal, cleared-out cells (arrow). 


Cystic Non-Endocrine Neoplasms 


Serous Cystadenoma and Serous Cystadenocarcinoma 


Gross and Microscopic Findings Serous cystadenomas 
are large, spongy, well-demarcated neoplasms filled with 
a watery fluid. They often contain a central, calcified scar 
(Hruban et al., 2007). The cysts do not communicate with 
the larger pancreatic ducts. Using light microscopy, a layer 
of simple cuboidal (square-shaped) cells with uniform nuclei 
can be seen lining the cysts (Figure 7) (Hruban et al., 2007). 
Because the cells contain large amounts of glycogen, they 
stain strongly with the periodic acid- Schiff (PAS) stain. 


Special Features: Clinical Presentation and Prognosis 
These neoplasms are more common in women than in men, 
and the average age at diagnosis is in the seventh decade. 
Patients with von Hippel- Lindau syndrome develop serous 
cystadenomas more frequently than do the general population 
(Hruban etal., 2007). The vast majority of serous cystic 
neoplasms are benign and patients with even very large 
(football-sized) serous cystadenomas can be cured of their 
disease if their tumours are surgically removed (Hruban 
et al., 2007). 


Mucinous Cystic Neoplasms 


Gross and Microscopic Findings Mucinous cystic neo- 
plasms of the pancreas are morphologically and clinically 
heterogeneous (Hruban et al., 2007). Grossly mucinous cys- 
tic neoplasms are large tumours composed of cysts filled 
with tenacious fluid (mucin). The cysts are thick walled and 
lined by tall, mucin-producing cells (Figure 8); expectedly, 
stains for mucin are positive. By definition, a dense layer 
of spindle-shaped cells (stroma) resembling ovarian stroma 
surrounds the epithelial cells. 







Figure 8 Microscopic section of a mucinous cystic neoplasm. The cysts 
(empty space at top of photograph) in a mucinous cystadenoma are larger 
than the cysts found in serous cystadenomas and the cysts in mucinous 
cystic neoplasms are lined by tall cells producing mucin (arrow). These 
cells sit on a dense stromal layer that resembles ovarian stroma (bottom 
portion of the figure). 


Importantly, mucinous cystic neoplasms that otherwise 
appear benign may harbour small foci of invasive carci- 
noma (Hruban etal., 2007; Wilentz etal., 1999). There- 
fore, when possible, mucinous cystic neoplasms should be 
completely resected surgically, and the surgical patholo- 
gist should entirely submit and carefully examine the neo- 
plasm. Failure to do so, may explain the occasional reports 
of metastasizing “mucinous cystadenomas” (Hruban et al., 
2007; Wilentz et al., 1999). 


Special Features: Clinical Presentation and Prognosis 
Mucinous cystic neoplasms are much more common in 
women than they are in men and the mean age at diagnosis 
is in the late fifth decade (Hruban etal., 2007; Wilentz 
et al., 1999). The prognosis for patients with mucinous cystic 
neoplasms depends on the presence or absence of invasive 
carcinoma. The authors have shown that all patients with 
non-invasive mucinous cystic neoplasms can be cured if their 
neoplasms are completely resected (Wilentz et al., 1999). In 
addition, while mucinous cystic neoplasms with an associated 
invasive carcinoma are fully malignant tumours, patients with 
these neoplasms usually live longer than do patients with 
typical solid infiltrating ductal adenocarcinomas (Wilentz 
et al., 1999), 


Intraductal Papillary Mucinous Neoplasm (IPMN) 


Gross and Microscopic Findings |\PM Ns are frequently 
papillary (finger-like) neoplasms that arise in the main pan- 
creatic duct or one of its branches (Hruban etal., 2004; 
Hruban et al., 2007). Using light microscopy, dilated pancre- 
atic ducts are lined by tall, mucin-secreting cells that form 
papillae (Figure 9). IPM Ns do not have the ovarian stroma 
seen in mucinous cystic neoplasms. One-quarter to one-third 
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of IPM Ns are associated with an invasive adenocarcinoma. 
Half of these invasive cancers show abundant extracellular 
mucin production and, as discussed earlier, these are called 
colloid adenocarcinomas. 


Special Features: Clinical Presentation and Prognosis 
IPM Ns occur in men slightly more often than in women. 
Their origin in the main pancreatic duct or one of its branches 
helps distinguish IPM Ns from mucinous cystic neoplasms, 
and it also helps explain why patients with IPM Ns are often 
found to have mucin oozing from the ampulla of Vater, if 
they are examined endoscopically. IPM Ns arising from the 
main pancreatic duct are designated main duct- type IPM Ns 
and those that arise in the secondary branches of the main 
pancreatic duct are called branch duct- type IPM Ns. It is 
generally believed that branch duct-type IPM Ns are less 
aggressive than are main duct- type IPM Ns. 

The prognosis for patients with a non-invasive IPMN is 
significantly better than it is for patients with an IPMN 
with an associated invasive carcinoma. It should be noted, 
however, that surgical resection does not necessarily cure 
patients with a non-invasive IPMN; they have a small but 
real risk for recurrence (Chari etal., 2002; Hruban etal., 
2007). 





Figure 9 Microscopic section of an intraductal papillary mucinous neo- 
plasm (IPMN). IPM Ns are characterized by prominent papillary projections 
into the dilated pancreatic ducts. 


Solid-Pseudopapillary Neoplasm 


Gross and Microscopic Findings Solid-pseudopapillary 
neoplasms form well-demarcated masses that are cystic, 
haemorrhagic, and necrotic (Abraham et al., 2002a; Hruban 
et al., 2007). Microscopically, the neoplasm shows solid, 
cystic, and papillary components. The solid areas are com- 
posed of poorly cohesive small, pink cells with bland nuclei. 
The cysts are formed by pools of blood and the papillae usu- 
ally have vascular cores. Cholesterol clefts and eosinophilic 
globules may also be seen. This appearance does not corre- 
spond to any normal cell type in the pancreas. 


Special Features: Clinical Presentation and Prognosis 
Over 90% of solid-pseudopapillary neoplasms harbour muta- 
tions in the B-catenin gene, a feature that may be useful in 
establishing the diagnosis (Abraham et al., 2002a). R emark- 
ably, the vast majority of solid-pseudopapillary neoplasms of 
the pancreas occur in women in their twenties (Hruban et al., 
2007). Fortunately, most patients with solid-pseudopapillary 
neoplasms survive for many years after surgical resection; 
however, metastases do occur, and surgeons should try to 
remove these neoplasms completely (Hruban et al., 2007). 


Pancreatic Endocrine Neoplasms 


Endocrine neoplasms, also known as islet cell tumours, 
account for only 1% of all pancreatic neoplasms (Chetty and 
Asa, 2004). Unlike their exocrine counterparts, the major- 
ity of endocrine neoplasms of the pancreas are not easily 
divisible into distinct subtypes that are highly predictive 
of their behaviour (Chetty and Asa, 2004; Hruban etal., 
2007). Sometimes even a combination of gross, microscopic, 
immunohistochemical, and clinical findings cannot defini- 
tively predict the overall malignant potential of one of these 
lesions. The exception is poorly differentiated endocrine car- 
cinoma (high-grade neuroendocrine carcinoma, small cell 
carcinoma), which is unequivocally malignant. 


Well-Differentiated Endocrine Neoplasms (Islet Cell 
Tumours) 


Gross and Microscopic Findings Well-differentiated 
endocrine neoplasms can be classified as definitely benign 
only if they are very small (<5 mm, “microadenoma”). Well- 
differentiated endocrine neoplasms 5mm or larger are clas- 
sified as malignant, although the vast majority less than 2 cm 
follow a benign course when surgically resected (Hruban 
et al., 2007). 

Well-differentiated endocrine neoplasms are grossly usu- 
ally solid and well circumscribed. They contain uniform cells 
with granular nuclei (Figure 10). The cells can form ribbons, 
cords, tubules, sheets, or nests. The tumours usually stain 
for the endocrine markers chromogranin, synaptophysin, and 
neuron-specific enolase (NSE). Electron microscopy reveals 
100- 400-nm neurosecretory granules within the neoplas- 
tic cells. These granules are similar to the granules found 
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Figure 10 Well-differentiated neuroendocrine neoplasm. In this micro- 
scopic section, the normal pancreas is to the left and the tumour to the 
right. 


in normal endocrine cells (Chetty and Asa, 2004; Hruban 
et al., 2007). 

The best way to determine the prognosis for a patient 
with a well-differentiated endocrine neoplasm is to look at 
its behaviour. Well-differentiated endocrine neoplasms that 
show gross extension to other organs, that invade into large 
blood vessels or that metastasize are more likely to follow 
an aggressive course than are lesions that do not have these 
features. Unfortunately, some endocrine neoplasms that do 
not show these characteristics at the time of surgical resection 
later behave in a malignant fashion. 


Special Features: Hormone Production Well-differen- 
tiated endocrine neoplasms of the pancreas can produce 
excessive quantities of many of the same hormones normally 
produced in small quantities by the islets of Langerhans. 
Therefore, some patients with well-differentiated endocrine 
neoplasms develop striking symptoms. For example, patients 
with insulin-producing tumours (insulinomas) can present 
with marked hypoglycaemia (low blood sugar), headaches, 
weakness, dizziness, and/or seizures. Patients with tumours 
that produce the hormone gastrin (gastrinomas) can develop 
the Zollinger- Ellison (ZE) syndrome, characterized by gas- 
tric hyperacidity, multiple, recurrent peptic ulcers, gastro- 
oesophageal reflux, and diarrhoea. Tumours that produce 
vasoactive intestinal polypeptide (VIP) (VIPomas) can lead 
to the Verner- Morrison or watery diarrhoea, hypokalaemia, 
and achlorhydria (W DHA) syndrome, which primarily results 
in watery diarrhoea, hypokalaemia (low potassium lev- 
els), and achlorhydria (or hypochlorhydria). Patients with 
glucagon-producing tumours (glucagonomas) experience a 
striking, symmetrical skin rash (“necrolytic migratory ery- 
thema”) on their buttocks, groin, perineum, thighs, and distal 
extremities. Patients with somatostatin-producing tumours 
(somatostatinomas) present with diabetes mellitus, cholelithi- 
asis (gallstones), diarrhoea, hypochlorhydria, weight loss, 
and anaemia. 


Clinical presentation is very important in evaluating a 
well-differentiated or a moderately differentiated endocrine 
neoplasm. Although 10% of glucagon-cell, somatostatin-cell, 
gastrin-cell, and VIP-cell tumours discovered incidentally 
while the patients were being evaluated for some other prob- 
lem behave in a malignant fashion, the majority of the same 
tumours follow a malignant course if hormone production 
by the tumour produces a clinically recognizable syndrome 
(Hruban et al., 2007). The exception is an insulin-producing 
tumour: only 10% of all insulin-producing neoplasms follow 
a malignant course, regardless of clinical presentation. 


Multiple Endocrine Neoplasia Syndrome, Type 1 (MEN1 
Syndrome) 


The multiple endocrine neoplasia syndrome, type 1 (MEN 1), 
or Werner’s syndrome, deserves special mention. This syn- 
drome is characterized by concomitant multiple hyper- 
plasias and neoplasias of the parathyroid gland (up to 97% 
of patients), pancreas (80%), and anterior pituitary (50%) 
(Hruban et al., 2007). The MEN1 syndrome can be inherited 
in an autosomal dominant pattern or can occur sporadically. 
The syndrome results from a germline mutation or deletion in 
the MEN1 gene on the long arm of chromosome 11 (11q13) 
(Lubensky et al., 1996). 

As many as 80% of patients with MEN1 develop pancre- 
atic tumours, most frequently gastrinomas, and therefore it 
should not be surprising that the Zollinger- Ellison syndrome 
occurs in at least one-third of MEN 1 patients (H ruban et al., 
2007) (see Genetic Susceptibility to C ancer). 


Poorly Differentiated Endocrine Neoplasms (High-grade 
Neuroendocrine Carcinomas, Small Cell Carcinomas) 


Gross and Microscopic Features Poorly differentiated 
endocrine neoplasms account for only 2% of all pancreatic 
endocrine tumours (Hruban etal., 2007). Grossly, these 
tumours are infiltrative, haemorrhagic, necrotic, and grey- 
white. Microscopically, the cells have extremely high 
nuclear-to-cytoplasmic ratios. Nuclear moulding, where 
nuclei wrap around one another, is prominent. The mitotic 
rate is extremely high (Hruban et al., 2007). 


Special Features: Prognosis A metastasis from a lung 
primary should be excluded on clinical grounds before the 
diagnosis of a small cell carcinoma primary to the pancreas 
is established. These tumours are unquestionably malignant, 
and patients with them have extremely poor survival rates. 


Primary Mesenchymal Tumours 


Benign and malignant mesenchymal (connective tissue) 
tumours of the pancreas are extremely rare (Hruban et al., 
2007). The diagnostic criteria for these neoplasms are the 
same as they are for mesenchymal tumours arising in other 
sites (see Soft Tissues). 


PANCREAS 9 


Metastatic Malignancies 


Tumours in the pancreas need not have their origin in the 
pancreas. They may arise in other organs and only later 
spread (metastasize) to the pancreas. Common metastases to 
the pancreas originate in the breast, lung, colorectum, skin 
(melanoma), and stomach (Hruban et al., 2007). 


Systemic Malignancies 


Leukaemia and lymphoma simultaneously involve more than 
one site, one of which may be the pancreas. 


EPIDEMIOLOGY AND AETIOLOGY 


Because infiltrating ductal adenocarcinomas are the most 
common malignancy in the pancreas, and the most is known 
about infiltrating ductal adenocarcinomas, the remainder of 
discussion in this chapter will centre around this type of 
cancer unless specified otherwise. As outlined in Table 2, a 
number of risk factors have been identified for the develop- 
ment of pancreatic cancer (Gold and Goldin, 1998). These 
include old age, cigarette smoking, family history of pan- 
creatic cancer, previous gastric surgery, chronic pancreatitis, 
diabetes mellitus, occupational exposure to certain chemi- 
cals, radiation exposure, and a diet high in fat and low in 
fruits and vegetables (Gold and Goldin, 1998). 

More than 80% of pancreatic cancers occur between the 
ages of 60 and 80, and cases before the age of 40 are rare 
(Hruban et al., 2007). Pancreatic cancer is more common 
in men than in women and in blacks than in whites (H ruban 
et al., 2007). It is of interest that pancreatic cancer may occur 
more frequently in individuals of Jewish descent (Gold and 
Goldin, 1998). This may be because of the high prevalence 
of inherited mutations in the second breast cancer gene 
(BRCA2) in Ashkenazi Jews (Ozcelik et al., 1997). 

Cigarette smoking has been clearly established as a 
risk factor for pancreatic cancer. The risk of developing 
pancreatic cancer in smokers is twice that of non-smokers, 
and the risk increases with the number of cigarettes smoked. 
Importantly, those who stop smoking can quickly reduce their 


Table 2 Risk factors for pancreatic cancer (Hruban et al., 2007). 


Patient characteristics 
Older age 

M ale gender 
Black race 

Ashkenazi J ewish ancestry 

Family history of pancreatic cancer 

abetes mellitus 

hronic pancreatitis 

atient behaviour 

garette smoking 

et low in fruits and vegetables 

iet high in fat 

Occupational exposure to certain chemicals 
Radiation exposure 
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risk for developing pancreatic cancer. Remarkably, in 1999 
M ulder et al., estimated that a moderate reduction in smoking 
in Europe could have saved as many as 68000 lives that 
will be lost to pancreatic cancer between 1999 and 2020 
(M ulder et al., 1999). Clearly, smoking plays a major role in 
the development of pancreatic cancer. 

While smoking is a habit we can control, family cancer 
history is something we cannot. Researchers at The Johns 
Hopkins Hospital and others have found that familial inher- 
itance plays a significant role in the development of some 
pancreatic cancers (Hruban et al., 1999; Klein et al., 2001). 
The evidence for this comes from three areas. First, there 
have been a number of isolated case reports of pancreas 
cancer aggregating in certain families. For example, one of 
former President Carter’s parents, his brother, and two of his 
sisters all died from pancreatic cancer. Second, a number of 
case-control studies show that patients with pancreatic cancer 
are more likely to have a positive family history of pancre- 
atic cancer, compared with controls (Ghadirian et al., 1991). 
The National Familial Pancreas Tumour Registry (NFPTR) 
at Johns Hopkins, and other registries like it, were therefore 
established to track families with multiple pancreatic can- 
cers (Hruban et al., 1999; K lein et al., 2001). The NFPTR is 
perhaps the largest of these registries and it is truly an inter- 
national registry with 2021 kindred enrolled as of 15 October 
2006. These kindred come from the United States, Europe, 
and Australia, and include 760 families in which two or more 
first-degree relatives have been diagnosed with pancreatic 
cancer. This registry provides an invaluable resource to sci- 
entists studying the genetics of familial pancreatic cancer 
(see Molecular Genetics). Furthermore, a prospective study 
of the families enrolled in the NFPTR has demonstrated 
that first-degree relatives of patients with familial pancre- 
atic cancer have an increased risk of developing pancreatic 
cancer themselves (K lein et al., 2004). This risk is 32.0-fold 
(95% CI = 10.2- 74.7) when three or more family members 
have pancreatic cancer. While the prospective development 
of pancreatic cancer in these families clearly establishes the 
familial aggregation of pancreatic cancer, it does not tell us 
if this is because of shared environmental exposures or if 
it is due to genetic factors. Klein et al. therefore performed 
a follow-up segregation analysis and showed that an inher- 
ited susceptibility best explains the patterns of aggregation 
of pancreatic cancer in families (Klein et al., 2002). 

Those wishing to learn more about the NFPTR and those 
wishing to register may contact the National Familial Pan- 
creas Tumour Registry, c/o Dr Alison Klein, The Johns 
Hopkins School of Medicine, 1550 Orleans St., CRBII 
Room 341, Baltimore, MD 21231, USA. E-mail: pan- 
creas@ jhmi.edu. 

The final line of evidence establishing the genetic trans- 
mission of an increased risk of developing pancreatic 
cancer is the identification of some of the genes respon- 
sible for familial pancreatic cancer. These genes include 
BRCA2, pl16/CDKN2A, STK11/LKB1, and cationic trypsino- 
gen (Hruban et al., 2007). These genes will be discussed in 
greater detail in the section Molecular Genetics. 

Diet may also contribute to the development of pancre- 
atic cancer (Gold and Goldin, 1998). It has been shown that 
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diets high in fruits and vegetables reduce the risk of pan- 
creatic cancer, whereas diets high in fat increase the risk. 
Additional dietary factors that have been studied include 
alcohol and coffee consumption; however, there is insuf- 
ficient evidence to support either as a causal factor in 
the development of pancreatic cancer (Gold and Goldin, 
1998). 

Finally, two medical conditions, diabetes mellitus and 
chronic pancreatitis, have also been implicated in the devel- 
opment of pancreatic cancer (Gold and Goldin, 1998). Both 
of these are complex factors to study. Not only have these 
factors been implicated in the development of pancreatic 
cancer, but cancer of the pancreas can also destroy normal 
pancreatic tissues and thus cause both diabetes and pancre- 
atitis. It is of note that there has been a suggestion that new 
onset diabetes in older adults should raise the possibility of 
an occult pancreatic cancer (Chari et al., 2005). 

The increased risk of pancreatic cancer is, however, clear 
in familial pancreatitis (Whitcomb etal., 1996). Familial 
pancreatitis is caused by inherited mutations in the cationic 
trypsinogen gene and affected family members develop 
severe recurrent bouts of pancreatitis at a young age. These 
patients have been shown to have a 40% lifetime risk of 
developing pancreatic cancer (Lowenfels et al., 1997). 


SCREENING AND PREVENTION 


Screening 


Population-based screening programmes have been shown 
to improve survival of breast, colon, and cervical cancer 
(Berry etal., 2005). For example, approximately half of 
the reduction in breast cancer mortality can be attributed 
to mammography and improvements in early detection 
(Berry et al., 2005). In contrast, the pancreas is a relatively 
inaccessible organ and current screening tests for pancreatic 
cancer are not effective. Nonetheless, there is an enormous 
need for such a test. Most patients with pancreatic cancer 
have a dismal prognosis because they do not come to 
clinical attention until after the disease has spread beyond 
the pancreas. This need for an effective screening test 
is perhaps felt most by those with an increased risk for 
developing pancreatic cancer, such as individuals with an 
inherited predisposition to develop the disease. These would 
include individuals with inherited genetic abnormalities in 
cancer-causing genes, such as BRCA2, p16/CDKN2A, and 
STK11/LKB1 and individuals with familial pancreatic cancer 
of unknown cause (Hruban et al., 2007). 

A great deal of effort is therefore being focused on 
research efforts for the early detection of pancreatic cancer 
in asymptomatic high-risk individuals. It is logical that, with 
advances in the molecular genetics of pancreatic cancer and 
technological advances in endoscopy and radiology, more 
accurate screening tests for pancreatic cancer will soon 
become available. 

Three groups of diagnostic tests could be applied to 
screening for pancreatic cancer: (i) radiological methods, (ii) 
endoscopic methods, and (iii) tumour markers. 


Radiological Methods 


Radiological methods are the most commonly used methods 
to diagnose pancreatic cancer. The accuracy of radiology 
has improved in recent years. Computerized tomography 
(CT) scanning is commonly the first test used to image the 
pancreas (Bluemke et al., 1995). Recent advances in multi- 
detector CT allow the radiologist to obtain extremely high 
resolution images in three dimensions. Currently, helical CT 
and magnetic resonance imaging (MRI) diagnose pancreatic 
cancer with a sensitivity of ~90%. The very small cancers, 
those less than 1-2cm in diameter, are often not visible 
using CT or MRI. 


Endoscopic Methods 


Many pancreatic cancers that are not visualized on CT can 
be seen using endoscopic ultrasound (EUS). During EUS, 
the endosonographer introduces an endoscope through the 
patient’s mouth, through the stomach, and into the duo- 
denum. The tip of this endoscope contains an ultrasound 
transducer. The pancreas lies adjacent to the stomach and 
duodenum; this approach therefore allows the endosonogra- 
pher to obtain close-up images of the pancreas. The sensi- 
tivity of EUS is at least as good as that of CT or MRI for 
visualizing pancreatic lesions. EUS has an advantage over 
CT in that the pancreas can also be biopsied using fine nee- 
dle aspiration (FNA ) techniques through the same endoscope, 
enabling multiple samples to be taken painlessly from any 
suspicious lesions encountered. 

Recently Canto et al. have shown that significant precursor 
lesions can be detected in as many as 10% of asymptomatic 
individuals at high risk for developing pancreatic cancer 
using an EUS-based screening (Canto etal., 2006). These 
precursor lesions included IPMNs and high-grade PanIN 
lesions (Brune et al., 2006). 

Endoscopic retrograde cholangiopancreatography (ERCP) 
is a valuable diagnostic and therapeutic tool for manag- 
ing pancreatic diseases. During ERCP, the gastroenterologist 
again passes an endoscope through the patient’s mouth, 
through the stomach, and into the duodenum. Once the tip of 
the scope is in the duodenum, the endoscopist can visualize 
the ampulla of Vater, the site where the pancreatic and bile 
ducts enter the duodenum. A small catheter is then placed 
through the endoscope and through the ampulla of Vater into 
the biliary and pancreatic ducts. By injecting radio-opaque 
dye into the catheter, abnormalities in the duct system can 
be accurately visualized. Unfortunately, small lesions in the 
parenchyma of the pancreas, especially those that have min- 
imal effects on the duct system, can be missed at ERCP, 
and ERCP is not without risks. ERCP can be complicated 
by acute pancreatitis (~1/20 procedures), bleeding, compli- 
cations of sedation, perforation, and occasionally even death 
(<1/500). The risks associated with undergoing an ERCP 
therefore preclude its use as a general screening test. 

In general, radiological imaging of the pancreas is useful 
in diagnosing pancreatic cancer in a patient for whom there 
is a high degree of suspicion. The methods are, however, 
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either too expensive or too invasive to be used in the general 
population as screening tests. 


Tumour Markers 


Given the limitations of current radiological tools, much 
effort has been put into identifying molecular markers that 
have the potential to be sensitive and specific for pancreatic 
cancer. 

An ideal marker would be both highly sensitive (it 
would correctly identify almost everyone who has pancreatic 
cancer) and specific (positive tests would only be seen in 
patients with cancer) for pancreatic cancer and it could 
be applied to samples obtained relatively non-invasively. 
Although a large number of potential tumour markers have 
been evaluated, none of them yet have been shown to be 
sufficiently sensitive or specific for use in screening the 
general population. 

Examples of tumour markers include the carbohydrate 
antigen 19-9 (CA19-9), the KRAS gene, aberrantly methy- 
lated genes, and newly identified markers such as M IC-1. 


CA19-9 CA19-9 is a valuable tumour marker for following 
up the therapeutic response in patients who are being 
treated for pancreatic cancer (Ritts and Pitt, 1998). In this 
setting, CA19-9 levels correlate well with tumour volume 
and response to therapy. However, CA19-9 is not useful as 
a screening test for early pancreatic cancer. First, 10- 15% 
of individuals do not secrete CA19-9 because of their 
Lewis antigen blood type (Ritts and Pitt, 1998). In addition, 
CA19-9 levels may be within the normal range while the 
cancer is still at a small and asymptomatic stage and, 
conversely, CA 19-9 levels may be elevated in benign biliary 
or pancreatic conditions. These limitations also apply to 
related carbohydrate antigens such as CA-125, KAM 17.1, 
CA2.2, CA-50, and CA-242. 


The KRAS gene KRAS gene mutations are present in ~90% 
of pancreatic cancers (see Molecular Genetics) and these 
mutations can be detected in specimens obtained distant from 
the cancer such as pancreatic juice, duodenal fluid, stool, 
and blood using sensitive mutation assays (Shi et al., 2004). 
The extraordinary ability of modern genetic technologies 
to detect rare mutant alleles, even when they are admixed 
with thousands of more wild-type alleles, suggests that the 
detection of mutant genes, including KRAS, may one day be 
part of an effective early detection strategy (Shi et al., 2004). 


DNA Methylation DNA is frequently methylated in mam- 
malian DNA. Methylation refers to the addition of single 
carbon groups and it often occurs at specific sites in DNA 
called CpG islands. Regions of DNA rich in CpGs are 
frequently found in the portion of genes that controls the 
expression of the gene (the promoter). When CpG islands 
are methylated in a promoter of a gene, it can inhibit tran- 
scription of that gene by preventing RNA polymerase and 
the RNA transcription machinery from producing messenger 
RNA. Hence, DNA methylation is a common mechanism 


for regulating gene expression. Both selective hyper- and 
hypomethylation of DNA are known to occur in cancer. 

Several techniques have been used to screen cancers for 
methylation abnormalities (M atsubayashi et al., 2005). DNA 
methylation changes in cancer can be detected even when 
they are admixed with many more copies of normal DNA. 
DNA methylation is therefore being studied as a possible 
screening tool for the early detection of cancer. Several genes 
(mostly tumour-suppressor genes) have recently been shown 
to be selectively hypermethylated in a subset of pancreatic 
cancers. These genes include pl16/CDKN2A and hMLH1, and 
M atsubayashi et al. have shown that aberrantly methylated 
genes can be detected in the pancreatic juice of individuals 
at high risk for developing pancreatic cancer, before they 
develop a cancer (M atsubayashi et al., 2005). 


New Markers Several novel approaches have been used 
to identify new markers that might be specific for pancre- 
atic cancer. These include serial analysis of gene expression 
(SAGE), gene expression arrays, and proteomics. For exam- 
ple, SAGE has been used to discover a number of proteins 
highly and selectively expressed in pancreatic cancer (A rgani 
et al., 2001). These include prostate stem cell antigen and 
mesothelin. Similarly, serum macrophage inhibitory cytokine 
1 (MIC-1) has recently been shown to be a relatively sen- 
sitive and specific marker for pancreatic cancer (K oopmann 
et al., 2004). 


Prevention 


Unfortunately, there are no published results on good clinical 
trials for the prevention of pancreatic cancer. As the genetic 
and environmental factors responsible for pancreatic cancer 
have become more defined, the need for preventive strategies 
have also become apparent. 

Several approaches to prevention can be considered. First, 
general health measures are prudent, such as avoiding smok- 
ing and alcohol consumption and maintaining a balanced diet. 
Balanced diets should be low in fat and high in fruits and 
vegetables. Second, groups with a high risk of developing 
pancreatic cancer can be enrolled into screening programmes 
as these programmes become available. Third, chemopreven- 
tive strategies should be tested on high-risk populations. For 
example, non-steroidal anti-inflammatory drugs (NSAIDs) 
and cyclooxygenase-2 (COX-2) inhibitors have chemopre- 
ventive activity in a variety of animal and clinical studies, and 
epidemiological studies suggest that NSAIDs protect against 
colorectal, oesophageal, and gastric cancer. Many cancers, 
including pancreatic cancer, overexpress the enzyme COX- 
2, the likely target of NSAIDs, and COX-2 inhibitors have 
been shown to decrease the growth of pancreatic cancers in 
animal models (M olina et al., 1999). It is of note that COX -2 
is also expressed in precursor lesions in the pancreas (M aitra 
et al., 2002). 

Finally, prophylactic pancreatic resection may be appro- 
priate for a few individuals at very high risk of developing 
pancreatic cancer (Brentnall et al., 1999). This approach may 
be reasonable in patients with hereditary pancreatitis because 
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they have a very high risk of developing pancreatic cancer 
(lifetime risk 30- 40%) and their pancreas is non-functional 
because of the severe pancreatitis. Prophylactic total pan- 
createctomy is, however, a very high-risk procedure. Total 
pancreatectomy is associated with significant short-term and 
long-term morbidity and mortality, including brittle diabetes 
mellitus, and for this reason it is rarely performed. 


MOLECULAR GENETICS 


It is now clear that pancreatic cancer is fundamentally a 
genetic disease. The genetic alterations that lead to the 
development of pancreatic cancer can be inherited (see Epi- 
demiology and A etiology) or acquired and the genes affected 
can be classified into three broad groups: oncogenes, tumour- 
suppressor genes, and DNA repair genes (see Table 3). 


Oncogenes 


Oncogenes are genes that, when activated by mutation 
or overexpression, possess transforming (cancer-causing) 
properties. The oncogenes that have been shown to play a 
role in the development of pancreatic cancer include the 
KRAS, HER2-neu, AKT2, AIB1, and MYB genes (Hruban 
et al., 2007). The KRAS gene resides on chromosome 12p 
and is activated by point mutation in ~90% of the cancers 
(Hruban et al., 1993). The HER2-neu gene on chromosome 
17q is overexpressed in ~70% of pancreatic cancers and 
amplification of AKT2 on chromosome 19q, AIB1 on 20q 
and MYB on chromosome 6q has been reported in a smaller 
percentage of the tumours (Hruban et al., 2007). 

The demonstration that these oncogenes are activated in 
pancreatic cancer is important for a number of reasons. 
First, these genes are potential targets for novel therapies. 
For example, in order for the KRAS gene product to be 


functional, it must first be activated by the enzyme farnesyl 
transferase. Several groups have already developed farnesyl 
transferase inhibitors, some of which may be effective in 
treating pancreatic cancer. Similarly, mutated KRAS peptides 
have been used as vaccines to treat pancreatic cancers. 
Second, as discussed in the section on tumour markers, 
activated oncogenes are potential targets for gene-based 
screening tests for pancreatic cancer. For example, mutant 
KRAS genes shed from a pancreatic cancer have been 
detected in pancreatic and duodenal fluids and in the stool 
of patients with pancreatic cancer (Caldas et al., 1994; Shi 
et al., 2004). Such gene-based screening tests are exciting 
because they could potentially detect as few as one mutant 
copy of a gene admixed with 10000 normal copies of that 
same gene (see Screening and Prevention). Third, the patterns 
of alterations in oncogenes can provide a clue as to what 
caused the alterations and therefore what caused the cancer. 
For example, we and others have shown that activating point 
mutations in the KRAS gene are slightly more common in 
the cancers of smokers then they are in the cancers of non- 
smokers (Hruban et al., 1993). 


Tumour-Suppressor Genes 


The second class of genes that are altered in pancreatic 
cancer are the tumour-suppressor genes. Tumour-suppressor 
genes are genes that encode for proteins that normally 
function to restrain cell proliferation, so the loss of their 
activity may lead to unrestrained cell growth. The tumour- 
suppressors that have been shown to be inactivated in 
pancreatic cancer include pl6/CDKN2A (in 95% of the 
cancers), TP53 (in 75%), SMAD4/DPC4 (in 55%), BRCA2 
(in 10%), MKK4 (in 4%), RB1 (in <5%), LKB1/STK11 
(in 4%), and the transforming growth factor 6 receptor 
genes | and II (Table 3) (Hruban etal., 2007). Tumour- 
suppressor genes, like other autosomal genes, are inherited 
in pairs: a maternal copy and a paternal copy. Both of 


Table 3 Genes involved in the development of apparently sporadic pancreatic cancer. 


Gene Percentage of cancers 
Oncogenes 

KRAS 90 
AKT2 10-20 
AIB1 65 
HER/2-neu 70 
Tumour-suppressor genes 

pl6/CDKN2A 95 
TP53 50-70 
SMAD4/DPC4 55 
MKK4 4 
LKBI/STK11 5-6 
TGF BR1 and TGF BR2 4 
DNA repair genes 

BRCA2 5-10 
MSH2 <4 
MLH1 <4 
FANC, FANCG <5 


(Adapted from Hruban et al., (2007).) 





Chromosome Mechanism of alteration? 

12p Point mutation 
19q Amplification 
20q Amplification 
17q Overexpression 
9p HD, LOH and IM, PM 
17p LOH and IM 
18q HD, LOH and IM 
17p HD, LOH and IM 
19p LOH and IM, HD 

9q, 3p HD 
13q Germ line with LOH 
2p Unknown 
3p Unknown 

9q, 9p Germ line with LOH, LOH, and IM 





aHD - homozygous deletion; LOH - loss of heterozygosity; IM - intragenic mutation; PM - promoter hypermethylation. 
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these copies (called “alleles”) of a tumour-suppressor gene 
must be inactivated for a loss of the function of the gene 
product, that is, tumour-suppressor genes act as recessive 
genes. 

The identification of the tumour-suppressor genes involved 
in the development of pancreatic cancer is important for a 
number of reasons. First, the identification of the pathways 
inactivated when a tumour-suppressor gene is mutated may 
provide new targets for treatment. For example, 40% of 
pancreatic cancers harbour a homozygous deletion of the 
p16/CDKN2A tumour-suppressor gene, and these deletions 
often include an adjacent gene called MTAP (Hustinx et al., 
2005). Therapies specifically targeting cells with inactive 
Mtap protein have been developed, and pancreatic cancers 
with homozygous deletion of the pl6/CDKN2A tumour- 
Suppressor gene may be particularly sensitive to these 
therapies (Hustinx et al., 2005).Second, the demonstration 
that specific tumour-suppressor genes are inactivated in 
pancreatic cancers has proved to be a critical advance 
in our understanding of the causes of familial pancreatic 
cancers (Klein etal., 2001). As summarized in Table 4, 
the genes that are targeted in familial pancreatic cancer 
include BRCA2, STK11/LKB1, and p16/CDKN2A (Hruban 
et al., 2007). Patients who inherit a defective copy of one of 
these genes are more likely to develop a cancer later in life 
because they begin life with only one, instead of the usual 
two, functional copies of the gene. Should that good copy be 
inactivated, gene function would be lost. 

The discovery of the genes responsible for some forms 
of familial pancreatic cancer represents a critical advance, 
because it means that members of families in which there 
has been an aggregation of cancer can now be genetically 
tested. Those found to carry a mutation in one of these 
genes can be more carefully screened for cancer or may even 
choose prophylactic surgery, while those found not to carry 
a mutation can be relieved of their anxiety. 


Mismatch Repair Genes 


The final class of genes that play a role in the devel- 
opment of pancreatic cancer is the DNA mismatch repair 
genes (Goggins etal., 1998). The products of DNA mis- 
match repair genes function to ensure the fidelity of DNA 
replication. The inactivation of a DNA mismatch repair 
gene in a cancer produces a characteristic change in DNA 
called microsatellite instability (MSI), and Goggins et al. 
(1998) have demonstrated MSI in ~4% of pancreatic can- 
cers. Pancreatic cancers with MSI often harbour mutations 


Table 4 Known causes of familial pancreatic cancer (Klein et al., 2001). 
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in the BRAF gene (Calhoun et al., 2003). These cancers are 
remarkable because as discussed in the section on tumour 
pathology, they appear to have a distinct microscopic appear- 
ance (“medullary phenotype”), and because these cancers 
may have a different response to certain chemotherapeutic 
agents (Hruban et al., 2007). 

Thus, there has been a revolution in our understanding 
of the molecular genetics of pancreatic cancer. This under- 
standing is already being applied to the development of new 
screening tests for pancreatic cancer and new targeted treat- 
ments for the disease, and it has led to a better understanding 
of why pancreatic cancer aggregates in some families. 


PROGNOSTIC FACTORS 


Overall, pancreatic cancer has the worst prognosis among 
all the common forms of cancer. Affected patients have a 
median survival of only ~6months and less than 5% of 
patients live up to 5years. Given such dismal statistics, it 
is not surprising that few markers are available that can 
identify patients with a good prognosis. A mong the subgroup 
of patients who undergo a surgical resection of the head of the 
pancreas (Whipple procedure, or pancreaticoduodenectomy), 
several prognostic factors influence the outcome. The size of 
the carcinoma, the presence or absence of positive margins 
(cancer extending to where the surgeon cuts), the histological 
grade (how closely it resembles normal tissue under the 
microscope), and the presence of lymph node metastases 
predict survival (Hruban etal., 2007). As discussed in the 
section on pathology, histological classification can also be 
an important predictor of prognosis. Finally, because of their 
late presentation, pancreatic carcinomas involving the tail and 
body of the pancreas have a poorer prognosis than cancers 
of the head of the pancreas. 


OVERVIEW OF PRESENT CLINICAL MANAGEMENT 


The management of pancreatic cancer depends on several 
factors, including the patient's symptoms, the performance 
status of the patient, the histological classification of the 
patient’s tumour, the stage of the disease (whether or 
not it has spread beyond the gland), and the presence 
of complications. The diagnosis of pancreatic cancer is 
usually suspected when there are complaints of progressive 
obstructive jaundice (a yellow discoloration of the skin), 





Syndrome? Gene Chromosome Familial characteristics 

Breast cancer 2 BRCA2 13q Breast cancer and pancreatic cancer 

Peutz- J eghers STK11/LKB1 19p Pigmented spots on lips, intestinal polyps 

FAMMM p16/CDKN2A 9p Multiple moles, melanoma, and pancreatic cancer 
HNPCC Multiple Multiple Non-polyposis colon cancer, other cancers 

Familial pancreatitis Cationic trypsinogen 7q Recurrent episodes of pancreatitis starting at a young age 


aFAMMM -familial atypical multiple mole melanoma; HNPCC - hereditary non-polyposis colorectal cancer. 
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profound weight loss, and pain in the abdomen or mid- 
back (Hruban et al., 2007). Less often, patients can present 
with diabetes mellitus, thrombophlebitis migrans (blood clots 
developing at multiple sites), depression, or evidence of 
metastatic disease. Generally, the diagnosis is established 
using CT, EUS, or ERCP with histological (or cytological) 
confirmation. If curative resection is considered, additional 
investigations using EUS or angiography are sometimes 
performed, searching for evidence of spread to lymph nodes, 
to the peritoneum (the lining of the abdomen), or to the liver 
and for signs of large blood vessel involvement (invasion of 
the splenic or portal vein). Helical CT with contrast usually 
provides good assessment of the status of the blood vessels 
around the pancreas. 


Pancreatic Adenocarcinoma 


Surgery (Whipple resection) remains the only realistic cura- 
tive modality for pancreatic cancer (Sohn etal., 2000). 
The Whipple procedure involves the resection of the head 
of the pancreas, duodenum, lower common bile duct, 
local lymph nodes, and peripancreatic tissue. This is not 
an easy operation. Operative mortality rates vary consid- 
erably with the experience of the surgeon, but mortal- 
ity rates in expert centres are an acceptable 2-3%. The 
median survival after a Whiple procedure for pancreatic 
cancer is ~18 months (Sohn et al., 2000). Therefore, many 
patients who undergo a resection for pancreatic adenocar- 
cinoma also receive adjuvant (post-operative) chemoradio- 
therapy (Sohn etal., 2000). Some centres are also inves- 
tigating the potential benefit of neoadjuvant (preoperative) 
chemoradiotherapy. 

There are few chemotherapeutic agents that are active 
against pancreatic cancer. Agents such as gemcitabine, tax- 
otere, 5-fluorouracil, and others are effective in only 10- 20% 
of patients with the disease. A number of experimental 
approaches are therefore being tried, including a novel vac- 
cine approach developed by Jaffee et al. (2001), (Thomas 
et al., 2004) at Johns Hopkins that recruits the patient’s own 
immune system to fight the cancer. It is of note that one of the 
immunogens in this whole cell vaccine is mesothelin, and, 
as noted earlier, mesothelin is a gene that is overexpressed 
in pancreatic cancers (Thomas et al., 2004). 

It is also important to consider the quality of life for 
patients with this disease. Pain control is important and can 
be achieved with the use of opiate analgesia, which can be 
given using an infusion pump. In addition, “nerve blocks” 
may be effective in some patients. This procedure involves 
the destruction of the nerves around the pancreas (“coeliac 
axis nerve block”) and is achieved by injecting 100% alcohol 
percutaneously, intraoperatively, or during EUS into the 
nerve bed. 

Weight loss is also a common problem for patients with 
pancreatic cancer. M any patients lose their appetite and the 
normal taste of food as a result of by-products (anorec- 
tic factors) released from the cancer. In addition, food 
may not be adequately digested if the pancreas fails to 
release sufficient pancreatic enzymes owing to pancreatic 


duct obstruction. Such patients may benefit from taking 
pancreatic enzyme supplements. However, most patients 
with pancreatic cancer will lose weight even if they are 
eating and digesting their food sufficiently. This may be 
because pancreatic cancers often release cachectic factors 
(tumour lipid mobilizing factors, proteolysis-inducing fac- 
tors), which cause muscle and fat breakdown. Such pro- 
found weight loss causes weakness and can shorten survival. 
This cancer-related weight loss can be refractory to treat- 
ment, but appetite stimulants may help the anorexia and 
fish oil supplements appear promising for reversing the 
cachexia (Barber etal., 1999). In the laboratory, fish oils 
appear to block the effects of cancer on muscle and fat 
wasting. 

Another frequent complication of pancreatic cancer is 
common bile duct obstruction. Biliary drainage can relieve 
symptoms of obstruction and can be achieved with biliary 
stents introduced during ERCP or percutaneously (percu- 
taneous transhepatic cholangiography (PTC)). Biliary stents 
can be placed as an outpatient procedure with minimal patient 
discomfort, and they can provide good short-term palliation 
of symptoms. Unfortunately, such stents frequently block off 
owing to progressive tumour growth. 


Pancreatic Neuroendocrine Carcinoma 


Patients with well-differentiated endocrine neoplasms (islet 
cell tumours) usually present either with symptoms due to 
hormone hypersecretion or in the context of MEN type 1 
or type 2 (Hruban et al., 2007). Common presentations are 
refractory peptic ulcer disease, hypoglycaemia (low blood 
sugar), carcinoid syndrome (flushing, diarrhoea, and asthma), 
secretory diarrhoea, hypercalcaemia (elevated serum cal- 
cium levels) and bone pain, and necrolytic skin rash. These 
symptoms arise from oversecretion of gastrin, insulin, sero- 
tonin (and histamine and other peptides), VIP, parathyroid 
hormone, or glucagon, respectively. Rarely, other peptides 
are released, such as somatostatin, pancreatic polypeptide, 
CRF, GRF, or neurotensin. With the appropriate clinical 
suspicion, diagnosis of the presence of a neuroendocrine 
carcinoma can be achieved by measuring the levels of 
the islet cell hormones in the blood. Because they can be 
small (1cm or less), multiple, and may involve the duode- 
num, endocrine tumours can be hard to identify radiolog- 
ically. EUS can prove useful in localizing these tumours. 
When possible, surgical resection is performed to treat these 
tumours, and surgical resection of metastatic disease can 
be beneficial. Somatostatin analogues may be very effec- 
tive in combating the release of secretory peptides usually 
observed with these tumours. In addition to somatostatin 
analogues, hyperglycaemic agents such as diazoxide are 
used to limit hypoglycaemia in patients with inoperable 
insulinomas. 

Finally, chemotherapeutic agents such as streptozocin, 5- 
fluorouracil, and interferon are often used for patients with 
inoperable islet cell tumours. 
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CONCLUSIONS 


Pancreatic cancer is one of the deadliest of all cancers. The 
average life expectancy for patients with pancreatic cancer 
is only 6months. While there are no effective therapies 
or screening tests currently available, we believe that the 
revolution that has occurred in our understanding of the 
genetics of pancreatic cancer will soon be translated into 
new effective screening tests, novel treatments, and a better 
understanding of why pancreatic cancer aggregates in some 
families. 
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NORMAL DEVELOPMENT, STRUCTURE, 
AND FUNCTION OF THE LIVER AND THE 
HEPATOBILIARY SYSTEM 


The study of hepatobiliary neoplasms offers challenging 
insights into tumour pathogenesis as more evidence relating 
the occurrence of disease with numerous aetiologic factors 
becomes apparent. Before the various benign and malignant 
tumours (Table 1) are discussed, an initial review of the 
development, gross anatomy, basic microscopic structures, 
and functional components are presented to compare the 
normal features with the pathology of disease and its 
pathophysiologic processes that will be discussed in this 
chapter (Kanel, 2003; Wanless, 2003). 


Embryology 


The first appearance of the hepatic primordial anlage 
occurs by the third week of gestation as a diverticulum 
that projects cranially into the septum transversum by 
endodermal cell proliferation, eventually giving rise to the 
hepatic parenchyma and intrahepatic biliary network. The 
hepatic sinusoids develop from proliferating endodermal 
cells that form solid cords at first but then anastamose and 
form cribriform tubules (canaliculi) and channels (sinusoids). 
The cell plates are composed of immature cells (hepato- 
blasts) that develop into mature hepatocytes that form thick- 
ened cords and ductal plates immediately adjacent to the 
mesenchyme, forming the initial immature portal structures. 
The vascular network, originally derived from the develop- 
ment of both the vitelline and umbilical veins, occurs at the 
same time as proliferation of the hepatoblasts, and by week 
5 most of the major vessels are identified. The intrahepatic 
biliary apparatus develops from membranous infolding that 
occurs between the junctional complexes between individ- 
ual hepatoblasts and initially appears as intercellular spaces 
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with no distinct wall. The ductule plates at the junction of 
the portal tract and parenchyma are at first two layered, with 
eventual formation of double-layered tubular structures. The 
perisinusoidal cells and Kupffer cells appear by 3 months of 
gestation. 

The individual cell functions become apparent at different 
stages in the embryologic development; for instance, a- 
foetoprotein (AFP) is initially present by the first month of 
gestation and is in quite high quantities at birth. Glycogen 
is seen by 2 months, with glycogen synthesis becoming most 
apparent by 3months. Fatty change within the hepatocyte 
also parallels that of glycogenesis. 

The original diverticulum from the hepatic primordial 
anlage that extends caudally develops into the gallbladder 
and extrahepatic biliary system. It is at first composed of 
solid cords of endodermal cells, which by week 7 begin to 
undergo vacuolization, after which a lumen develops, eventu- 
ally forming the gallbladder and cystic duct. The base of the 
diverticulum eventually develops into the common bile duct. 


Gross Anatomy 


The liver occupies most of the right upper abdominal 
cavity, the adult liver measuring approximately15- 20cm 
transversely toward the xiphoid and weighing 1200- 1800 g. 
There are four hepatic lobes: right, left, quadrate, and 
caudate; however, there are eight functional segments, each 
demarcated by vascular and biliary drainage: the lateral 
(segments VI and VII) and medial (segments V and VIII) 
divisions of the right lobe, the medial (segment IV) and 
lateral (segments II and III) divisions of the left lobe, and 
the caudate lobe (segment |), the latter being a “watershed” 
area of the right and left lobe vasculature. The portal vein 
is located along the hepatoduodenal ligament posterior to 
the hepatic artery and common bile duct. The hepatic vein is 
composed of three major tributaries (right, middle, left), each 
having intrahepatic branches. The hepatic artery, which is a 
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Table 1 Hepatic and biliary neoplasms. 


e Liver 
e Benign 

e Epithelial 
Liver cell adenoma 
Bile duct adenoma 
Cystadenoma 

e Vascular 
Cavernous haemangioma 
Infantile haemangioendothelioma 
Angiomyolipoma 

e Tumourlike lesions 
Focal nodular hyperplasia 
Nodular regenerative hyperplasia 
Partial nodular transformation 
Inflammatory pseudotumour 
Focal fatty change 


e Malignant 
e Epithelial 
Hepatocellular carcinoma 
Trabecular, acinar variants 

ibrolamellar variant 
Cholangiocarcinoma 
Intrahepatic 
Hilar 
Extrahepatic 

Mixed hepatocellular cholangiocarcinoma 
e Vascular 

Angiosarcoma 

Epithelioid haemangioendothelioma 
e Hepatoblastoma 
e Haematologic 

Lymphoma 

Leukaemia 

Multiple myeloma 
e Metastatic 


e Gallbladder and extrahepatic biliary system 
e Epithelial 
Adenocarcinoma 
Adenosquamous carcinoma (rare) 


mn 





branch of the celiac artery, ascends along the hepatoduodenal 
ligament and eventually divides into the right and left main 
branches. The biliary system originally arises from the bile 
canaliculi, and can grossly be demonstrated in the larger 
interlobar branches. The larger septal branches demonstrate 
a thin wall composed of collagen fibres and can more easily 
be demonstrated on gross inspection. 

The gallbladder is a pear-shaped sac of 7- 10cm in length 
that resides in a depression on the inferior surface of the 
right and quadrate lobes (gallbladder fossa). The gallbladder 
divides into the fundus, body, infundibulum, and neck, with 
the latter eventually forming the cystic duct. Merging of the 
cystic duct with the main hepatic duct forms the common 
bile duct, which measures approximately 7.5cm in length. 
The common bile duct then merges with the main pancreatic 
duct, forming the ampulla of Vater, which empties into the 
duodenum. 


Hepatic Morphology 


In the liver, the basic architectural arrangement of the portal 
structures, sinusoids, and outflow vessels is evenly spaced 


throughout all lobes. The portal tract is composed of one to 
two interlobular bile ducts that are seen immediately adjacent 
to the single hepatic arteriole, the latter being responsible 
for the blood supply to these ducts. The portal venule is 
a single structure. All three components are located within 
a fibroconnective tissue framework, which may normally 
exhibit rare lymphocytes. The hepatic parenchyma is com- 
posed predominantly of polyhedral hepatocytes forming liver 
cell cords that are one cell thick. The adjacent sinusoids are 
lined by both the endothelial cells and the Kupffer cells. 
The perisinusoidal space is located between the endothelial 
cells and hepatocytes and contains stellate cells and collagen 
fibres. 

The gallbladder can be divided into the mucosa, lam- 
ina propria, muscularis, and adventitia. The mucosa is lined 
by simple columnar mucus-secreting epithelium that charac- 
teristically has numerous infoldings. The underlying lamina 
propriais composed of loose fibroconnective tissue, while the 
muscularis consists of loosely arranged bundles of smooth 
muscle fibres. The adventitia is in contact with the liver and 
consists of fibroconnective tissue with elastic fibres, numer- 
ous blood vessels, and lymphatics. The extrahepatic biliary 
system is lined by tall columnar mucus-secreting epithelium 
surrounded by fibroconnective tissue that contains muscle 
fibres, the latter being most concentrated towards its distal 
portion, forming the sphincter of Oddi complex towards the 
ampulla of Vater. 


Hepatic Functional Cellular Arrangements 


The liver functional component corresponds to a three- 
dimensional liver acinus that is subdivided into three seg- 
ments: simple, complex, and acinar agglomerate. The simple 
acinus is the smallest functional unit and centres around 
the preterminal portal venules, hepatic arteriole, and termi- 
nal bile ductules. The acinus is divided into three zones: 
(i) periportal (zone 1), which includes the limiting plate; 
(ii) midzone (zone 2); and (iii) perivenular (zone 3) with 
the terminal hepatic venule (“central vein”) at its outer mar- 
gin. No discrete demarcation separates these zones from one 
another. The “watershed” areas occur at the periphery of the 
acini where blood can be derived from the smallest arteriolar 
branches and portal venules from adjacent acini. The com- 
plex acinus is composed of three adjacent simple acini, and 
the acinar agglomerate is composed of approximately four 
complex acini and fed by a portal venous branch measur- 
ing from 300 to 1200 um in diameter. It is of importance 
that the liver cells within the various parenchymal zones 
have many different specialized physiologic functions. For 
example, the hepatocytes in zone 3 are most involved in gly- 
colysis, glycogen synthesis, and biotransformation of most 
drugs and toxins, while the hepatocytes in zone 1 are respon- 
sible for gluconeogenesis, glycogen synthesis, and fatty acid 
f-oxidation. 
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PRIMARY BENIGN HEPATIC NEOPLASMS 
AND TUMOURLIKE LESIONS 


With the exception of cavernous haemangioma, benign 
hepatic tumours are much less common than malignant 
neoplasms; however, a brief discussion of these lesions is 
warranted, as these tumours often form part of the differential 
diagnoses in the workup of hepatic masses (Kanel and 
K orula, 2005). 


Liver Cell Adenoma 


The liver cell adenoma is a benign epithelial neoplasm 
composed entirely of hepatocytes arranged in normal-sized 
hepatic cords. Although the adenoma is still uncommon 
(approximately 3-4 cases/100 000 in women on long-term 
oral contraceptive usage), often it still forms part of the dif- 
ferential diagnosis in women of childbearing age on oral 
contraceptives who present with a hepatic mass. The ade- 
nomas are usually solitary well-circumscribed light yellow 
or grey lesions in approximately 80% of patients and range 
in size from less than 5 to over 20cm in diameter. M icro- 
scopically, the tumour is composed of cytologically benign 
hepatocytes forming hepatic cords that are one to two cells 
thick, the cords being lined by endothelial cells. The adeno- 
mas can also contain fat as well as bile. There are rare cases 
of adenomas composed of atypical hyperchromatic cells that 
may sometimes contain Mallory bodies. The presence of 
these atypical cells warrants close inspection throughout the 
tumour, as malignant transformation to hepatocellular carci- 
noma has been reported. Discontinuation of oral contracep- 
tives may be associated with decrease in size of the adenomas 
in some cases; however, surgical resection is often advised as 
the adenomas can rupture with severe intra-abdominal bleed- 
ing, and malignant transformation can occur rarely. 


Bile Duct Adenoma 


Also termed peribiliary gland hamartoma, the bile duct 
adenoma is an uncommon benign bile duct neoplasm that 
occurs slightly more often in women and is usually found 
incidentally at the time of laparotomy for other causes. The 
adenomas are most often solitary and usually subcapsular, 
with the size ranging from 1 up to 10mm and rarely 
may reach a size of 2cm. Morphologically, the tumour is 
composed of benign bile duct epithelium that is present 
within a loose fibroconnective tissue stroma. These lesions 
have no malignant potential and are mentioned because of 
the excision of these lesions by the surgeons to rule out small 
metastatic nodules. 


Hepatobiliary Cystadenoma 


Cystadenoma is a benign intrahepatic cystic tumour seen 
almost exclusively in women and occurs more frequently 


during middle age. About half the patients present with 
abdominal fullness and sometimes pain. Grossly, the tumours 
are mutlilocular and range in size from 2.5 to 28cm. M icro- 
scopically, the cysts are classified into two subtypes: cysta de- 
noma with mesenchymal stroma (CMS) and cystadenoma 
without mesenchymal stroma (CMOS). Both subtypes show 
lining of the cysts by cuboidal to flattened serous or muci- 
nous duct epithelium; however, CMS shows a middle layer 
composed of hypercellular mesenchymal spindle cells with 
intermixed smooth muscle, fat, and small vessels, while 
CMOS does not exhibit this middle layer. The importance of 
recognizing CM S is that malignant transformation to cholan- 
giocarcinoma may occur, necessitating a more aggressive 
management than leaving the cysts alone. 


Cavernous Haemangioma 


Cavernous haemangioma is one of the most common pri- 
mary hepatic tumours and is reported to occur in 0.4- 19% of 
all individuals. M ost of these tumours that occur in patients 
under 40 years of age are seen in women (6:1), while in 
the elderly there is a male predominance (2:1). The tumours 
are usually asymptomatic and are discovered incidentally on 
abdominal imaging or at the time of laparotomy. Sometimes, 
in the larger lesions, patients may experience abdominal or 
back pain, with acute abdominal pain uncommon and seen 
only in instances of tumour rupture and intra-abdominal 
bleeding. The vast majority of the tumours occur as single 
highly vascular lesions that measure from less than 1 to up 
to 25cm in diameter in rare cases. M ultiple lesions can occur 
at the same time. The tumour is dark red to purple and well 
circumscribed. The centre can often be firm and grey white; 
infrequently the entire lesion may be a solid grey-white 
nodule. Microscopically, the tumour is composed of large 
communicating dilated blood-filled vascular spaces lined by 
hyperplastic endothelial cells. The central scar, when present, 
is hypocellular and composed predominantly of mature col- 
lagen. The fact that these lesions may undergo total sclerosis 
also raises the possibility of small metastatic lesions when 
first viewed by the surgeons. No treatment is usually nec- 
essary, although in the large lesions surgery or radiation is 
sometimes an option. 


Tumourlike Lesions 


Focal nodular hyperplasia is one of the more common 
primary hepatic mass lesions, comprising approximately 
7.8 % of all primary solid tumours. It is not a true neoplasm, 
but rather forms from a large feeding vessel that undergoes 
thrombosis with secondary myointimal proliferation and 
adjacent liver cell atrophy, with resultant regeneration of 
hepatocytes due to hypoperfusion. Although the vast majority 
of patients are women (up to 90% in some series), it 
is seen at all ages (14months to 74years) and is not 
statistically associated with oral contraceptive use. The 
lesions are usually solitary and range in size from a few 


4 SYSTEMATIC ONCOLOGY 


centimetres to up to 15 cm. It is characterized by the presence 
of a central radiating scar that contains a large feeding 
vessel. Microscopically, the radiating fibrous septa contain a 
lymphocytic infiltrate with the presence of atypical ductules 
composed of flattened duct epithelium that are seen at the 
border of the fibrous septa and the adjacent parenchyma. The 
hepatocytes adjacent to the fibrous septa are cytologically 
benign and may show fat, bile, or lipochrome. There is no 
evidence of cellular atypia in these lesions, and malignant 
transformation does not occur. 

Nodular regenerative hyperplasia is an uncommon hep- 
atic lesion manifested by numerous small well-demarcated 
nodules that can be seen diffusely in both lobes or may be 
concentrated in a single lobe. This lesion is seen in patients 
of any age and is associated with various disorders, such as 
myeloproliferative disease, certain neoplasms (e.g., renal), 
congestive heart failure, autoimmune diseases (e.g., rheuma- 
toid arthritis), and certain drugs (e.g., steroids). The nodules 
are solid, white, and firm and measure from less than 1 to 
up to 3mm in diameter, although rarely lesions measuring 
up to 2cm have been reported. The nodules form secondary 
to obliteration of small portal venous radicals from vascular 
thrombosis with recanalization and resultant liver cell injury 
with focal reparative hyperplasia. M anifestations of presinu- 
soidal portal hypertension often occur because of the bulging 
nature of these lesions that impacts portal blood flow. 


PRIMARY MALIGNANT HEPATIC NEOPLASMS 
Hepatocellular Carcinoma 


Epidemiology 


Hepatocellular carcinoma is the most common primary 
hepatic neoplasm worldwide and accounts for up to 75% 
of all primary hepatic solid tumours. It is the fifth most 
common cause of cancer and the third most common cause 
of cancer deaths, with over 500 000 new cases occurring per 
year. Worldwide, there are an estimated 14.97 cases/100 000 
in men and 5.51 cases/100 000 in women, with the mortality 
rate paralleling the incidence rates (R oberts and Gores, 2003; 
Sherman, 2005). 

The highest incidences are seen in the Far East. China 
alone accounts for >50% of all cases of hepatocellular car- 
cinoma worldwide, with the highest incidence in Qidong, 
China (125.3/100 000; men 95.7, women 29.6) (McGlynn 
and London, 2005), because of the high incidence of chronic 
hepatitis B in these regions (40-90% of the hepatocellu- 
lar carcinoma cases being hepatitis B virus (HBV) positive; 
Bosch et al., 2004). In fact, HBV, hepatitis C virus (HCV), 
and aflatoxin B1 taken together are responsible for about 
80% of all hepatocellular carcinomas in humans (M ichielsen 
et al., 2005). Other areas of high incidence include develop- 
ing countries such as M ongolia (98.93/100 000), The Gambia 
(39.67/100 000), Mali (34.56/100 000) (Bosch et al., 2005), 
and sub-Saharan Africa. Immigrants from high-risk coun- 
tries also show an increased prevalence of hepatocellular 


carcinoma, although the incidence decreases in the second 
and third generations (Sherman, 2005). Cirrhosis occurs in 
half to three-fourths of these high-risk patients, who usually 
present clinically in the third to fifth decades. The low- 
est incidence is in North America, Australia, and Western 
Europe (2.6- 9.8/100 000), although the rate is rising, in large 
part owing to chronic alcoholism and chronic HCV infection 
(McGlynn and London, 2005; M ichielsen et al., 2005). Over 
90% of these patents are cirrhotic and present clinically in 
the fifth to sixth decades. 

The incidence of hepatocellular carcinoma has also 
increased with time. In two US series, the incidence increased 
from 1.4 to 2.4/100 000 from 1976- 1980 to 1991- 1995 and 
from 2.3 to 7/100 000 from 1993-1995 to 1996- 1998. Ris- 
ing incidence has also been observed in Europe, Australia, 
and Japan and is related in part to the increased rate of 
chronic HCV infection as well as to the better management 
strategies in treating these cirrhotic patients, who therefore 
live longer and have a higher rate of possible tumour devel- 
opment (M ichielsen et al., 2005). 

Men are at higher risk, although the exact reason is not 
clear, with the male:female ratio being approximately 2.4:1 
worldwide; however, continental variations occur (Asia, 
2.63; Africa, 1.90; Central and South America, 1.15). In 
addition, ethnic variations occur, with the incidence being 
lowest in Caucasians and highest in Chinese and Korean 
men (Bosch et al., 2005). 


Specific Aetiologic Factors 


A number of aetiologic factors are associated with hepato- 
cellular carcinoma (refer to Table 2). 


Hepatitis B Virus (HBV) The association of chronic viral 
hepatitis secondary to HBV with hepatocellular carcinoma 
is well known. Over 350000000 people worldwide have 
chronic hepatitis B infection. Approximately 50000000 
new cases of HBV infection occur per year, with about 
250000 new cases in the United States alone. In 2000, the 
number of deaths worldwide was 620000, of which 93% 
were related to cirrhosis and hepatocellular carcinoma. In 
areas where the infection is most common (e.g., Far East), 
the infection is acquired perinatally, where the disease is 
subclinical. Approximately 90% of these patients go on 
to chronicity, where overall 8-20% of the population is 
chronically infected. In childhood, chronic infection occurs 
in about one-third of patients exposed; however, in countries 
in Europe and North America, the disease, acquired through 
sexual contact and needle sharing in adults, resolves in 
greater than 95% of cases, with the incidence of HBsAg 
positivity overall being from 0.2 to 0.5% (Roberts and 
Gores, 2003; Tran and M artin, 2004; M ichielsen et al., 2005) 
(see Infectious Agents and Cancer). 

Chronic infection has three consecutive phases. The 
immune tolerant phase is seen in those acquiring the disease 
perinatally or during early childhood and is manifested by 
hepatitis B e antigen (HBeAg) positivity, hign HBV-DNA 
titres, and minimally abnormal serum transaminases. This 
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Table 2 Hepatocellular carcinoma - aetiology. 


e Chronic viral hepatitis 
Hepatitis B virus (HBV) 
Hepatitis C virus (HCV) 
HBV, HCV co-infection 
HIV co-infection 
e Alcoholic cirrhosis 
e Macroregenerative dysplastic nodules 
e Drugs 
Oestrogen usage? 
Anabolic steroids 
e Toxins 
A flatoxins 
Thorium dioxide (thorotrast)> 
Polyvinyl chloride® 
e Genetic/metabolic 
Hereditary haemochromatosis 
Hereditary tyrosinaemia 
Glycogen storage disease? la, III 
a-Antitrypsin deficiency? 
Wilson's disease? 


®Rare association. 
Most often associated with angiosarcoma, also described in cholangiocarcinoma. 


is followed by the active phase of the disease associated 
with flare-up of the serum aminotransferases and conver- 
sion of HBeAg to anti-HBe, with low HBV-DNA titres. 
Finally, the inactive phase occurs, associated with low to 
undetectable HBV-DNA, which can be followed by resolu- 
tion of HBsAg and the appearance of anti-HBs, even though 
in some instances HBV-DNA can persist even with these 
serologic results. For those that are chronically infected, 
one-tenth to one-fifth will develop cirrhosis within 5 years; 
however, a more aggressive form of chronic HBV has been 
noted in those infected by HBV with mutation of the core 
promoter and precore regions (precore variants), where the 
e-antigen synthesis is suppressed. These patients generally 
have higher liver test abnormalities and earlier progression 
to cirrhosis (Tran and Martin, 2004; M ichielsen et al., 2005). 

The lifetime risk of hepatocellular carcinoma in HBV 
infected men is 10-25% and is closely associated with the 
development of cirrhosis. In fact, case control studies world- 
wide show the odds ratio of chronic HBV and hepatocellular 
carcinoma versus controls (HBV negative) to range from 
5:1 to 65:1. The frequency of chronic HBV - related hep- 
atocellular carcinoma also varies worldwide. The highest 
frequencies are seen in the Far East (Taiwan, 53- 71.5%; 
Hong Kong, 80.3%), while lower frequencies are seen in 
Europe (Italy, 7.1- 22.8%; United Kingdom, 16.3%) and the 
United States (7- 37.9%). Furthermore, although the overall 
incidence of hepatocellular carcinoma in HBV -positive indi- 
viduals is 0.5% per year, this incidence increases with age 
(1% per year at 70 years) and when cirrhosis is also present 
(2.5% per year) (McGlynn and London, 2005; Sherman, 
2005; Michielsen et al., 2005). 

Concerning the mechanisms of HBV -related hepatocellu- 
lar carcinoma, HBV integration into the host-cell genome is 
known to cause numerous chromosomal abnormalities (refer 
to Table 3). Its specific role is not clear, as no specific sites 
are targeted, and HBV integration can occur without the 
development of hepatocellular carcinoma; however, the HBx 


Table 3 Hepatobiliary neoplasia - basic pathophysiologic concepts. 


e Cirrhosis with increased cellular (hepatocytes, ductules) 
turnover 
Chronic inflammation (chronic viral or biliary tract diseases) 
with generation of cytokines, reactive oxygen species 
Tumour-suppressor gene (p53 and pRb) inactivation 
Telomerase activation 
Structural chromosomal alterations (deletions, losses, gains) 
Gene (oncogenes c-myc, c-erbB-2), growth factor 
overexpression 
Angiogenesis signalling 
Aberrant DNA methylation 
Specific hepatotropic virus-related (hepatocellular 
carcinoma): 

HBx gene 

HBV -encoded X antigen (HBxAg) 

HBV-DNA integration 

HCV core protein 
Bile acids and COX -2 overexpression (cholangiocarcinoma) 


gene, one of the four genes that are encoded by the HBV 
viral genome, has been shown to be a contributory factor 
in the development of hepatocellular carcinoma by com- 
plexing with the p53 tumour-suppressor protein, inhibiting 
its function and hence promoting uncontrolled cell division 
(M ichielsen et al., 2005). The HBx gene as well as the hep- 
atitis B virus- encoded X antigen (HBxAg) also have been 
shown to enhance cell motility and modify the migratory 
behaviour of transformed hepatocytes to induce the invasive 
and metastatic migratory properties of hepatocellular carci- 
noma (Lara-Pezzi et al., 2001; Liu et al., 2005). In addition, 
the alterations and loss of chromosome 4q is one of the most 
frequent genetic aberrations found in human hepatocellular 
carcinoma, and is also associated with HBV infection and 
elevations of the AFP to >400 ng ml—! (Yeh etal., 2004). 


Hepatitis C Virus (HCV) Worldwide, 170 million individu- 
als are infected by HCV, where approximately 75-85% go 
on to develop chronic infection. Of these, approximately 20% 
will develop cirrhosis within 10-20 years. Hepatocellular 
carcinoma is almost always seen when chronic HCV isin the 
cirrhotic stage of the illness. The tumour rarely occurs within 
the first 15 years; however, among people with cirrhosis, the 
yearly incidence is 2-8%, with the time interval from the 
time of HCV infection to the development of hepatocellular 
carcinoma approximately being 28 - 30 years in J apanese and 
American series (Sherman, 2005; Michielsen etal., 2005). 
One prospective study of 12008 men with chronic HCV 
showed these patients to have a 20-fold higher risk in devel- 
oping hepatocellular carcinoma compared to HCV -negative 
patients (Sun etal., 2003). In a Japanese study of 2890 
HCV -positive patients, the annual incidence of hepatocellu- 
lar carcinoma was 7.9% in cirrhotic patients but only 0.5% in 
those with little or no fibrosis (McGlynn and London, 2005). 
The frequency of chronic HCV -related hepatocellular 
carcinoma also varies in different regions, and is highest 
in Japan (44.1-61.4% of hepatocellular carcinoma patients 
are HCV positive) and Italy (37.8- 61.2%), while it is much 
lower in Taiwan (9.5- 22.7%) (Michielsen et al., 2005). 
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As opposed to HBV, HCV is a RNA virus and hence 
cannot be integrated into the host-cell genome. The mecha- 
nism of tumour promotion may occur by the action of the 
HCV core protein, which after mutation has been shown to 
inhibit the tumour-suppressor gene P53. HCV core protein 
may also induce the production of nuclear factor-kappa B 
(NF-«B), which suppresses tumour necrosis factor-induced 
apoptosis (anti-apoptotic effect), leading to uncontrolled cell 
division. It has also been postulated that the fatty change 
seen in the majority of cases of chronic HCV infection may 
in itself be linked to the development of hepatocellular car- 
cinoma; although the exact mechanisms are not clear. HCV 
core protein has been shown to alter the oxidant/antioxidant 
state in the liver, with the resulting excess free-radical activ- 
ity possibly predisposing to genomic mutations (Patel et al., 
2005; Michielsen et al., 2005). 


Co-Infection of HBV and HCV, and Human Immunodefi- 
ciency Virus (HIV) The risk of developing hepatocellular 
carcinoma is increased in patients co-infected by HBV and 
HCV. In a large meta-analysis of 32 epidemiologic studies 
during 1993-1997, the odds ratio for development of hepa- 
tocellular carcinoma with co-infection was approximately six 
times that of infection with HBV or HCV alone. Co-infection 
with human immunodeficiency virus (HIV) is also an addi- 
tive feature in the development of hepatocellular carcinoma, 
in part owing to the more aggressive nature of chronic HCV 
infection in these patients; in fact, hepatocellular carcinoma 
was responsible for approximately one-fourth of deaths in 
these patients before the advent of highly active antiretro- 
viral therapy (HAART) (Rosenthal et al., 2003; Sherman, 
2005; Michielsen et al., 2005). 


Alcoholic Cirrhosis Approximately 5-15% of patients 
with alcoholic cirrhosis may develop hepatocellular carci- 
noma. This association is most commonly seen in the indus- 
trialized West. The basic mechanism most likely stems from 
the cyclical process of liver injury and damage, and repair 
with regeneration and resultant increase in mitotic division, 
although it is not clear that ethanol itself plays a direct role. 
Various postulations directed towards ethanol itself include 
acetaldehyde production and free-radical formation as well 
as DNA damage secondary to various electrophilic com- 
pounds produced during alcohol metabolism (McGlynn and 
London, 2005). 


Haemochromatosis Hereditary haemochromatosis is an 
autosomal recessive disorder and the most common genetic 
abnormality in the Caucasian population, seen most often 
in individuals of Nordic or Celtic ancestry, with a carrier 
rate of approximately 1:10 and a prevalence of 1: 200 in 
homozygotes. The disorder is characterized by the increased 
and inappropriate absorption of dietary iron, leading to 
massive deposits of iron stores in many organ systems. 
The gene defect is a G to A missense mutation (C282Y) 
leading to the substitution of tyrosine for cysteine at the 
282 amino acid position of the protein product of the 
HFE gene located on the short arm of chromosome 6 


(6p). Another mutation (H63D) in which aspartic acid 
is substituted for histidine at position 63 has also been 
associated as a cofactor in this disease (Adams, 2004; 
Fleming etal., 2004). Overall, there is anywhere from a 
20- to a 200-fold increased risk of developing hepatocellular 
carcinoma in patients with haemochromatosis, the tumour 
occurring predominantly in the cirrhotic stage of the disease, 
with the overall incidence being approximately 3- 4% per 
year (Sherman, 2005; Ramm and Ruddell, 2005; Elmberg 
et al., 2003). One study showed that 49 of 134 (36%) patients 
with hereditary haemochromatosis developed hepatocellular 
carcinoma, all these patients were cirrhotics, compared to 
29 of 134 (21%) of the control (non-iron related) cirrhotic 
patients. There was also an increased risk in developing non- 
hepatic tumours as well (Fracanzani et al., 2001). 


Aflatoxins Aflatoxins are toxins produced by the ubiquitous 
fungus Aspergillus flavus, and are common contaminants of 
foodstuffs that have been stored for extensive periods of time 
particularly in hot and humid environments. They are most 
common in Africa and southeast Asia, and are most often 
found in contaminated and decaying vegetation, peanuts, soy- 
beans, corn, rice, wheat, and barley. In these regions, there is 
a strong correlation between the degree of contamination of 
common food materials and the incidence of hepatocellular 
carcinoma. Of the four principal aflatoxins (B1, B2, G1, G2), 
B1 is the most potent in animal studies. B1 is metabolized 
to the active intermediate, B 1-exo-8,9-epoxide, that binds to 
and damages DNA viaaG toT transversion in the third base 
of codon 249 of the P53 gene. The resultant P53 249 muta- 
tion is seen in 30-60% of tumours arising in those living 
in high aflatoxin regions. Additionally, patients with chronic 
HBV who are exposed to aflatoxins in their diets have an 
increased risk of developing hepatocellular carcinoma com- 
pared to chronic HBV patients not exposed to aflatoxins. It 
is not clear whether chronic HCV, however, plays a role 
(Bosch et al., 2005; Roberts and Gores, 2003; McGlynn and 
London, 2005) (see Mechanisms of Chemical C arcinogen- 
esis). 


Diet There is a decreased risk of hepatocellular carcinoma 
associated with selenium, tea, and vegetable consumption. 
A study in China showed that there was a geographic 
correlation between high hepatocellular carcinoma rates and 
low selenium serum levels. A few studies showed that green 
tea might have a protective role in decreasing the risk of 
hepatocellular carcinoma. In addition, some studies suggest 
that diets high in vegetables probably reduce the risk of 
hepatocellular carcinoma (McGlynn and London, 2005). 


Drugs and Toxins Many different drugs and toxins have 
been associated with the development of hepatocellular car- 
cinoma in experimental animals, although few have been 
implicated in man. A flatoxins have been discussed previously 
in this chapter. Oestrogens, particularly oral contraceptives, 
have been associated with liver cell adenomas, with reported, 
but rare, examples of malignant transformation to hepato- 
cellular carcinoma. Anabolic steroids have been associated 
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with atypical liver cell adenomas that also have malignant 
potential. Thorotrast, polyvinyl chloride, and arsenic all are 
strongly associated with angiosarcoma (see Angiosarcoma), 
but they are also associated to a lesser extent with the devel- 
opment of hepatocellular carcinoma and cholangiocarcinoma. 


Less Common Associated Conditions Mention should 
briefly be made of certain metabolic and developmental con- 
ditions where hepatocellular carcinoma can rarely occur, and 
include a -antitrypsin deficiency, Wilson's disease, porphyr- 
ias, Byler’s disease, and glycogen storage disease types la 
and III, the latter two associated with liver cell adenomas 
that have been reported to progress to hepatocellular carci- 
noma. The incidence of hepatocellular carcinoma in these 
disorders is quite low; however, patients with the chronic 
form of hereditary tyrosinaemia who develop cirrhosis have 
an exceptionally high incidence of hepatocellular carcinoma 
(occurring in over one-third of patients). 


Macroregenerative Nodules 


The study of putative pre-neoplastic potential of nodules 
within cirrhotic livers based on morphologic grounds is 
important in learning the evolution of hepatocellular carci- 
noma (Wanless, 2005; Sherman, 2004; K ojiro and Roskams, 
2005; Donato et al., 2001). Since hepatocellular carcinoma 
most frequently arises in cirrhotic livers, distinction of regen- 
erative nodules from true neoplasia is essential. M acroregen- 
erative nodules are loosely defined as regenerative nodules 
greater than 8mm in diameter that are present within cir- 
rhotic livers, but those with dimensions of up to 10cm have 
also been reported. The nodules are present in less than 10% 
of all cirrhotic livers; however, these nodules can be seen in 
up to two-thirds of cases of cirrhotic livers with hepatocel- 
lular carcinoma, and more frequently occur in patients with 
cirrhosis secondary to chronic hepatitis B. 

The macroregenerative nodules are morphologically 
divided into typical and dysplastic variants. The typical 
type demonstrates cytologically benign hepatocytes forming 
histologic cords no greater than two cells thick. These 
nodules have a low rate of malignant transformation. The 
dysplastic nodules can be of small cell or large cell 
types, and show low- or high-grade dysplasia. Small cell 
dysplasia consists of liver cells having an increase in the 
nuclear:cytoplasmic ratio with mild nuclear pleomorphism, 
and is associated with a high proliferating cell nuclear antigen 
(PCNA)-labelling index, increased Ki-67 expression, low 
rate of apoptosis, lack of E-cadherin expression, and various 
chromosomal abnormalities, with these features being 
associated with a high rate of malignant potential. Large 
cell dysplasia consists of hepatocytes with marked nuclear 
and cytoplasmic enlargement, a normal nuclear:cytoplasmic 
ratio, and prominent nucleoli; however, large cell dysplasia 
is not associated with genetic alterations, with these nodules 
expressing the senescent marker p16. Therefore, malignant 
differentiation is not a feature of large cell dysplastic nodules 
(K ojiro and Roskams, 2005). 

When looking at the degree and grade of the dysplasia, the 
nuclei in high-grade dysplasia become more hyperchromatic 


and irregular in size when compared to low-grade dysplasia, 
and sometimes have quite prominent nucleoli. Hepatic cords 
are still no more than two cells thick; however, the reticulin 
stain, which strongly demonstrates the cords in the nodules 
without dysplasia, shows less intense staining in dysplastic 
nodules. Differentiation of low- versus high-grade dysplasia 
by various detailed morphologic changes has shown that 
the high-grade dysplastic nodules have a fourfold greater 
incidence of malignant transformation than regenerative 
nodules without dysplasia (Kojiro and Roskams, 2005). 
Furthermore, by way of immunostaining the regenerative 
nodules in cirrhotic livers for PCNA, a study of 208 patients 
with compensated cirrhosis who had been under prospective 
surveillance for hepatocellular carcinoma showed that one- 
third had high PCNA values associated with a fivefold 
increase in hepatocellular carcinoma risk compared with 
patients with low proliferation values (Donato et al., 2001). 


Basic Pathophysiologic Concepts 


A number of pathophysiologic processes are associated 
with the development of hepatocellular carcinoma (refer to 
Table 3). In chronic hepatitis and cirrhosis, the repeated cell 
division and turnover increases the rate of possible mutations 
and also limits the time frame for chromosomal repair, result- 
ing over time in accumulation of chromosomal alterations 
and increasing the rate of malignant transformation. Inflam- 
mation seen in chronic hepatitis can also generate reactive 
oxygen species, such as nitric oxide and hydroxy radicals, 
that have mutagenic effects (M ichielsen et al., 2005). 

Tumour-suppressor genes (TSGs) such as P53 and pRB 
normally arrest cell cycles. For example, P53 does this by 
binding to a transcription factor called E2F, hence prevent- 
ing the E2F from binding to promotors of oncogenes, such 
as c-MYC and c-F OS. P53 can either halt cell cycle division 
if the damage is minor or cause apoptosis (cell suicide) if the 
damage is major. In hepatocellular carcinoma, this regulatory 
process is inhibited, resulting in progressive and uncontrolled 
cell division. TSG can be homozygously inactivated via 
mutation and gene deletion, promoting unchecked cell divi- 
sion. A number of genes can be affected, including 17p13.1 
for TSG P53, and 13q12-q32 for TSG BRCA2 (Roberts 
and Gores, 2003). The presence of these gene mutations, 
especially the gene mutation of P53, correlates well with 
the incidence of hepatocellular carcinoma. Although almost 
all cases of hepatocellular carcinoma have some structural 
chromosomal defects, specific abnormalities, such as allelic 
deletions, regional chromosomal losses and gains, have been 
detected in 14 chromosomal arms in one-fifth to one-third of 
cases, and include lp, 8q, 16q, and 17 p and q; however, spe- 
cific hepatocellular carcinoma- related genes have not been 
identified in most chromosomal regions (Thorgeirsson and 
Grisham, 2002). 

Telomeres that are normally seen at chromosomal ends 
are known to shorten over time with increased cell cycles, 
eventually leading to cell aging, block of cell division and 
eventual cell death. This implies that shortening could have 
adverse effects on cell proliferation and inhibit tumour for- 
mation and growth, although it has recently been shown 
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that telomeres are often markedly shorter in tumour cells 
in mTerc-/~ mice as well as in man compared to non- 
neoplastic tissue (Satyanarayana etal., 2004; Plentz etal., 
2004). Telomere shortening has also recently been linked to 
specific alterations of chromosome 8 in human hepatocellular 
carcinoma (Plentz etal., 2005). The stabilization of telom- 
eres via activation of the telomerase-synthesizing enzyme 
telomerase, by adding hexameric DNA to telomeric ends to 
compensate for progressive shortening and loss, also allows 
tumour cell growth (Satyanarayana et al., 2004; Roberts and 
Gores, 2003). 

An important aspect of carcinogenesis also includes aber- 
rant DNA methylation of certain genes, such as p16 and 
E-cadherin, which can lead to early genetic events in the 
development of hepatocellular carcinoma. Growth factors can 
also be overexpressed, resulting in uncontrolled cell division, 
and include insulin and insulin-like growth factors (IGF -2) 
and transforming growth factor-w (TGF-a). Certain tumour 
growth factors such as IGF-2 can stimulate the expression of 
vascular endothelial growth factor (VEGF), which is critical 
in tumour angiogenesis. In fact, antibodies directed against 
VEGF receptors have been shown to inhibit the development 
of adenomas and hepatocellular carcinoma in mice by induc- 
ing apoptosis of endothelial cells, pointing to VEGF blockage 
as a potential tool in disrupting tumour development, growth, 
and spread. Local hypoxia also stimulates new vessel pro- 
liferation via signalling of the VEGF and FGF receptors 
(Roberts and Gores, 2005; Crawford, 2004;Thorgeirsson and 
Grisham, 2002). 

Recent advances in complementary oligonucleotide 
microarray profile techniques have shown groups, subgroups, 
and even individual genes (gene signatures) that are 
associated with hepatocellular carcinoma in cirrhotic patients 
and hence can identify those patients at higher risk 
(M ichielsen et al., 2005). A recent study identified 240 genes 
that by way of clustering could accurately classify tumours 
according to histological grade, as well as differentiate 
between low- and high-grade dysplastic nodules, showing 
a distinct difference in molecular signatures between 
these different histologic grades (Nam et al., 2005). Most 
recently, DNA microarray- based gene expression profiling 
of hepatocellular carcinoma has uncovered subclasses with 
different prognoses; for instance, in the genes detected, 
those that have anti-apoptotic effects and are associated with 
cell proliferation, such as PCNA, have been shown to be 
associated with poor survival (Lee and Thorgeirsson, 2005). 


Clinical Presentation 


Because the majority of patients with hepatocellular carci- 
noma are cirrhotic, a common clinical presentation is hepatic 
decompensation, manifested by worsening of ascites that is 
often refractory to therapy, and oesophageal variceal bleed- 
ing. Imaging techniques and ultrasound are useful tools in 
demonstrating the usually hypervascular lesions. Tumour 
growth can be expansive, with well-demarcated distinct 
lesions seen on CT and ultrasound, or infiltrative, with the 
tumour having irregular, indistinct margins on CT with vari- 
able echogenicity on ultrasound (Kim et al., 2005). 


The most useful biochemical marker is the serum AFP. 
Approximately 70-90% of all patients with hepatocellu- 
lar carcinoma have elevated levels of AFP >500ngmi-?, 
although certain non-hepatic tumours such as yolk sac 
tumours, teratocarcinomas, and gastric carcinomas may also 
show high AFP levels. AFP, however, has some limitations in 
that patients with cirrhosis alone may have intermittent fluc- 
tuating AFP elevations that are usually below 100 ng mi~}, 
but may rarely rise up to 1000 ngmI~*. It is of importance 
that a persistently rising AFP in the setting of chronic hep- 
atitis and cirrhosis should be a clue to the development of 
hepatocellular carcinoma. 


Pathology 


Hepatocellular carcinoma usually arises in a cirrhotic liver. 
Grossly, the tumour can be seen as a single mass that is 
discrete (Figure 1), or can be multinodular. Sometimes the 
tumour may be encapsulated, while at other times the tumour 
is poorly demarcated, diffusely and sometimes massively 
involving a lobe or multiple hepatic lobes. The colour ranges 
from yellow to red to grey. Yellow-green nodules are also 
seen when associated with appreciable bile formation. The 
nodules also can less commonly be white and firm owing to 
prominent fibrogenesis. Portal and hepatic vein thrombosis 
by tumour is seen in up to 37 and 22% of cases, respectively, 
in autopsies series. 

Many microscopic variants are recognized. The most 
characteristic feature is the presence of cells having round to 
oval nuclei, prominent nucleoli, and eosinophilic to granular 
or hydropic cytoplasm, forming hepatic cords greater than 
two to three cells thick, the cords lined by endothelial 
cells (Figure 2). Radial acinar and pseudoglandular features 
can be seen, and the various histologic features include 
the presence of Mallory bodies, bile, distinct cytoplasmic 
inclusions, clear cells, and, less commonly, spindle cells, 
giant cells and pleomorphic cells. The growth of the tumour 





Hepatocellular carcinoma. The tumour is forming a single large 
discrete mass. The tumour is green owing to the presence of abundant bile 
synthesized by the tumour cells. The tumour is arising in a non-cirrhotic 
liver. 


Figure 1 
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Figure 2 Hepatocellular carcinoma, trabecular type. The tumour forms 
cords varying from three to up to six cells thick, with the cords lined 
by flattened endothelial cells. The individual tumour cells show a slight 
increase in the nuclear:cytoplasmic ratio, with most of the nuclei showing 
prominent nucleoli. 





Figure 3 Hepatocellular carcinoma, Hep Par 1 (immunoperoxidase stain). 
Diffuse and strong cytoplasmic staining is seen. 


characteristically merges into the adjacent non-neoplastic 
trabeculae, and not into the sinusoids. 

Immunohistochemical stains (Table 4) are quite useful in 
the diagnosis of hepatocellular carcinoma and in distinguish- 
ing the cells from other primary tumours such as cholangio- 
carcinoma and from metastatic carcinoma. One of the best 
markers is Hep Par 1 (Figure 3), which shows positive and 
strong cytoplasmic granular staining in 80-100 % of cases 
and is virtually diagnostic, although focal weak Hep Par 1 
staining also can be seen in 6% of cholangiocarcinomas. 
Polyclonal carcinoembryonic antigen (pCEA) shows staining 
of tumour canaliculi in 40- 80% of cases, and is also virtually 
diagnostic for hepatocellular carcinoma. Diffuse cytoplasmic 
staining by pCEA is seen in about half of the cases. The 
monoclonal carcinoembryonic antigen (mCEA) is, however, 
usually negative (less than 5% of cases). Although the major- 
ity of patients have elevated AFP levels, only half of patients 
show AFP staining within tumour cells, with the incidence of 


Table 4 Liver tumours - immunohistochemical staining (Kanel, 2005; 
Goldstein and Silverman, 2002). 


Cholangiocarcinoma, 


Hepatocellular metastatic 





carcinoma adenocarcinoma? 
Most useful markers 
Polyclonal CEA 
Cytoplasmic + ++ 
Canalicular + — 
M onoclonal CEA R ++ 
a-F oetoprotein + — 
CA 19-9 — ++ 
Hep Par 1 ++ R 
œ-A ntitrypsin ++ R? 
Helpful supplemental markers 
AE1/AE3 + ++ 
CK7 + ++ 
Vimentin — + 
BerEP4 + ++ 
CA125 R ++ 
B72.3 R ++ 
CK 19 R ++ 
CK17 = + 


++, positive in the majority of cases. +, occasionally positive. R, rarely positive. 
—, negative. 

®These markers hold true for some but not all metastatic adenocarcinomas. 
Strongly positive in cholangiocarcinoma when associated with a-antitrypsin defi- 
ciency. 


staining being quite low in the poorly differentiated tumours. 
CD31 (Figure 4) and CD34 stains for endothelial cells are 
also useful in confirming the presence of thickened hepatic 
cords, especially in cases where large macro-trabeculae are 
formed, and when tumour cells are hydropic, making the 
sinusoidal spaces between the trabeculae difficult to see on 
routine haematoxylin- eosin stains (K anel and K orula, 2005; 
Goldstein and Silverman, 2002). 

Fibrolamellar hepatocellular carcinoma is an important 
variant of hepatocellular carcinoma, as the pathology is not 
only quite distinct, but the overall prognosis is much better 





Figure 4 Hepatocellular carcinoma, CD31 (immunoperoxidase stain). This 
stain is strongly positive for endothelial cells in hepatocellular carcinoma 
and confirms the presence of thickened hepatic cords. 
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Figure 5 Hepatocellular carcinoma, fibrolamellar variant. The tumour is 
forming a discrete tan-yellow mass in the right lobe. Two smaller satellite 
lesions are seen. The non-tumour liver is non-cirrhotic. 





Figure 6 Hepatocellular carcinoma, fibrolamellar variant. The tumour cells 
are plump with the cytoplasm eosinophilic. The tumour cell aggregates 
are divided by bands of hypocellular collagen laid down in parallel 
(“fibrolamellar”) fashion. 


than the typical hepatocellular carcinoma. The tumour is seen 
in 1- 4% of all patients with hepatocellular carcinoma, but in 
patients under the age of 35 years the frequency substantially 
rises (up to 40%), with the median age of 25 years (range 
5months to 69years) compared to typical hepatocellular 
carcinoma (average age 52 years). The distribution is equal 
among men and women. Importantly, AFP is only elevated 
in 10-15% of patients. The tumour presents in non-cirrhotic 
livers in approximately three-fourths of the cases, usually 
as a single hepatic mass that can measure up to 20cm in 
its greatest dimension (Figure 5). A central radiating scar is 
seen in up to 20% of cases. Microscopically, the tumour 
cells are large and polygonal with abundant eosinophilic 
cytoplasm. The nuclei are large, with bi-nucleated forms seen 
sometimes; however, in many cases, the nuclear:cytoplasmic 
ratio is normal. The tumour cells form columns and nests that 


are surrounded by a relatively acellular collagen laid down 
in a parallel (lamellar) fashion (Figure 6). Mixed patterns of 
typical hepatocellular carcinoma and the fibrolamellar variant 
also occur in up to 25% of cases. The importance of this 
tumour is that, because it occurs most often in non-cirrhotic 
livers, total surgical resection is more often an option. In 
addition, the tumour is slower growing than the more typical 
type, with a better overall prognosis. 


Screening 


Although the overall cure rate for hepatocellular carcinoma 
is quite low, screening is most appropriate for detecting 
small tumours, as the 5-year disease-free survival increases 
to approximately 50% in treated patients with these small 
lesions. In high-risk patients, ultrasound every 4- 6months 
is recommended, with serum testing for AFP. Although the 
AFP is elevated in the vast majority of cases of hepatocellu- 
lar carcinoma, it must be noted that, in small lesions less than 
2-3cm, the AFP is not a helpful marker, with a little under 
half of these small tumours being usually associated with nor- 
mal AFP values. Therefore, the smaller lesions less than 2 cm 
are closely followed at 3- 4-month intervals, with alternate 
imaging (double spiral CT scans, MRI) to observe whether 
there is increased vascularity in these lesions, a clue to 
probable hepatocellular carcinoma. Similarly, lesions >2 cm 
should be more aggressively approached, oftentimes with 
biopsy, as these lesions may still be amenable to success- 
ful treatment and cure if diagnosed early. If hypervascular 
lesions continue to grow and are also accompanied by ele- 
vated AFP levels greater than 400 ng mi~}, hepatocellular 
carcinoma is almost always present and does not necessi- 
tate biopsy confirmation in many institutes before treatment 
is considered. In questionable cases, biopsy is performed, 
although tumour seeding is a small, but nonetheless present, 
risk (Sherman, 2005; Roberts and Gores, 2003). 


Treatment and Prognosis 


In lesions that have been detected early and are small (less 
than 5cm) and single, without obvious intravascular spread, 
local therapies such as surgical excision are most helpful and 
can be curative. The presence of cirrhosis can unfortunately 
negate surgery in some patients with severe portal hyperten- 
sion. Similarly, liver transplantation is also an option, and is 
sometimes associated with preoperative arterial chemother- 
apy or radioablation to halt both further enlargement and 
spread of the tumour and to shrink the tumour. Another 
option includes percutaneous alcohol injection, which shows 
variable but good results in the smaller lesions. Arterial 
chemoembolization alone, hormonal therapy, immunother- 
apy, and systemic chemotherapy are other options that unfor- 
tunately are not associated with good outcomes (R oberts and 
Gores, 2003). 
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Cholangiocarcinoma 


Epidemiology 


Cholangiocarcinoma is a malignant tumour of bile ducts, 
responsible worldwide for 3% of all gastrointestinal tumours 
and for 10-20% of all primary malignant hepatic tumours. 
Approximately 46000 new cases are seen per year world- 
wide, with 5000 new cases seen annually in the U nited States. 
The tumour has a male predominance, usually presenting 
in the seventh decade. Some tumour variants (e.g., hilar 
lesion) tend to occur in younger men. The overall incidence is 
quite variable; the highest rates are noted in Thailand (men 
96/100 000; women 38/100000), while significantly lower 
rates are seen in Japan (men 10/100 000; women 5/100 000). 
In the United States, the incidence was only 0.32/100 000 ina 
1975-1979 series, but rose to 0.85/100 000 in a 1995- 1999 
series. Furthermore, the incidence in patients over the 
age of 65 has significantly increased, from 1.57/100 000 
(1975-1979 series) to 4.77/100 000 (1995- 1999 series). The 
incidence in Caucasians and A frican-A mericans is approxi- 
mately the same, although the incidence in Asians is twice 
that in Caucasians (Jemal etal., 2003; Shaib and El-Serag, 
2004; Gores, 2003). 


Specific Aetiologic Factors 


Although most cholangiocarcinomas do not have a distinct 
aetiology, there are a variety of conditions that qualify as risk 
factors for the development of this tumour (refer to Table 5). 


Fibrocystic Diseases Cholangiocarcinoma may occur in a 
variety of developmental liver diseases associated with intra- 
hepatic and extrahepatic biliary cysts, and include polycystic 
liver disease, Caroli’s disease and congenital hepatic fibro- 
sis. It also has a higher incidence in choledochal cysts (see 
Tumours of the Extrahepatic Biliary System). 


Inflammatory Bowel Disease The incidence of biliary tract 
tumours in patients with chronic ulcerative colitis is about 
1:256, with one-third involving the intrahepatic ducts, and 
is seen especially in those who also have primary sclerosing 


Table 5 Cholangiocarcinoma - aetiology. 


e Fibrocystic diseases 
Polycystic disease 
Caroli’s disease 
Choledochal cyst 
e Inflammatory bowel disease 
Primary sclerosing cholangitis 
e Recurrent pyogenic cholangiohepatitis 
e Hepatolithiasis 
e Parasitic infestations 
Opisthorcis viverrini 
Clonorchis sinensis (probable) 
e Drugs and toxins 
Thorium dioxide (thorotrast)? 
Polyvinyl chloride? 


aM ost often associated with angiosarcoma; also described in hepatocellular carcinoma. 


cholangitis (PSC). Oftentimes this association also involves 
the extrahepatic bile ducts. PSC is a chronic biliary tract 
disorder characterized by a striking fibro-obliterative “onion- 
skin” destructive cholangitis involving medium-sized to large 
interlobular bile ducts, and is seen in middle aged men 70% 
of the time. PSC is associated with chronic ulcerative colitis 
in 30- 75% of cases, either before or after the colitis becomes 
clinically manifested. In addition, 1-4% of all patients 
with ulcerative colitis will develop PSC. There is a well- 
established association of PSC with cholangiocarcinoma, 
with a lifetime risk of between 8 and 20%. The tumour 
usually occurs in a younger population (average mid to 
late 40s). It is not clear, however, whether patients with 
PSC with chronic ulcerative colitis have a higher risk of 
developing cholangiocarcinoma than those with PSC alone. 
The association with PSC is due to the chronic inflammatory 
component of the disease, with long-term duct injury and 
repair (Shaib and El-Serag, 2004). 


Recurrent Pyogenic Cholangiohepatitis and Hepatolithi- 
asis Recurrent pyogenic cholangiohepatitis is seen most 
frequently in Southeast Asia and is the third most com- 
mon cause of acute abdominal emergencies in Hong Kong. 
Approximately 12% of patients develop intrahepatic stones 
(hepatolithiasis). The intrahepatic ducts show striking dilata- 
tion and strictures, with the ducts being usually filled with 
biliary concretions. Abscesses are often seen as well. There 
is a strong association of cholangiocarcinoma with intrahep- 
atic stones. In Taiwan, approximately two-thirds of patients 
with cholangiocarcinoma have intrahepatic stones. In J apan, 
the frequency of stones in patients with cholangiocarci- 
nomais from 5.7 to 17.5%. Furthermore, approximately 10% 
of patients with intrahepatic stones develop cholangiocarci- 
noma, which are usually intrahepatic peripherally localized 
lesions. It is speculated that repeated inflammation, injury, 
and repair are associated with this increased risk (Okuda 
et al., 2002; Shaib and El-Serag, 2004). 


Parasitic Infestations (Opisthorcis viverrini, Clonorchis 
sinensis) There is a strong association between cholangio- 
carcinoma and infestation by the liver fluke O. viverrini. The 
natural host is man, whereby eggs excreted from this parasite 
that resides in the large intrahepatic and major extrahepatic 
ducts pass through faeces into fresh water, after which the 
eggs are ingested by snails (the intermediate host). A fter 
development in the gut, larvae eventually leave the snails 
and penetrate the scales of fish, forming cysts. The worms 
develop from ingested cysts when raw or poorly cooked fish 
are consumed, and travel to the biliary tree via the ampulla 
of Vater, where they mature. In Thailand, up to two-thirds of 
the cases of cholangiocarcinoma are associated with the par- 
asite; in addition, the tumour has experimentally been seen 
in hamsters infected with the parasite. The association with 
C. sinensis is probable but not as definite as with O. viverrini 
The affected major bile ducts show a striking proliferation 
of small peribiliary ductules as well as chronic inflammation, 
which may in part lead to malignant transformation of these 
ductules with time (K anel and Korula, 2005; Watanapa and 
Watanapa, 2002). 
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Drugs and Toxins Thorotrast is a colloid solution of tho- 
rium dioxide and emits a, 6, and y radiation. Although 
exposure to thorotrast is most strikingly associated with the 
development of angiosarcoma (see Angiosarcoma), expo- 
Sure is also associated with the development of cholangio- 
carcinoma (303-fold greater risk of tumour development). 
Other chemicals that are speculated to be associated with 
cholangiocarcinoma include those used in the manufacture 
of rubber and in the wood-finishing industries (Shaib and 
El-Serag, 2004). 


Basic Pathophysiologic Concepts 


A number of pathophysiologic concepts are associated with 
the development of cholangiocarcinoma (refer to Table 3). 
When reviewing the diseases most often associated with 
cholangiocarcinoma, a major component in the pathophysio- 
logic processes rests upon duct injury, usually by an inflam- 
matory process, with reparative and proliferative changes. 
Alterations of the balance between damage and repair can 
lead to malignant transformation in a number of ways. For 
example, chronic inflammation is associated with the gener- 
ation of cytokines both by hepatic duct epithelium as well 
as by the inflammatory cells themselves. These cytokines 
cause ductules to express the inducible form of nitric oxide 
synthase (iNOS), which potently generates nitric oxide. The 
ductules in both PSC, a precursor lesion of cholangiocar- 
cinoma, and cholangiocarcinoma itself express iNOS, and 
serum nitrate values are elevated in these patients. Nitrous 
oxide also alters DNA and DNA repair proteins that can 
enhance carcinogenesis. Cytokines such as interleukin-6 (IL- 
6) are at high levels in cholangiocarcinoma and enhance 
tumour growth via a mitogen-activated protein kinase sig- 
nalling pathway. Nitrous oxide- mediated nitrosylation of 
caspase 9 with inhibition of apoptosis (cell death) has also 
been described in cholangiocarcinoma (Gores, 2003; Sirica, 
2005; Berthiaume and Wands, 2004). 

Bile acids also contribute to the development of 
cholangiocarcinoma by generating the production of the 
enzyme cyclooxygenase (COX )-2, which can inhibit apop- 
tosis, enhance angiogenesis, and enhance cell prolifera- 
tion. Immunohistochemical demonstration has shown COX -2 
overexpression in cholangiocarcinoma but not in normal bile 
duct epithelium (Chariyalertsak etal., 2001; Endo etal., 
2002; Gores, 2003; Sirica, 2005). 

A number of molecules have also been shown to be 
overexpressed and contribute to the formation of cholan- 
giocarcinoma, including aspartyl-hydroxylase as well as the 
receptor tyrosine kinases c-erB-2 and c-met. Data also show 
that expression of human telomerase reverse transcriptase 
(hTERT), felt to be essential for telomerase activity and 
tumour cell growth, is increased in bile duct adenocarcino- 
mas; in fact, expression of hTERT by cholangiocarcinomas 
has been used to augment the diagnosis of this tumour type. 
(Gores, 2003; Berthiaume and Wands, 2004; Sirica, 2005; 
Sirica et al., 2002). 


Clinical Presentation 


Patients usually present with abdominal distension and, if 
the tumour is a peripheral cholangiocarcinoma, may also 
present with an abdominal mass. Hyperbilirubinaemia with 
pruritus may occur if partial or complete bile duct obstruction 
also is present. A useful test is the CA 19-9, a carbohydrate 
antigen, which is elevated in 40-80% of patients. CA-125 
may also be elevated as well. Scanning modalities can detect 
the peripheral cholangiocarcinomas, but the hilar lesions are 
more difficult to see, especially since these lesions may be 
small but are clinically manifest owing to main duct damage. 
Endoscopic retrograde cholangiopancreatography (ERCP) or 
a percutaneous transhepatic cholangiogram can then be used 
to demonstrate the site of obstruction. Endoscopic biopsies 
and brushings are only positive in 40-70% of patients 
(Khan et al., 2002), oftentimes owing to the fact that the 
hilar tumours are associated with a prominent desmoplastic 
reaction, where tumour cells are not as easily obtained for 
diagnosis. 


Pathology 


Grossly, the tumour can be divided into various subtypes. 
The peripheral tumour is white and firm and arises from 
the duct epithelium at the lobular level (Figure 7). The 
hilar lesions are much smaller, slower growing tumours and 
originate at the main right and left hepatic ducts or at the 
bifurcation of these ducts as they form the common hepatic 
duct (Klatskin tumours). Rarely (<1%), the tumours may 
show a papillary intraductal growth. The non-tumour liver 
is usually non-cirrhotic, although those cases associated with 
PSC may then show a biliary fibrosis or even cirrhosis. 
Microscopically, the tumour is an adenocarcinoma that 
forms glandular (tubular) ductlike structures (Figure 8). Usu- 
ally variable and often prominent interstitial fibrosis is also 
seen. The degree of differentiation can vary from well differ- 
entiated to moderately differentiated glands that may show 





Figure 7 Cholangiocarcinoma. This example is arising peripherally within 
the liver, and is well circumscribed, tan white, and quite firm due to the 
presence of abundant collagen in the interstitium. 
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Figure 8 Cholangiocarcinoma. The tumour is forming moderately differ- 
entiated glands within a prominent interstitial fibrous framework. 


mucin secretion, to poorly differentiated tumour that shows 
sheets without true gland formation. Other histologic vari- 
ants include signet ring, adenosquamous, spindle cell, and 
mucoepidermoid types. A most useful immunoperoxidase 
stain in diagnosing cholangiocarcinoma is the CA 19-9 (refer 
to Table 4), which is positive in approximately 90% of cases; 
this stain is negative for hepatocellular carcinomas. In addi- 
tion, the diffuse cytoplasmic staining of tumour cells for 
monoclonal CEA in 75-90% of cholangiocarcinomas, but 
rare (less than 5%) staining in hepatocellular carcinoma, 
is also a helpful tool in differential diagnosis. Difficulties 
may unfortunately arise in differentiating cholangiocarcino- 
mas from certain metastatic adenocarcinomas (Kanel and 
Korula, 2005; Goldstein and Silverman, 2002). 


Treatment and Prognosis 


In the smaller lesions, early detection, especially in the distal 
tumours, can be treated by surgical resection, with a 3-year 
survival rate of 40-60%. When surgery is not an option, 
radiation and chemotherapy can be tried but survival rates are 
still poor. Transplantation for the peripheral small tumours 
has shown a good outcome in some studies in patients with 
PSC; however, in general, patients with cholangiocarcinoma 
are not considered as transplant candidates. 


Other Malignant Primary Neoplasms 


Combined Hepatocellular Cholangiocarcinoma 


Primary liver tumours with the histologic features of both 
hepatocellular carcinoma and cholangiocarcinoma occur but 
are uncommon. The tumour usually involves the right 
lobe, with about 60% of cases presenting as a single 
mass (K oh et al., 2005). Microscopically, the tumour shows 
histologic features of both hepatocellular carcinoma and 
cholangiocarcinoma. Sometimes in the same single mass 


the two different morphologies are quite separate from 
each other, whereby the tumour is often referred to as 
a collision tumour, but at other times the two features 
intermix. The major problem in diagnosing these tumours is 
that, in fine needle aspirates and CT-directed core biopsies, 
the morphology may show hepatocellular carcinoma or 
cholangiocarcinoma, but not both. Assessing the surgically 
resected tumour can then provide the correct diagnosis when 
the tumour is appropriately sampled. 


Hepatoblastoma 


Hepatoblastoma is overall an uncommon malignant neo- 
plasm, and is thought to originate from a primitive cell 
capable of diverse differentiation. The tumour is seen almost 
exclusively in infants and children, usually before 2 years of 
age; however, it is the most common primary hepatic tumour 
in this age-group, and comprises approximately 0.2-5.8% of 
all childhood malignancies (Di Bisceglie, 1999). It is asso- 
ciated with a variety of congenital disorders such as Down's 
syndrome and horseshoe kidneys, and is also associated 
with various underlying diseases, such as Wilm’s tumours, 
familial polyposis coli, and various paraneoplastic syndromes 
(e.g., hypoglycaemia). The AFP is elevated in 80-90% of 
patients, and although AFP is elevated in the normal neonate, 
the values seen in these tumours can be quite high (up to 
1000 000 ng mi~?) 

The tumour is usually a single well-circumscribed mass 
5- 25cm in diameter, which usually involves the right lobe. 
Haemorrhage, cystic degeneration, and necrosis may be 
present. Microscopically, most tumours can be subdivided 
into two major categories: the epithelial (half of the cases) 
and combined epithelial- mesenchymal (one-third of cases) 
types. The epithelial tumours can be further subdivided into 
the foetal type, where the cells are small, polygonal, and 
arranged in irregular trabecular cords lined by endothelial 
cells (Figure 9), and the embryonal and foetal types, where 





Figure 9 Hepatoblastoma. The tumour forms thickened trabecular cords 
composed of foetal epithelial cells. Clusters of poorly differentiated cells 
with a clear cytoplasm are also seen, as is a single focus of osteoid 
differentiation. 
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the small round to elongated and sometimes fusiform tumour 
cells are arranged in rosettes, cords, and ribbons. The com- 
bined epithelial- mesenchymal type consists of foetal cells 
with mesenchyme demonstrated by fibroconnective tissue 
interspersed by hypercellular, elongated cells often showing 
osteoid (Figure 9) or cartilaginous differentiation. Less com- 
monly, tumour cells can develop teratoid differentiation, or 
be undifferentiated. 

Treatment is limited, as tumour growth is rapid, with 
death occurring owing to liver failure, tumour rupture, 
haemorrhage, and metastatic disease. The tumour is generally 
resistant to radiation and chemotherapy, with surgery being 
the main route of therapy. Liver transplantation may also be 
considered in the absence of extrahepatic disease. 


Angiosarcoma 


Primary hepatic angiosarcoma is an extremely rare malig- 
nant neoplasm of the vascular endothelial cells. Numerous 
risk factors are associated with the development of this 
tumour. Studies have shown that almost 1% of patients 
exposed to thorotrast, a colloid solution containing 20% tho- 
rium dioxide that emits œ, 6, and y radiation and was used 
extensively from 1930 to 1953 by radiologists as an arterio- 
graphic agent, develop angiosarcoma, the latent period being 
12-24 years. Patients exposed to vinyl chloride, used in the 
polymerization process in the plastics industry, have a 400 
times greater incidence of angiosarcoma than the normal 
population. Similarly, exposure to arsenicals, copper, vari- 
ous pesticides, and other drugs such as diethylstilbestrol, are 
associated with an increased risk. 

The liver is large, often weighing more than 3000 g. M ul- 
tiple masses are seen in over two-thirds of the cases, with 
the individual lesions varying from large and cavernous to 
smaller dark red to solid grey-white masses. M icroscopically, 
there is proliferation of plump, oval, and fusiform hyper- 
chromatic endothelial cells, which are usually multilayered 
along dilated sinusoids, often forming a pelioid or cavernous 
growth pattern (Figure 10). Solid sheets of spindly to pleo- 
morphic tumour cells may occur with formation of small 
vascular spaces often containing red blood cells. Sheets of 
spindle cells admixed with red blood cells (Kaposi's sar- 
coma) are more commonly seen in immunodeficient patients 
(AIDS). Evidence of chronic liver disease in the non-tumour 
liver is often present, with those changes usually consisting 
of fibrous portal tracts containing increased vascular channels 
(“non-cirrhotic portal fibrosis”). 

Because of the aggressive potential of this tumour, mor- 
tality is quite high. Radiation and chemotherapy, although 
offered to patients, have not been proved to be appreciably 
beneficial. 


Epithelioid Haemangioendothelioma (Vasoablative 
Endotheliosarcoma) 


This neoplasm should be briefly mentioned, as it is a slow- 
growing variant of angiosarcoma characterized not only by 
its specific morphologic features but also for its better over- 
all prognosis. The tumour is usually multifocal and can reach 





Figure 10 Angiosarcoma. The benign hepatic cords are lined by plump 
pleomorphic and often multilayered malignant endothelial cells. The sinu- 
soids are slightly dilated. 


sizes of over 10cm. It is composed of (i) epithelioid cells 
that are round to oval with relatively abundant eosinophilic 
cytoplasm, and (ii) dendritic cells that are elongated stel- 
late and spindle shaped with eosinophilic processes, usu- 
ally seen within a myxoid or pseudocartilaginous stroma. 
The tumour cells often contain intracytoplasmic vascular 
lumena. 


Lymphomas 


Primary hepatic lymphomas are quite rare, and are diag- 
nosed when the patients present with a mass lesion confirmed 
as lymphoma histologically, with no other non-hepatic site 
involved. These are all non-Hodgkin's type and can be of 
T- or B-cell origin. Both Hodgkin's and non-Hodgkin's 
lymphoma can involve the liver in advanced stage dis- 
ease, however. 


METASTATIC TUMOURS 


Metastatic neoplasms are approximately 15 times more fre- 
quent than primary tumours, with the more common ones 
being those of the lung, colon, and breast. Less common 
tumours such as pancreatic tumours often show liver metas- 
tases at the time of diagnosis. Similarly, most of the time 
gallbladder carcinoma has liver involvement secondary to 
direct invasion by the time the tumour becomes symptomatic. 
The morphology of metastatic tumours parallels that of the 
primary malignancy. Usually, when liver metastases occur, 
the prognosis is dim, although in some instances such as car- 
cinoid tumours, surgical resection, and even transplantation, 
is associated with prolonged survival. 
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TUMOURS OF THE GALLBLADDER 


Benign gallbladder tumours may occur as well-demarcated 
polyps that are usually small (3-25mm in diameter) and 
are found incidentally at the time of cholecystectomy. These 
include adenomyosis, cholesterol polyps, hyperplastic, meta- 
plastic, and inflammatory polyps, and adenomas. A denomas 
are found incidentally in 0.3- 0.5% of gallbladders (J essurun 
and Albores-Saavedra, 2002), and usually show some degree 
of low-grade dysplasia of the mucosa, although invasive car- 
cinoma from these lesions is rare. 

Gallbladder carcinoma is an uncommon tumour, but is the 
fifth most common malignancy of the gastrointestinal tract 
and the most common malignancy of the biliary tract. The 
incidence is quite low, accounting for fewer than 5000 new 
cases per year in the United States, and is approximately 
1.4/100000 in Caucasian women; however, the incidence 
in American Indians is approximately 15 times higher. The 
tumour usually presents in the elderly, with over two-thirds 
seen in women. A higher incidence occurs in Latin-American 
countries. In Chile, the overall mortality for gallbladder 
carcinoma is 5.2%, and is the highest worldwide (Drebin and 
Strasberg, 2003; Pomfret et al., 1999; J essurun and A lbores- 
Saavedra, 2002). 

Almost 70- 90% occur in the setting of gallstones. B ecause 
the incidence of gallstones is so high, their presence does 
not mandate elective surgery; however, in the presence of 
a porcelain (calcified) gallbladder, the incidence of carci- 
noma increases to up to 20%, necessitating cholecystectomy 
in this setting. Another factor associated with gallbladder 
carcinoma is the expression of the erbB2 oncoprotein, with 
this protein also expressed experimentally in transgenic mice 
with gallbladder carcinoma. An increased incidence of gall- 
bladder carcinoma also occurs in patients who have an 
abnormal junction of the pancreatic and common bile ducts 
(anomalous pancreatico-biliary duct junction (APBJ)). This 
abnormal junction allows the pancreatic enzymes to reflux 
into the common bile duct, leading to inflammation of the 
gallbladder with resultant dysplasia and eventual carcinoma. 
In addition, studies have also shown that up to two-thirds 
cases of gallbladder carcinoma show overexpression of P53, 
with mutation of the KRAS proto-oncogene, a known genetic 
alteration in gallbladder carcinoma. (Drebin and Strasberg, 
2003; Kiguchi et al., 2001; Kuroki et al., 2005). 

Patients clinically present similarly to those having gall- 
stones, with right upper quadrant pain and sometimes jaun- 
dice. Serum CEA or CA19-9 may be elevated. Ultrasound 
shows thickening of the wall, sometimes with a mass within 
the gallbladder lumen. Calcification is sometimes seen. 

Grossly, the tumour shows thickening of the wall, some- 
times with tumour projection into the lumen. Approximately 
60% are found in the fundus, and may be focal masses 
or grow diffusely through the wall. Microscopically, the 
most common type is an adenocarcinoma (Figure 11) and is 
responsible for approximately 85% of all malignant gallblad- 
der tumours. The tumour may show variable differentiation, 
with tubular features being most common; however, papillary 
and mucinous subtypes also occur, though less frequently. 
Adenosquamous and squamous cell carcinomas are much 





adenocarcinoma. differentiated 


Figure 11 Gallbladder 
malignant glands are seen within a fibrous stroma. 


M oderately 


less common and are responsible for approximately 5% of 
these tumours. Although severe dysplasia and carcinoma in 
situ can be seen in gallbladders from patients undergoing 
elective cholecystectomy for stones, usually when carcinoma 
is present there is already invasion into the muscular wall; 
in fact, in almost three-fourths of cases there was invasion 
into the adjacent liver at the time of diagnosis (Drebin and 
Strasberg, 2003; Pomfret et al., 1999). 

The overall prognosis is usually quite dismal, as up to 75% 
of patients are diagnosed after symptoms have developed, 
with these patients seldom being surgical candidates owing 
to direct extension of the tumour or lymph node involvement; 
however, in early stage disease (T1, tumour involving 
the mucosa), rate of survival after resection is excellent 
and approaches 100%. In addition, the papillary type of 
carcinoma that is frequently associated with APB] is felt 
to be a less invasive tumour that less frequently metastasizes 
and is associated with a longer survival than other gallbladder 
carcinomas (Nuzzo et al., 2005). 


TUMOURS OF THE EXTRAHEPATIC BILIARY 
SYSTEM 


Benign tumours of the extrahepatic biliary system are quite 
rare; the discussion in this section addresses the carcinomas. 
These malignant tumours usually occur in the middle-aged 
to the elderly population, with the incidence varying from 
0.53/100000 in the United Kingdom to 1.14/100000 in 
Canada, with an overall incidence of 1.0/100000 in the 
United States. There is a 3:2 male predominance. The 
rates are slightly lower in blacks and approximately equal 
for men and women; however, contrary to intrahepatic 
cholangiocarcinoma, the incidence of primary extrahepatic 
tumours has decreased over time (1.08/100000 in 1979 to 
0.82/100 000 in 1998) (Pomfret et al., 1999; Shaib and El- 
Serag, 2004). 
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Figure 12 Common bile duct adenocarcinoma. M oderately to poorly 
differentiated infiltrating malignant glands are present originating from the 
epithelium of the common bile duct. 


Cholelithiasis is seen in approximately one-fifth of cases. 
In addition, choledochal cysts, a congenital abnormality of 
the major extrahepatic ducts, is associated with an increase 
risk of extrahepatic cholangiocarcinoma, ranging from 3 to 
28%. Other associated conditions include ulcerative colitis 
and APBJ. 

Patients first present in the setting of a painless jaundice 
due to obstruction of the biliary tract. Hepatomegaly is com- 
mon, and a palpable gallbladder occurs when the tumour 
involves the common bile duct. Partial relief of the obstruc- 
tion can also occur during periods of tumour sloughing. 
Approximately half of the cases involves the main hepatic 
duct, cystic duct, and the upper portion of the common bile 
duct, approximately one-fourth involves the middle common 
bile duct, and one-tenth involves the lower portion of the 
duct, with a small percentage showing multifocal or dif- 
fuse involvement. Grossly, the tumour shows thickening of 
the involved bile duct, sometimes with stricture formation. 
Occasionally papillary growth may occur. Tumour can also 
be noted to extend into the surrounding soft tissue, regional 
lymph nodes and liver in more advanced disease. M icro- 
scopically, the tumour is usually an adenocarcinoma with 
mostly tubular features (Figure 12), with papillary or squa- 
mous differentiation being uncommon (Anthony, 2002; Shaib 
and El-Serag, 2004). 

In most cases, the tumour cannot be completely surgically 
resected, with palliative treatment options including radiation 
therapy or surgical stenting being offered; however, in the 
few cases with localized disease (usually those that have 
involvement of the distal common bile duct), total resection 
can be attempted, although the long-term survival is still low. 
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NORMAL DEVELOPMENT AND STRUCTURE 


The endocrine organs represent a group of tissues that have, 
as their primary function, the production and secretion of 
hormones. They are generally classified into three broad 
categories: 


1. peptide hormone producing 
2. steroid hormone producing 
3. thyroid hormone producing. 


The vast majority of endocrine cell types fall into the first 
category. This group of endocrine tissues is composed of 
cells that have a characteristic neuroendocrine morphology 
(DeLellis and Tischler, 1998). They have sufficient neural 
differentiation structurally and functionally that they have 
been called paraneurons and have been classified as the 
APUD (Amine Precursor Uptake and Decarboxylation) sys- 
tem. In earlier literature, it was suggested that they derive 
from the neural crest embryologically; however, this has not 
been proved for all members of this group of cells, many of 
which arise from the primitive endoderm. Nevertheless, func- 
tionally they act as neuron-like cells that secrete peptides, 
which are often also produced by neurons. The relationship 
between these cells and neurons is rather like the comparison 
between wireless and conventional communication. Neurons 
produce messengers that are released at synapses and acti- 
vate receptors in adjacent cells, while neuroendocrine cells 
produce the same types of messengers that are released into 
the bloodstream to activate cells throughout the body. The 
wide array of peptide hormones that they produce is essential 
for regulation of most metabolic and reproductive functions. 
These cells are found in classical endocrine organs, such as 
the pituitary, parathyroid, and adrenal medulla, and as mem- 
bers of the dispersed endocrine system scattered within other 
organs, such as the calcitonin-secreting C cells of the thyroid, 
and the endocrine cells of the lung, gut, and pancreas. 
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The steroid hormone- producing cells are primarily found 
in the adrenal cortex and the gonads (Sasano, 1998). They 
also have a distinct morphology that reflects their primary 
function of conversion of cholesterol into the various miner- 
alocorticoid, glucocorticoid, androgenic, and estrogenic hor- 
mones. They are of mesodermal origin arising from the 
coelomic epithelium that gives rise to the adrenal and the 
genital ridge. 

The thyroid hormone- producing cells are modified epithe- 
lial cells derived from the oral endoderm that invaginate from 
the base of tongue (Murray, 1998). They are specifically 
involved in the synthesis of thyroglobulin and its iodination 
to form thyroid hormones. 


TUMOUR PATHOLOGY 


Tumours of the endocrine system reflect their origin in the 
three types of endocrine cells. 

Tumours of neuroendocrine cells arise either in classical 
neuroendocrine tissues, like pituitary, parathyroid, or adrenal 
medulla, or in other tissues where the dispersed cells reside, 
such as thyroid, lung, gut, or pancreas. These lesions exhibit 
a wide spectrum of biological behaviours. They may be 
slowly growing well-differentiated neoplasms that are con- 
sidered benign (adenomas), because they do not metastasize. 
The most aggressive neoplasms are poorly differentiated 
(small cell) carcinomas that are rapidly lethal. M any tumours 
fall into intermediate categories and prediction of the out- 
come can be very difficult. The term carcinoid meaning 
carcinoma-like was originally introduced by Oberndorfer 
in 1907, and the terminology has been applied to well- 
differentiated neuroendocrine tumours as well as to tumours 
that result in the classical “carcinoid syndrome” because of 
serotonin excess. The use of this terminology, however, has 
caused great confusion because of the wide diversity of hor- 
mone activity and biological behaviour among these tumours 
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that cannot all be conveyed by this classification. Since many 
of these ultimately prove to be malignant, this terminology 
has fallen out of favour. These tumours may be clinically 
silent in terms of hormone function, but they are almost 
always found to produce and store hormones. Some elab- 
orate hormones that give rise to colourful clinical syndromes 
of hormone excess; the pattern of hormone production may 
be eutopic to the tissue of origin or ectopic, reflecting dere- 
pression of genes that are expressed in related cells. 

Tumours of steroid hormone- secreting cells usually arise 
in the adrenals or gonads and very rarely arise in other sites 
where embryologic remnants are found. They are generally 
Classified as benign adenomas or malignant carcinomas 
based on features of differentiation, hormone production, and 
invasion. Well-differentiated and generally benign tumours 
express mature steroid hormones. Tumours that are less 
well-differentiated and exhibit malignant behaviour tend to 
lose the complex enzymatic pathways required for mature 
hormone production, but often produce hormone precursors 
of various types. Nevertheless, the functional behaviour of 
these tumours is not strict enough to allow classification as 
benign or malignant. These tumours are usually limited to 
production of steroid hormones and almost never produce 
peptide hormones ectopically. 

Tumours of thyroid follicular cell derivation are the most 
common neoplasms of the endocrine system. They include 
benign follicular adenomas, well-differentiated papillary or 
follicular carcinomas, poorly differentiated “insular” carci- 
nomas, and dedifferentiated anaplastic carcinomas. Among 
human malignancies, they include the most benign and non- 
lethal occult papillary microcarcinomas that are found inci- 
dentally in up to 24% of the adult population, and also one 
of the most rapidly lethal malignancies, the anaplastic carci- 
nomas that frequently result in death by strangulation in less 
than 6 months. 


EPIDEMIOLOGY 


Tumours of endocrine differentiation are considered to be 
rare and as such, the epidemiologic data are weak. There 
are, however, several statistics of note. 

Pituitary tumours are reported to be found in about 20% of 
the general population (Asa, 1998; Ezzat et al., 2004). M any 
of the studies have reported the identification of these lesions 
as incidental findings at autopsy, or as radiologic findings in 
the asymptomatic “normal” population. The true incidence 
of clinically significant lesions is not known. Some forms of 
pituitary neoplasia, including corticotroph adenomas causing 
Cushing’s disease and prolactinomas, are more common in 
women than in men, but overall there is no sex predilection 
of pituitary neoplasia. These lesions tend to increase with age 
and are rare in children (Asa, 1998; Asa and Ezzat, 2002). 

Primary hyperparathyroidism is most often due to parathy- 
roid neoplasia and is reported to occur in 1% of the adult 
population (Apel and Asa, 2001, 2002). The true incidence 
of parathyroid adenomas is, however, not known. Parathy- 
roid carcinomas are rare. Benign lesions are more common 


in women than in men and are primarily found in middle- 
aged to elderly women. In contrast, carcinoma does not have 
a predilection for women and some studies indicate onset 
about one decade earlier than benign parathyroid tumours. 

Phaeochromocytomas of the adrenal medulla have a 
reported incidence of 2-8 per million per year and extra- 
adrenal paragangliomas are even more rare. These lesions 
have no sex predilection and are rare in children (Tischler, 
1998; Lack, 1997). 

Well-differentiated tumours of the dispersed endocrine 
system are rare. Tumours of thyroid C cells, medullary 
thyroid carcinomas, represent about 5% of thyroid cancers 
that predicts a prevalence of about 1-2 per 100000 (M oley, 
2000; LiVolsi, 1990). Tumours of the endocrine pancreas 
have an estimated prevalence of 1 in 100000 (Klöppel 
et al., 1998). These lesions show no sex predilection and 
are very rare in children. Small cell carcinoma of the lung, 
the most poorly differentiated endocrine neoplasm of this 
type, represents one of the four major types of lung cancer, 
the second most common cancer in men and women and 
the number one cancer mortality site (Greenlee et al., 2000); 
this variant has an annual incidence of almost 10 per 100 000 
population. 

Although adrenal cortical nodules are identified as inci- 
dental findings in 0.6-1.3% of asymptomatic individuals, 
clinically significant adrenal neoplasms are more rare and 
adrenal cortical carcinoma has an estimated incidence of only 
about one case per million (Lack, 1997; McNicol, 2002). 
There is a slight female preponderance. The incidence has a 
bimodal distribution in the first and fifth decades. 

As indicated above, thyroid cancer is the commonest 
endocrine malignancy, representing from 1-2% of all can- 
cers (LiVolsi, 1990; Murray, 1998; Asa, 2004; Baloch and 
LiVolsi, 2002). It is about three times more common in 
women than in men and currently represents one of the 10 
most common malignancies in women (Parkin et al., 2005). 


AETIOLOGY 


The aetiology of most endocrine tumours is not known. A 
small minority is due to inherited genetic defects. The genes 
responsible for the multiple endocrine neoplasia (MEN) syn- 
dromes, MEN-1 and MEN-2, have been cloned and charac- 
terized, and the mutations have clarified our understanding 
of the mechanisms of disease. MEN-1 is a classic exam- 
ple of germ-line inheritance of a mutant tumour suppressor 
gene (TSG), MENIN (Komminoth, 1999). It is an autosomal 
dominant disorder with variable penetrance; the variability 
of tumour development in pituitary, parathyroids, pancreas, 
and occasionally other sites of the dispersed endocrine sys- 
tem in individual patients is due to the requirement for 
loss of the intact allele encoding the tumour suppressor. In 
contrast, MEN-2 is the best example of inheritance of a 
mutant proto-oncogene. The gene responsible for this dis- 
ease encodes the transmembrane receptor tyrosine kinase 
RET (Mulligan and Ponder, 1995). The identification of 
an activating RET mutation in members of kindreds is 
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now accepted as an indication for prophylactic thyroidec- 
tomy in early childhood, since these individuals will develop 
medullary thyroid carcinoma that can metastasize and is 
lethal in more than half of the patients. Moreover, distinct 
RET mutations are associated with distinct clinical phe- 
notypes. Mutations in exons 10 and 11 that encode the 
extracellular domain of the RET protein are implicated as 
the cause of familial medullary thyroid carcinoma (FMTC) 
alone. Specific mutations, usually in exon 11 involving 
codon 634, are associated with MEN-2A, and codon 634 
mutations replacing cysteine with arginine are more often 
associated with parathyroid disease and pheochromocytoma 
that characterize this disease complex. Activating muta- 
tions in exon 16 that replace a codon 918 methionine with 
threonine alter the tyrosine kinase domain of RET and 
result in MEN-2B, a more aggressive variant of MEN-2 
with mucosal neuromas and a marfanoid habitus in addi- 
tion to tumours of thyroid C cells, parathyroids, and adrenal 
medulla. 

The aetiology of thyroid carcinomas of follicular epithe- 
lial cells is not entirely known, but there is evidence of a 
causal role for radiation (K ondo et al., 2006). This is true of 
radiation therapy, for example, in patients who have received 
external beam radiotherapy for malignancies of the head and 
neck as well as for cosmetic therapy for facial acne. It is 
also true in populations exposed to radioactive fallout from 
nuclear disasters, such as in Japan after the nuclear bomb 
disasters, and in Ukraine and Belarus after the Chernobyl 
episode. The exposure to radioactivity has its highest impact 
in the young, and the disease is more often multifocal than in 
sporadic cases; however, the prognosis in patients who have 
been exposed to radiation does not appear to differ from 
those with no history of radiation (Brierley and Asa, 2006). 
Radiation has been implicated as causative of RET/PTC gene 
rearrangements that are thought to play a role in the genesis 
of thyroid carcinomas (Nikiforova et al., 2000). Recently, 
another chromosomal rearrangement involving the BRAF 
kinase (AKAP-BRAF ) representing yet another form of para- 
centric inversion has been identified in radiation-associated 
thyroid cancers (Ciampi et al., 2005). Regardless of the mode 
of activation, these recent data indicate that pharmacologic 
targeting of the BRAF kinase should provide more support 
for the critical contribution of this effector in tumourigenic 
signalling in the thyroid. Diet has been implicated in the 
development of thyroid cancer as well; populations with low 
iodine intake develop goitres and have a higher incidence of 
follicular carcinoma, but most investigators now recognize 
dietary iodine insufficiency as the reason for a higher inci- 
dence of follicular as opposed to papillary carcinomas. In 
other words, there is no evidence that it increases the inci- 
dence of cancer; rather it alters the morphological variant of 
well-differentiated thyroid carcinoma. 


SCREENING AND PREVENTION 


Screening for endocrine tumours has really only been applied 
systematically in cases of familial disease. M embers of kin- 
dreds have traditionally been screened using biochemical 


analysis of hormone hypersecretion. M ore recently, the addi- 
tion of genetic information has allowed earlier and definitive 
identification of carriers in families with known mutations. 
Patients with MEN-1 have variable disease patterns, so that 
genetic identification results in continued and careful surveil- 
lance of affected family members. Patients with activating 
mutations of the RET proto-oncogene will almost certainly 
develop medullary thyroid carcinoma, a disease that is lethal 
if not detected early or prevented, and therefore current 
guidelines recommend prophylactic thyroidectomy in child- 
hood, usually by age 5 for those with MEN-2A or FMTC, 
and at or around age 1 year for those with the more aggressive 
mutation of MEN-2B. Some families have unidentified muta- 
tions and hormonal screening remains the standard mecha- 
nism of tumour detection, with the addition of radiological 
investigation where indicated. 

Screening for thyroid tumours is usually part of the 
physical examination since the thyroid is readily accessible 
on palpation of the neck. When a thyroid nodule is detected, 
the most valuable technique to evaluate these lesions is the 
cytological examination of a fine needle thyroid aspirate 
(Murray, 1998; Asa, 2004; Baloch and LiVolsi, 2002). 
It can clearly identify some patients who will require 
surgery and most of those who are unlikely to require 
surgery. Cytologic examination can very quickly impart 
a diagnosis of papillary carcinoma, medullary carcinoma, 
lymphoma, anaplastic carcinoma, or metastatic carcinoma. 
In contrast to these clearly malignant lesions, the majority 
of thyroid aspirates yield a benign diagnosis, which is 
either thyroiditis or colloid nodule, a benign hyperplastic 
process with abundant colloid storage. Nevertheless, there 
is a population of patients whose thyroid aspirates yield 
abundant follicular epithelial cells, sometimes with atypia; 
these lesions cannot be classified based on cytology alone 
and surgery is required to allow thorough analysis of these 
follicular lesions to identify or exclude invasive behaviour 
that distinguishes benign from malignant neoplasms. 


GROSS PATHOLOGY AND HISTOPATHOLOGY, 
IMMUNOHISTOCHEMISTRY, AND 
ULTRASTRUCTURE 


The morphology of endocrine tumours varies with the type 
and location of the lesion (WHO, 2004). 

Tumours of neuroendocrine cells are generally well delin- 
eated but unencapsulated lesions that have a characteristic 
histopathology. They are composed of small nests, trabec- 
ula, or sheets of epithelial cells in a highly vascular stroma 
(Figure 1a). They occasionally form glandlike structures. The 
stroma may, in some instances, form amyloid. The tumour 
cells usually have poorly defined cell borders, abundant 
cytoplasm that may contain eosinophilic, amphophilic, or 
basophilic granules. Characteristically the nuclei of tumour 
cells are quite bland; nuclear pleomorphism that generally 
defines malignancy in other epithelial tumours is not a reli- 
able indicator of aggressive behaviour. The more poorly 


4 SYSTEMATIC ONCOLOGY 





Figure 1 


(a) Tumours of the neuroendocrine system, like this gut endocrine carcinoma, are composed of nests, cords, and sheets of epithelial cells in 


a fibrovascular stroma. They have monotonous nuclei but their infiltrative nature indicates malignancy. (b) These lesions stain for synaptophysin, one of 
the most sensitive and specific markers of neuroendocrine differentiation. (c) The ultrastructure of these lesions is characterized by the presence of rough 
endoplasmic reticulum (*) and numerous membrane-bound secretory granules that have variable size, shape, and electron density. In this tumour, the 
pleomorphism of granules and peripheral halos is characteristic of pheochromocytoma. 


Table 1 Diagnosis of neuroendocrine tumours. 


General Synaptophysin, chromogranins 
NSE, CD57, NCAM (CD56), PGP 9.5 
Specific Hormones 
Eutopic 
Ectopic 


differentiated carcinomas have less cytoplasm, lack granu- 
larity, and have larger and more hyperchromatic nuclei. 
These lesions are readily classified by the immunohisto- 
chemical localization of common markers of neuroendocrine 
differentiation (Table 1) (Wick, 2000). They almost uni- 
formly stain for synaptophysin, a 38kDa molecular weight 
molecule that is associated with synaptic vesicles of neurons 
and neuroendocrine cells (Figure 1b). M ost contain chromo- 
granins, proteins associated with secretory granules. There 
are two families of chromogranins, A and B; to appropri- 
ately classify these lesions, one needs to identify both chro- 
mogranins. Moreover, chromogranin immunoreactivity is 
directly related to the number of secretory granules that may 
be scarce in poorly differentiated tumours. Other markers 
of neuroendocrine differentiation include CD57 (Leu7), neu- 
ral cell adhesion molecule (NCAM; CD56), neuron specific 
enolase (NSE), and Protein Gene Product 9.5 (PGP 9.5) that 
stain variable subpopulations of endocrine lesions and some 
markers such as NCAM and NSE stain some non-endocrine 
tumours as well. Of course, the structure- function correla- 
tions of these lesions are best defined by their immunore- 
activity for specific peptide hormones, or in the case of 
hormones that cannot be localized (such as adrenaline and 


noradrenaline), the enzymes involved in hormone production 
(such as tyrosine hydroxylase). 

The ultrastructure of these lesions is highly character- 
istic (Figure 1c). The tumour cells have well-developed 
rough endoplasmic reticulum, reflecting the levels of pep- 
tide hormone synthesis, prominent Golgi complexes that are 
responsible for packaging of hormones for secretion, and 
membrane-bound secretory granules that store hormones for 
secretion in response to stimulation. The development of 
these organelles varies with cell differentiation and hormonal 
activity; the numbers of secretory granules reflect the balance 
between synthesis, storage, and secretion. The morphology of 
secretory granules is generally reflective of cell type and hor- 
mone content, and experts in the field of electron microscopy 
can classify neuroendocrine cells based on these ultrastruc- 
tural parameters. 

Pituitary tumours (Asa, 1998; Asa and Ezzat, 2002) as 
well as tumours of the adrenal medulla and extra-adrenal 
paraganglia (Tischler, 1998; Lack, 1997; WHO, 2004) are 
generally considered benign unless there is evidence of 
metastatic spread. In contrast, tumours of the dispersed 
endocrine system, including medullary thyroid carcinomas 
and endocrine tumours of the lung and gut, are not reliably 
considered benign (Capella et al., 1995); even in the absence 
of invasion, there may be delayed recurrence or metastasis. 
It can be difficult to distinguish tumours of the parathyroid 
glands from hyperplasia (Apel and Asa, 2001, 2002). In this 
tissue, the diagnosis of malignancy in a neoplasm usually 
relies on identification of vascular invasion or metastasis. 

The current approach to the classification of tumours of the 
dispersed neuroendocrine system is based on three principles: 
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Figure 2 (a) Tumours of steroid hormone- secreting cells are generally bright yellow, reflecting the accumulation of carotene pigment in the fat of these 
lipid-rich hormones. This adrenal cortical carcinoma is very large and has areas of haemorrhage. (b) The histologic appearance of adrenal cortical carcinoma 
is characterized by nests of large cells with clear cytoplasm. Nuclear pleomorphism is not a reliable indicator of malignancy. (c) By electron microscopy, 
steroid hormone- secreting cells have abundant smooth endoplasmic reticulum (*), dense lipid droplets (arrows), and numerous mitochondria (M ) with 


tubulovesicular cristae. 


Table 2 Criteria of malignancy in tumours of the dispersed endocrine 
system. 


Cytologic features 
Ploidy, proliferation markers 
Pattern of hormone production 
Eutopic versus ectopic, a-subunit 
Invasion 
Capsular, adjacent tissues, perineural, vascular 
M etastases 


(i) the diagnosis should be based on the microscopic features 
of the lesion but must incorporate useful immunohistochem- 
ical data, (ii) tumours should be distinguished according 
to the differentiated cell type and site of origin, and (iii) 
tumours should be subdivided based on biological behaviour 
into benign, low-grade malignant, and high-grade malignant 
lesions; the latter include poorly differentiated endocrine 
carcinoma and the so-called “small cell” or “oat cell” car- 
cinomas. The determination of malignant potential is based 
on architectural and cytologic features including invasion as 
outlined in Table 2. The location and hormone content of 
individual lesions is of importance, especially in the classifi- 
cation of tumours of histological low-grade malignancy, the 
“well-differentiated endocrine carcinoma” where these addi- 
tional pieces of information aid in predicting the likelihood 
of metastatic behaviour. 

The wide spectrum of clinical symptomatology associated 
with these lesions is attributed to the numerous peptide hor- 
mones that can be elaborated by the cells of the diffuse 
endocrine system. A limited example is included in Table 3 
that identifies some of the cell types, hormones, and syn- 
dromes associated with tumours of the gastroenteropancreatic 
system. 


Tumours of steroid hormone- producing cells are usu- 
ally solitary, bright yellow lesions (Figure 2a) with areas 
of haemorrhage and necrosis (Lack, 1997; Lack, 1998; 
McNicol, 2002). They are composed of usually monotonous 
cells with well-defined cell borders and abundant clear cyto- 
plasm (Figure 2b). Immunohistochemistry does not play a 
major role in identifying these lesions; however, occasion- 
ally itis not possible to confirm steroidogenic differentiation 
of poorly differentiated tumours on histologic grounds alone. 
These lesions characteristically exhibit nuclear reactivity for 
the nuclear transcription factor steroidogenic factor-1 and 
cytoplasmic reactivity for inhibin-w. They also stain for 
various enzymes involved in the steroidogenic pathways. 
Ultrastructural examination can be helpful; the cells usually 
have very well-developed smooth endoplasmic reticulum and 
cytoplasmic lipid droplets (Figure 2c). In addition, the mito- 
chondria have tubulovesicular cristae that are a hallmark of 
steroidogenic cells. 

Nodules in the adrenal cortex are very common and may 
be hyperplastic or attributable to vascular insufficiency; it 
can be difficult to distinguish hyperplasia from neoplasia; the 
criteria for this distinction, although not always applicable, 
are outlined in Table 4. When dealing with unequivocal 
neoplasms, the diagnosis of malignancy can be very difficult. 
Cytologic atypia is not an indicator of malignancy. Size is 
an important predictor of biological aggressiveness. A gain, 
however, the distinction of benign from malignant lesions 
usually depends on the identification of invasion, with 
extension beyond a capsule into adjacent tissue, vascular 
invasion, or metastasis as the features predicting malignant 
behaviour. These lesions may be associated with hormone 
excess syndromes; in some cases, hormonal activity can 
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Table 3 Classification of gastroenteropancreatic endocrine cells and tumours. 





Hormone Cell type Clinical syndrome 

Insulin B Hypoglycaemia 
Glucagon/GLP AJL Diabetes mellitus; skin rash 
Somatostatin D Somatostatinoma syndrome 
Gastrin G Zollinger- Ellison syndrome 
Pancreatic polypeptide PP ? 

Vasoactive intestinal peptide (VIP) ? Verner- M orrison syndrome 
Secretin S (WDHA, pancreatic cholera) 
Prostaglandins ? ?WDHA 

Serotonin EG Carcinoid syndrome 


Cholecystokinin (CCK) | 
ACTH/MSH; CRH ? 
Vasopressin ? 
Growth hormone- releasing hormone (GRH); ? 
growth hormone (GH) 


ie 

Cushing's syndrome 

Syndrome of inappropriate ADH secretion 
Acromegaly 


?, not known or specified; ACTH, adrenocorticotropic hormone; ADH, antidiuretic hormone; CRH, corticotropin-releasing hormone; GLP, glucagon-like peptides; MSH, 


melanocyte-stimulating hormone; WDHA, watery diarrhea, hypokalemic alkalosis. 


predict biology. It is, for example, extremely rare for 
adrenal cortical tumours associated with Conn’s syndrome 
to be malignant. In contrast, adrenal tumours associated 
with feminization in males are invariably malignant. M ost 
malignancies of these tissues are not associated with hormone 
excess as their primary manifestation; however, it is not 
unusual to identify production of steroid hormone precursors 
by tumour cells when this is examined. 

Tumours of thyroid follicular cell derivation are common 
and are probably the best characterized endocrine neoplasms; 
however, in this field too there is controversy concerning 
diagnostic criteria (LiVolsi, 1990; Murray, 1998; Asa, 2004; 
Baloch and LiVolsi, 2002, WHO, 2004). 


Follicular Nodules of the Thyroid 


Follicular nodules may be hyperplastic, benign follicular ade- 
nomas or malignant lesions that include follicular carcinoma 
and follicular variant papillary carcinoma. 

Likein parathyroid and adrenal cortex, hyperplasia may be 
extremely difficult to distinguish from neoplasia. As shown 
in Table 4, there are rigid criteria for this distinction; how- 
ever, in many instances the disease is not as defined as 
classical teaching has suggested. Generally speaking, hyper- 
plasia is a multifocal disorder in which lesions are poorly 
encapsulated. The nodules of nodular hyperplasia exhibit 
architectural as well as cytologic heterogeneity and this is 
truly the hallmark of this disease. In contrast, a follicular 


Table 4 Hyperplasia versus neoplasia in endocrine tissues. 


Hyperplasia Neoplasia 





Multiple 

Poorly encapsulated 
Architectural heterogeneity 
Cytological heterogeneity 
Comparable areas in adjacent 


Solitary 

Encapsulated 

Uniform architecture 
Cytological homogeneity 
Different from surrounding 


gland gland 
No compression of surrounding Compresses surrounding gland 
gland 


neoplasm generally represents a solitary encapsulated lesion 
that is uniform both in cytology and architecture. Architec- 
turally these lesions may be macrofollicular, in which case 
they are somewhat difficult to distinguish from hyperplas- 
tic nodules; microfollicular lesions are more cellular and 
worrisome but may also represent part of the spectrum of 
hyperplasia. Clonality studies have indicated that classical 
teaching may, in fact, be wrong. Although multinodular 
hyperplasia is expected to be a polyclonal disease, the dom- 
inant nodules in multinodular goitres are often monoclonal, 
raising serious doubts about our diagnostic criteria. M ore- 
over, the evidence of clonal proliferation in sporadic nodular 
goitre indicates that the thyroid is a site for the hyper- 
plasia- neoplasia sequence. Nevertheless, clinical experience 
has shown us that the vast majority of these lesions remain 
entirely benign. 

The criteria for the diagnosis of malignancy in a follic- 
ular neoplasm require the presence of vascular or capsular 
invasion (Figure 3a). Nuclear and cellular atypia and mitotic 
figures may be present in adenomas as well as in carcino- 
mas and therefore cytologic characteristics are not helpful 
in this regard. Follicular carcinomas cannot, therefore, be 
distinguished from follicular adenomas by fine needle aspi- 
ration cytology. However, there are additional tools that can 
facilitate this diagnosis; for example, a novel marker of 
malignancy in these lesions is HBME-1, a monoclonal anti- 
body directed against an unknown epitope that is expressed 
in malignancy but not benign thyroid follicular epithelial 
cells. More recently, another marker of follicular carcinoma 
is the detection of Peroxisome Proliferation A ctivated R ecep- 
tor (PPAR)y that is aberrantly expressed due to a gene 
rearrangement that places PPARy under the control of the 
thyroid transcription factor PAX 8 in follicular carcinoma 
(Kroll et al., 2000). 

Follicular carcinomas exhibit a wide range of biologic 
behaviours that are reflected by morphologic criteria. Cap- 
sular invasion is usually divided into two groups. Widely 
invasive follicular carcinomas, which are usually identifi- 
able as grossly invasive and are certainly not difficult to 
recognize as invasive microscopically, carry a poor prog- 
nosis of 25-45% for a 10-year survival. In contrast, the 
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Figure 3 (a) Follicular carcinomas of thyroid are usually encapsulated cellular nodules that exhibit invasion of their thick fibrous capsule (C) and/or 
vascular invasion (arrow). (b) The diagnosis of papillary carcinoma of thyroid is based on the nuclear features shown in this photomicrograph: clearing 
of nucleoplasm and peripheral margination of chromatin, irregular nuclear contours with grooves (arrowheads), and inclusions (arrow). (c) In contrast to 
well-differentiated papillary or follicular carcinoma, insular carcinoma is a poorly differentiated lesion. Although it is derived from follicular epithelial cells, 
it is composed of solid nests of cells that resemble neuroendocrine carcinomas. There is focal tumour cell necrosis. 


more common scenario is that of minimal capsular invasion. 
This requires very careful and thorough examination of the 
entire capsule of the follicular neoplasm by the pathologist. 
Minimally invasive follicular carcinoma is identified by total 
thickness invasion through the capsule superficially into the 
adjacent parenchyma but not widely beyond the capsule. B or- 
derline lesions include those with invasion into the capsule 
beyond the bulk of the lesion but not through the full thick- 
ness of the capsule or situations in which islands of tumour 
are trapped within a capsule, associated with perpendicular 
rupture of collagen. The finding of nests, cords, or individual 
tumour cells within a tumour capsule leads some pathologists 
to the diagnosis of minimally invasive follicular carcinoma; 
however, this may represent an artifact in a patient who has 
undergone fine needle aspiration biopsy, with trapping by 
fibrosis or displacement of tumour cells into the capsule. The 
pathologist is therefore advised to carefully search for evi- 
dence of fine needle aspiration biopsy in the adjacent tissue. 
This would include finding focal haemorrhage, deposition 
of haemosiderin-laden macrophages, the presence of granu- 
lation tissue, and/or fibrosis, all of which would indicate a 
needle biopsy site and the possibility of artifactual invasion 
rather than true invasion. 

The careful search for minimally invasive carcinoma is 
time consuming and difficult for even the most diligent 
pathologist. Recent data suggest that this search may be 
unnecessary since it would appear that patients with mini- 
mally invasive carcinoma have almost 100% 10-year survival 
rates and therefore some argue that this disease does not need 
to be distinguished from follicular adenoma. Nevertheless, 
the investigators that have reported these data have treated 
their patients for carcinoma rather than for benign disease. 


Rather than endorsing a cavalier approach that would entail 
less work for the pathologist, it behoves us to recognize the 
presence of potential malignancy, to treat the patient appro- 
priately, but also to identify the excellent prognosis that these 
lesions carry after appropriate management. 

Vasculoinvasive follicular carcinomas are aggressive and 
require management accordingly. 

The last few decades have seen a decrease in the inci- 
dence of follicular thyroid carcinoma, probably due to 
dietary iodine supplementation. However, misdiagnosis of 
this tumour continues. Benign lesions, such as partly encap- 
sulated hyperplastic nodules or nodules exhibiting pseudo- 
invasion after fine needle aspiration, are often overdiagnosed 
as malignant; papillary carcinomas with follicular architec- 
ture are often misinterpreted as follicular carcinoma. The 
clinical features, pathophysiology, and biological behaviour 
of follicular cancer differ significantly from those of the enti- 
ties with which it is often confused. Only careful histopatho- 
logic classification will permit accurate evaluation of treat- 
ment options and prognosis. 


Papillary Lesions 


Papillary nodules of the thyroid are usually malignant but 
occasional benign papillary tumours are identified. 


Papillary Hyperplasia 


Papillary lesions are seen focally in nodular goitre with or 
without associated hyperfunction; “hot” nodules are usually 
associated with increased uptake on radionucleotide scan. 
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The so-called papillary hyperplastic nodule most likely 
represents a benign neoplasm of the thyroid. These are said 
to occur most commonly in teenage girls. They present 
as solitary nodules and may be associated with clinical 
hyperfunction. Benign papillary neoplasms in adults may 
result in clinical toxicity and a “hot” nodule on radionuclide 
scanning. These lesions are encapsulated, often show central 
cystic change, and have subfollicle formation in the centres 
of broad oedematous papillae. They are distinguished from 
papillary carcinoma by lack of nuclear atypia (see subsequent 
text). 


Papillary Carcinoma 


Papillary carcinoma comprises more than 80% of thyroid 
epithelial malignancies in countries where goitre is not 
endemic. The name papillary carcinoma is historic and often 
misleading. In fact, the architecture of these neoplasms varies 
from an almost pure papillary pattern to a pure follicular pat- 
tern; many tumours have a mixed papillary and follicular 
pattern. It is now recognized that the diagnosis of papil- 
lary carcinoma is based on cytologic criteria, as specified 
in the WHO classification on thyroid tumours, “a distinc- 
tive set of nuclear characteristics” that are listed in Table 5 
and illustrated in Figure 3b. No specific feature is absolutely 
diagnostic of papillary carcinoma; usually one relies on a 
constellation or combination of nuclear features for the diag- 
nosis. These nuclear features may be accompanied by more 
easily recognized psammoma bodies and the presence of high 
molecular weight cytokeratins, which are readily localized 
in formalin-fixed paraffin-embedded tissue on application of 
microwave antigen retrieval. Identification of high molecu- 
lar weight cytokeratins confirms the suspected diagnosis of 
papillary carcinoma in approximately 60% of cases. Other 
markers of papillary carcinoma include HBME-1 (see fol- 
licular lesions, in the preceding text) and RET. The RET 
tyrosine kinase, which is expressed in thyroid C cells and 
exhibits somatic activating mutations in medullary thyroid 
carcinomas and germ line- activating mutations in MEN-2, 
is usually not expressed in thyroid follicular epithelial cells. 
However, there are several variants of gene rearrangements, 
known as RET/PTC, that result in expression of the carboxy 
terminus of RET in papillary carcinoma. Detection of such 
a rearrangement by immunostaining for RET or molecular 
techniques can facilitate diagnosis in difficult cases. 
Thyroid tumours exhibiting the nuclear characteristics 
of papillary carcinoma diffusely or multifocally should be 


Table 5 Nuclear features of papillary carcinoma. 


Crowded, overlapping “shingle-tile” appearance 
Large, elongated nuclei 

rregular nuclear outline 

Etched, folded, or moulded nuclear membrane 
Nuclear grooves 

Pale vacuolated nucleoplasm 

Peripheral margination of chromatin 

Bare or marginated nucleoli 

Nuclear cytoplasmic pseudo-inclusions 





diagnosed as papillary carcinoma rather than as follicular 
carcinoma. T hese lesions share certain clinical characteristics 
such as biological indolence and an excellent prognosis with 
a 20-year survival rate of 95% or better. Papillary carcinomas 
invade lymphatics, leading to a high percentage of regional 
lymph node metastases. Metastases beyond the neck are 
unusual in common papillary carcinoma and probably only 
occur in about 5- 7% of cases. 


Aggressive Tumours of Follicular Cell Derivation 


Specific morphologic features can identify tumours that are 
more aggressive than the usual well-differentiated follicular 
or papillary malignancies derived from follicular epithelial 
cells. For example, the tall cell variant of papillary carcinoma 
is recognized to behave in a much more aggressive fashion. 
These tumours are composed of cells that have a height-to- 
width ratio that exceeds 3:1. Tumours that exhibit this feature 
in more than 30% of the tumour mass are generally found in 
older patients who have extrathyroidal extension and these 
patients have a guarded prognosis. 

The identification of de-differentiation marks a tumour 
that requires much more aggressive management. P oorly dif- 
ferentiated carcinoma, is a tumour that exhibits behaviour 
intermediate between well-differentiated thyroid cancer and 
anaplastic carcinoma. These lesions are identified by their 
architectural growth pattern; they form trabeculae or have 
an “insular” pattern, forming solid nests of epithelial cells 
that resemble neuroendocrine carcinoma more than a fol- 
licular lesion (Figure 3c); however, they generally contain 
thyroglobulin immunoreactivity to characterize their differ- 
entiation. 

Anaplastic thyroid carcinomas are composed of undiffer- 
entiated cells that may exhibit three general patterns but 
most tumours manifest mixed morphology. The most com- 
mon type is the giant cell variant; as the name suggests, 
these tumours are composed predominantly of large cells 
with abundant cytoplasm and bizarre, often multiple, hyper- 
chromatic nuclei. The squamoid variant is composed of large 
cells that form nests, resembling squamous carcinoma. Spin- 
dle cell anaplastic carcinomas have a fascicular architecture 
and dense stromal collagen with spindle-shaped tumour that 
may resemble fibrosarcoma (LiVolsi, 1990). In all three vari- 
ants, mitotic figures and atypical mitoses are frequent. There 
is usually extensive necrosis and in some cases, necrosis 
may be so extensive that the only viable tumour is around 
blood vessels. Anaplastic carcinomas are highly infiltrative, 
destroying thyroid tissue and invading skeletal muscle, adi- 
pose tissue, and other perithyroidal structures. Blood vessel 
invasion and thrombosis with or without tumour cell involve- 
ment is frequent. These lesions usually have no immunore- 
activity for markers of thyroid cells and are often a diagnosis 
of exclusion. 

The reported association between well-differentiated thy- 
roid carcinoma and anaplastic carcinoma ranges from 7 to 
89% of cases; however, the lower figures are likely underes- 
timates, attributable to inadequate sampling. The data suggest 
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that anaplastic carcinoma originates most often in an abnor- 
mal thyroid; the tumour has a higher incidence in regions 
of endemic goitre and a history of goitre is reported in over 
80% of cases. As stated in the preceding text, nodular goitre 
is often the site of monoclonal proliferation, the first step 
in the hyperplasia- neoplasia sequence. However, it is dif- 
ficult to document transformation of a benign lesion to a 
malignant tumour. Poorly differentiated carcinoma appears 
to be intermediate in the spectrum, and may represent a 
transition form. The association of papillary carcinoma, par- 
ticularly the more aggressive tall cell variant, with anaplastic 
tumours has also been described. The factors underlying de- 
differentiation in thyroid tumours remain to be established; 
age and radiation have been implicated. Clearly, the vast 
majority of well-differentiated thyroid lesions do not undergo 
such transformation. A pattern of genetic mutations result- 
ing in oncogene activation or loss of TSG activity has been 
proposed to correlate with the step-wise progression from 
adenoma to carcinoma and through the de-differentiation pro- 
cess in thyroid. The significance of microscopic anaplastic 
change is controversial; some people have suggested that 
focal microscopic anaplastic de-differentiation does not alter 
prognosis but others have shown that this finding alone is 
statistically significant as a marker of aggressive behaviour. 


MOLECULAR GENETIC FINDINGS 


The technique of clonality assessment using X chromosome 
inactivation patterns has evolved from the Lyon hypothe- 
sis which states that only one X chromosome is active in 
any female somatic cell; the inactivation occurs early in 
embryogenesis and persists throughout the lifespan of the cell 
and its progeny. Traditionally, X chromosome inactivation 
was determined by the phenotypic expression of isoenzymes 
of glucose-6-phosphate dehydrogenase (G6PD), a protein 
encoded on that chromosome. Heterozygosity for this gene, 
however, is present in only a small proportion of black 
females, limiting the application of this technique. A molecu- 
lar approach to the determination of clonality takes advantage 
of X chromosome inactivation patterns using DNA restriction 
fragment length polymorphisms (RFLPs). Activated genes 
can generally be distinguished from their inactive counter- 
parts because of differences in the degree of methylation 
of cytosine (C) residues, which are typically hypomethy- 
lated in active genes. X chromosome genes that have been 
utilized for these studies include hypoxanthine phosphoribo- 
syltransferase (HPRT), phosphoglycerate kinase (PGK), the 
human androgen receptor (HUM ARA), and M 278. M olecu- 
lar analyses have proved that most endocrine neoplasms are 
monoclonal. 

Although the genetic basis of the inherited endocrine 
tumours is now understood, the genetic abnormalities under- 
lying the far more common sporadic tumours are not clear 
(Asa and Ezzat, 1998). In fact, mutations of the common 
oncogenes and TSGs that have been implicated in other 
malignancies, such as RAS and P53, are rare in endocrine 
tumours (Ezzat and Asa, 1998). 


Proto-oncogenes are normal cellular genes that play an 
essential role in the proliferation and differentiation of nor- 
mal cells. They function at each step of signal transduction 
pathways as growth factors (e.g., c-sis), membrane receptors 
(e.g., c-erb-B, c-neu, c-fms), guanosine triphosphate (GTP)- 
binding proteins (e.g., ras family), and nuclear proteins (e.g., 
c-myc, c-fos). Proto-oncogenes may be activated by point 
mutations, translocations, or increased expression. Genetic 
alteration in these genes leads to sustained activation of the 
gene product in the absence of the normal control mecha- 
nisms. Activated oncogenes have been associated with alarge 
number of human tumours, for example, N-MYC amplifica- 
tion in neuroblastomas and K-RAS point mutations in colonic 
carcinomas. 

RAS proteins are involved in transducing signals from the 
cell surface to a number of ligand- receptor complexes. The 
commonest mutational sites alter the GTP-binding domain 
(codons 12/13) or more rarely the GTPase domain (codon 
61). Point mutations of all three RAS genes (H-, K- and 
N-) are rare in endocrine tumours of all kinds. 

Although activating mutations of the RET proto-oncogene 
have been implicated as the cause of FM TC and MEN-2, acti- 
vating RET mutations are not frequently identified as somatic 
events in sporadic tumours of the dispersed neuroendocrine 
system. They are found in a minority of sporadic medullary 
thyroid carcinomas and phaeochromocytomas. 

The first endocrine oncogene to be proven as a consis- 
tent finding in sporadic endocrine tumors was found in the 
guanine-binding protein Gs-a (Lyons et al., 1990). G pro- 
teins are heterotrimeric membrane-anchored peptides that 
play a central role in transducing signals from the cell sur- 
face ligand- receptor complexes to the downstream effectors. 
The a-subunit dissociates from the B- and y-subunits of Gs 
when GTP displaces its bound guanosine diphosphate (GDP), 
stimulates adenylyl cyclase to produce cyclic adenosine 
monophosphate (cA M P) from adenosine triphosphate (ATP). 
cAMP in turn activates cAMP-dependent protein kinases, 
increases intracellular calcium transport, and may potentiate 
the effect of activated inositol phospholipid-dependent pro- 
tein kinases. The weak intrinsic GTPase activity of Gsa and 
the action of GTPase activating peptides (GAP) dissociates 
GTP from Gsa and terminates the response. Additionally, 
the multiple structural and functional isoforms of adeny- 
lyl cyclase underscore the complexity of this redundant 
system of signal transduction coupling and provides some 
insight into the array of potential sites of somatic mutations 
that could alter both cell division and hormone produc- 
tion. Indeed, one of the earliest and most exciting molecular 
defects to be described in endocrine tumours involved the 
single point mutations in two critical domains of the G sæ sub- 
unit of GTPase codon 201 where Arg is switched to a Cys or 
codon 227 and where Gln is replaced with Arg. Substitutions 
at these codons (the gsp mutation) activate adenylyl cyclase 
by inhibiting the hydrolysis of GTP and thereby maintaining 
Gsq in a constitutively activated state. Activating mutations 
of this protein are reported to occur in 30% of pituitary 
growth hormone- producing adenomas (Spada et al., 1992) 
and in a large proportion of hyperfunctioning thyroid ade- 
nomas (Suarez et al., 1991; Goretzki et al., 1992). Marked 
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elevation in MRNA levels of the GS@ gene has been doc- 
umented in insulin-secreting pancreatic endocrine tumours. 
In all of these situations, they predict benign but hormone 
hypersecretory lesions. 

Overexpression of genes which act as inhibitors of the 
apoptotic process may also act as oncogenes. In some 
studies, the oncogenes C-MYC, BCL2, C-ERB B2, and C- 
JUN have been shown to be frequently expressed in human 
gastroenteropancreatic endocrine tumours. The expression 
of these oncogenes may represent pathogenic events in the 
generation, malignant transformation, and progression of 
gastroenteropancreatic endocrine tumours. 

Products of TSGs act as sequestering agents for tran- 
scription factors, thereby modulating physiologic growth, by 
arresting cell division in the G; phase. This delay may allow 
repair of genomic damage or may trigger apoptotic cell death. 
Deletion or reduced expression of TSGs appear to be a com- 
monly shared mechanism in human tumourigenesis. 

The P53 protein plays a role in cell cycle regulation; 
point mutations, deletions, or rearrangements in the P53 
gene, which result in an altered protein, are considered 
to be among the commonest genetic mutations in human 
neoplasms and have been implicated in tumour progression 
in several types of cancer. Progressive transformation to 
the malignant phenotype may be the result of mutational 
inactivation of the P53 TSG. Indeed P53 mutations appear 
to play a role in the pathogenesis of some tumours of the 
dispersed endocrine system, including those arising from the 
appendix, and carcinomas of the parathyroids and adrenal 
cortex. They are a late event in thyroid cancer, while they 
are found primarily in anaplastic carcinomas. 

In patients with MEN type 1, loss of heterozygosity (LOH) 
in tumours has been mapped to 11q13. The MEN-1 TSG 
was recently cloned at this chromosomal site. M utations of 
menin are not found in the vast majority of sporadic tumours 
of the tissues involved in MEN-1: pituitary, parathyroids, 
and pancreas (Komminoth, 1999). MEN-1 gene mutations 
have been found in some sporadic tumours of the dispersed 
endocrine system, primarily gastroenteropancreatic endocrine 
tumours including 44% of sporadic gastrinomas and 19% of 
insulinomas, but also in lung endocrine tumours. This region 
of 11q13 contains several other genes that are also known to 
be associated with tumourigenesis and may be implicated in 
the development of tumours that show a high frequency of 
LOH in this region. 

The retinoblastoma (RB) gene has been implicated in the 
pathogenesis of parathyroid carcinomas (A pel and Asa, 2001, 
2002). Although animal models suggest that it should be 
important in pituitary tumourigenesis, there is no evidence for 
RB loss or alteration in human pituitary adenomas (Asa and 
Ezzat, 1998). A small number of case reports have emerged 
describing deletions and possible rearrangements of the RB 
gene in the very rare insulin-producing carcinomas. Deletions 
of the putative Wilms’ tumour and the tumour suppressor 
gene KREV-1 have also been described in an insulinoma. 

The gene conferring predisposition to familial adenoma- 
tous polyposis (FAP) coli has been identified as adenomatous 
polyposis coli (APC) and mapped to chromosome 5q21. 


Somatic mutations in APC have also been identified in spo- 
radic pancreatic, colorectal, and gastric carcinoma. This gene 
may play a role in the development of thyroid carcinomas 
in affected members of families with FAP; however, this 
remains unproven (Soravia et al., 1999). There is no evi- 
dence for a pathogenetic role for APC in sporadic thyroid 
tumours. 

Other genomic mutations that have been described in 
human endocrine tumourigenesis include loss of parafi- 
bromin in parathyroid carcinoma (Shattuck etal., 2003), 
chromosome 10 or 17 monosomy, and loss of the adhesion 
molecule DCC (deleted in colonic carcinoma). 

Activating mutations of receptors that regulate hormone 
synthesis and secretion, long anticipated as the molecular 
solution to the problem of endocrine tumourigenesis, have 
been likewise disappointing (Ezzat and Asa, 1998). Only in 
some cases of hyperfunctioning thyroid adenomas have such 
activating mutations, in this case, of the thyrotropin receptor 
(Porcellini et al., 1994; van Sande et al., 1995; Krohn et al., 
1998) proved to be associated with disease. 

The molecular genetics of thyroid carcinoma are a model 
for understanding the role of genetic mutations in tumouri- 
genesis and the application of that knowledge to diagnosis 
(Kondo etal., 2006). The unique chromosomal rearrange- 
ments involving the RET proto-oncogene (RET/PTC gene 
rearrangements) are found in papillary carcinomas; how- 
ever, these are early events, found most frequently in occult 
papillary microcarcinomas that are biologically insignificant 
lesions. Follicular carcinomas are now thought to involve 
another novel gene rearrangement involving the thyroid tran- 
scription factor PAX-8 and the PPAR-y gene. However, the 
factors that predict growth and metastasis in these common 
well-differentiated malignancies are unknown, therefore, the 
rational management of patients remains unscientific. RAS 
mutations are rare but their impact on biological behaviour 
is controversial; they may be involved in tumour progression. 
P53 mutations are late events that have been described only 
in anaplastic carcinomas. 

The data indicate that endocrine tumourigenesis is the 
result of novel genetic events. The conventional approach 
of screening tumours for known oncogenes and TSGs has 
been attempted but with little success. Clearly, these tumours 
have the potential to clarify new mechanisms of tumour 
development. 


PROGNOSTIC FACTORS 


The most important prognostic factor in neuroendocrine 
tumours is extent of disease; sometimes patterns of hor- 
mone production are prognostic. Some genetic factors are 
also predictive; for example, FMTC with or without the asso- 
ciation of MEN-2A syndrome has better survival than that 
associated with MEN-2B syndrome, and has also been asso- 
ciated with better survival than sporadic medullary thyroid 
carcinoma. However, in patients matched for age, extent of 
tumour, and lymph node involvement, survival is similar for 
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those with hereditary and sporadic medullary thyroid carcino- 
mas. Any differences in survival of hereditary and sporadic 
cases may be due to earlier diagnosis in high-risk patients 
that are screened for hereditary medullary thyroid cancers. 
Although presenting at an earlier age, patients with MEN-2B 
have more advanced disease and poorer survival than those 
with MEN-2A. Younger age and female gender are generally 
reported as favourable prognostic indicators in this disease. 
Lymph node involvement affects survival adversely, as does 
extension through the thyroid capsule. The most important 
predictive factor for survival is biochemical cure, measuring 
calcitonin after surgery. However, a decrease in the calci- 
tonin level may indicate progression to a poorly differentiated 
tumour. Carcinoembryonic antigen (CEA) has also been used 
as a marker for disease progression in medullary thyroid car- 
cinoma, a short CEA doubling time is associated with rapidly 
progressive disease. 

Prognosis of tumours of steroid hormone- secreting cells. 
Adrenocortical adenomas generally take longer to diagnose 
than carcinomatous counterparts. These adenomas usually 
cause Cushing's syndrome, but can also result in virili- 
sation, Conn’s syndrome, or no endocrinologic symptoms. 
“Nonfunctional” tumours probably merely secreted insuffi- 
cient steroids to cause signs and symptoms. Unfortunately, 
small tumour size and “benign” histologic features are not 
sufficient predictors of clinical behaviour. Among malignant 
tumours, a high mitotic index as identified by MIB-1 or Ki-67 
labelling is thought to predict shorter, disease-free survival. 

The most useful prognostic markers in well-differentiated 
carcinomas of thyroid follicular epithelium are patient vari- 
ables, tumour size, and extent of disease. Age is the single 
most important prognostic factor. Patients under the age of 
45 usually have an excellent prognosis; in contrast those over 
45 years of age generally have a poorer outlook. In the past, 
sex has also been said to be an important determinant of 
tumour biology but more recent studies have suggested that 
there is no major difference in the behaviour of these carcino- 
mas in men compared to women. Tumour size is exceedingly 
important. Tumours less than 1 cm are common and appear to 
be different biologically than larger tumours; a recent study 
has shown that occult papillary carcinomas are identified in 
up to 24% of the population in thyroids that are removed 
for non-malignant or unrelated disease. In contrast, tumours 
greater than 1cm are thought to be of clinical significance 
and those larger than 3cm generally have a poorer prog- 
nosis than do smaller tumours. The presence of cervical 
lymph node metastases, whether microscopic or identified 
clinically, is thought to increase the risk of recurrence of 
disease but has been shown to have no impact on mortal- 
ity. Extrathyroidal extension, in contrast, predicts a worse 
prognosis and the presence of distant metastases is the hall- 
mark of an aggressive tumour that will bear the potential for 
high mortality. In patients who have metastatic disease, the 
site of metastases, the size of metastases and the ability to 
take up radioiodine are important factors. The value of novel 
molecular markers in determining the prognosis of differen- 
tiated thyroid cancer remains to be established. Alterations 
in cell cycle control elements including cyclin D1 over- and 
underexpression of the cyclin-dependent kinase inhibitor p27 


predict metastatic thyroid cancer growth (K hoo et al., 2002; 
Kondo et al., 2006). 


OVERVIEW OF CLINICAL MANAGEMENT 


In most instances, the diagnosis of neuroendocrine tumours 
is based on the identification of hormone excess or radio- 
graphic identification of a mass lesion. Some neuroendocrine 
tumours can be difficult to localize and visualize. They 
have in common, however, the expression of somatostatin 
receptors as a distinguishing feature. While the subtype of 
the five distinct receptors varies among different endocrine 
tumours, they all bind somatostatin. This feature has pro- 
vided a novel tool for the imaging of these lesions and 
their metastases, using a radiolabelled somatostatin analogue, 
11/n-octreotide. It allows the diagnosis of neuroendocrine 
tumours and localization of occult metastases, or in some 
patients with metastatic disease, an occult primary lesion. 

Surgery remains the treatment of choice for tumours of 
the dispersed endocrine system. In patients with localized 
disease, it can be curative. 

In many cases, advanced neuroendocrine neoplasms fol- 
low an indolent course. H epatic metastases are common, and 
although they can cause significant pain or, in some patients, 
incapacitating hormone hypersecretion, hepatic metastases 
are usually asymptomatic. The appropriate timing and effi- 
cacy of interventions, including hepatic artery embolization 
(HAE) and/or cytoreductive surgery remain controversial. 
While some studies have indicated that earlier resection of 
the primary tumour was associated with prolonged survival, 
those with liver involvement by tumour were least likely to 
benefit from surgical resection. Five-year survival rates range 
from 40 to 80%. Both HAE and surgical resection provide 
excellent palliation of hormonal and pain symptoms. In select 
patients, surgical resection of hepatic metastases may prolong 
survival, but this is rarely curative. 

The expression of somatostatin receptors by these lesions 
provides a therapeutic tool. Somatostatin tends to inhibit 
hormone synthesis and secretion, and there is evidence 
that it may also inhibit cell proliferation. Native somato- 
statin, however, has a short half-life and cannot be used 
therapeutically. Several years ago, a long-acting analogue, 
octreotide, became available for clinical use as a therapeutic 
tool; this agent required daily subcutaneous injection. M ore 
recently, a longer acting repeatable (LAR) preparation of the 
somatostatin analogue has been developed with activity last- 
ing nearly 28 days. Its therapeutic efficacy, tolerability, and 
Safety in patients with pituitary and gastroenteropancreatic 
neuroendocrine tumours have been established. In patients 
with acromegaly due to pituitary growth hormone excess and 
in some with functional carcinoid tumour, Zollinger- Ellison 
syndrome, and glucagonoma syndrome, the analogue normal- 
izes hormone levels and reduces symptoms. The side-effect 
profile includes transient gastrointestinal upset. Longer-term 
complications include possible worsening of glucose intoler- 
ance into frank diabetes mellitus and/or gallstone formation. 
Another long-acting somatostatin analogue lanreotide has 
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also been evaluated and when compared with the older sub- 
cutaneous octreotide preparation, both agents appear to be 
equally efficacious in terms of symptom control. Thus, it 
appears that longer acting somatostatin analogues have good 
therapeutic efficacy, tolerability, and safety in the treatment 
of neuroendocrine tumours. The current analogues, however, 
are lacking tumouricidal properties, which limit their over- 
all impact on disease burden. The decision to incorporate 
this therapy in patients with symptoms related to neuropep- 
tide hypersecretion is usually straightforward. The role of 
these agents alone or as part of chemotherapeutic approach 
in patients without hormone hypersecretion symptoms is far 
less clear. 

It has also been suggested that high activities of a radio- 
labeled somatostatin analogue may have a radiotherapeutic 
effect. In one recent study, patients with known disseminated 
neuroendocrine tumours were administered between 1.3 and 
4.6 GBq of 'In-octreotide for up to five doses over a 1-year 
period. The treatments were well tolerated. Further work with 
this and other radioisotopes including yttrium are now being 
performed to assess long-range efficacy. 

Neuroendocrine tumours are generally very resistant to 
chemotherapy and therefore conventional chemotherapy is 
rarely recommended for control or palliation. A large number 
of chemotherapeutic agents have been used as single agents 
or in combination. Streptozotocin (STZ), or glycosamine 
nitrosourea originally derived from streptomyces has been 
in use for three decades since initially being found to be 
active in pancreatic endocrine tumours. Current schedules in 
common use are the combination of STZ with doxorubicin 
or 5-FU. Response rates vary according to the type of 
neuroendocrine malignancy - for example, rates as high as 
80% have been reported with metastatic gastrinoma. 

Second-line regimen incorporating VP-16 and cisplatin 
have also been evaluated with useful activity and palliation 
in some patients. 

Tumours of steroid hormone- secreting cells are usually 
surgically treated. Patients with adrenocortical adenoma are 
generally cured by surgical tumour resection. Occasionally, 
patients with carcinoma experience long survival despite 
incomplete resection of their tumours, but most patients 
succumb to recurrent disease with metastases noted within 
the first 2 years following diagnosis. The adrenocorticolytic 
medication, mitotane provides some temporary relief from 
cortisol excess in some patients. 

Tumours of thyroid follicular epithelium are also most 
amenable to surgical resection but aggressive surgery is 
usually not indicated. These lesions have a unique affinity 
for iodine uptake and therefore microscopic residual disease 
is usually ablated by administration of radioactive iodine. 
As thyroid tumours lose their differentiation, one of the 
manifestations is reduction or loss of expression of the 
sodium iodide symporter that is responsible for the success 
of this form of therapy. Therefore, lack of radioiodine 
uptake can occasionally mean that disseminated disease 
is of a less-differentiated type. In patients with poorly 
differentiated or anaplastic carcinomas, or those with gross 
residual disease of differentiated carcinoma that is not 


amenable to complete surgical excision, there is a role for 
external beam radiotherapy. 
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INTRODUCTION 


In this chapter, the anatomy and pathobiology of breast 
neoplasms and how newer diagnostic techniques may 
be applied to the interpretation of biopsy samples are 
reviewed. 

Breast cancer is the second leading cause of cancer deaths 
in women today after lung cancer. Advances in imaging 
and biopsy techniques, including fine needle aspiration 
and the increasing prevalence of national breast screening 
programmes, have enhanced preoperative evaluation and 
numbers of breast specimens, which form a major part of 
the workload in most surgical pathology laboratories. 


NORMAL ANATOMY 


The female breasts are modified sweat glands composed of 
ducts and lobules interspersed with fibro adipose connective 
tissue (Figure 1). The milk-producing part is composed 
of the terminal duct-lobular units (TDLUs), which are 
drained by an extensive duct system that finally empties 
via 16-20 lacteal ducts into the nipple (McCarthy and 
Nath, 1997). The TDLU has a myxoid hormone-responsive 
connective tissue stroma, which lacks elastic fibres. The 
larger ducts have less stroma and more elastic fibres. The 
ductal lobular unit of the breast is entirely lined by two cell 
types, the inner epithelium with secretory and absorptive 
functions and the outer myoepithelial cell layer, both of 
which adhere to a basement membrane. Although derived 
from a common precursor, these cell types differ from 
each other ultrastructurally and immunohistochemically. The 
epithelial cells are positive for cytokeratin 8 (CK 8), CK 
18, CK 19, and a-lactaloumin. The myoepithelial cells 
stain for CK 5/6, $100, caldesmon, CK 14, smooth muscle 
actin (SMA), p53 (nuclear), and calponin (Figure 2). The 
glandular epithelium rests on a basement membrane, which 
stains with reticulin, laminin, and type IV collagen (the 
latter is strongly expressed in myoepithelial cells compared 
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to epithelial cells (Egan etal., 1987; Tsubura etal., 1991; 
Barbareschi et al., 2001). 

Fibrocystic disease, hyperplasias, and in situ and invasive 
carcinomas occur in the TDLU, while papillomas, duct ecta- 
sia, and a small proportion of carcinomas occur in the large 
duct system. Staining for myoepithelial cells is extremely 
useful when there is a genuine dilemma differentiating 
between islands of invasive islands from ductal carcinoma 
in situ (DCIS) and atypical ductal proliferations where the 
myoepithelial cell layer may not be easily visible on H and E. 


IMPORTANCE OF STEM CELLS IN THE BREAST 


Epithelial and myoepithelial cells in the breast are derived 
from a common cell that displays the phenotypic features 
of a committed stem cell. This cell is CK 5/6 +ve and 
negative for CK 8, 18, 19, and SMA. These stem cells 
undergo both self-renewal and differentiation. Self-renewal is 
regulated by Hedgehog, Notch, and WNT, and transcription 
factor B lymphoma M o-LM V insertion region (BMI-1). The 
targeting of self-renewal pathways might provide a more 
specific approach to the elimination of cancer stem cells, thus 
providing a novel therapeutic approach for the treatment of 
breast and other cancers (Suling et al., 2005) (see Stem C ells 
and Tumourigenesis). 


BREAST SAMPLES FOR PATHOLOGICAL ANALYSIS 


The type of surgical specimen depends on the type of surgical 
procedure undertaken, which is influenced by whether a 
preoperative diagnosis has been achieved and, if so, the 
nature of the diagnosis (benign vs malignant). 

The different specimen types processed in the laboratory 
are as follows: 


1. fine needle aspiration 
2. cytology of nipple discharge 
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Figure 1 Normal breast ducts and acini. 100x. 


a 






Figure 2 CK 5/6 staining of myoepithelial cells in normal breast ducts. 
40x. 


. nipple scrapings (for Paget’s disease) 

. cyst fluid aspiration 

. breast core biopsies 

. wide local excision (usually orientated by sutures) 

. wire localization specimens (require to be X-rayed to 
confirm the presence of abnormality) 

8. cavity excisions 

9. mastectomy specimens 

0. axillary lymph node sampling and sentinel lymph node 

biopsy (SLNB) 
11. axillary clearance. 


aD U1 BW 


BENIGN BREAST LESIONS 


The benign breast lesions that can simulate cancer are as 
follows: 


e fibroadenoma 

e fibrocystic change 

e sclerosing adenosis 

e duct papilloma 

e radial scar (complex sclerosing lesion). 


Fibroadenoma 


This is a common benign lesion typically occurring in 
younger patients (20-35 years). Clinically, this is a well- 
defined firm mass. On cut section, it is solid, greyish 
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Figure 3 Fibroadenoma with slitlike ducts amidst a loose oedematous 
stroma. H and E section. 100x. 


white, and bulging with a whorled appearance containing 
slitlike spaces. The stroma is composed of loose connective 
tissue rich in mucopolysaccharides. The spindle cells in the 
stroma are CD34 +ve fibroblasts admixed with factor X Illa 
+ve dendrophages (Silverman et al., 1996). Elastic tissue is 
absent in the stroma. 

Fibroadenomas (Figure 3) contain progesterone receptors 
(PRs) almost universally and oestrogen receptors (ERs) in 
approximately 25% cases (Umekita et al., 1998). A lineage- 
restricted analysis has shown that clonal aberrations are 
present in the stromal component, suggesting that fibroade- 
noma is fundamentally a benign neoplasm of the specialized 
stroma of the breast with an accompanying epithelial com- 
ponent (Fletcher et al., 1991). 

Fibroadenomas represent a low (arguably no) long-term 
risk from breast carcinoma and this risk is increased in 
women with complex fibroadenomas, ductal hyperplasias, or 
a family history of breast carcinoma (Dupont et al., 1994). 

Malignant change occurs in only 0.1% cases and usually 
occurs in the epithelial component. This is more frequently 
lobular than ductal carcinoma. 


Phylloides Tumour 


These are rare biphasic neoplasms and occur in patients 
whose age ranges from 10 to 86years, with a median of 
45 years, about 15 years older than that for fibroadenomas. 
On mammography, these appear as rounded or lobulated, 
sharply defined opaque masses. Grossly, it is well circum- 
scribed but not encapsulated. Microscopically, they show 
characteristic epithelial lined clefts separated by a cellu- 
lar stroma. Phylloides tumour is classified into benign/low 
grade and high grade, depending on the degree of stromal 
overgrowth, stromal cytological pleomorphism, and mitoses 
(Figure 4). Wide local excision is advisable in phylloides as 
they are prone to local recurrence and rarely distant blood- 
borne metastases. 


Cystic Change 


This represents the single most common disorder of the 
breast (Figure 5). The condition is usually diagnosed between 
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Figure 4 Benign phylloides tumour with a leaflike configuration. H and 
E. 40x. 





Figure 5 Cystic change, showing dilated ducts with focal apocrine meta- 
plasia. H and E. 40x. 


20 and 40 years of age and is rare after the menopause. H or- 
monal imbalances are considered to underlie the development 
of this disorder. Three principal patterns of morphological 
changes are seen: 


e cyst formation often with apocrine metaplasia 
e fibrosis 
e adenosis. 


There may be associated hyperplastic changes in the ductal 
epithelium. In the absence of proliferative disease, fibrocys- 
tic disease (FCD) does not elevate the risk of developing 
carcinoma. However, FCD may clinically come to attention 
by mimicking carcinoma when it produces a palpable lump, 
mammographic densities, calcifications, or nipple discharge. 


PROLIFERATIVE BREAST DISEASE 


These include changes in the breast conferring an increased 
risk of developing carcinoma. 


Intraductal Papilloma 


These usually occur between 40 and 50 years of age and 
can arise in large or small ducts, sometimes associated 
with nipple discharge. Ninety percent are solitary. Multiple 
papillomas are seen in younger patients, arise in smaller 


Figure 6 Intraduct papilloma, showing a dilated duct with a lesion 
composed of delicate papillae lined by cells with no cytological atypia. 
H and E. 40x. 





Figure 7 Sclerosing adenosis. Distorted ducts in a mildly fibrotic stroma. 
There is retention of the architecture of the lobule. H and E. 100x. 


ducts, are usually not associated with nipple discharge, and 
are bilateral in one-fourth of cases. 

Microscopically, papillomas are complex, cellular, and 
often arborescent. Features that favour a benign papilloma 
are as follows: 


well-developed stroma in the papillary fronds 
presence of two cell types 

oval normochromic nuclei 

scant mitotic activity 

absence of a cribriform or trabacular pattern 
absence of necrosis. 


Intraductal papilloma is a clonal lesion (Noguchi et al., 
1994) (Figure 6). The presence of multiple papillomas or 
focal epithelial atypia in a papilloma is associated with an 
increased risk for carcinoma. 


Adenosis 


Adenosis indicates an increased number of glandular ele- 
ments in a group of TDLUs, at least twice the size of 
surrounding unaffected parenchyma (Figure 7). Sclerosing 
adenosis is the best-recognized form. It can mimic carcinoma 
both mammographically and histologically. M icrocalcifica- 
tion is frequently present within the glandular lumina. The 
fibrous stroma is usually dense and hyalinized. The differen- 
tial diagnosis includes invasive lobular carcinoma and tubular 
carcinoma. 
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Radial Scar (Complex Sclerosing Lesion) 


Radial scars are generally non-palpable, multiple, and often 
bilateral and usually occur as incidental findings. They typi- 
cally contain adenosis, epithelial hyperplasia, and, frequently, 
cyst formation. M any authors consider it to represent conflu- 
ent adjacent foci of sclerosing adenosis, but in our expe- 
rience it is a stromal response common to a number of 
epithelial proliferative lesions besides sclerosing adenosis, 
including low-grade DCIS. A radial scar can mimic carci- 
noma both mammographically and on gross examination as 
it has a stellate appearance with central sclerosis and elas- 
tosis. The differential diagnosis includes tubular carcinoma 
(which can be resolved by performing immunohistochemistry 
for myoepithelial markers). A recent large-scale study con- 
cluded that women with a radial scar have a risk for breast 
cancer that is twice that of women without it (although it 
could be argued that some radial scars are precipitated by 
intraepithelial neoplasia). The accepted treatment for a radial 
scar is conservative excision and follow-up (Anderson and 
Gram, 1984). 


COLUMNAR CELL LESIONS OF THE BREAST 


Lesions characterized by the presence of columnar epithelial 
cells lining the TDLUs of the breast have long been 
recognized by pathologists and have been described under 
a variety of different names (Schnitt, 2004) (Figure 8). 
Recently, there has been renewed interest in these lesions 
since they are being encountered with increasing frequency 
in breast biopsies performed because of the presence of 
mammographic microcalcifications. 

For practical purposes, columnar cell lesions of the breast 
can be placed into one of two broad groups: columnar cell 
change or columnar cell hyperplasia. 

“Columnar cell change” refers to the simplest form, 
characterized by TDLUs with variably dilated acini lined by 
one or two layers of columnar epithelial cells. 

“Columnar cell hyperplasia” represents TDLUs with vari- 
ably dilated acini lined by columnar cells that have cytolog- 
ical features similar to those seen in columnar cell change, 
but also cellular stratification of more than two cell layers. 
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Figure 8 Columnar cell change and hyperplasia. Ducts lined by cells show 
luminal snouts. H and E. 100x. 


Exaggerated apical cytoplasmic snouts and abundant floc- 
culent intraluminal secretions are often present, and some 
cells comprising such lesions may have a “hobnail” appear- 
ance. These lesions frequently show laminated intraluminal 
calcifications (“psammoma bodies”). 

In some foci of columnar cell change/hyperplasia, the 
epithelial cells show cytological atypia, designated “colum- 
nar cell change with atypia” or “columnar cell hyperpla- 
sia with atypia”. Recently, the World Health Organization 
(WHO) Working Group on the Pathology and Genetics of 
Tumors of the Breast proposed that the term “flat epithelial 
atypia” (FEA) be used for lesions of the TDLUs in which the 
native epithelium is replaced by one to several layers of cells 
that show low-grade cytological atypia. High-grade cytolog- 
ical atypia with marked nuclear pleomorphism of the type 
seen in high-grade DCIS is not a feature of lesions included 
in the categories of columnar cell change with atypia or 
columnar cell hyperplasia with atypia or included in the cat- 
egory of FEA. 


Immunophenotype 


The majority of the cells comprising columnar cell lesions 
exhibit expression of CK 19 and consistently lack expression 
of high-molecular-weight CK, as defined by antibody 34, 
E-12 and antibodies to CK 5/6. In addition, all categories 
of columnar cell lesions typically show an intense nuclear 
expression of ER and PR in the majority of cells. The cells 
also show a strong cytoplasmic expression of the BCL2 
protein and have a very low proliferative fraction as reflected 
in low Ki-67 indices. In one study of columnar cell lesions, 
5-50% of the cells stained for cyclin D1. 

(Monifar etal., 2000a) found that 70% showed loss 
of heterozygosity (LOH) at one or more of the eight 
loci evaluated, and that the genetic alterations were the 
same as those in the associated DCIS or invasive cancer. 
However, these authors did not evaluate genetic changes in 
columnar cell lesions without associated DCIS or invasive 
carcinoma. It is reasonable to conclude that at least some 
atypical columnar cell lesions are likely to be neoplastic 
proliferations, which may well represent a precursor of, or the 
earliest morphological manifestation of, low-grade DCIS as 
well as a precursor to invasive carcinoma, particularly of the 
tubular type. This is consistent with A zzopardi’s conclusion 
that they represented a monomorphic variant of “clinging 
carcinoma”, vide infra. 


Epithelial Hyperplasia 


The term epithelial hyperplasia refers to a proliferation 
of epithelial cells in the duct-lobular system (Figure 9). 
Other terms used for this condition are epitheliosis and 
papillomatosis. Usual ductal hyperplasia (UDH) and atypical 
ductal hyperplasia (ADH) are not related to each other but 
are distinct lesions. 
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Figure 9 Florid hyperplasia of the usual type. H and E. 40x. 


Definition of Usual Ductal Hyperplasia 


The WHO working group has defined UDH as a benign 
ductal proliferative lesion typically characterized by sec- 
ondary lumens, and streaming of the central proliferating 
cells (Tavassoli et al., 2003). This epithelial intraductal pro- 
liferation shows great variability of cells and nuclei, yet 
no overtly malignant nuclear features. The cells are usu- 
ally arranged in a fenestrated growth pattern, but they may 
also display a more solid architecture. Although frequently 
located in the TDLU, the lesions can be observed anywhere 
in the ductal system, sometimes as a component of other 
benign breast lesions such as fibrocystic change, papilloma, 
radial scar, adenoma of the nipple, and so on. 

It is traditionally divided into three grades: 


(a) mild (3-4 layers of epithelial cells) 
(b) moderate (4-5) 
(c) florid (+5). 


The morphological classifications of UDH, ADH, and 
DCIS can be difficult on microscopy alone, and a subjec- 
tive interpretation has hampered a true understanding of the 
underlying genetic abnormalities. Techniques such as com- 
parative genomic hybridization (CGH) and LOH studies soon 
revealed that UDH harboured genetic alterations. When the 
molecular data of UDH, DCIS, and invasive breast carcinoma 
were compared, striking differences became apparent. In con- 
trast to the data for DCIS and invasive breast carcinoma, 
which show similar recurrent genetic alterations in a number 
of loci indicating a causal genetic relationship between these 
two lesions, the genetic alterations found in UDH did not 
seem to be recurrent, but were widely distributed over the 
entire genome. In the largest CGH series of UDH analysed 
to date, no gross recurrent genetic imbalances were found. 
It was demonstrated that the genetic changes found in UDH 
did not have any prognostic significance. In view of the fact 
that subtle genetic alterations may even occur in morpho- 
logically normal breast tissue, the progression of a given 
lesion to malignancy cannot be attributed solely to the occur- 
rence of such alterations. Rather, breast tissue harbouring 
cells or lesions with subtle genetic changes might, in gen- 
eral, be slightly more susceptible to somatic mutations. Such 
an interpretation might also account for the slightly increased 
general cancer risk of patients diagnosed with such changes 


(Deng et al., 1996; Larson et al., 1998; Lakhani et al., 1999; 
Li et al., 2002). 

Using basal CKs 5 and 14, glandular CKs 8 and 18, 
SMA double-immunofluorescence, and biochemical studies, 
Boecker and Buerger (2002) demonstrated that UDH is 
a CK 5/14-positive progenitor cell lesion, whereas most 
cases of DCIS show a malignant cell proliferation with a 
purely glandular (CKs 8 and 18) phenotype. This view was 
suggested by Nagle et al. (1986) and subsequently confirmed 
by further immunohistochemical studies using antibodies to 
basal-type CKs 5 and 14 (Otterbach et al., 2002). Given the 
fact that CK expression patterns belong to the most conserved 
proteins in carcinogenesis, we can only conclude that the 
vast majority of DCIS do not seem to evolve from UDH 
(and a vindication for Azzopardi (1979) who had reached 
this conclusion based on expert morphological analysis). 


The Problem of ADH 


The definition used to characterize ADH, first introduced by 
Page etal. (1985) in a case-control study, tried to define 
histological lesions that are associated with an increased risk 
of developing breast cancer. In this study, they defined ADH 
as having some, but not all, of the features of low-grade, 
non-comedo-type DCIS. These lesions were described as 
unifocal and had less than two ductal spaces. This study 
and its successors confirmed that the presence of an atypical 
cell proliferation is associated with an increased risk of about 
four to five times that of the general population anywhere in 
both breasts (compared to the local risk of DCIS) (Ma and 
Boyd, 1992). 

In their updated definition, which was supposed to elim- 
inate the weaknesses of its predecessor, Page and Rogers 
(1992) introduced more clearly defined criteria based on (i) a 
constellation of cytological and architectural features and (ii) 
the extent of the lesions. The cells comprising the lesion have 
rounded hyperchromatic nuclei and are evenly spaced, pro- 
ducing the micropapillary or cribriform pattern known from 
well-differentiated DCIS, but comprise only a part of the cell 
population in any given basement membrane- bound space. 
Quantitative criteria to distinguish ADH from DCIS were 
that the lesion should involve less than two basement-bound 
spaces. Tavassoli (1999) also proposed quantitative criteria 
to distinguish ADH from low-grade DCIS, defining ADH 
as a lesion that involved an atypical cell population in one 
or several “ducts” with less than 2mm total diameter. The 
definition of ADH in the new WHO classification (Tavassoli 
et al., 2003) is largely based on this previous version. 

To avoid the element of subjectivity in the microscopic 
interpretation of these lesions, (Rosai, 1991) proposed that 
consideration be given to adopting a terminology such as 
mammary intraepithelial neoplasia (MIN) of either ductal 
or lobular type, followed by a grading system. Tavassoli 
and her group enthusiastically accepted the idea and further 
developed it according to the following scheme: 


o Ductal intraepithelial neoplasia (DIN) 
e 1A (corresponding to UDH) 
e 1B (corresponding to FEA) 
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e 1C (corresponding to ADH and small grade 1 DCIS) 

e 2 (corresponding to larger grade 1 DCIS and grade 
2 DCIS) 

e 3 (corresponding to grade 3 DCIS). 

Lobular intraepithelial neoplasia (LIN), for lesions in the 

Atypical lobular hyperplasia (ALH)/lobular carcinoma in 

situ (LCIS) spectrum. 

MIN for proliferative lesions, which can neither be placed 

in a ductal nor in a lobular category. 


[0] 


[0] 


Tavassoli’s proposal has obvious merits, but suffers from 
drawback that the continuum of change described in her 
classification may or may not actually exist and from the 
subjectivity inherent in human interpretation. 

The alternative view masterfully articulated by Azzopardi 
and currently supported by many experts is that proliferative 
breast lesions can be divided into two distinct categories: 
the usual hyperplasias and the intraductal carcinoma. In this 
scheme, ADH and FEA are not a link between the two 
entities but rather a variant form of intraductal carcinoma 
(“clinging carcinoma”). 

Following this rationale, the modification to the DIN 
scheme was agreed upon by the committee writing the 
section on Intraductal Proliferative lesions for the new edition 
of the WHO book on Tumours of the Breast and Female 
Genital Tract (Table 1). The scheme that was finally adopted 
is as follows: 

The positive and seemingly precise criteria of Page and 
Rogers and Tavassoli notwithstanding, there remain a number 
of problems. (i) There is still no consensus on the threshold 
that should apply in the differential diagnosis of ADH to 
DCIS. (ii) The whole concept is based on the assumption of 
a continuum between UDH and non-high-grade DCIS (see 
preceding text). (iii) The diagnostic interobserver consistency 
remains unacceptably low (Slone et al., 1998), and there is 
no acceptable definition of ADH that would guarantee greater 
diagnostic accuracy. 


FLAT EPITHELIAL ATYPIA, ADH, AND 
LOW-GRADE DCIS ARE STAGES OF THE SAME 
DISEASE PROCESS 


No significant differences have been found between FEA, 
ADH, and low-grade DCIS in terms of cytoarchitecture, 
immunophenotypic profile, or even molecular pathology. The 
term “FEA” is used to describe a lesion of the TDLU whose 
acini are lined by one or few layers of monomorphic atypical 


Table 1 Classification of ductal hyperplasias. 


Traditional terminology DIN terminology 





Usual ductal hyperplasia No DIN equivalent 


Flat epithelial atypia DIN 1A 
Atypical ductal hyperplasia DIN 1B 
DCIS grade 1 DIN 1C 
DCIS grade 2 DIN 2 
DCIS grade 3 DIN 3 


cells with slightly enlarged round nuclei and the prominence 
of apical snouts (Frazer et al., 1998; Schnitt, 2003). This type 
of atypical cell proliferation was described as the clinging 
carcinoma of the monomorphic type by Azzopardi (1979). 
Flat atypical proliferations often coexist with ADH. An 
important feature not sufficiently emphasized is that ADH is 
nearly always confined to the TDLU. The main histological 
difference between ADH and low-grade DCIS seems to be 
the extent of the lesion, with ADH being confined mainly to 
the lobule in contrast to low-grade DCIS with its segmental 
distribution. All the lesions display striking genetic similar- 
ities with typical recurrent 16q loss (M onifar et al., 2000b). 
Furthermore, they have been shown to express glandular CK s 
8 and 18, but not high-molecular-weight CK s 5 and 14. Typi- 
cally, these lesions show intensive expression of nuclear ER, 
strong cytoplasmic expression of BCL2 antigen, and a low 
proliferation activity. Finally, FEA/ADH is associated with 
tubular carcinoma, the columnar cells typically exhibiting 
nuclear clearing. All these data provide evidence that FEA, 
ADH, and low-grade DCIS represent stages of the same 
progression pathway. The most important clinical difference 
between ADH and DCIS is that ADH is associated with a 
general, slightly increased cancer risk for both breasts (Page 
and Dupont, 1992), whereas the invasive lesions in DCIS 
usually occur at the excision site, although all such studies 
are difficult and arguably misleading to quote in retrospect 
with the evolving definition and understanding of ADH! 


LOBULAR NEOPLASIA 


Lobular neoplasia was described by Foote and Stewart 
(1941). Follow-up over many years shows a clear increased 
risk of breast carcinoma. However, it has been established 
that this risk does not parallel that conferred by the pres- 
ence of DCIS, and LCIS is not an obligate precursor of 
invasive cancer in the same way as high-grade comedo- 
type DCIS (Skinner and Silverstein, 2001). More recently, 
ALH/LCIS has been perceived by some as a “risk indica- 
tor” for subsequent carcinoma, rather than a true precursor 
(Table 2). 


Table 2 Contrasting features of atypical lobular hyperplasia and LCIS. 


Atypical lobular 
hyperplasia 


Lobular carcinoma 
in situ 





Distension of 
acini 

Degree of 
involvement 
Luminal 
obliteration 
Cellular 
composition 


Cellular cohesion 
Spread to ducts 


Less distended and 
distorted 

Often only part of 
obular unit 
ncomplete 


Less monotonous, may 
be variable cell types, 
ess regularly spaced 
More cohesive 
Pagetoid spread may 
occur, but less well 
developed 





Distended and distorted 


Major part of one or more 
obular units 
Complete 





Round, regular, 
monotonous; one cell type; 
evenly spaced 
Non-cohesive 

Pagetoid spread 
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A diagnosis of ALH/LCIS is most frequently made in 
women between 40 and 50years of age (less than 10% of 
patients with LCIS are postmenopausal), which is a decade 
earlier than the age of those diagnosed with DCIS. In studies, 
the incidence of LCIS in an otherwise benign breast biopsy 
has been shown to be between 0.5 and 3.8%. 

Characteristically, LCIS is both multifocal and bilateral. 
Over 50% of patients diagnosed with LCIS have multiple 
foci in the ipsilateral breast, and approximately 30% of cases 
have further LCIS in the contralateral breast (U rban, 1967). 
Such multifocallity, in a clinically non-detectable lesion, is 
one of the reasons why planning appropriate management 
has proven contentious and problematic. 

All subtypes of LCIS are associated with ER and 
PR expression (60-90% of cases are positive) (Sneige 
et al., 2002). 

CGH analysis of ALH and LCIS has demonstrated gain of 
material from 6q and loss of material from 16p, 16q, 17p, and 
22q at a similar high frequency in both lesions. Losses at 1q, 
16q, and 17p are also seen in LCISs. E-cadherin is located 
on 16q22.1, where CGH losses are often seen in LCIS, and 
is a candidate tumour suppressor gene. 

The LOH at 16q (the locus of the E-cadherin gene) found 
in lobular carcinomas is usually accompanied by truncating 
mutations or gene promoter methylation, and absent staining 
by immunohistochemistry (Roylance et al., 2003). 


INVASIVE CARCINOMA OF THE BREAST 


Incidence 


Breast cancer is the second leading cause of cancer deaths 
in women today (after lung cancer) and is the most common 
cancer among women, excluding non-melanoma skin can- 
cers, WHO estimating 1.2 million diagnoses worldwide per 
year. The incidence is high in North America and northern 
Europe, intermediate in southern Europe and Latin Ameri- 
can countries, and low in most Asian and African countries 
(Sandik, 1994). 

The American Cancer Society estimates that, in 2005, 
approximately 211240 women in the United States will be 
diagnosed with invasive breast carcinoma (stages I-IV). 
The lifetime risk of developing invasive breast cancer is 
approximately 1 in 7 (13.4%). Another 58 490 women will be 
diagnosed with in situ disease. It was estimated that 40 410 
women and 460 men died of breast cancer in the United 
States in 2005. The incidence rate of breast cancer (number 
of new breast cancers per 100000 women) increased by 
approximately 4% during the 1980s but levelled off to 100.6 
cases per 100 000 women in the 1990s. The death rates also 
declined significantly between 1992 and 1996 with the largest 
decreases amongst younger women. This was attributed to 
earlier detection and more effective treatments (American 
Cancer Society, 2005). 

While breast cancer is less common at a young age, 
younger women tend to have more aggressive breast cancers 
than older women, which explains why survival rates are 
lower among younger women (Table 3). 


Table 3 Five-year survival rate in breast cancers depending on age. 


Five-year survival rate by age 





Younger than 45 81% 
Ages 45- 64 85% 


Ages 65 and older 86% 


(Source: American Cancer Society.) 


Risk Factors 


1. Family history: Women with a first-degree relative with 
breast cancer have a risk two to three times that of the 
general population; the risk factor further increases if the 
relative was affected at an early age and/or had bilateral 
disease (Skolnick and Cannon Albright, 1992). 

2. Menstrual and reproductive history: There is an increa- 
sed risk with early menarche, nulliparity, late age at first 
birth, and late menopause. The risk of breast carcinoma 
is increased in postmenopausal women with a hyper 
androgenic plasma hormone profile. 

3. Exogenous oestrogens: Recently, highly publicized stu- 
dies have strengthened previous evidence that the long- 
term use of hormone replacement therapy is associated 
with an increased risk of breast carcinoma, especially of 
the lobular subtype (Chen et al., 2002). 

4, Radiation exposure: There is an increased risk with 
exposure to ionizing radiation. The risk increases with 
younger age and higher doses. 

5. Association with syndromes and tumours: There is an 
association between breast cancer and meningioma. 
Patients with ataxia-telangiectasia syndrome and Cow- 
den's syndrome have an increased risk of breast cancer. 


Genetic Predisposition 


BRCA1 and BRCA2 are two genes that, when affected by 
a germ-line mutation, are responsible for about 5% of all 
breast cancers. BRCA1 is located on chromosome 17q and 
BRCA2 on 13q12-13. 

Additionally, alterations in BRCA1 also predispose to 
carcinoma of the ovary and the fallopian tube. Two percent 
of Ashkenazi J ews show mutations in this gene. It is possible 
to detect by immunohistochemistry the product of BRCA1, 
which is a cell cycle- regulated phosphoprotein. A large 
proportion of carcinomas developing in BRCA1 carriers 
show medullary features (Table 4). 


Table 4 Location of breast cancers. 


UOQ 55% 
UIQ 15% 
LOQ 10% 
LIQ 5% 
Central (within 1 mm of the areola) 17% 
Diffuse 3% 


UOQ - Upper outer quadrant; UIQ - Upper inner quadrant; LOQ - Lower outer 
quadrant; LIQ - Lower inner quadrant 
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This is not surprising as it matches closely the amount of 
breast parenchyma in each quadrant. Carcinoma is slightly 
more frequent in the left than in the right breast. 

Lobular carcinomas are more commonly multicentric than 
ductal. 

Multicentric: presence of carcinoma in a breast quadrant 
other than the one containing the dominant mass. Twenty-five 
percent to 50% of lobular carcinomas can be bilateral. 


IN SITU CARCINOMA 


In situ carcinoma is the term used to describe proliferation of 
epithelial cells that have undergone a malignant transforma- 
tion but remain within the epithelial compartment confined 
by the basement membrane. 

This assumes importance as they do not have the capacity 
for a metastatic spread. When making a diagnosis of CIS, 
it is always important to exclude the presence of small foci 
of invasive carcinoma by examining multiple blocks. Both 
ductal and lobular in situ carcinomas arise within the TDLU. 

There are many classifications of DCIS, historically classi- 
fied according to the growth pattern. Lesions of high nuclear 
grade tend to be clinically more aggressive. Distinguishing 
between subtypes of DCIS is also of value for correlating 
pathological and radiological appearances, improving diag- 
nostic consistency, assessing the likelihood of associated 
invasion, and determining the probability of local recurrence. 

Various systems of grading have been described on 
the basis of combinations of cell morphology, architecture 
(including cell polarization), and presence of necrosis. A 
high-power lens (40x) should be used to compare the size of 
tumour cell nuclei with normal epithelial nuclear size and red 
blood cells. Other features such as mitotic count, presence 
of prominent nuclei, and polarization of nuclei are helpful 
in assigning a grade. Usually, high-grade DCIS has a high 
mitotic count. 

In the United Kingdom, NHSBSP DCIS is graded only 
on nuclear features into low, intermediate, and high grade 
(Figures 10-12) (Table 5). 


Growth Patterns of DCIS 


1. solid 
2. solid with comedo necrosis 





Figure 10 Low-grade DCIS. Cells within the duct space show low nuclear 
grade. There is a focus of microcalcification within the centre. H and E. 
100x. 





Figure 11 Solid intermediate-grade DCIS. The nuclei show moderate 
degree of pleomorphism. H and E. 100x. 





Figure 12 High-grade DCIS. H&E. 100x. 


Table 5 Grading of DCIS. 


High grade Intermediate grade Low grade 





Pleomorphic cells Cytology intermediate M onomorphic 


between low and high 


grade 
Irregularly placed Evenly placed cells 
Large nuclei greater Nuclei larger than in Nuclei one to two times 
than three times low grades, two to three RBCs 
RBC times RBC 
Irregular nuclear 
grooves 
Coarse chromatin Central nucleus and 
and prominent inconspicuous nucleolus 
nucleoli 
Frequent mitoses and Infrequent mitoses 


abnormal forms 


Growth patterns 
Solid with comedo M icropapillary (some M icropapillary 


necrosis polarization) 
M icropapillary, but Clear Cribriform 
no polarization in the 
cells lining the 
papillae 
A pocrine 


(Adapted from NHSBSP.) 
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cribriform type 

flat (clinging) 

encysted papillary type 

clear cell type 

signet ring type 

cystic hypersecretory type DCIS 
micropapillary: tends to multifocal. 
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Evolution of DCIS 


If left untreated, DCIS eventually progresses to invasive 
carcinoma, but not in all cases. When such transformation 
occurs, it evolves over a period of years (Nixon etal., 
1994). 

It is higher for high-grade than for low-grade DCIS. 
There is a definite relationship between the microscopic 
grade of DCIS and the invasive component. 


Points to Remember 


Recurrence following excision of DCIS is invariably at the 
site of a previous lesion, thus representing residual disease 
left at the time of initial surgery. 

e A 10-mm surgical margin is considered a sufficient clear- 
ance for DCIS. 

Low-grade DCIS is usually small and circumscribed, 
making excision easier, except for the micropapillary 
variant, which tends to be widespread. 

e However, since low-grade DCIS lacks microcalcification, 
it makes definition of the extent of the lesion on mam- 
mography difficult. 

High-grade DCIS is extensive and hence often incom- 
pletely excised. 


Biological Markers in DCIS 


High-grade DCIS:High Ki-67 index, frequent expression of 
c-erb2 oncoprotein, p53 +ve, ER and PR —ve, increased 
microvessels. 


Low-grade DCIS:Low Ki-67 index, rarely express c-erb2 
oncoprotein or p53, ER —ve and PR +ve. 


LOBULAR CARCINOMA IN SITU (LCIS) 


M ost cases are within 5cm from the nipple (Figure 13). 


Microscopy 


Lobules distended and completely filled by a relatively 
uniform, round, small to medium sized cells. Atypia, pleo- 
morphism, mitoses, and necrosis are absent. The pleomorphic 
variant contains larger cells with moderate pleomorphism and 
prominent nucleoli. 

LCIS is not associated with Paget's disease unlike DCIS. 
LCIS can be seen in fibroadenomas and foci of sclerosing 
adenosis (Table 6). It stains DPAS +ve in the cytoplasm. 


Progression of LCIS 


e Twenty percent to 30% of patients with LCIS progress to 
invasive carcinoma, which can be lobular or ductal. 
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Figure 13 Lobules distended by LCIS. H&E. 40x. 
Table 6 Distinction of DCIS from LCIS. 
Histological features DCIS LCIS 
Cells Variable, depending Small, rounded with 
on nuclear grade granular or 
hyperchromatic 


Intracytoplasmic 
lumina 
Growth pattern 


Cell cohesion 
Degree of distension 
of involved 
structures 

Pagetoid spread into 


Rare 


Variable, solid, 
comedo, and so on 


Usually good 
M oderate to very 
good 


Absent 


nuclei, inconspicuous 
nucleoli, and high 
N/C ratio 

Common 


Diffuse monotonous 
with complete 
luminal obliteration 
Usually poor 

Slight to moderate 


Often present 


interlobular ducts 


e The risk is 8- 10 times higher than in control population. 
e It is greater for LCIS than for ALH. 


Invasive Carcinoma 


A breast tumour is said to be invasive when stromal invasion 
is detectable irrespective of whether in situ carcinoma is 
detected. Invasive breast carcinoma is of lobular, ductal, or 
mixed type. 


Microinvasive Carcinoma 


This is predominantly an extensive DCIS lesion with one or 
more clearly separate foci of infiltration into non-specialized 
interlobular stromal tissue, none of which measure more than 
1mm in diameter. If there is a genuine doubt regarding 
invasion, use of basement membrane or myoepithelial cell 
markers is advisable as these are negative in the invasive 
fronts. On the whole, it would seem that patients with 
microinvasion are at risk of nodal metastases, but that their 
survival rate is better than for patients with stage 1 invasive 
(pT 1) cancer. 
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Typing invasive carcinoma has a prognostic value and 
provides information on the pattern of the metastatic spread 
and behaviour. It should be emphasized that typing of inva- 
sive carcinoma should be determined by its own appearance, 
rather than deduced from the type of the in situ component 
present, if any, since correspondence between the two does 
not always exist. 


CLASSIFICATION OF BREAST TUMOURS 


Invasive Ductal Carcinoma Not Otherwise Specified 
(IDC NOS) 


None or less than 50% special type characteristics are 
present. This is the commonest category of invasive breast 
cancer. 

Grossly, invasive ductal carcinoma not otherwise specified 
(IDC NOS) is firm and poorly circumscribed and cuts with a 
resistance gritty sensation with a grey cut surface and yellow 
flecking/streaking radiating in a stellate or crablike configura- 
tion into the surrounding fat. M icroscopically, the lesion has 
varying morphologies and grows in sheets, nests, cords, or 
individual cells. The stroma can be abundant (desmoplastic), 
with an extracellular matrix, which is typically rich in elastin, 
giving rise to the yellow flecks and streaks. The tumour 
shows less than 50% special type characteristics. Careful 
examination is necessary for lymphovascular and perineural 
invasion. 

To classify a tumour as a pure special type, at least 90% 
of the tumour should be purely composed of the specific 
subtype. Some special types include the following: 


(a) Tubular (Figure 14): Usually patients are about 
50 years old and the tumour is characteristically small. 
Microscopically, these carcinomas are composed of 
round, oval, or angulated single-layered tubules in a cel- 
lular, fibrous, or fibroelastotic stroma. The cells are small 
and uniform and may exhibit apical snouts. The neoplas- 
tic cells often exhibit nuclear “clearing”. 
Invasive cribriform carcinoma: The invasive islands 
exhibit a cribriform architecture and the nuclei are low 
grade. They are closely related to tubular carcinoma and, 
similarly, are associated with a favourable prognosis. 
Invasive papillary carcinoma: This is a rare subtype 
with a predominantly papillary pattern, occurs in large 
ducts rather than TDLU, and is associated with a well- 
differentiated appearance and a relatively favourable 
prognosis. There is often microcalcification and an asso- 
ciated DCIS of micropapillary and true papillary subtype. 
(d) Mucinous carcinoma (mucoid, colloid, or gelatinous 
carcinoma): Usually occurs in postmenopausal women. 
Grossly, they are well circumscribed and soft. 
Microscopically small clusters of tumour cells are 
seen apparently floating in a sea of mucin (but in 
actuality anchored to almost invisible fine vascular 
cores). Up to half of the mucinous carcinomas show 
some neuroendocrine differentiation, which can be 
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Figure 14 Grade 1 invasive ductal carcinoma (tubular type, single arrow). 
There is adjoining low-grade cribriform type DCIS (double arrow). H&E. 
100x. 


demonstrated by positive staining for neuroendocrine 
markers (e.g., PGP 9.5, chromogranin, synaptophysin) 
(Capella et al., 1980). It is customary to restrict the 
term mucinous carcinoma only where the mucin is 
extracellular. These tumours are associated with a good 
prognosis and low rate of nodal recurrence. 

Signet ring carcinomas contain intracellular mucin, 
and most mammary tumours with a prominent signet 
ring component probably represent lobular carcinoma 
(Raju etal., 1993). Signet ring morphology appears 
to be the result of deficiency of a-catenin (Maeno 
et al., 1999). 

Medullary carcinoma: Usually occurs in patients 
<50 years of age and is particularly common in J apanese 
women. This tumour is distinguished by its alleged good 
prognosis, despite an alarming cytological appearance. 
The carcinoma is particularly common in carriers of 
BRCA1 mutation (Armes and Ventor, 2002). 

Grossly, it is well circumscribed with a solid, 
homogeneous, and grey cut surface with a few foci of 
necrosis. 

Microscopically, the tumour cells are large and pleo- 
morphic with a syncytial growth pattern and a dense 
lymphoplasmacytic infiltrate at the periphery (T lympho- 
cytes and IgA -producing plasma cells). These tumours 
are commonly positive for S100 and negative for ER. 
There is a variant of medullary carcinoma called atypi- 
cal medullary carcinoma. When strict criteria are applied 
to correctly identified typical medullary carcinoma, it 
is seen that these have a slightly better prognosis than 
ordinary ductal carcinomas. There is a high degree of 
interobserver variability in the diagnosis of medullary 
carcinoma, which has hindered evaluation of different 
studies. 


— 


(e 


Other Uncommon Variants 


These include the following: 


1. metaplastic carcinoma (pseudosarcomatous carcinoma) 
2. apocrine 
3. secretory or juvenile 
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. squamous 

. adenosquamous 

. adenoid cystic carcinoma 

. invasive micropapillary 

. ring carcinoma: high-grade invasive ductal carcinoma 
with a central large acellular scar. (CK +ve, ER and PR 
—ve.) These are aggressive and metastasize via the blood 
stream rather than through lymphatics. 


coOonNnuU pe 


Invasive Lobular Carcinoma 


Infiltrating lobular carcinoma is composed of small regu- 
lar cells identical to those seen in LCIS (Figure 15). These 
characteristically have prominent intracytoplasmic lumina 
(“private acini”), which can be demonstrated by DPAS/AB 
stain and by EMA. In the classic form, the cells are disso- 
ciated from each other to form single files (Indian file) or 
targetoid patterns (eccentric rings around residual mammary 
ducts). The lack of cohesion in the tumours is particularly dis- 
tinctive. Nearly half of lobular carcinomas show truncation 
mutations in the E-cadherin adhesion molecule gene (Berx 
et al., 1996). 


Variants 


1. Tubulolobular: Exhibits microtubule formation as a part 
of the classic pattern. 

2. Alveolar: Exhibits rounded loosely cohesive aggregates 
of 20 or more cells. 

3. Solid: Sheets of cells with little stroma. 

4. Pleomorphic: Exhibits the growth pattern of classic 
lobular carcinoma throughout, but cytological appear- 
ances are more pleomorphic. It frequently shows apoc- 
rine differentiation, focal signet ring morphology, lack 
of hormone receptors, and higher expression of p53, 
c-erb2, occasional chromogranin expression, and lack of 
E-cadherin expression. 

5. Histiocytoid: Diffuse growth pattern and tumour cells 
displaying abundant granular foamy cytoplasm. It is 
regarded as an apocrine variant of ILC. It is +ve 
for GCFP-15 and —ve for E-cadherin. This variant 
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Figure 15 Invasive lobular carcinoma infiltrating in an Indian file pattern. 
H&E. 100x. 


was originally recognized by its peculiar tendency to 
metastasize to periorbital tissues. 


CARCINOMAS WITH SPECIAL CLINICAL 
MANIFESTATIONS 


1. Inflammatory carcinoma: This is not a pathological 
diagnosis but is a clinical description of the red, 
warm oedematous appearance of the skin. The under- 
lying carcinoma is usually of ductal NOS type and 
most of these tumours have extensive dermal lymphatic 
permeation. 

2. Paget's disease of the nipple (Figure 16): This is a name 
given to an eczema-like lesion of the nipple caused 
by breast carcinoma, described by Sir James Paget in 
1874. Microscopically, the epidermis is permeated by 
malignant cells either arranged singly or in groups hav- 
ing large prominent nucleoli and abundant pale cyto- 
plasm with mucin, and high HER2 expression. In almost 
every case, an underlying ductal mammary carcinoma 
is found which may be pure in situ (high grade) or a 
combination of in situ and invasive. The management 
and prognosis depend largely on the intraductal ver- 
sus invasive nature of the underlying carcinoma (Nagle 
et al., 1985). 


Two possible theories exist about the origin of Paget's 
cells: 


(a) Migration from the deeper ductal structures as a 
result of keratinocyte-induced chemotaxis (De Potter 
et al., 1994). 

(b) In situ malignant transformation either of the intraepi- 
dermal portion of the mammary ducts or of basally 
located multipotent epithelial cells capable of glandu- 
lar differentiation (M ai, 1999). 





Figure 16 Paget's disease of the breast. There is overlying hyperkeratosis 
of the skin. The large cells infiltrating into the epidermis represent 
intraepithelial extension of an underlying ductal carcinoma in situ or 
invasive ductal carcinoma. H&E. 100x. 
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CARCINOMA OF THE MALE BREAST 


Carcinoma of the male breast is uncommon, accounting for 
<1% of all breast cancers. It occurs in an older age group. 
There is an increased incidence of breast cancer in men 
with K linefelter’s syndrome. There is no increased risk of 
breast cancer associated with gynaecomastia. The spectrum 
of ductal carcinomas seen in the male breast is similar to 
those seen in women. Because of the absence of lobules 
in the normal male breast, reports of unequivocal lobular 
carcinoma, either invasive or in situ, are rare. Seventy percent 
of male breast cancers are positive for ER and PR. The 
prognosis, grade to grade and stage to stage, is equivalent 
in males and females. Paget's disease of the breast is more 
common in males than in females. 


CHANGES INDUCED BY THERAPY 


Recently, there has been an increasing trend towards 
treatment of breast cancer with primary chemotherapy, par- 
ticularly in premenopausal patients, whose tumours are 
inoperable at the time of presentation; as such, treatment 
may facilitate subsequent breast conservation. A number 
of histological alterations are seen following neo-adjuvant 
chemotherapy: 


e Necrosis, cellular fibrosis, sclerosis, lymphocytic infiltrate, 
haemosiderin-laden macrophages, nuclear enlargement, 
and nuclear and cytoplasmic vacuolization. These changes 
may make accurate tumour grading difficult. 


RADIATION CHANGES 


Adjuvant radiotherapy for cancer following breast conser- 
vation causes characteristic alterations in tissues, which one 
should be aware of to avoid making a false diagnosis of 
recurrence. These include the following: 


e Atypical stromal fibroblasts, vascular endothelial prolif- 
eration, epithelial atrophy, intralobular fibrosis, producing 
a striking appearance leading to a clinical suspicion of 
recurrence and fat necrosis. 


Postradiation angiosarcoma of the breast is known to occur 
with an incidence of around 0.16% with a median interval 
range of 3-9 years (Strobbe et al., 1998). 


STAGING OF BREAST CANCER 


To stage cancer, the American J oint Committee on Cancer 
first places the cancer in a letter category using the TNM clas- 
sification system. Cancers are designated the letter T (tumour 
size), N (palpable nodes), and/or M (metastasis). A detailed 
discussion on the TNM staging is beyond the scope of this 


chapter. We recommend the following references (A meri- 
can J oint Committee on Cancer, 2002; Sobin, Wittekind Ch., 
2002). 


PROGNOSIS 


A number of clinical and pathological factors influence the 
prognosis of breast cancer. 


1. Size: The diameter of the invasive tumour shows a good 
correlation with the incidence of nodal metastases and 
with survival rate (Carter et al., 1989). 

2. Histological grade: This provides useful prognostic 
information, although it still relies on elements of subjec- 
tivity with inevitable interobserver variation. The system 
most commonly used is that described by Elston and 
Ellis and includes the assessment of three components 
of tumour morphology: 


(a) tubule/acinar/glandular formation 
(b) nuclear atypia/pleomorphism 
(c) frequency of mitoses 


Each is rated from 1 to 3 scores. Adding the scores gives 
the overall histological grade, as shown in Table 7. 

For scoring tubules, the overall appearance of the tumour 
has to be taken into consideration. For nuclear atypia, the 
tumour areas having cells with greatest atypia should 
be evaluated. Mitotic figures should be counted at the 
periphery of the tumour, where it has been demonstrated 
that proliferative activity is the greatest (Verhoeven 
et al., 1990). 

The scores for each parameter are added together and 
assigned to grades as shown in Table 8. 

More than 80% of women with grade 1 tumours survive 
16 years, whereas less than 10% of women with grades 
2 and 3 survive for the same period (Figure 17). 

3. Vascular invasion: The presence of vascular invasion is 
generally considered to be an adverse feature, providing 
independent prognostic information about both local 
recurrence and survival (Pinder et al., 1994). 


Table 7 Histologic grading, Elston’s modification of Bloom and R ichard- 
son’s system. 





Feature Score 
Tubule formation 

>75% 1 
10-75% 2 
<10% 3 
Nuclear pleomorphism 

Small regular uniform 1 
M oderate variation in shape and size 2 
Marked variation in shape and size 3 
Mitotic count per square millimetre (depending on 

microscopic field area) 

<4/sq mm 1 
4-7/sq mm 2 
>7/sq mm 3 
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Table 8 Grading of breast carcinoma. 


Five-year Seven-year 

Grade Description Score survival (%) survival (%) 
Grade 1 Well-differentiated, 3, 4,5 95 90 
(lowest) arranged in small 

tubules 
Grade 2 Moderately 6,7 75 63 

differentiated, 

characteristics 

between grades 1 

and 3 tumours 
Grade 3 Poorly differentiated, 8, 9 50 45 
(highest) disorganized, and 


non- tubule forming 





Figure 17 Grade 3 invasive ductal carcinoma with solid areas, scant tubule 
formation, and mitoses. H&E. 100x. 


Since it is difficult to distinguish between lymphatic 
and venous channels, the non-committal term vascular 
spaces is used. One has to be careful of retraction 
artefacts mimicking vascular invasion. Assessment of 
vascular invasion is best by good quality, optimally 
fixed, and processed H&E sections. Immunostaining for 
endothelial markers (CD34, CD31, and factor V I1) may 
assist in difficult cases. 

4. Lymph node stage: Axillary lymph node metastases is 
one of the most important prognostic parameters (Skol- 
nick and Cannon Albright, 1992). Survival depends on 
the level of the axillary node involved (low, medium, 
high), the number (<4 or >4), the volume of metastatic 
tumour, and the presence/absence of an extra nodal 
invasion. Micrometastases are defined as one or more 
deposits of metastatic carcinoma within the lymph node 
that are more than 0.2mm in size but none that are 
larger than 2mm. Isolated tumour cells (ITCs) are sin- 
gle tumour cells or small clusters of cells not more than 
0.2mm in size that are usually detected by immuno- 
histochemistry or molecular methods but which may be 
verified on H&E stains. ITCs are classified as node neg- 
ative (pNo). 

5. Histologic subtype: The 30-year survival of women with 
ductal carcinoma NOS is <20% compared with 60% 
associated with some other special types, for example, 
tubular, tubulolobular, adenoid cystic, papillary, muci- 
nous, and cribriform (Chen et al., 2002). 


6. Excision margins: The distance of the invasive tumour 
and DCIS from the excision margins is an important 
factor for recurrence. 

7. Age: Patients under 50 years of age at the time of diag- 
nosis have a better prognosis. Females under 35 years 
of age have a significantly higher risk for recurrence 
and distant metastases as they tend to have higher-grade 
tumours (Nixon et al., 1994). 

8. Site: In one large study, it was found that the medial 
location of the tumour was associated with a 50% risk of 
systemic relapse and tumour death compared to a lateral 
location (Lohrisch et al., 2000). 

9. Type of margins: Tumours with expansile margins fare 
better than those with an infiltrating edge (K ouchoukos 
et al., 1987). 

10. Tumour necrosis: This is usually a feature of high- 
grade tumours and is associated with an increased 
incidence of lymph node metastases and a decreased 
survival rate. 

11. Stromal reaction: The absence of an inflammatory 
response at the periphery of the tumour is found to have 
a better prognosis than ones in which this is present 
(Fisher et al., 1983). 

12. Elastosis: Breast carcinomas with no associated elasto- 
sis, typically ductal rather than lobular type, have a lower 
rate of response to endocrine therapy than those with 
gross elastosis. No convincing differences have been 
noted in terms of survival rates (M asters et al., 1979). 

13. Skin invasion: There is invasion of dermal lymphat- 
ics (inflammatory carcinoma) that have a very bad 
prognosis. 

14. Nipple invasion: This is associated with a high inci- 
dence of axillary metastases. 


PATHWAYS OF SPREAD OF BREAST CANCER 


Breast cancer can spread by direct invasion into the surround- 
ing tissues, by lymphatics and blood vessels. Local invasion 
occurs in the breast parenchyma, nipple, fascia, muscle, or 
chest wall. The lymph node sites typically involved with 
metastatic breast cancer are axilla, intermammary region, and 
supraclavicular area. Supraclavicular lymph node involve- 
ment is present in up to 20% of patients with axillary node 
involvement. Metastases to the internal mammary group 
occurs in 22% cases. Blood-borne metastases occur in the 
skeletal system, lung, spleen, liver, ovary, adrenal gland, 
and central nervous system (CNS). Invasive lobular carci- 
noma has a tendency to metastasize to the abdominal cavity, 
particularly to the Gastrointestinal tract (GIT), ovary, and 
serosal surfaces. 


IMMUNOHISTOCHEMISTRY IN BREAST 
PATHOLOGY 


Immunohistochemistry in breast pathology is commonly used 
in the following four scenarios: 
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1. determination of stromal invasion 

2. distinction between ductal and lobular neoplasia 
3. differentiating ductal hyperplasia from DCIS 

4. evaluation of sentinel lymph nodes 


1. Assessment of stromal invasion: Not infrequently in diag- 
nostic breast pathology (Lerwill, 2004), the pathologist 
faces a dilemma where the presence or absence of inva- 
sion is difficult on routine histologic sections. Like normal 
ducts, almost all benign breast lesions and in situ car- 
cinomas have a peripheral layer of myoepithelial cells 
and basement membrane. Stromal invasion occurs when 
malignant cells extend beyond the myoepithelial cell layer 
and break through the basement membrane. 


Commonly used antibodies are as follows: 


(a) Antibodies to basement membrane: Type IV collagen 
and laminin. 

(b) Markers of myoepithelial cells (Table 9): SMA, calp- 
onin, smooth muscle myosin heavy chain, P63, $100, 
CD 10, and CK 5/6. 

(c) Novel markers in research phase: Maspin, Wilm’s 
tumour-1 (WT-1), and P-cadherin. 


2. Ductal versus lobular in situ carcinoma: 
E-cadherin: 
(a) +ve in DCIS (linear, membranous staining) 
(Table 10) 


(b) absence in lobular carcinoma is due to somatic 
mutation of E-cadherin gene 

(c) always correlate with H&E slides 

(d) always used in conjunction 


J 


. Usual ductal hyperplasia versus DCIS: This is shown in 
Table 11. 

. Sentinel lymph node evaluation: AE1/AE3 should be 
used to detect micrometastasis in sentinel lymph nodes. 
However, care should be taken to see which cells are 
staining as reticulum cells and plasma cells; histiocytes 
can be focally positive. This cross-reactivity emphasizes 
the need to evaluate the morphology of the CK +ve cells. 
The tumour cells are typically located in the subcapsular 
or interfollicular sinus, have a round or polygonal contour 
with strong fibrillary CK stain, and have clearly —ve 
nuclei that are morphologically similar to the nuclei of 
the primary tumour. 


ES 


Table 9 Markers for myoepithelial cells. 





M arker Location M yoepithelial cells 
SMA Cytoplasmic +++++ 
Calponin Cytoplasmic +++++ 
SM-MHC Cytoplasmic ++++ 

P63 Nuclear ++ ++ 


SMA - smooth muscle actin; SM-MHC - smooth muscle myosin heavy chain. 


Table 10 |Immunohistochemistry to distinguish DCIS from LCIS. 
Antibody DCIS LCIS 





E-cadherin fe 7 
Cytokeratin 34bE 12 - or reduced + 





Table 11 Usual ductal hyperplasia versus DCIS immunostains. 
Cytokeratin UDH (%) ADH (%) 
34bE 12 + + + (90-100) —/+ (80- 100) 
5/6 + + + (88- 100) — (80- 92) 


UDH - usual ductal hyperplasia; ADH - atypical ductal hyperplasia. 


Immunohistochemistry (IHC) can be a powerful tool 
for resolving many common diagnostic problems in breast 
pathology. Its successful use and value depends upon the 
sophisticated understanding of the appropriate situations in 
which to use certain antibodies, as well as an understanding 
of the limitations of these antibodies. 


PROGNOSTIC MOLECULAR MARKERS OF EARLY 
BREAST CANCER 


Markers used routinely to make treatment decisions in 
patients with early-stage breast cancer (Frabcisco and Gabrie, 
2004) include proliferation (e.g., Ki-67), hormone receptors, 
and the human epidermal growth factor 2. Tumour markers 
shown to have a prognostic value but not used routinely 
include cyclin D1 and cyclin E, urokinase-like plasmino- 
gen activator/plasminogen activator inhibitor (uPA/PAI), and 
cathepsin D. Microarrays have been successfully used to clas- 
sify breast cancers into subtypes with specific gene expres- 
sion profiles and to evaluate prognosis. Interest in novel 
prognostic markers is based on the fact that a significant 
number of patients with early-stage breast cancer harbour 
microscopic metastasis at the time of diagnosis. 


1. Proliferation markers: Tumour proliferation rate is an 
important prognostic factor in breast cancer. M ethods that 
can be used to estimate this are as follows: 


(a) S-phase fraction: This is measured by flow cytome- 
try. However, it is not very popular because of the 
amount of the tissue consumed for the assay. 

(b) Immunohistochemistry to detect cell cycle- related 
antigens 


(i) Ki-67: It is a nuclear antigen expressed in cells 
in the proliferative phase of the cell cycle but 
not in the resting phase (GO). There is a strong 
correlation between the percentage of cells show- 
ing Ki-67 staining and nuclear grade, age, and 
mitotic rate. Patients whose tumours overexpress 
Ki-67 in >50% of the tumour cells are at a high 
risk of developing recurrent disease (Early B reast 
Cancer Trials Collaborative Group, 1992). Ki- 
67 correlates with other established proliferation 
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markers like proliferating cell nuclear antigen 
(PCNA) and can be detected in formalin-fixed 
tissues (MIB-1). 

(ii) Phosphohistone H3 and MPM-2: These are 
linked to mitosis and seem to provide a better 
method of evaluating the proliferative index than 
mitotic counts or Ki-67, which is expressed 
through the cell cycle (Tapia et al., 2006). 

(iii) Mitosin (Clar etal., 1997): This is a recently 
described, 350-kDa nuclear phosphoprotein, exp- 
ressed in the late G1 phase, S phase, G2 phase, 
and M phase of the cell cycle but not in GO. 
It has been shown that mitosin is a proliferation 
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Figure 19 Positive nuclear staining for the progesterone receptor in 


marker that correlates with high S-phase fraction invasive ductal carcinoma grade 2 (Quick score 8/8). Immunoperoxidase 
and a negative ER and PR status. It is shown to technique. 100x. 


be an independent predictor of recurrence. 


2. Oestrogen and progesterone receptors (Figures 18 and 
19): Oestrogen mediates its functions through two spe- 
cific intracellular receptors, ER-a and ER-£ acting as 
hormone-dependent transcriptional regulators. Overex- 
pression of ER-w is a well-established prognostic and pre- 
dictive factor in breast cancer. PR overexpression serves 
as a functional assay since it indicates that the ER pathway 
is intact even if the tumour is reported as ER negative. 
ER and PR status can be measured as a biochemical assay 
or by IHC, the latter method being preferred. There are 
several different scoring systems in place. In the United 
Kingdom, NHSBSP recommends the quick (Allred) score 
(Table 12). It is based on the assessment of the proportion 
and intensity of the nuclear staining. 





Figure 18 Positive nuclear staining for the oestrogen receptor in invasive 
ductal carcinoma grade 2 (Quick score 8/8). Immunoperoxidase technique. 
40x. 


Table 12 Allred quick score. 





Score for proportion Score for intensity 

0 = no staining 0 = no staining 

1 = <1% nuclei staining 1 = weak staining 

2 =1-10% nuclei staining 2 = moderate staining 
3 = 11-33% nuclei staining 3 = strong staining 


4 = 34- 66% nuclei staining 
5 = 67- 100% nuclei staining 


The higher the level of receptor, the greater is the chance 
of response to the endocrine therapy with (tamoxifen). 
Patients whose carcinomas have no evidence of stain- 
ing essentially have a low response to endocrine therapy 
(sampling error may account for the exceptions). D eter- 
mination of PR as well as ER can be of value in those 
patients with tumours showing ER~/PR™, as these too 
benefit from endocrine therapy. Patients with very low 
quick scores (viz. 2) may benefit from adjuvant endocrine 
therapy. In a study of more than 3000 patients, it was 
shown that the ER status is more important for prognosis 
than tumour size in node-negative but not in node-positive 
cases (M cGuire et al., 1990) Tamoxifen decreased the risk 
of local- regional recurrence in patients with ER-positive 
DCIS (Allred et al., 2002). The prognostic role of ER-B 
is not well defined. 


. Type 1 growth factor receptors EGFR and HER 2/c-erbB2 


(Figure 20): Members of the epidermal growth factor 
receptor (EGFR) subfamily of tyrosine kinase receptors 
are most frequently implicated in human breast cancer. 
The subfamily includes HER1- 4. These receptors share 
a common molecular architecture and a large glycosylated 
extracellular ligand-binding domain, a single hydrophobic 
transmembrane domain, and a cytoplasmic tyrosine kinase 
domain (see Signalling by Tyrosine K inases). 





_ MmmmmŘŘ Figure 20 Positive membrane staining for c-erbB2 , score 3 in breast 
The two scores are added to give a maximum of 8. carcinoma. Immunoperoxidase technique. 200 x. 


16 


SYSTEMATIC ONCOLOGY 


Table 13 Recommended testing algorithm. 


Standardized, validated IHC assay 


IHC score 0-1 
Negative 


IHC score 3+ 
Positive 


IHC score 2+ 
Borderline 


Borderline for FISH assay 


FISH ratio <2.0 
Not amplified 
Negative 


FISH ratio >2.0 
Amplified 
Positive 


HER2 (also known as c-erbB2 or neu) is a proto- 
oncogene encoding a 185-kDa tyrosine kinase glycopro- 
tein. Amplification of HER2 plays an important role in 
the pathogenesis of breast cancer. Sixty percent of DCIS 
and 20-30% of infiltrating breast carcinomas overex- 
press HER2. HER2 status can be determined in human 
tumour samples by IHC for the protein product or fluo- 
rescent in situ hybridization (FISH) for the amplified gene 
(Table 13). 

Amplification and/or overexpression of this oncogene is 
associated with a poor disease-free survival rate in patients 
with axillary node-positive breast cancer. One of the main 
reasons for the clinical utility of tissue measurement of 
HER2 is for selection of patients with invasive breast 
cancer for trastuzumab monoclonal antibody therapy 
(Herceptin™). 

The pivotal clinical trials of Herceptin were conducted 
in patients with metastatic breast cancer overexpressing 
HER2. The scoring is shown in the algorithm in Table 13. 
On IHC, positive staining was indicated by membranous 
staining in the tumour cells. 

The drug Herceptin is a monoclonal antibody. It targets 
breast cancer cells that have too many copies of the 
HER2 protein. By binding to the cells, Herceptin slows the 
growth and spread of tumours that have an overabundance 
of HER2. Many experts believe that Herceptin represents 
the future direction of breast cancer drugs in that it targets 
a particular protein of the cancer cell and prevents it from 
carrying out its action. Herceptin is given intravenously 
in an outpatient clinical setting. 


. Plasminogen activators and inhibitors: The uPA is a ser- 


ine protease that plays an important role in the inva- 
sion and metastasis process through the degradation 
of the extracellular matrix. High levels of tissue uPA 
and its inhibitors (PAI1, PAI2) measured using enzyme- 
linked immunosorbent assay (ELISAs) have been corre- 
lated with poor outcome in node-negative breast cancer 
patients (Janicke etal., 1993). The uPA/PAI1 levels in 
primary tumour tissue are associated with an aggres- 
sive course of disease in lymph node- negative breast 
cancer, independent of HER2 status. It has been sug- 
gested that patients with node-negative breast cancer 
and low levels of uPA and PAI1 may not need adju- 
vant chemotherapy. 


. Angiogenesis-related prognostic markers: Itis now acce- 


pted that solid tumours must develop a vascular net- 
work to grow beyond microscopic size, and they do 
so by stimulating the formation of new blood vessels - 
angiogenesis. This is regulated by pro-angiogenic and 
anti-angiogenic molecules. The frequency of distant and 


nodal metastasis increases with an increase in microvessel 
density. Angiogenic growth factors have been identified 
that may have important prognostic utility. These include 
vascular endothelial growth factor, platelet derived growth 
factor (also known as thymidine phosphorylase), and the 
fibroblast growth factor family. Recent studies that indi- 
cate therapies targeting neoangiogenesis (e.g., Avastin) 
may be effective (see Angiogenesis). 


. Apoptosis-related prognostic markers: Programmed cell 


death (apoptosis) is an endogenous cellular process 
whereby an external signal activates a metabolic pathway 
that results in cell death. Apoptotic cells can be quan- 
titated by light microscopy, and an apoptotic index can 
be calculated. BCL2 is a mitochondrial protein known to 
inhibit apoptosis, triggered by chemotherapy and radiation 
therapy. Lower levels of apoptosis could lead to malig- 
nant cell accumulation and therefore to a more aggressive 
clinical course for the disease. Although BCL2 can block 
apoptosis in vitro, several studies have shown that BCL2 
overexpression is associated with improved disease free 
survival (DFS) rates (Gasporini et al., 1995). This may 
be in part because of the close association between BCL2 
expression and ER expression. Perhaps more important is 
the potential association between BCL2 expression and 
response to chemotherapy, where patients with BCL2- 
negative breast cancer are more likely to respond to 
chemotherapy. 


. Genomics: High-throughput gene expression profiling 


using microarray technology has been applied to the clas- 
sification of breast cancers for the prognosis and predic- 
tion of response to treatment. Using cDNA microarrays, 
Perou and colleagues (2000) classified invasive breast 
carcinomas into five subtypes on the basis of their dis- 
tinct gene expression profile (Norway/Stanford dataset). 
These included a luminal epithelial cell phenotype (sub- 
types A and B), a basal epithelial cell type phenotype, a 
HER2 (+) phenotype, and a group of cancers expressing 
a “normal-like” gene profile. Sorlie and colleagues (2001) 
showed that patients whose tumours exhibited the basal- 
like and HER2-positive subtypes had the worst survival 
rates, while the luminal epithelial type was associated with 
improved survival rates. 

Transcriptional profiling could until recently only be 
completed using fresh or frozen tissue, not using tissue 
from paraffin blocks. To overcome this limitation, sev- 
eral groups are developing methods to extract RNA from 
formalin-fixed, paraffin-embedded tissue for genomics 
studies. Ma and colleagues (2003) microdissected breast 
cancer cells from paraffin-embedded tumours and mea- 
sured expression of more than 20 000 genes in cancer cells 
using an Affymetrix platform. The authors were able to 
correlate gene expression signatures with prognosis. This 
is a step forward, and these findings should be validated 
in groups of patients treated homogeneously or not treated 
with adjuvant systemic therapy at all. 


. Proteomics: Proteomics is defined as the identifica- 


tion, characterization, and quantification of all proteins 
involved in a particular tissue, organ, or organism to 
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provide accurate and comprehensive data about that sys- 
tem. One of the methods most commonly used to study 
differences in protein expression between two samples 
(e.g., cancer and normal tissue) is the two-dimensional gel 
electrophoresis. No proteomics-based assay for assessing 
prognosis in breast cancer patients has yet been developed 


SENTINEL LYMPH NODE BIOPSY 


The SLNB technique is used to identify patients who do not 
have tumour in their axillary lymph nodes as it lowers sur- 
gical morbidity, is more cost-effective, and may be superior 
because it allows for close examination of the lymph nodes 


Table 14 Broad overview of management of some breast cancers. 


that are at greatest risk. The procedure includes injecting 
a blue dye or radioactive tracer during breast conservation 
or mastectomy. The surgeon observes the path of the dye to 
identify the one to three sentinel nodes. The surgeon removes 
these lymph nodes to determine if cancer is present. If they 
do not contain tumour, the remaining axillary lymph nodes 
do not have to be removed. If tumour is found, it may be 
necessary to remove the remaining axillary nodes (Table 14). 


BREAST CYTOLOGY - IS THERE STILL A ROLE? 


Over the last few years, there has been a dramatic increase in 
the use of fine core biopsy over that of fine needle aspiration 


Cancer 


Presentation and diagnosis 


Surgical management 


Other treatment 





Ductal carcinoma in situ (DCIS) 


Early breast cancer stage |, stage IIA 


Locally advanced breast cancer stage IIB, IIIA 


Widespread metastatic breast carcinoma stage IV 


(Courtesy Mr H. Shenoy, Leeds General Infirmary). 


Pure DCIS usually detected during breast 
screening 


Detected during screening for breast 
cancer or presents as a lump. Diagnosis is 
confirmed by FNAC or clinical or 
image-guided core biopsy 


Usually presents as large lumps, peau d’ 
orange skin. Diagnosis by imaging and 
core biopsy 


Presentation of large fungating breast 
tumour with skin involvement, axillary 
lumps. M etastasis. Usually seen in elderly 
population 


Stereo wire guided WLE of 
tumour. If diffuse 
presentation or involved 
margins in WLE, then 
mastectomy may be 
considered 

WLE of tumour 
(lumpectomy with a margin 
of normal seeming breast 
tissue) and axillary SLNB if 
no clinical or radiological 
evidence of axillary nodal 
involvement. If clinically or 
radiologically positive axilla 
or no facility for SLNB, 
then an ANC may be 
carried out 


On some occasions, 
Neo-adjuvant chemotherapy 
followed by operative 
procedure. 
WLE/mastectomy. Or 
WLE/mastectomy if 
operable. Axillary SLNB if 
axilla is clinically and 
radiologically tumour free 
or else ANC 

If fit, operation for local 
breast complications. 


If unfit, primary endocrine 
treatment 


Usually no more 
treatment required. 
Follow-up and 
surveillance 
mammograms 


Post-WLE- radiotherapy 
hormone therapy if 
tumour ER/PR positive. 
Chemotherapy, 
depending on the grade 
of the tumour and 
axillary nodal 
involvement. 


Post-mastectomy 
radiotherapy rarely. 
Hormone therapy if 
ER/PR positive. 
Chemotherapy, 
depending on the grade 
of the tumour and 
axillary nodal 
involvement. 
Herceptin therapy - 
debated if HER2 
positive 

Endocrine treatment 
according to ER/PR 
status. Occasionally 
radiotherapy. Systemic 
chemotherapy usually 
carried out if NACT is 
not given previously 


Local radiotherapy 
systemic chemotherapy. 
Endocrine therapy, 
depending on ER/PR 
status. Herceptin if 
HER2 positive 


ANC - axillary nodal clearance; ER - oestrogen receptor; DCIS - ductal carcinoma in situ; FNAC - fine needle aspiration cytology; NACT - neo-adjuvant chemotherapy; 


WLE - wide local excision. 
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cytology (FNAC) (Levine, 2004) in the diagnosis of breast 
cancer. Although the use of FNAC alone for the diagnosis 
of breast cancer has undoubtedly fallen, there is still a need 
for rapid diagnosis using a robust, simple, and cost-effective 
FNAC method. In the diagnosis of breast cancer, biopsy is 
considered superior to FNAC as it allows for the assessment 
of architecture to distinguish in situ from invasive carcinoma 
and also provides tissue for performing ER/PR and c-erbB 2 
status. 

Cytology is not comparable with histology, but both have 
their uses in breast pathology classification. Whilst core 
biopsy has overtaken FNAC as the method of choice in 
preoperative malignant breast diagnosis, there is still a role 
for FNAC in providing an accurate and rapid diagnosis for 
women and men with benign changes as well as metastatic 
disease. 


BREAST CANCER VACCINES 


Traditional cancer treatment regimes provide acceptable 
responses and improve survival in patients with breast cancer, 
but they are generally not selective, inducing cytotoxicity in 
normal as well as in malignant cells and so are often not well 
tolerated. Advances in our understanding of tumour biology 
have allowed targeted therapies against specific molecular 
targets to develop. The specificity is aimed at improving 
tumour targeting, thereby understanding cytotoxicity against 
normal cells. Many clinical trials are underway to test the 
efficacy of vaccination in breast cancer patients; however, 
most of the trials have been conducted on metastatic patients 
(Curigliano et al., 2005). 

The potential antigens that have been used to construct 
vaccines for the treatment of breast cancer are as follows: 


(a) Vaccines based on characterized antigens 
(i) HER2/neu 
(ii) MUC-1 
(iii) CEA 
(iv) hTERT (human telomerase reverse transcriptase) 
(v) Sialyl-Tn 
(vi) p53 

(b) Vaccines based on whole tumour cells 
Clinical studies on tumour cell - based vaccines are based 
on the concept that autologous or allogenic tumour 
cells express many tumour-associated antigens and that 
their inoculation with strong adjuvant or cytokine could 
activate the immune response. 

(c) Dendritic cell- based vaccines 
(i) p53-peptide loaded dendritic cell (DC) 
(ii) MUC-1-pulsed DC vaccines 

(d) Anti-idiotype vaccines 
Anti-HER2 monoclonal antibody trastuzumab. 


Active immunotherapy is an investigational approach in 
breast cancer treatment. Cancer vaccines are designed to 
be specific in order to target only cancer cells preserving 
normal tissues. Data available on clinical trials demonstrated 
that they are safe and with low toxicity, which is a major 


advantage over conventional treatments. However, many 
questions still remain to be answered before a vaccine for 
breast cancer becomes a reality. 

Breast pathology is an ever-expanding field and everyday 
our knowledge into the pathogenesis of breast cancer seems 
to be increasing. Currently, there is a lot of discussion on the 
classification of ADH and on columnar cell lesions of the 
breast, which we have suitably addressed. As breast screen- 
ing becomes more common worldwide, we will encounter a 
different spectrum of breast disease, which, in many coun- 
tries, is still confined to disease entities presenting symp- 
tomatically. R esearch into breast cancer has come a long way 
and we perhaps are living in an era wherein breast vaccines 
could be a virtual reality. 

Our main aim in this chapter was to briefly describe 
the various entities that one frequently encounters in breast 
pathology with an emphasis on recent terminology together 
with advances in breast cancer diagnosis. Whilst we have 
tried to cover the major topics in breast pathology, a deeper 
insight into specific entities can be readily found in Rosen 
(2001) and on the web. 
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NORMAL DEVELOPMENT AND STRUCTURE 


The female genital tract consists of the ovaries, fallopian 
tubes, surrounding adnexa, uterus, vagina, and vulva. Despite 
their proximity and their similarities in many aspects, such 
as response to oestrogen and progesterone, the female 
genital tract actually represents the combination of three 
distinct regions during embryogenesis. These include the 
ovaries, which begin as midline structures that migrate to 
the peritoneal cavity, the mullerian system, which gives rise 
to the endometrium, myometrium, cervix and outer part of 
the vagina, and the ectodermal system, from which the vulva 
and part of the vagina originate. The mesonephric system, 
which plays a role in the filtration of impurities in early 
foetal development, is also represented in the female genital 
tract as rests, which are often found in the adnexa around 
the fallopian tube and in the lateral wall of the cervix; these 
rarely cause clinically relevant pathology. 


PATHOLOGY OF THE CERVIX 


Tumour Pathology 


Squamous cell carcinoma is the most common tumour of the 
cervix, accounting for nearly 75% of the tumours from this 
region. This, of course, is consistent with the observation that 
a strong majority of premalignant lesions of the cervix are 
derived from squamous cells, termed squamous intraepithe- 
lial lesions (SILs). There are several histological subtypes 
within the category of squamous cell carcinoma of the cervix. 
The most common type is moderately well-differentiated 
squamous cell carcinoma, where rare cells show the ker- 
atinization diagnostic of this tumour. Poorly differentiated 
squamous cell carcinoma, where keratin formation is very 
difficult to find with routine haematoxylin and eosin stain, is 
less common. Interestingly, well-differentiated squamous cell 
carcinoma, where keratin pearls and individual cell dysker- 
atosis are abundant, is extremely rare in the cervix. This 
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is in sharp contrast to the vulva, where well-differentiated 
squamous cell carcinoma is very common. In the vulva, 
this type is rarely associated with infection by human papil- 
lomavirus (HPV) (Nuovo, 1994). This may explain why 
this type is so rare in the cervix for over 99% of cervical 
cancers contain HPV DNA, as is discussed in the follow- 
ing text (Crum and Nuovo, 1991; Morrison etal., 2001). 
Indeed, it has been shown that the very rare highly kera- 
tinized version of squamous cell carcinoma of the cervix 
is HPV negative (Morrison et al., 2001) (see Human DNA 
Tumour Viruses). 

Another rare type of carcinoma found in the cervix is 
small cell carcinoma (Figure 1). This very rare variant has a 
poor prognosis, and is histologically equivalent to the very 
common small cell carcinoma of the lung. Such tumours 
are called neuroendocrine tumours, as they are commonly 
associated with the production of proteins that are part of the 
endocrine system, such as synaptophysin or chromogranin 
(see also Endocrine Organs). 

The other type of carcinoma found in the cervix is adeno- 
carcinoma. About 25% of cancers of the cervix are of this 
type. Although the premalignant variant (adenocarcinoma in 
situ) is a well-recognized entity, it is common to find SIL 
associated with adenocarcinoma of the cervix. This implies 
that the two entities share a common origin, which is indeed 
the case as discussed in Aetiology. Another important point 
that highlights the relatedness between adenocarcinoma and 
squamous cell carcinoma of the cervix is the fact that they 
both originate at the exact same location - the transforma- 
tion zone of the cervix (Crum and Nuovo, 1991; Nuovo, 
1994). There are several subtypes of adenocarcinoma of 
the cervix. The most common type is a moderately well- 
differentiated lesion in which mucous production is easily 
documented by special stains, such as the mucicarmine or 
the periodic acid-Schiff (PAS) stain (Figure 2). At times, 
such tumours show cribriform formation, similar to what is 
evident in endometrial adenocarcinomas. Further, like ade- 
nocarcinoma of the endometrium, squamous metaplasia is 
often identified. As might be expected, it may be difficult - 
indeed impossible - to differentiate a primary endocervical 
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Histology of unusual carcinomas of the cervix. (a) Pattern of growth of a small cell carcinoma. At higher magnification (b) note the lack of 


cytoplasm and nuclear moulding. (c) Well-formed glands that, however, are invading the underlying stroma. Note the mitotic figure (d, arrow), characteristic 
of this tumour, called adenoma malignum. Both lesions contained HPV and showed areas of squamous cell dysplasia. 


cancer from an endometrial cancer that has invaded into 
the endocervix. Similarly, it may be very difficult to dif- 
ferentiate a primary endometrial adenocarcinoma from an 
endocervical primary that has invaded into the endometrium. 
These are important clinical distinctions, as they relate to the 
stage of the disease, which ultimately is the most important 
indicator of the prognosis for a woman. There is, how- 
ever, a very simple way to distinguish between endocervical 
and endometrial adenocarcinoma. This can reliably be done 
with HPV testing, as endocervical cancer invariably con- 
tains HPV, whereas endometrial cancer does not contain 
the virus (Figure 2). There are a few other types of endo- 
cervical adenocarcinoma to recognize. One is the clear-cell 
variant, which looks histologically identical with the much 
more common renal cell carcinoma. Interestingly, this is the 
only type of adenocarcinoma of the cervix that is not found 
in the transformation zone or is associated with HPV. It 
has been associated with DES exposure in utero; it is worth 
stressing that this is a very rare variant. Also, one should rec- 
ognize the papillary variant of endocervical adenocarcinoma 
that is extremely rare. On histological analysis, it looks iden- 
tical to the common papillary serous carcinoma of the ovary 
(described later). It carries a poor prognosis. Finally, one 
should realize that the endocervix is the site of a rare vari- 
ant of adenocarcinoma called adenoma malignum, which is 
very well differentiated. The term adenoma stresses the fact 
that the glands are remarkably bland in appearance. Two 


features, mitotic activity (which is a very good marker of 
adenocarcinoma of the cervix) and branching, or claw-like 
glands infiltrating the stroma, are what allow one to differ- 
entiate adenoma malignum from normal endocervical glands 
(Figure 1). 


Epidemiology 


The cervix is unique in how well the epidemiology of can- 
cers and precancers at this site are understood. Simply put, 
the epidemiological data for years have pointed to a sex- 
ually transmitted factor. Many years ago, before molecular 
techniques were so widely available, nearly every agent of 
sexually transmitted diseases (STDs) was implicated. In the 
early 1980s, herpes simplex virus was a leading candidate 
(Crum and Nuovo, 1991; Nuovo, 1994). It took the advent of 
molecular cloning and hybridization to realize that the actual 
agent was a virus HPV. HPV is a small DNA virus - it con- 
tains only about 8000 base pairs - which cannot be grown in 
the laboratory. Its fastidious nature and small size are very 
well suited to study by molecular hybridization techniques. 
HPV is discussed in detail in Aetiology. As noted above, it is 
well documented that the primary risk factor for a woman for 
developing cervical cancer is her number of sexual partners. 

Whereas HPV is tropic for squamous epithelium and it 
cannot survive long without contact with such tissue, it 
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Figure 2 Differentiation between adenocarcinoma of the cervix and endometrium. (a) Cytology of an adenocarcinoma from a Pap smear; note the variable 
cell density. (b) The histology shows similar disorganization; the lesion contains HPV 18 (c, dark-staining cells are positive) confirming that the lesion is 
from the cervix. Compare this to the cytology (d, Pap smear of the cervix) and histology (e) of a similar appearing tumour that was in the endometrium. 
HPV testing showed this to be HPV negative (f), confirming that it was an endometrial cancer. 


follows that barrier methods of contraception may be useful 
in preventing the spread of this disease. Given the strong 
correlation between HPV infection and sexual transmission, 
an obvious question is whether any sites other than the genital 
tract show a high relationship between squamous tumours 
and HPV infection. Indeed, there are two other sites where 
the association is as strong as in the cervix, namely, the 
periungual region (fingernail bed) of the fingers and, to a 
lesser extent, the toes and the conjunctiva (Eliezri etal., 
1990). Whether cancers at these sites are acquired sexually 
is unclear, although they do contain the same HPV types as 
found in the cervix and cases of co-existent cervical dysplasia 
and periungual dysplasia have been documented. 


Aetiology 


As indicated above, the aetiological agent of cervical cancers 
and SILs is HPV. Of course, not all women exposed to 
HPV develop cervical SILs or cancer, but infection by the 
virus is a prerequisite for SILs (and ultimately cancer) to 
develop. A great deal of attention has been given to the 
function of the different genes (called open reading frames, 
ORFs) of HPV, to understand better what is the actual 
mechanism whereby this virus induces cervical SILs and 
cancers. HPV, as noted above, is a small virus and has seven 
early ORFs (E1-E7) and two ORFs that appear later in the 
infectious cycle (L1 and L2). As might be expected, the 
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late ORFs are involved with the production of the protein 
capsid coat that covers the virus immediately before it leaves 
the cell. Several of the early ORFs have been shown to 
be essential for the oncogenic effects of HPV using in 
vitro models. Specifically, ORFs E6 and E7 are capable 
of transforming normal squamous cells into cells that look 
identical to dysplastic squamous cells. However, E6 and 
E7 are not capable of making the normal squamous cells 
become invasive, that is, malignant. For this to happen, other 
molecular events must occur, as will be discussed under 
Molecular Genetic Findings. It is now clear how E6 and 
E7 function. They both are capable of binding to and thus 
inhibiting the action of two important tumour-suppressor 
gene products, p53 and Rb. Both p53 and Rb function to 
keep a cell's growth in an organized mode. If these proteins 
are blocked, the cell starts to proliferate at a much higher 
rate, which is evident under the microscope as hyperplasia. 
Further, the cells show enlarged, hyperchromatic nuclei that 
are the features of dysplasia on microscopic examination 
(Crum and Nuovo, 1991; Nuovo, 1994). 

As noted above, there are about 20 HPV types that may be 
found in cervical SILs. It can be seen from Table 1 that these 
types predominate in low-grade SILs. Fewer HPV types are 
found in the high-grade lesions and invasive cancers. This 
has an important implication when analysing for HPV. 


Screening and Prevention 


Screening for cervical SIL is an excellent example where 
routine prevention has greatly reduced the incidence of 
cancer. In the United States, where cytological screening 
is common, cervical cancer is a relatively rare disease, 
with an incidence of about 15000 cases per year, which 
is far below the rate for other cancers in women, such as 
breast cancer and lung cancer. However, in other countries, 
where routine cytological screening is not done, such as in 
Columbia, cervical cancer is the leading cause of cancer 
death in women. Of course, the screening test for cervical 
SILs is the Papanicolaou smear (Pap smear). However, a 
newer test has been proposed for the purpose of screening 
for cervical SILs, namely, HPV testing (Crum and Nuovo, 
1991; Nuovo, 1994). 

The function of the Pap smear is to have a cytotechnol- 
ogist examine under the microscope a large sample of the 


Table 1 Correlation of HPV type and histology (%). 


HPV 
HPV 6/11 HPV 16 HPV 18 HPV 31/35/51 other? 
Cervix 
Low-grade SIL 18 34 3 28 17 
High-grade SIL 0 71 2 18 3 
Cancer 
Squamous cell 0 55 30 10 5 
A deno 0 31 66 2 1 
Vulva/penis 
Low grade 96 Ji 0 0 3 


High grade 0 92 0 7 1 


aHPV other refers to HPV 33, 40, 41, 42, 43, 44, 45, 51, 52, 56, 68, and 70. 


surface cells of the cervix. A key concept to remember is the 
transformation zone, which is the area where the squamous 
epithelium and glandular epithelium meet. At the transfor- 
mation zone, the squamous cells replace the glandular cells 
owing to a process called squamous metaplasia (Figure 3). 
In this process, HPV usually initially infects the metaplastic 
squamous cells and it follows that cervical SILs originate 
in the transformation zone. With this realization, one can 
see why it is so important that the clinician take a sample 
from the transformation zone when a Pap smear is done. To 
document that this has happened, the cytotechnologist looks 
for either the metaplastic squamous cells or the endocervical 
glandular cells, because, if he/she sees the latter, it is assumed 
that the clinician must have also sampled the transformation 
zone. Failure to see either cell type raises the question of 
whether the transformation zone was sampled or not, and, if 
so, it is more likely that, if a SIL was present, it may have 
been missed (Crum and Nuovo, 1991; Nuovo, 1994). 

Figure 3 depicts the normal epithelial cells that are seen on 
a Pap smear. These include two types of mature squamous 
cells called the superficial and the intermediate cells. These 
terms refer primarily to cytoplasmic features, such as colour, 
which are under the influence of oestrogen and progesterone, 
in the cervix and to a greater degree in the vagina. The 
parabasal cell is rarely seen in the Pap smear, as in most cases 
it is not present near the surface and hence not likely to be 
sampled. The parabasal cell can be seen in atrophy, where the 
mature squamous cells are much reduced in number owing 
to the marked reduction in the amount of oestrogen and 
progesterone. The metaplastic squamous cell was described 
earlier. Finally, the glandular cells, often present in well- 
defined groups that resemble a honeycomb, should be evident 
on a Pap smear (Figure 3). Other cell types are commonly 
found in the Pap smear. These include several types of 
inflammatory cells, such as the neutrophil, lymphocyte, and 
macrophage. Large numbers of neutrophils at times indicate 
acute cervicitis, which can be due to many causes including 
infection by Candida or Trichomonas. HPV does not cause 
an acute infection. 

Most laboratories that deal with Pap smears taken as a 
screening test from primarily premenopausal women report 
that around 90% of the smears are within normal limits or 
negative for malignant cells. It is important to stress that 
findings such as inflammation and the associated squamous 
cell changes (Figure 3), often called reparative or reactive, 
are considered within normal limits at least in the context of 
precancers of the cervix (Crum and Nuovo, 1991; Nuovo, 
1994). Of course, if there is severe inflammation and an 
organism such as Trichomonas or Candida is identified, this 
needs to be reported, but even such cases may be signed 
off as “negative for malignant cells”, with a comment that 
severe inflammation and a specific organism are identified. 
About 5-8% of Pap smears are called ASCUS (atypical 
squamous cells of undetermined significance). This means 
that the cytological changes suggest but are not diagnostic 
of SIL. The remainder of Pap smears are diagnosed as SIL, 
most of these being low-grade SILs. 

The diagnosis of low-grade SIL on a Pap smear is made on 
the basis of two cytological changes: (i) a large, well-defined 
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Figure 3 Morphological findings in the normal cervix. (a) Squamous cells of a normal Pap smear; note the large amount of cytoplasm and small nucleus. 
(b) Benign metaplastic cell with its small vacuoles (arrow). (c) Honeycombed appearance of benign endocervical cells is apparent. The corresponding 
histology shows squamous metaplasia (d) and, at lower magnification, (e) which, as expected, are negative for HPV using in situ hybridization (f). Note 


that the nuclei are very uniform in squamous metaplasia. 


perinuclear halo surrounded by a thin, clear-cut rim of 
cytoplasm; (ii) enlarged nuclei that show hyperchromaticity 
(i.e., increased darkness on the Pap stain). An example of 
low-grade SIL is provided in Figure 4. Note that the nucleus, 
although increased in size, is still surrounded by ample 
cytoplasm. 

The diagnosis of high-grade SIL on a Pap smear is 
made on the basis of two cytological changes: (i) a high 
nuclear-to-cytoplasmic ratio and (ii) a marked increase in 
the chromaticity of the nucleus. An example of high-grade 
SIL is provided in Figure 5. Note that the nucleus shows 
an irregular distribution of chromatin and that, overall, there 
is a substantial increase in chromaticity. It should be added 
that irregularities in the contour of the nuclear membrane are 


also considered a diagnostic feature of high-grade SILs, and 
may also be seen in low-grade lesions. It is considered that 
the increased pressure that the cells are subjected to in the 
preparation of the ThinPrep makes such nuclear membrane 
irregularities common, including, in many cases, cells that 
are clearly not SIL (G. J. Nuovo, unpublished observations). 
Hence, although abrupt changes or notches in the nuclear 
membrane are a feature of SIL in the conventional Pap smear, 
itis considered that they are not reliable markers of the same 
in the ThinPrep smear. 

When the classical changes of low- or high-grade SIL 
are evident on a Pap smear, the diagnosis can be made 
easily and without equivocation. The difficulty arises when 
the Pap smear shows features suggestive, but not diagnostic, 
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Figure 4 Morphological findings in low-grade SIL. (a) Classical large, well-defined perinuclear halos and enlarged nuclei of a low-grade SIL (b and c). 
Variable cell density (higher magnification), halos of varying size and shape, and nuclear variability towards the surface that are characteristic of the disease. 
The lesion contains a large amount of HPV 51 (d, dark-staining cells mark HPV). Note the well-ordered appearance of the adjacent epithelium (e) that is 


HPV negative by in situ hybridization (f). 


of SIL, that is, ASCUS. There are four conditions that are 
the cause of most cases of ASCUS: reactive changes due to 
inflammation in mature squamous cells (mimic of low-grade 
SIL), reactive changes due to inflammation in immature 
metaplastic cells (mimic of high-grade SIL), SIL (usually low 
grade), and atrophy. L et us examine each of these conditions. 

Reactive changes in mature squamous cells are probably 
the most common cause of ASCUS. Inflammation in the 
cervix is common and can be due to many agents, such 
as Candida and Trichomonas, although in many cases a 
specific aetiological agent cannot be identified. Whenever 
there is inflammation, the mature squamous cells usually 
demonstrate two cytological changes: a small perinuclear 


halo that does not show a clear-cut condensed rim of 
cytoplasm and a slightly enlarged nucleus. However, the 
enlarged nucleus does not show enough hyperchromaticity 
to warrant a diagnosis of low-grade SIL. Often, the nucleus 
shows a nucleolus and/or a nuclear groove, which are useful 
clues that show that one is dealing with reactive changes 
and not true SIL. The difficulty arises when inflammation 
occurs in the setting of a SIL. It takes experience to be able 
to “factor out” the reactive changes in the cells and decide if 
there still is adequate atypia to warrant a diagnosis of SIL. 
Another common type of “reactive” change can be induced 
by progesterone, such as for women taking Depo Provera or 
who are pregnant. This induces many glycogen cells. These 
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Figure 5 Morphological findings in high-grade SIL. (a) Pap smear; note the hyperchromaticity of the cells and the sharp, abrupt indentations in the nuclear 
membrane. The biopsy shows a relatively thin epithelium (b) that contains highly atypical cells showing variable cell density and concomitant nuclear 
atypia (c). HPV 16 is present (d), but in smaller numbers compared to the low-grade SIL (Figure 4). 


intermediate cells can be altered in the processing of the 
liquid-based Pap smears and the end result can be a cell that 
is a good mimic of a low-grade SIL. A negative HPV test 
or, alternatively, a positive test for glycogen (PA S) can easily 
assist in this important differentiation. 

Reactive changes in immature metaplastic cells are also a 
common cause of ASCUS, especially in the ThinPrep sam- 
ple. We can recall that squamous metaplasia is a ubiquitous 
process in the cervix. When there is associated inflammation, 
which is also common, the metaplastic cells demonstrate an 
increased nuclear-to-cytoplasmic ratio. Itis important to real- 
ize that metaplastic cells commonly show darkened nuclei, 
which of course is also a feature of high-grade SILs. The 
most reliable way to differentiate high-grade SIL from reac- 
tive immature squamous metaplasia is to realize that the latter 
will show a strong uniformity in the nuclear chromaticity 
from one cell to the next (Figure 3). It is just as important to 
realize that there are cases where it can be difficult to decide 
whether the chromaticity is uniform or variable enough to 
warrant a diagnosis of high-grade SIL versus reactive squa- 
mous metaplasia - in such cases, of course, the diagnosis of 
ASCUS is completely appropriate. 

Atrophy is characterized by an increase in the nuclear- 
to-cytoplasmic ratio, but not perinuclear halos. Thus, it can 
mimic a high-grade SIL. The key is to realize that atrophic 
cells do not have hyperchromatic nuclei but, again, nuclei 
that are uniform in their chromaticity. 


A common cause of ASCUS is SIL. In some cases, there 
simply are not enough dysplastic cells for the cytopathologist 
to make an unequivocal diagnosis of SIL. This may well be 
a sampling issue, where either the lesion was too small and 
not enough cells were present for a definitive diagnosis or 
the SIL was not adequately scraped during the procurement 
of the Pap smear. In other cases, the cytological changes 
are not considered to be clear-cut enough for this diagnosis; 
this is often the case with low-grade lesions. Indeed, it has 
been well documented that low-grade SILs, due to the so- 
called benign HPV types 6 and 11, often do not show the 
classical cytological features of low-grade SIL but rather may 
be interpreted as normal cells, or more commonly, ASCUS 
(Nuovo, 1994). How does one differentiate true SILs, either 
low or high grade, from their mimics? Although some groups 
have tried to make this distinction on cytological criteria, 
or using immunohistochemistry for non-specific markers of 
increased cell proliferation, in the authors’ opinion these 
variables are not sensitive enough. There is a very sensitive 
and specific way to make the distinction of ASCUS - benign 
versus true SIL - namely, by HPV testing. 

HPV testing is often done with a method called the hybrid 
capture technique. This is a very sensitive test similar to 
the older dot blot hybridization assays. In these tests, the 
cells are destroyed and their DNA is retrieved. A sample 
of the DNA is then hybridized with HPV DNA or RNA 
probes, and the complex is detected in a variety of ways 
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(formerly using radioactivity, now more commonly using 
enzymes complexed to the HPV probes that either cause a 
colour or light emission to mark the presence of HPV in the 
sample) (Nuovo, 1997). If enough HPV probes are included 
to detect most of the 20 HPV types that can be found in the 
cervix (see Table 1), then this system detects HPV in over 
90% of cases of SIL, even if they are called ASCUS. The 
problem with this test is that they also detect HPV in the 
absence of any cytological changes. That is, about 15- 20% 
of women have HPV detected with this test, even if their 
Pap smears are completely normal. Thus, such tests have 
relatively low specificity, in that it is not clear what the 
significance is of detecting HPV in the setting of a normal 
cervix (i.e, a cervix without SIL), and most clinicians do 
not recommend treatment when HPV is found in this setting. 
It would be useful to have a test with high sensitivity, but 
better specificity so as not to detect HPV when no SIL is 
present. 

HPV detection by in situ hybridization offers certain 
advantages over the more sensitive techniques of polymerase 
chain reaction (PCR) or dot blot hybridization/hybrid capture. 
First, the HPV is directly detected within intact cells, and 
thus one can correlate the cytological findings with the viral 
results. Second, with a probe cocktail that can detect most 
HPV types, over 90% of low-grade SILs are positive. Finally, 
it is very rare (less than 1%) that HPV is detected by in 
situ hybridization in a normal-appearing cell from the cervix 
(Crum and Nuovo, 1991; Nuovo, 1994). We undertook a 
study that tested all cases of ASCUS for HPV by in situ 
hybridization where there was a biopsy within 6 months of 
the Pap smear. It was noted that the detection of HPV by 
in situ hybridization was an excellent way to differentiate 
cases of ASCUS associated with a biopsy where only benign 
reactive changes were seen (HPV negative) from those where 
an actual SIL was evident on biopsy (HPV positive). 


Gross/Histopathology/Immunohistochemistry/EM 


The gross findings of the cervix are viewed under magni- 
fication using a device called the colposcope. Colposcopy 
typically involves looking at the cervix from 4x to 25x 
after applying a weak solution of acetic acid. The acetic 
acid solution removes the mucous and highlights the areas 
where there is increased cellular density that will appear 
dark white (hence acetowhite lesions). Recall that the outer 
part of the cervix nearest to the vagina (the portio) is white 
and the endocervix pink because the former is covered by a 
thick multilayer of squamous cells that masks the underlying 
blood vessels, which is responsible for the pink colour of the 
endocervix. It is important to realize that any process that 
causes a focal increased density of cells in the cervix, be 
it SIL, inflammation, or squamous metaplasia, produces an 
acetowhite patch. Hence, the presence of the same is simply 
an indicator for the colposcopist as to where to biopsy, and 
is not diagnostic of a SIL. To diagnose a SIL, a biopsy must 
be done. 

The histological findings of low- and high-grade SIL are 
shown in Figures 4 and 5. Note that, in either case, one uses 


the presence of a disorganized growth pattern (i.e, variable 
cell density, where some of the cells are closely packed and 
in other areas some of the cells are widely spread apart) as 
the most useful feature to diagnose a SIL on biopsy. It is 
important to stress that this is a low-power (4x or 10x) 
pattern to view under the microscope. Newcomers to the 
field often make the mistake of focussing their attention on 
the cytological details at high magnification. Although it is 
useful to see hyperchromatocity, one can usually make the 
diagnosis on histological grounds at low magnification, using 
the organization of the cells as the key variable. 

The immunohistochemical analysis of SILs is for the 
most part non-specific. That is, one can detect in greater 
number certain proteins that are indicative of the increased 
cellular proliferation evident in SILs, such as Ki-67. As 
indicated above, there is one highly sensitive and specific 
immunohistochemical test for SILs, namely, HPV detection. 
However, HPV detection via the protein coat of the virus 
is not very sensitive, as in many cases the virus does 
not produce enough of its capsid for detection by this 
method, especially in high-grade SILs and cancers (Crum and 
Nuovo, 1991; Nuovo, 1994). HPV DNA detection by in situ 
hybridization on biopsies, as on Pap smears, is very sensitive 
and specific. Figures 4 and 5 show examples of the detection 
of HPV by in situ hybridization in SILs and cervical cancer. 
Two important points need to be stressed. First, there are 
cases where the histological changes are suggestive but not 
diagnostic of low-grade SIL. These are often biopsies where 
there is a lot of inflammation and where the Pap smear is 
called ASCUS. In these instances, HPV testing by in situ 
hybridization is a very reliable way of differentiating those 
tissues that actually are SIL from its mimics. The importance 
of this cannot be overstated, given that an overdiagnosis of 
SIL can cause serious emotional distress for the patient. In 
the authors’ opinion, such equivocal cases should be signed 
off with the HPV in situ test; positive is low-grade SIL and 
negative is non-specific reactive changes, negative for SIL 
(Crum and Nuovo, 1991; Nuovo, 1994). Second, the number 
of virus particles in high-grade SIL s and, especially, invasive 
cancers is much reduced relative to low-grade SILs. To detect 
the virus reliably in invasive cervical cancer, one must use 
either PCR or, if one wishes to localize the virus to a specific 
cell type, PCR in situ hybridization. 

Electron microscopy findings in SILs are often non- 
specific; actual viral protein is detected occasionally in 
low-grade SILs as it is in this condition where numerous 
viral particles may be made. In low-grade SILs, electron 
microscopy shows that the perinuclear halo consists of a 
clear zone where the cytoplasm and cell organelles have been 
pushed to the outer aspect of the cell. Electron microscopy 
is not a useful method for detecting HPV infection of the 
cervix. 


Molecular Genetic Findings 


The molecular genetic findings of SILs centre around two 
important onco-proteins made by the virus, called E6 and 
E7. These proteins are capable of inhibiting two important 


FEMALE REPRODUCTIVE SYSTEM 9 


proteins, specifically P53 and RB, respectively. The E6 and 
E7 proteins from the oncogenic HPV types, such as HPV 16 
and 18, are much more avid in their inhibition of P53 and 
RB than the low-risk HPV types, such as HPV 6 and 11. 
However, it is now clear that other suppressor gene products, 
which are not apparently inhibited at all by HPV, are more 
commonly inhibited in the evolution of cervical cancer. 
Specifically, P16 may be inactivated in high-grade SILs and 
cancers, whereas such lesions contain many cells where P53 
and RB are still active, as the virus did not produce either E6 
or E7 in those specific cells (Nuovo et al., 1999). Finally, it 
is now clear that certain host RNAs are selectively increased 
or decreased in production as lesions progress from SIL to 
cancer, and again this appears to be independent of HPV 
interactions. M atrix metalloproteases (MMPs) are enzymes 
that help cells digest collagen, as is needed in healing of 
tissue damage. Cervical cancer cells make more MM Ps and 
less of their inhibitors tissue inhibitors of metalloproteases 
(TIM PS) as they progress from microinvasive cervical cancer 
(with its good prognosis) to invasive and metastastic cervical 
cancer (Crum and Nuovo, 1991; Nuovo, 1994). 


Prognostic Factors 


The primary prognostic marker of cervical cancer is its stage, 
which is how far has it infiltrated local tissues. It is important 
to stress that neither HPV type nor histological/cytological 
findings can accurately predict which SILs will progress and 
which will regress. The only exception to this statement is 
the observation that low-grade SILs that contain HPV 6 or 
11 usually, if not always, regress. 


Overview of Present Clinical Management 


About 10 years ago, the treatment for cervical SILS was a 
simple office procedure called cryotherapy. The key clinical 
factor was whether the entire lesion could be visualized at 
colposcopy. If it could not, then the transformation zone of 
the cervix had to be removed surgically (called cone knife 
cone biopsy) to document that the lesion was not invasive 
in the canal and to remove it completely. However, if, as 
in most cases, the SIL could be seen in its entirety with the 
colposcope, then a simple 5-minute office procedure could 
eradicate the virus and the lesion in about 90% of women. 
Over the last 10 years, this has shifted from cryotherapy to 
using laser ablation, which is equally effective but more 
expensive. Over the last several years, many gynaecologists 
have switched to a modified cone biopsy (usually smaller) 
using a metal loop and electrocautery excision procedure 
(LEEP). This procedure usually removes the entire lesion, 
but may have to be done in an operating room under general 
anaesthesia. The recurrence rates after LEEP are similar to 
those seen after cryo- or laser therapy (Crum and Nuovo, 
1991; Nuovo, 1994), 

The management of cervical cancer depends on stage. F or 
microinvasive cancer, a cone biopsy or LEEP is curative. For 


more deeply invasive cancers, either surgery plus chemother- 
apy or, at times, radiotherapy is indicated. Death is usually 
due to renal failure secondary to obstruction of the ureters by 
the tumour. Studies using vaccines against HPV to treat cer- 
vical cancer are too preliminary but do not appear to be very 
effective, perhaps reflecting the decreased role of HPV at this 
advanced stage. However, it has been recently announced 
that the vaccine against HPVs 16 and 18 may be effective in 
preventing SILs (Harper et al., 2006). 


PATHOLOGY OF THE ENDOMETRIUM 


This part of the chapter focuses on tumours of the 
endometrium and myometrium. In order to understand 
endometrial pathology, it is important to appreciate the 
effects of oestrogen and progesterone on the normal endo- 
metrium. It is the balance of these hormones that allows 
for normal function of the endometrium such as prepara- 
tion for embryo implantation and normal menstrual cycles. 
Oestrogen stimulates proliferation (and thus mitotic activity) 
in the glands and stroma. Progesterone inhibits mitotic activ- 
ity, and stimulates secretions in the glands and changes in 
the stroma called predecidualization, where the cells acquire 
more cytoplasm. The key point to remember is that unop- 
posed oestrogen will induce continued mitotic activity and 
gland growth, which is a central point in the development of 
endometrial tumours (Deligdisch, 2000). 


Tumour Pathology 


Endometrial polyps are benign, localized lesions that pro- 
trude into the endometrial cavity (Figures 6 and 7) and 
represent focal hyperplasia of the endometrium. Variable 
amounts of endometrial glands, fibrous stroma, and blood 
vessels are present. If a significant amount of smooth muscle 
is present, the polyp is referred to as an adenomyomatous 
polyp. Polyps are common, occurring most frequently in 
women 40-50years old; the presenting symptom is often 
abnormal uterine bleeding. Tamoxifen (an antioestrogen used 
to treat breast cancer) is clearly linked to the development 
of endometrial polyps as well as malignant change in such 
polyps (Nuovo, 1994). Relative progesterone excess can 
cause a stromal proliferation evident clinically as a decidual 
polyp (Figure 7, which also shows the different histologic 
features seen in endometrial polyps). 

While polyps represent a localized overgrowth of 
endometrium and stroma, certain precancerous lesions affect 
the endometrial cavity, diffusely leading to a thickened 
endometrium, which can simulate a tumour. Endometrial 
hyperplasia, a condition in which the proportion of 
endometrial glands is increased relative to endometrial 
stroma, is a well-defined step in the development of the 
most common types of endometrial cancer. Endometrial 
hyperplasia develops under conditions of oestrogen excess. 
The single most important factor in determining the 
likelihood of progression of hyperplasia to carcinoma is 
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Figure 6 Macroscopic appearance of uterine polyps. (a) Macroscopic 
appearance of a benign polyp (arrow). (b) Polypoid endometrial adenocar- 
cinoma that protrudes into the endometrial cavity. Note that the carcinoma 
is larger, has a less uniform appearance, and has foci of haemorrhage and 
necrosis. 


the presence of atypia, both cytological and architectural. 
Whereas hyperplasia-containing glands with a simple 
architecture and normal gland cytology (simple hyperplasia) 
have been associated with a 1% cancer progression 
risk, hyperplastic glands with a complex architecture and 
cytological atypia (complex atypical hyperplasia) have a 29% 
cancer progression risk (Burke et al., 1996). Figure 8 shows 
the histological spectrum of endometrial hyperplasia. 
Tumours of the endometrium account for 95% of uterine 
neoplasms (Burke et al., 1996). The endometrioid subtype 
of endometrial adenocarcinoma accounts for nearly 90% of 
endometrial carcinomas (Burke et al., 1996). Endometrioid 
adenocarcinoma most commonly appears as a large poly- 
poid lesion protruding into the endometrial cavity and may 
be detectable as an enlarged uterus on bimanual exami- 
nation. There may be associated haemorrhage and necro- 
sis (Figure 6). Histologically, well-differentiated tumours 
resemble normal endometrium but contain a very complex 
glandular architecture, lack intervening endometrial stroma, 
and have cytological atypia. Areas of confluent, malignant 
cells may be seen as tumours that become less well differen- 
tiated, and it is the percentage of these areas that is evaluated 
when assigning a grade. Tumours with >50% solid growth 
are considered poorly differentiated, or high grade. It is not 
uncommon for endometrioid adenocarcinomas to show areas 
of squamous or, less commonly, mucinous differentiation. 
It is important to realize that this does not adversely affect 


Figure 7 Microscopic appearance of uterine polyps. Note the fibrotic 
stroma, endometrial glands, which are relatively increased compared to 
the stroma, and the thick-walled blood vessels characteristic of a benign 
endometrial polyp (a). In (b) (an endometrial polyp from a woman taking 
tamoxifen for breast cancer), note that the glands are dilated and there is a 
small focus of endometrioid adenocarcinoma (arrow). This is a common 
finding in endometrial polyps associated with tamoxifen. (c) So-called 
decidual polyp, due to the effects of progesterone. Note how the stromal 
cells are large, plump with ample eosinophilic cytoplasm. 


prognosis. Also, areas of squamous differentiation are not 
included when considering the percentage of solid growth 
within a tumour (Burke et al., 1996). Figure 9 shows the his- 
tological features of endometrioid adenocarcinoma and some 
of its variants/mimics. 

Mucinous adenocarcinomas account for 1-9% of 
the endometrial carcinomas and are differentiated from 
endometrioid carcinomas by their prominent intracytoplas- 
mic mucin content in more than 50% of the cells. This kind 
of tumour, especially when it involves the lower uterine 
segment, can be difficult to differentiate from endocervi- 
cal carcinomas unless HPV testing is employed since this 
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Figure 8 Histological appearance of endometrial hyperplasia. In simple 
hyperplasia, the endometrial gland-to-stroma ratio is increased. Glands have 
varying size, but maintain a simple architecture and have no cytological 
atypia (a). Complex atypical hyperplasia has marked glandular crowding 
and, compared with (a), a markedly increased gland-to-stroma ratio. The 
important clues to the correct diagnosis include architectural atypia (glands 
within glands) and the associated nuclear atypia (b). 


is uniformly negative in endometrial cancers and positive in 
endocervical cancers. The tumour behaviour and treatment 
are similar to those of endometrioid adenocarcinomas. 

Less common endometrial carcinoma histological subtypes 
include papillary serous carcinoma (3- 10%) and clear-cell 
carcinoma (0.8- 5%). These patterns are histologically iden- 
tical with their counterparts in the ovary and vagina/kidney, 
respectively. It is important to recognize these patterns as 
distinct entities because they tend to present at a more 
advanced stage and are associated with a more aggressive 
clinical course than endometrioid adenocarcinoma (Cirisano 
et al., 1999). Because these histological patterns have not 
been associated with a clear premalignant condition or excess 
oestrogen, have clearly more aggressive behaviour, and have 
also been shown to have distinctly different molecular alter- 
ations compared to endometrioid carcinomas (see subsequent 
text), it is hypothesised that these tumour types have diver- 
gent patterns of development. Consequently, endometrial 
tumours are divided into type | carcinomas encompassing 
endometrioid-/oestrogen-dependent cancer and type II carci- 
nomas encompassing those histological subtypes not associ- 
ated with oestrogen (Cirisano et al., 1999). Tumours in which 
endometrioid and non-endometrioid carcinoma components 
are identified are not uncommon. However, if the second 


component accounts for more than 10% of the tumour, the 
diagnosis of “mixed carcinoma” is granted, with the men- 
tion of the percentage of involvement by each component. 
Figure 9 shows the histological features of type I1 endome- 
trial carcinomas. 

Leiomyomas are the prototypical benign tumours of the 
uterine myometrium and are benign clonal neoplasms of 
smooth muscle. These tumours grossly appear as well- 
circumscribed, white, whorled nodules usually without 
haemorrhage or necrosis (Figure 10). These and other non- 
epithelial tumours of the uterus are discussed in the subse- 
quent text. 


Epidemiology and Aetiology 


Because endometrial carcinoma, particularly the endometri- 
oid subtype, is by far the most common malignancy of the 
uterus, the discussion on epidemiology and aetiology per- 
tains most directly to these tumours. Endometrial cancer is 
the most common gynaecological malignancy and represents 
the fourth most common malignancy overall in American 
women while being the eighth most common cause of can- 
cer death (Burke et al., 1996). The incidence of endometrial 
cancer peaks at 70- 74years of age, and the lifetime risk 
of developing endometrial cancer is estimated to be 1 in 
38 women. However, the rates of endometrial carcinoma 
per 100000 woman-years during 1992-2000 in the United 
States is dependent on race being 28.5 among black women, 
29.6 among Hispanics, and 54.9 among white non-Hispanic 
women. Into the mid-1980s, the incidence of endometrial car- 
cinoma increased. This has been attributed to the increased 
use of oestrogen-replacement therapy; increasing age of the 
population may also be related. More recently, a decline 
in the incidence of endometrial carcinoma has been noted, 
which may be related to improved formulations in oral con- 
traceptives (OCs) with lower oestrogen content and to the 
addition of progesterone to menopausal hormonal replace- 
ment regimens (Burke et al., 1996). 

As previously discussed, a relationship between unop- 
posed oestrogen and the development of endometrioid ade- 
nocarcinoma is well established. This was first suggested 
by the increased incidence of endometrial carcinoma with 
the advent of single-agent hormone replacement therapy 
with oestrogen. Other conditions that could expose the 
endometrium to unopposed oestrogen have been associated 
with an increased risk of developing endometrial cancer. 
Nulliparity is associated with the development of carci- 
noma, as are early menarche and late menopause. These 
three conditions allow for increased time of exposure of 
the endometrium to oestrogen. It is important to consider 
that nulliparity may be related to infertility due to anovula- 
tion. It is only after ovulation that progesterone impacts the 
endometrium. Therefore, anovulatory women have chronic 
overexposure to excess oestrogen. Obesity is a commonly 
cited risk factor and may be explained by an increased 
availability of unopposed oestrogen due to the increased 
production of oestrone from androstenedione. M edical con- 
ditions such as diabetes and hypertension are also associated 
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Figure 9 Histological appearance of endometrial adenocarcinoma. In well-differentiated endometrioid adenocarcinoma (grade FIGO 1), the tumour is 
comprised of well-formed glands without solid growth (a). (b) Rare and aggressive variant of endometrial carcinoma, papillary serous carcinoma; note the 
multiple small detached groups of cells characteristic of this entity. A clear-cell carcinoma has in some areas clearing of the cytoplasm with marked cellular 
atypia; note the “hobnail” appearance of the nuclei (c). A mimic of clear-cell carcinoma is the Arias Stella reaction (d), characteristic of pregnancy. These 
cells lack the cytological atypia of clear-cell carcinoma and have larger vacuoles reflecting active secretion. 


with increased cancer risk. A less common association with 
the development of endometrial cancer, secondary to the rar- 
ity of the tumour, is an oestrogen-secreting tumour such as 
a granulosa cell tumour of the ovary (Burke etal., 1996). 
Finally, the association of tamoxifen with the development of 
endometrial carcinoma should be mentioned. Tamoxifen has 
an antioestrogenic effect in the breast tissue and is therefore 
both a successful adjuvant therapy and a potential chemo- 
preventive agent for breast cancer. In the uterus, however, 
tamoxifen is a partial oestrogen agonist leading to polyp 
formation, endometrial hyperplasia, and carcinoma in some 
women (Nuovo, 1994), 

Few risk modifiers have been described. OCs with relative 
increased proportion of progestational agents may confer a 
decreased risk. Smoking has also been shown to decrease 
the risk of developing endometrial carcinoma and may be 
related to differences in oestrogen metabolism and earlier 
menopause (Burke et al., 1996). 

The above discussion focussed on endometrial cancers 
with type | pathology. Cancers with type II pathology do 
not have a relationship with unopposed oestrogen, and risk 
and lifestyle factors for these tumours have not been entirely 
elucidated. Precursor lesions to these cancer subtypes are 
currently being established, and certain oncogene mutations 
have been more strongly associated with the development 
of type II than with type | carcinomas. Family history with 
documented inherited predispositions to oncogene mutation 


is emerging as a risk factor for these tumour types. In 
this regard, hypermethylation-induced silencing of certain 
genes such as MLH1, which is a DNA-repair gene, may 
be of importance. This epigenetic event is associated with 
microsatellite instability and is of central importance in 
hereditary non-polyposis colon cancer (HNPCC). Patients 
with an HNPCC typically present with carcinoma (of the 
colon, endometrium, ovaries, or other sites) before the age 
of 45 and have a lifetime risk of developing endometrial 
cancer of 40- 60%. 


Screening and Prevention 


Although endometrial carcinoma is the most common gynae- 
cological malignancy, no well-developed screening pro- 
gramme exists, as screening has not proved beneficial 
in the early detection of carcinoma. The chances of a 
woman having endometrial cancer when postmenopausal 
bleeding is detected are 5- 10%; however, the probabilities 
increase with associated risk factors and older age (Burke 
et al., 1996). 

Some authors have attempted to detect preclinical disease 
in the asymptomatic patient and have suggested various 
screening options including the Pap smear, transvaginal 
ultrasound (TVUS) and endometrial biopsy (EMB). The 
sensitivity and specificity for the detection of endometrial 


FEMALE REPRODUCTIVE SYSTEM 13 


carcinoma by Pap smear is low. In symptomatic patients, 
an abnormal Pap smear predicts the presence of carcinoma 
correctly in only 28% of patients (Nuovo, 1994). TVUS 
in the asymptomatic patient has no well-established cut- 
offs for which a screen would be considered positive, 
although an endometrial thickness <4mm usually results 
in a tissue insufficient for diagnosis on subsequent biopsy 
and is less likely to be associated with significant uterine 
pathology. The cost of the equipment and the time involved 
are also important factors (Burke etal., 1996). EMB in 
the asymptomatic patient may be problematic as many 
elderly patients have cervical stenosis and an office pipelle 
biopsy may be technically impossible (Burke et al., 1996). 
In patients who have symptoms, that is, abnormal bleeding, 
TVUS can be a useful tool. An endometrial stripe thickness 
of >10mm predicts the presence of significant uterine 
pathology in 10- 20% of patients. W hen technically possible, 
EMB is most frequently performed to evaluate abnormal 
bleeding. It has the advantage of being an office procedure, 
and although only 5% of the endometrium is sampled, 
EMB has 97% sensitivity and 83% specificity (Chen et al., 
1999). The gold standard for the evaluation of symptomatic 
women remains hysteroscopy with D & C. However, this 
requires general anaesthesia. The advantage is that 60% of 
the endometrium is sampled and there is direct visualization 
of any polypoid lesions in the endometrial cavity (Chen 
et al., 1999). 


Gross/Histology/Preinvasive/Immunohistochemistry 


The gross and histological features of uterine tumour pathol- 
ogy and preinvasive lesions have been discussed in a pre- 
vious section. This part of the chapter focuses on ancillary 
techniques of tumour diagnosis and histological mimics of 
uterine tumours. 

Immunohistochemistry has become a useful tool in detect- 
ing markers of cellular differentiation in order to assign 
a histological subtype when the answer is not obvious by 
usual microscopic examination. The expression of immuno- 
histochemical markers may also be used as a prognostic 
indicator for tumour behaviour. Because the endometrium 
is hormonally modulated by oestrogen and progesterone, it 
is logical that receptors for these hormones would be present. 
Oestrogen and progesterone receptors are abundant in benign 
endometrium but show a decreased presence in endometri- 
oid malignancies by immunohistochemical analysis. This 
is consistent with the understanding that malignancies are 
not under the same regulatory influence as benign tissues. 
Well-differentiated cancers are more likely to be receptor 
positive; they more closely resemble their tissue of origin. 
It has been suggested that progesterone receptor positiv- 
ity is associated with better-differentiated tumours with a 
less aggressive biological behaviour. In theory, progesterone 
administration as adjuvant therapy for patients with proges- 
terone positive tumours could be useful in counteracting the 
effects of oestrogen, as in the normal endometrium (K urman 
et al., 1995). 


There are times when endometrial adenocarcinoma may 
be difficult to distinguish from endocervical adenocarcinoma, 
particularly when endometrial cancer extends into the cervix. 
In the past, some have used carcinoembryonic antigen (CEA) 
as a distinguishing tool, citing that there is positive staining in 
80% of endocervical adenocarcinomas and 8% of endome- 
trial carcinomas (Kurman etal., 1995). The most reliable 
way to differentiate endocervical cancers from endometrial 
cancers is to do HPV testing as it is invariably positive in the 
former and negative in the latter. In situ hybridization has a 
sensitivity rate of around 60% for cervical carcinomas, due 
to their low viral copy number. Thus, a PCR-based method, 
hybrid capture, or a more sensitive HPV in situ hybridization 
assay should be employed when differentiating endometrial 
from endocervical cancers (Nuovo, 1994). 

It is important to be aware of benign conditions that can 
simulate malignancy. The classical example is the Arias 
Stella reaction, which can look nearly identical to clear- 
cell carcinoma (Figure 9). It is most commonly associated 
with pregnancy but has been reported to occur with the 
use of certain medications (K urman et al., 1995). A good 
history and the presence of progesterone-related endometrial 
stromal changes (decidualization) are invaluable in making 
this distinction. 


Molecular Genetic Findings 


The molecular aspects of endometrial carcinogenesis con- 
tinue to be elucidated. Endometrioid tumours are influenced 
by oestrogen and progesterone, and the development of 
endometrial hyperplasia is directly related to excess oestro- 
gen. These hormones have effects on cellular proliferation; 
therefore, it is possible that molecular disturbances in the cell 
cycle contribute to the development of carcinoma. How the 
transformation from premalignant lesions to cancer happens 
at the cellular level is still not known. 

P53 has been studied extensively in the endometrium. 
It is involved in many crucial cellular functions such as 
cell-cycle regulation, DNA repair, cellular differentiation, 
and apoptosis (programmed cell death). It has been shown 
that there are alterations in the function of P53 in type Il, 
or non-oestrogen-dependent tumours, probably due to gene 
mutation. Oestrogen-dependent tumours (type |) and their 
precursors rarely demonstrate P53 mutations. The functional 
alteration of P53 in type II tumours along with their lack of 
association with unopposed oestrogen suggests the existence 
of an oestrogen-dependent pathway in endometrial tumouri- 
genesis. In type II tumours, P53 mutation is associated 
with poor differentiation, aggressive clinical course, and poor 
prognosis. 

Other mutations associated with type | carcinomas are 
in the KRAS2 oncogene, PTEN tumour-suppressor gene, 
and defects in DNA mismatch repair. Type II tumours have 
also been associated with HER-2/neu expression. Studies on 
HNPCC have shown that tumours associated with MLH1 
methylation almost always are manifested as type | carcino- 
mas with a variable degree of differentiation, while tumours 
with microsatellite instability with MSH2 mutation tend to 
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have a more wide histological spectrum and can be mani- 
fested as type | or type II tumours. 


Prognostic Factors 


Endometrial cancer is currently surgically staged, as the 
anatomical extent of the disease is felt to be an important 
indicator of prognosis and in directing adjuvant therapy. The 
FIGO staging system is as follows: stage | (no myometrial 
invasion - IA, <50% invasion - IB, and >50% invasion 
of the myometrium (IC)); stage II - spread to the cervix 
(IIA - superficial glandular spread and IIB - cervical stromal 
invasion); stage III - spread to the pelvis (IIIA with a positive 
peritoneal fluid and IIIB, vaginal spread); stage IV - distant 
metastasis. 

Additional features in determining the prognosis and risk 
of recurrence include histological grade, histological subtype, 
and age. 

Studies of survival based on surgical stage have shown 
that the depth of myometrial invasion is important with 
97% survival in patients with tumours confined to the 
inner third of the myometrium, decreasing to 70% with 
an outer third involvement. The incidence of lymph node 
metastasis increases with the depth of muscle invasion. The 
involvement of the cervix (stage II), particularly the cervical 
stroma, decreases the 5-year survival to 50%, which is 
probably related to the increased incidence of para-aortic 
lymph node metastases in these patients. Grade III histology 
is a sensitive indicator for poorer prognosis with a higher 
percentage of pelvic lymph nodes involved in these patients 
(Ludwig, 1995). 

When one considers type | versus type II tumours, stage 
becomes a less important indicator of prognosis. Tumours 
with type II histology do worse stage for stage than those 
with typel histology. This is reflected in overall survival rates 
of 33 and 92%, respectively. These patients tend to present 
with a more advanced disease than is initially suspected. 
Even when the disease is at a very early stage, these tumours 
have a higher recurrence risk (Ludwig, 1995). 

Clinically, age is considered to be an indicator of progno- 
sis. Younger women tend to fare better than older women. 
Younger women who develop endometrial carcinoma usually 
do so in the context of complex atypical hyperplasia sec- 
ondary to oestrogen excess. These malignancies tend to be 
better differentiated and less aggressive. Older women more 
often have tumours with poor differentiation and are at an 
increased risk of developing tumours with type II histology 
(Ludwig, 1995; Chen et al., 1999). 


UTERINE STROMAL TUMOURS 


The most common benign stromal tumour in the uterus 
is a leiomyoma. In fact, it is one of the most common 
of all tumours with an estimated incidence of 20-40%. 
These tumours are benign proliferations of smooth muscle. 
Clinically, they tend to be less important as at least 50% are 


asymptomatic. Abnormal uterine bleeding (from submucosal 
leiomyomas) is the most common symptom and can be 
seen in one-third of patients, and one-third of patients may 
have pelvic pain. Local symptoms such as genitourinary and 
gastrointestinal compression and pelvic pressure may be seen 
when tumours reach a large size. These tumours may be 
detected incidentally in hysterectomies for other reasons, 
or may be discovered on routine bi-manual examination. 
Grossly, leiomyomas appear as well-circumscribed, white, 
whorled nodules usually without haemorrhage or necrosis 
(Figure 10). Histologically, these tumours typically have 
uniform, bland spindle cells with few mitoses. This is 
in direct contrast to uterine sarcomas, which are usually 
large tumours with haemorrhage and necrosis displaying 
histological features of marked cellular pleomorphism and 
abundant mitoses. Treatment is often not indicated, but 
abnormal uterine bleeding, severe pelvic pressure or pain, 
infertility/habitual abortion due to uterine cavity distortion, 
and compromise of adjacent organs (i.e., hydronephrosis) 
are all indications for therapy (Barbieri, 1999). Current 
therapeutic options include hysterectomy or myomectomy 
(local resection of the leiomyoma). Because these tumours 
are sensitive to oestrogen and progesterone, drugs to block 
the actions of these hormones have also been used with some 
success in an effort to treat these tumours (Deligdisch, 2000). 

Uterine sarcomas are the least common uterine malig- 
nancy. In general, these tumours represent less than 5% of 
corpus cancers and have a poor prognosis (Levenback et al., 
1996). Most patients present with abnormal uterine bleeding, 
and the tumour may be seen protruding through the cervix 
(classical for MMMT). The incidence tends to increase with 
age, and sarcomas may be more common in African A meri- 
cans. Few risk factors are clearly defined. 

The malignant mixed mullerian tumour (also known as 
carcinosarcoma) is the most common uterine sarcoma. It 
is characterized by the presence of a sarcomatous element 
intimately admixed with a malignant glandular component. 
This sarcomatous component may be composed of elements 
normally found in the uterus such as smooth muscle or 
endometrial stroma (homologous elements), or it may contain 
elements not present in the uterus such as cartilage and bone 
(heterologous elements). 

The malignant counterpart to leiomyoma is the leiomyosar- 
coma, which represent one-third of uterine sarcomas. It is 
important to note that most arise independently, and it is now 
no longer believed that they arise from pre-existing leiomy- 
omas. Survival for patients with disease confined to the uterus 
approaches 30% (Levenback et al., 1996). Figure 10 shows 
a comparison of benign and malignant myometrial tumours. 

Endometrial stromal sarcomas are the least common sub- 
type of uterine sarcomas. They usually show a more bland 
appearance than leiomyosarcoma or MMMT, and are char- 
acterized by increased mitotic activity and invasion of the 
uterine wall. If the tumour is low grade, the prognosis is 
good with 90% overall survival. 

The standard therapy for sarcomas is hysterectomy. The 
benefit of adjuvant therapy in extending survival has not been 
clearly proved (Levenback et al., 1996). 
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Figure 10 Stromal tumours of the endometrium. (a) Benign leiomyoma with a smooth, well-defined tumour border. The cut surface is homogeneously white 
with a whorled texture (arrow). (b) Leiomyosarcoma. In contrast, this tumour appears soft and friable with areas of haemorrhage and lacks a well-defined 
tumour border (arrow). The corresponding histology of the leiomyoma with bland spindled cells and no mitoses (c) is in contrast to the increased cellularity, 
marked cellular atypia, and the presence of mitoses of a leiomyosarcoma (d). A malignant mixed mullerian tumour with heterologous elements (cartilage) 
surrounded by malignant homologous stroma is shown in (e). (f) Endometrial stromal sarcoma; such tumours usually show less cytological atypia than the 


other non-epithelial tumours of the endometrium. 


PATHOLOGY OF THE OVARY 


Tumour Pathology 


Primary tumours of the ovary can be divided into three 
major groups that are based on their presumed cell of 
origin. Tumours derived from the mesothelial-like lining 
of the ovary comprise the common group of epithelial 
ovarian tumours, which show various types of epithelial 
differentiation. Tumours derived from the germ cell elements 
are referred to as germ cell tumours, and encompass a wide 
variety of histological types. Tumours derived from the sup- 
porting elements of the ovary, which includes granulosa, 
theca, and fibrous cells of the stroma, make up the group 


of tumours referred to as sex-cord stromal tumours. These 
tumours generally have less histological variety than germ 
cell tumours and are noted for their potential for hormonal 
production. A fourth group of tumours can be included 
that makes up a wide variety of tumour types, including 
metastatic tumours, pseudoneoplastic tumours or tumour-like 
conditions, and a rare group of tumours of uncertain cell ori- 
gin. For the purpose of simplicity, this last group of rare 
tumours is not discussed. 

The presentation of epithelial ovarian tumours can be 
best explained by examining their natural course of spread. 
Tumour dissemination of ovarian carcinomas generally 
occurs by penetration of the ovarian capsule and seeding 
of peritoneal surfaces and by lymphatic invasion and spread 
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to contiguous lymph nodes in the pelvic region. Spread by 
haematogenous routes to distant sites is a late manifestation 
and signals an ominous prognosis. Implantation of peritoneal 
surfaces is generally associated with a relatively non-invasive 
growth, but increasing tumour size causes mechanical inter- 
ference with vital structures and organs such as the bowel 
and ureters. Because of this predictable route of dissemina- 
tion, staging and prognosis of epithelial ovarian tumours can 
be divided into tumours confined to the pelvis and tumours 
that have spread beyond the pelvis. In contrast, germ cell 
tumours frequently disseminate to distant sites by haematoge- 
nous and lymphatic routes. Sex-cord stromal tumours, even 
when of a malignant nature, tend to be localized to the ovary, 
with metastases to distant sites noted many years after their 
removal. 


Epidemiology 


The incidence of ovarian cancer has remained relatively 
stable over the last 25 years. M ost malignant ovarian tumours 
occur in women over the age of 45 where an ovarian mass 
has an approximately 30- 40% chance of being malignant. 

Certain generalizations can be made regarding the inci- 
dence of specific tumour types in pre- and postmenopausal 
woman. The most common ovarian tumour accounting for 
approximately one quarter of all ovarian tumours and one- 
third of all benign ovarian tumours is the benign dermoid 
cyst (mature cystic teratoma), which belongs to the group of 
germ cell tumours. Germ cell tumours as a group are much 
more common in the first two decades of life. Conversely, 
the common group of epithelial ovarian tumours is rare in the 
first two decades of life and becomes much more prevalent 
with the onset of reproductive age and in postmenopausal 
women. 

Most epidemiological factors of ovarian cancer relate to 
the common group of epithelial tumours. Factors that have 
been associated with a higher risk of epithelial ovarian cancer 
include infertility, nulliparity, multiple miscarriages, and the 
use of clomiphene (a fertility drug); factors associated with 
a lower risk include multiple pregnancies, breast feeding, 
tubal ligation, and the use of OCs. Most of these factors 
can be explained by the hypothesis that ovulation induces an 
aberrant repair process, and factors that decrease ovulation 
decrease the incidence of this group of tumours. The use of 
oestrogen in postmenopausal women has not been shown to 
increase the risk of ovarian cancer. 


Aetiology 


Between 5 and 10% of women with ovarian cancer have a 
family history of ovarian cancer, and approximately half or 
less of this group have inherited disease. A woman with one 
affected first-degree relative has an approximately 5% life- 
time risk of developing ovarian cancer, while two or more 
affected first-degree relatives confers a 30- 50% lifetime risk 
of developing ovarian cancer. The most notable hereditary 


group is the breast- ovarian cancer group linked to BRCA-1, 
a probable tumour-suppressor gene. Unlike BRCA-1, which 
confers a relatively high risk for breast and ovarian can- 
cer, the incidence of ovarian cancer with BRCA-2 appears 
to be much lower. Other inherited ovarian tumours are usu- 
ally components of a multi-system genetic syndrome, and 
are usually not related to the common group of epithelial 
tumours. These syndromic complexes include Peutz- J eghers 
syndrome (sex-cord stromal tumours), gonadal dysgene- 
sis (gonadoblastomas), basal cell nevus syndrome (ovar- 
ian fibromas), ataxia telangiectesia, M uir- Torr syndrome, 
Li-Fraumeni syndrome, and Cowden syndrome. The effect 
of OC use has been extensively studied with results consis- 
tently showing a lower incidence of ovarian cancer in women 
who have used OCs for more than 5 consecutive years. 


Screening and Prevention 


Of the various tumour markers studied, including CEA, ovar- 
ian cyst adenocarcinoma antigen, lipid-associated sialic acid, 
NB/70K, TAG 72.3, CA 15-3, and CA 125, only the last has 
received widespread use. CA 125 is not specific for ovarian 
cancer and can be elevated in 5- 40% of benign gynaecolog- 
ical masses including uterine leiomyomas and endometriosis. 
Other non-gynaecological cancers, including those of the 
pancreas, stomach, colon, and breast, have been associated 
with elevated CA 125. Among gynaecological cancers other 
than ovarian cancers, elevated CA 125 has been reported in 
cervical and fallopian tube malignancies. Owing to the lack 
of sensitivity of pelvic examination and serum CA 125 in 
detecting ovarian cancer, a combination of these tests with 
ultrasonography has been advocated. A large study involving 
more than 22 000 postmenopausal women using a combina- 
tion of CA 125 measurement and ultrasonography showed 
a specificity of greater than 99% for the detection of ovar- 
ian cancer but a positive predictive value of less than 30%. 
Others have advocated a more elaborate screening protocol 
first by transvaginal ultrasonography with abnormal results 
followed by pelvic examination, serum CA 125 determina- 
tion, Doppler flow sonography, and tumour morphological 
indexing by ultrasonography results. In these and numerous 
other studies, the routine testing of asymptomatic women 
has shown limited utility in the prevention of ovarian cancer 
owing to the number of diagnostic laparotomies performed 
per cancer detected. It has been calculated that screening 
100000 asymptomatic women over the age of 45 for ovar- 
ian cancer would detect 40 cases of ovarian cancer with 5398 
false-positive results and 160 complications from diagnostic 
laparotomy. 


Gross/Histopathology/Preinvasive 
Lesions/Ultrastructure/Immunohistochemistry 


Among the three common groups of ovarian tumours, that is, 
sex-cord stromal tumours, germ cell tumours, and epithelial 
tumours, the last group accounts for over 90% of all malig- 
nant tumours of the ovary and approximately 60% of all 
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ovarian tumours. The epithelial ovarian tumours are divided 
according to cell type and architectural pattern, with spe- 
cial reference given to any significant contribution by the 
surrounding ovarian stroma. If the tumour contains a promi- 
nent stromal component, the suffix-fibroma is attached and 
the tumour is designated an adenofibroma rather than an 
adenoma, with this particular entity being almost invari- 
ably a benign proliferation. Architectural features are used 
in describing the location of the tumour as either on the 
surface or within the ovary, the degree of solid or cystic 
component, and are important in assessing the risk of benign 
or malignant behaviour. If the most prominent portion of the 
tumour is on the outer surface of the ovary, which almost 
invariably has papillary histological features, these are des- 
ignated as surface papillary tumours. If the tumour contains a 
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Figure 11 


prominent cystic component, the prefix cyst- is attached, such 
as cystadenoma, cystadenofibroma (Figure 11), and cystade- 
nocarcinoma. A solid tumour with no cystic change would 
thus be called an adenoma, adenofibroma, or adenocarci- 
noma. Adenofibromas and cystadenofibromas are generally 
solid tumours with the cystic component of cystadenofibro- 
mas only being recognized microscopically. The majority of 
ovarian tumours of the epithelial type are grossly cystic and 
their distinction into specific type or prediction of their bio- 
logical behaviour is limited by the gross examination. M ost 
ovarian tumours in general cannot be distinguished from each 
other by their gross pathologic examination and require his- 
tologic examination for their final classification. 
Architectural features are especially important in predict- 
ing the biological behaviour of a given tumour, which is 
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Epithelial tumours of the ovary. (a) Large, broad papilla of a serous cystadenofibroma; the simple columnar lining indicates that this is a benign 


lesion. In (b), note that the papilla are more complex and that psammoma bodies are now evident (arrow); this is a serous cystadenoma of borderline 
malignant potential. In contrast, note the much more complex architecture of a serous cystadenocarcinoma (c). The other panels show other carcinomas of the 
ovary including clear-cell carcinoma (d) (note the similarity to a similar tumour of the endometrium), metastatic carcinoma from the stomach (K rukenberg 
tumour), where the malignant cells contain ample mucin (e), and (f) endometrioid carcinoma of the ovary with its characteristic squamous metaplasia. 
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generally divided into three main categories of benign, bor- 
derline, or malignant. Benign architectural features generally 
imply a tumour, whether it be solid or cystic, has a sim- 
ple morphological pattern and shows no invasion of the 
surrounding stroma. Malignant architectural features are the 
Opposite extreme with a complex morphological pattern and 
obvious invasion of the surrounding stroma. In between are 
borderline tumours. Each specific tumour type has its own 
specific criteria for what defines a borderline tumour, but the 
general concept is that borderline tumours exhibit a morpho- 
logical pattern between simple and complex and can show 
minimal invasion of the surrounding stroma. Cytological fea- 
tures are also evaluated in placing a given tumour into one 
of these three specific categories of biological behaviour and 
include nuclear atypia, number of mitoses, and other param- 
eters such as multinucleation and the amount of cytoplasm 
present. 

The most specific categorization of the epithelial ovarian 
tumours relates to the type of cellular component present, 
with the five major groups being serous (resembles fallopian 
tube), mucinous (resembles cervix), endometrioid (resem- 
bles endometrium), clear cell (resembles kidney tumour), and 
transitional cell (Brenner tumours, resemble urinary bladder). 
Not infrequently, epithelial tumours of the ovary are associ- 
ated with numerous small foci of tumour spread throughout 
the peritoneal lining, which can be either totally benign or 
malignant. These peritoneal implants generally recapitulate 
the primary ovarian tumour and their origin is generally con- 
sidered to be an example of independent primary tumours in 
a low-grade tumour, while in high-grade tumours they may 
be either true metastases or independent primary tumours. It 
is important to realize that these implants do not necessarily 
indicate malignant behaviour of the primary ovarian tumour 
and are not an unexpected finding. 

The most common of all of the epithelial tumours are 
tumours of the serous type, which account for over half of 
this group and form 30 to 50% of all ovarian tumours. Over 
70% of serous ovarian tumours are benign, with borderline 
tumours being relatively rare and malignant types account- 
ing for the remaining 20-25% of these tumours. Serous 
tumours are usually cystic, generally of moderate size (less 
than 10cm), and lined by an epithelium that mimics that of 
the fallopian tube being ciliated cuboidal or columnar. M icro- 
scopic features of benign tumours are single or multiple cysts 
with simple papillae projecting into the lumen (usually com- 
prising less than 10% of the total cyst wall) that are lined 
by a single layer of serous cells with no atypia. Borderline 
tumours show more complex papillae with a stratified layer 
of cells that usually show some atypia. Owing to the complex 
branching nature of the papillae and multiple layer of cells 
lining the papillae, histological sections often show small 
clusters of cells that appear to be floating freely in the cys- 
tic space adjacent to the papillae. As these papillae become 
more complex, they may become condensed into concentric 
concretions referred to as psammoma bodies, a characteristic 
feature of serous tumours (Figure 11). Some serous border- 
line tumours may show microinvasion of the surrounding 
stroma, which has not been shown to have any prognostic 


significance. Serous borderline tumours are frequently associ- 
ated with peritoneal implants that are generally of low grade 
and non-invasive. If these implants are benign, they are often 
referred to as endosalpingiosis after their resemblance to the 
fallopian tube epithelium. 

Serous carcinomas are the most common malignant ovar- 
ian tumours and are most common in women over 65 years 
of age. They usually are grossly cystic but can appear solid 
owing to the greater degree of epithelial proliferation and 
their cystic nature is only recognized microscopically; when 
cystic, most of their inner wall contains papillary structures. 
Serous carcinomas show more complex branching of the 
papillae and stratification of the epithelial lining to such a 
degree that crowding of the papillae results in a more solid 
appearing tumour with slitlike lumina (Figure 11). Areas of 
the tumour may show solid sheets of cells, making their dis- 
tinction from endometrioid tumours difficult. Findings that 
may help in this instance are the presence of multinucleated 
cells and psammoma bodies and the absence of squamous 
differentiation and intracellular mucin, the latter two of which 
are often present in endometrioid carcinomas. Serous carci- 
nomas show obvious stromal invasion and nuclear atypia. 

M ucinous tumours represent approximately 25% of epithe- 
lial tumours and 15% of all ovarian tumours and are noted 
for the large size they commonly attain at presentation. Of all 
ovarian tumours, mucinous tumours are the type that can be 
most readily recognized grossly owing to their frequent mul- 
ticystic appearance with prominent mucin production. The 
majority of mucinous tumours (>75%) are benign with bor- 
derline tumours being extremely rare. As opposed to the 
fairly constant histological type seen in any given serous 
tumour, mucinous tumours are noted for histological vari- 
ability. One histological section of a mucinous tumour may 
appear of borderline type, while an adjacent histological 
section shows invasive carcinoma. For this reason, it is 
important to sample mucinous tumours well, typically one 
section per centimetre. 

Endometrioid tumours are usually carcinomas, with benign 
and borderline examples being very uncommon. Although 
endometrioid tumours comprise less than 5% of all ovar- 
ian tumours, they account for 15-20% of malignant ovarian 
tumours. Endometrioid carcinomas may be cystic or solid and 
lack gross features that distinguish them from other ovar- 
ian tumours. They are lined by an epithelium that mimics 
the endometrium and are associated with endometriosis in 
5- 10% of all cases and a synchronous carcinoma of the 
endometrium in approximately 25% of cases. Endometri- 
oid carcinomas classically are characterized microscopi- 
cally by tubular glands lined by mucin-free pseudostratified 
epithelium as well as squamous metaplasia (Figure 11f). 
Owing to their glandular appearance, their distinction from 
metastatic carcinoma, particularly colonic adenocarcinomas, 
can be difficult. In the case of adenocarcinomas of the 
colon, immunohistochemical stains can help in this distinc- 
tion. Epithelial tumours of the ovary as a group are positive 
for cytokeratin 7 and negative for cytokeratin 20, whereas 
intestinal adenocarcinomas generally show the opposite pat- 
tern of immunoreactivity. Another common distinction is 
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from metastatic breast cancers and again immunohistochem- 
ical stains can be helpful, with ovarian carcinomas staining 
positively for CA 125 and metastatic breast cancer staining 
for gross cystic disease fluid protein 15. 

Clear-cell carcinomas represent, approximately, 5% of 
all ovarian carcinomas. Like endometrioid carcinomas, they 
are frequently associated with endometriosis, and, in some 
reports, up to 50% of clear-cell carcinomas show such 
an association. Clear-cell carcinomas, unlike other ovarian 
carcinomas, more frequently present as stage | tumours 
prompting earlier investigators to suggest a better prognosis 
for this class of ovarian carcinomas, but, if adjusted for stage 
at presentation, clear-cell carcinomas have a worse prognosis 
than other epithelial ovarian carcinomas. Grossly, clear- 
cell carcinomas may be solid or cystic and typically show 
numerous nodules of solid tumour protruding into cystic 
cavities. Microscopically, clear-cell carcinomas usually show 
a solid nest of clear cells mixed with small cysts lined by 
cells with a hobnail appearance (Figure 11). 

Transitional cell tumours of the ovary are relatively rare, 
making up less than 2-3% of all ovarian tumours, and 
practically all the tumours of this group are benign. Often 
referred to as Brenner tumours, these tumours show urothelial 
differentiation similar to the lining of the urinary tract. 
Grossly, Brenner tumours are usually solid tumours but 
may show cystic change. Microscopically, Brenner tumours 
are composed of sharply demarcated nests of transitional 
cells, often with small cysts in their central portion, in 
an abundant fibromatous stroma. Up to half of Brenner 
tumours are incidental findings in ovaries removed for 
other reasons, and are frequently associated with mucinous 
cystadenomas. 

The other common group of epithelial tumours seen in the 
ovary are metastatic tumours. Owing to the rich vascularity 
of the ovarian stroma, 10-20% of all tumours of the ovary 
are metastatic. The clinical history is very valuable in 
such instances, but other findings that may help in such 
instances are the presence of bilateral tumours, numerous 
separate nodules within a single ovary, and the presence 
of a tumour on the ovarian surface without any peritoneal 
involvement. The presence of a bilateral involvement should 
be approached cautiously as most metastases to the ovary 
are unilateral and 10-20% of primary ovarian carcinomas 
present as bilateral masses with primary serous tumours 
being bilateral 50- 75% of the time. Up to one-third of breast 
cancer patients and one quarter of colon cancer patients 
have ovarian metastases during the course of their treatment. 
Among metastatic ovarian tumours, those derived from signet 
ring cell carcinomas of the stomach, that is, Krukenberg 
tumours, have received the most attention. Although not the 
most frequent metastatic tumour to the ovary, Krukenberg 
tumours have received such attention because they often 
occur in middle-aged to younger patients without a known 
primary. Krukenberg tumours can closely mimic clear-cell 
carcinomas and germ cell tumours owing to their histological 
appearance (Figure 11). 

Sex-cord stromal tumours are relatively uncommon 
tumours that make up approximately 5% of all ovarian 
tumours. As a general rule, this group of tumours occurs 


in a slightly younger population than epithelial tumours and 
examples in paediatric populations are not rare. Derived 
from the stroma of the ovary, this group of tumours is 
noted for its response to and production of hormones as it 
recapitulates its normal role in reproduction. M ost ovarian 
sex-cord stromal tumours are oestrogenic but up to one 
quarter may be androgenic. The most general histological 
characteristic of this group of tumours is the presence 
or absence of the accumulation of lipid in the tumour 
cells, which imparts a particular histological appearance. 
The most common tumours in this group include fibromas, 
thecomas, and granulosa cell tumours. Grossly, they are 
generally solid tumours but may be cystic, especially in the 
case of granulosa cell tumours. These tumours can occur 
in a mixed pattern and are usually solid nests of cells 
that vary from spindle-shaped cells to round or oval cells. 
Fibromas and thecomas are generally solid tumours and 
a sharp distinction between the two is often difficult as 
fibromas may undergo leutinization focally and are referred 
to as fibrothecomas. Whereas fibromas are generally spindle- 
shaped cells, thecomas undergo leutinization and classically 
have pale abundant cytoplasm (Figure 12). Granulosa cell 
tumours are divided into an adult and juvenile types, where 
the latter has a better prognosis, and both are characterized 
by round to oval cells with nuclear grooves surrounding 
small cystic spaces. In the case of adult granulosa cell 
tumours, these cystic spaces take on a microfollicular 
appearance classically referred to as Call-Exner bodies 
(Figure 12). Granulosa cell tumours generally present as 
stage | tumours and have a 90% survival at 5 years, 
but are notorious for recurrence at distant metastatic sites 
15-20 years later with a 50% mortality rate at this time. 
Other tumours in this group, often referred to as steroid 
cell tumours, including Sertoli- Leydig cell tumours, are 
extremely rare. 

Germ cell tumours account for approximately 30% of 
all ovarian tumours, and the dermoid cyst accounts for 
approximately 95% of this group of tumours. The remaining 
5% of germ cell tumours are generally of a malignant tumour 
type and include dysgerminoma, yolk sac tumour, embryonal 
carcinoma, choriocarcinoma, and immature teratoma. This 
latter group of tumours occurs almost exclusively in patients 
less than 20 years of age and as a group accounts for less 
than 1% of all ovarian tumours. M alignant germ cell tumours 
in general are most common in the paediatric population 
and young women. There are major differences between 
germ cell tumours occurring in very young female patients 
and those occurring in adolescents and adults. Germ cell 
tumours occurring in early childhood tend to be pure yolk 
sac tumours or teratomas, have no malignant non-neural 
epithelial components, are euploid or tetraploid, and, prior 
to puberty, occur almost exclusively in extragonadal sites, 
with primary germ cell tumours of the ovary being very 
rare. Germ cell tumours occurring in adolescents and adults 
are generally of mixed histological type or dysgerminomas, 
may have malignant epithelial components, commonly show 
isochromosome 12p and aneuploidy by cytogenetic studies, 
and generally involve the ovary, with extragonadal tumours 
being rare. 
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Figure 12 Stromal and germ cell tumours of the ovary. (a) Granulosa cell tumour; note the nuclear grooves and the circular areas of degenerated material, 
called Call- Exner bodies (arrow). (b) Interlacing fascicles of a fibroma, whereas (c) demonstrates the prominent cytoplasm of a luteinized thecoma; this 
change often indicates hormonal production by the tumour. (d) Large, polygonal cells of a dysgerminoma of the ovary; scattered lymphocytes are also 


characteristic of this tumour. 


Germ cell tumours may be composed of a number of dif- 
ferent tissue types or show a combination of different germ 
cell tumour types and are frequently histologically complex. 
It is the most malignant component present that determines 
the behaviour of these tumours. At one extreme of this 
complexity is the mature teratoma that contains tissues rep- 
resenting all three embryonic layers in a uniformly mature 
fashion. At the other end of the spectrum are immature ter- 
atomas and mixed malignant germ cell tumours that show 
a wide spectrum of histological types and degree of malig- 
nancy. In between these extremes of histological complexity 
are pure malignant germ cell tumours, with dysgerminoma 
being the most common example (Figure 12d). 


Molecular Genetic Findings 


The most commonly identified gene conferring a high risk of 
epithelial ovarian cancer is BRCA-1, as discussed previously. 
Among the sex-cord stromal tumours, molecular studies have 
generally been directed at adult-type granulosa cell tumours, 
where mutations have been identified in the G; subunit of 
regulatory G-proteins. Similar findings have been identified 
in individuals with the McCune-Albright syndrome, who 
show dysregulated ovarian function and isosexual precocity 
but no associated risk of ovarian cancer. Further studies 
are needed to identify the role of molecular alterations and 


the associated molecular genetic findings associated with 
regulatory G-proteins. 


Prognostic Factors 


The most reliable indicator of prognosis is the stage at 
presentation. The overall 5-year survival rate for ovarian 
cancer confined to the ovary (stage |) is approximately 
75%. The rate declines to approximately 60% for pelvic 
extension of tumour beyond the ovary (stage Il) and 20% 
for metastatic disease (stage III or IV). The size of the 
tumour in postmenopausal women has important prognostic 
implications, with tumours less than 5cm usually being 
benign (95%), while tumours greater than 10cm in size 
often being malignant (60%). Another prognostic factor at 
presentation is the presence or absence of ascites and the 
volume of fluid present, with high-volume ascites having a 
worse prognosis. 


PATHOLOGY OF THE PLACENTA 


Tumours of Trophoblasts 


Both benign and malignant tumours can arise from the tro- 
phoblast. Benign tumours include the placental site nodules 
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as well as complete and partial hydatidiform moles. The 
latter two have the potential for persistent trophoblastic 
disease. Placental site nodule is composed of intermediate 
trophoblast, with well-circumscribed borders and measures 
up to 1cm. It is usually an incidental finding on endometrial 
and endocervical curettages and is clinically insignificant. 
The hydatidiform mole is suspected in the presence of vagi- 
nal bleeding, excessive uterine enlargement, hyperemesis, 
or pre-eclampsia in early pregnancy. It is characterized by 
variable villous oedema and trophoblastic cell hyperplasia. 
Complete hydatidiform mole is usually diploid (46,X X ), with 
the absence of functional maternal DNA. It occurs when an 
anucleated egg is fertilized by two sperms or a haploid sperm 
that duplicates its chromosomes, and thus does not contain 
the foetal tissue. A complete mole is characterized by gener- 
alized villous oedema that can be appreciated grossly by its 
“grape-like” appearance. Histologically, itis characterized by 
the presence of cisterns (large central areas of clearing in the 
villi) and trophoblastic hyperplasia. The trophoblastic cells 
show a variable degree of atypia, with large, irregular, hyper- 
chromatic nuclei. In comparison, the partial mole is triploid, 
with two sets of chromosomes of paternal origin and one set 
of maternal origin. It is characterized by a combination of 
hydropic and normal villi with foetal tissue. Cisterns can be 
seen but, as one might anticipate from its name, are focal 
and the trophoblastic hyperplasia is less prominent than in 
complete moles, which on histologic examination is often 
referred to as scalloping. 

Complications of hydatidiform moles are more frequently 
encountered in cases of a complete mole and are classified 
as a persistent trophoblastic disease. This is suspected by 
unusually high levels of hCG as well as rising levels after 
the mole has been evacuated. Invasive moles are charac- 
terized by the presence of trophoblast and molar villi within 
the myometrium that can extend to the serosal surface, broad 
ligament, and adnexa. It is often found in distal sites includ- 
ing the vagina, vulva, and lung. The differential diagnosis 
includes, of course, choriocarcinoma that differs from inva- 
sive moles by the absence of chorionic villi. The choriocarci- 
nomas are composed of multinucleated syncytiotrophoblastic 
cells and mononuclear cells of cytotrophoblast or intermedi- 
ate trophoblast. The cells may be highly atypical with marked 
pleomorphism, hyperchromasia, and/or prominent nucleoli; 
or may be reminiscent of primitive intermediate trophoblast. 
Hemorrhage and necrosis are often grossly appreciated. It is 
a very aggressive tumour, with hematogenous spreading to 
lungs, vagina, pelvis, liver, and brain (in decreasing order); 
however, it has a very good response to treatment even when 
widely spread. On rare occasions, it can arise from a placenta 
and in those cases one can find chorionic villi in associ- 
ation with the tumour. More often, the choriocarcinomas 
arise from hydatidiform moles and other forms of abnormal 
pregnancies. 


Epidemiology 


There is a striking variation in the incidence of gestational 
trophoblastic disease among different regions of the world, 


appearing to be more frequent in Asian countries. The 
principal risk factors associated with hydatidiform moles 
are maternal age (over 35 years of age, the risk increases 
2 times and 7.5 times over 40 years of age) and history 
of spontaneous abortion. In the United States, 18 to 29% 
of complete molar pregnancies progress to a persistent 
trophoblastic disease. The risk for persistent trophoblastic 
disease is directly proportional to the patients’ age, uterine 
enlargement, and hCG levels. In the high-risk population, the 
rates of persistent trophoblastic disease have been reported 
to be up to 40-57%. History of previous molar pregnancies 
also increases the risk of post-molar tumours. 


Screening and Prevention 


As previously mentioned, hydatidiform moles are character- 
ized by abnormally elevated levels of hCG. Measurement 
of this hormone can be used as screening when a molar 
pregnancy is suspected and as a control after evacuation 
for early detection of persistent trophoblastic disease. The 
test is repeated weekly until three weeks of undetectable 
levels have been achieved. After this, the monitoring con- 
tinues monthly for up to 6 months of undetectable levels of 
hCG. Usually, it takes 9- 11 weeks to reach undetectable lev- 
els for the first time. The patient is typically counselled to 
avoid pregnancy until the follow-up is completed to prevent 
a diagnostic uncertainty by elevated hCG. On ultrasound, 
the typical findings are of a vesicular pattern in the cases of 
a complete mole, or it can be in the form of more subtle 
changes like increased transverse diameter of the gestational 
sac and focal cystic spaces in the placenta. 


Gross/Histologic/Immunohistochemistry 


The gross and histologic findings have been previously 
discussed. Placental site nodules immunostain strongly but 
diffusely for p63 and focally for Mel-CAM and hPL. Most 
trophoblastic tumours produce hCG and stain positive for 
this hormone. 


Molecular Findings 


p57*'P2 is a maternal imprinted gene expressed diffusely 
in non-molar placentas and partial moles, while it is not 
expressed in complete moles. 


Prognostic Factors 


Only 1% of women experience repeated molar gestations, 
with 99% chances of a normal pregnancy. Some studies 
have demonstrated that when hCG levels below 50 mIU ml-? 
are achieved, the risk of developing persistent trophoblastic 
disease falls to less than 1.1% and with levels below 200 mlU 
ml! the risk is less than 9%. (Wolfberg et al., 2005). A fter 
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treatment, patients that had persistent trophoblastic disease 
have the same rates of normal pregnancies as the normal 
population. There is no increase in complications in further 
pregnancies (Berkowitz et al., 1996). 


Clinical Management 


For the management of hydatidiform moles, the patients 
desire to conceive later on must be considered. If future 
pregnancies are desired, then the treatment is evacuation 
with suction and curettage followed by sharp curettage to 
assure the complete removal of all molar tissue. Other- 
wise, hysterectomy with preservation of the ovaries is an 
option. There is still controversy about the use of prophy- 
lactic chemotherapy at the time of evacuation. Some studies 
have demonstrated this to be beneficial in reducing the per- 
sistent trophoblastic tumours, especially in high-risk patients 
(Berkowitz et al., 1996). 

Once the presence of persistent trophoblastic disease has 
been determined, the patients are frequently treated without 
making a histological distinction between invasive mole ver- 
sus choriocarcinoma. This is made on the basis that even 
when widely metastasized the gestational related trophoblas- 
tic tumours have a striking response to chemotherapy. 
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INTRODUCTION 


A myriad of tumours affect the urinary tract, includ- 
ing numerous benign and malignant types. The malignant 
tumours originating from the epithelium are referred to as 
carcinomas and are the most common malignant tumours of 
the urinary tract (Figure 1). Only the most common malig- 
nant tumours of the urinary tract are discussed in this chapter. 
Sarcomas, lymphomas, and other assorted tumours affecting 
the urinary tract are rare, and are beyond the scope of this 
text. 


NORMAL DEVELOPMENT AND STRUCTURE 
OF URINARY TRACT 


Normal Development 


The urinary tract is almost entirely derived from the meso- 
derm, except for the most distal part of the urethra, which 
develops from the ectoderm. The kidney and ureter develop 
from the intermediate mesoderm, while the urinary bladder 
and urethra are derived from the urogenital sinus. 


Structure 


The kidneys are paired organs located in the retroperitoneum, 
extending from the level of the twelfth thoracic vertebra to 
the third lumbar vertebra. Each kidney is surrounded by 
abundant adipose tissue that is covered by the membra- 
nous perirenal fascia of Gerota. The renal parenchyma is 
enveloped by a fibroelastic capsule, which acts as a barrier 
to the spread of cancer. The kidney is divided into 8-18 
(average 14) lobes that are fused together. Each lobe is con- 
stituted by the outer cortex and inner medullary pyramid. 
The nephron is the functional unit, which is composed of 
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the glomerulus and tubule. The tubules empty into collecting 
ducts that coalesce to form the terminal ducts of Bellini; the 
latter number 10- 25 in each lobe. The ducts of Bellini open 
at the tip of the papilla, which is the apex of the medullary 
pyramid. The renal sinus is a concave space at the medial 
aspect of the kidney where the renal pelvis and calyces are 
located, and the blood vessels and nerves enter the kidney. It 
is filled with fibroadipose tissue that is continuous with the 
perirenal adipose tissue and has numerous lymphatic chan- 
nels and blood vessels that act as conduits for the spread of 
renal cell carcinoma. 

The renal pelvis is located in the renal hilum and consists 
of two or three major calyces and 8- 18 minor calyces. The 
minor calyces surround the renal papillae. The ureters arise 
from the renal pelves, and both are hollow structures with 
similar features. Their walls are composed of four layers, 
which from inside out are the urothelium-lined mucosa, 
lamina propria, muscularis propria, and adventitia. 

The urinary bladder is also a hollow organ that is located 
deep in the pelvis, behind the pubic bone. The ureters traverse 
the wall of the urinary bladder to open in the inferior 
part referred to as the trigone. The superior portion is the 
dome. The wall of the urinary bladder is composed of four 
layers, starting from the inside with the urothelium-lined 
mucosa, followed by the lamina propria, muscularis propria, 
adventitia, and perivesical adipose tissue. The muscularis 
mucosae is an interrupted layer of smooth muscle in the 
lamina propria, which needs to be distinguished from the 
muscularis propria as the staging of urinary bladder tumours 
is dependent on the depth of invasion. 

The urethra is continuous with the neck of the urinary 
bladder. The male urethra is divided into the prostatic, 
membranous, penile, and bulbar segments. Except for the 
distal end, which is lined by squamous epithelium, the urethra 
is also lined by urothelium. The female urethra is shorter 
and is roughly divided into the proximal one-third, which is 
lined by urothelium, and distal two-thirds lined by squamous 
epithelium. 
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Figure 1 Most common cancers of the urinary tract and their locations. 1 - 
Nephroblastoma (Wilms’ tumour) and renal cell carcinoma; 2 - collecting 
duct carcinoma; 3 - urothelial carcinoma of renal pelvis; 4 - urothelial 
carcinoma of the ureter; 5 - papillary non-invasive urothelial carcinoma 
of the urinary bladder; 6 - invasive urothelial carcinoma of the urinary 
bladder; 7 - squamous cell carcinoma and adenocarcinoma of the urinary 
bladder; 8 - invasive papillary urothelial carcinoma of the urethra; and 9 - 
squamous cell carcinoma and adenocarcinoma of the urethra. 


KIDNEY 


A variety of benign and malignant tumours involve the 
kidney in children and adults, which are listed in Table 1. 
Malignant tumours arising from the epithelium of the kidney 
include nephroblastoma (Wilms’ tumour), which is the most 
common renal tumour in children, and renal cell carcinoma, 
which is the most common renal cancer in adults. The 
discussion in this chapter will concentrate on the most 
common malignant tumours, that is, nephroblastoma, renal 
cell carcinoma, and urothelial carcinoma. The other less 
common tumours will not be described in detail as they are 
beyond the scope of this text. 


Nephroblastoma (Wilms’ Tumour) 


Tumour Pathology 


Nephroblastoma (Wilms’ tumour) is the most common 
primary renal tumour that affects children, accounting for 
more than of 80% of renal tumours in children. The eponym 
(Wilms’ tumour) is used commonly in honour of M ax Wilms, 


Table 1 Tumours of the kidney. 


Benign tumours Malignant tumours 





Epithelial tumours 
Papillary adenoma 
Renal oncocytoma 
M etanephric adenoma 
Nephrogenic adenofibroma 


Epithelial tumours 
Nephroblastoma (Wilms’ 
tumour)? 

Renal cell carcinoma 
Urothelial carcinoma of renal 
pelvis 

Mesenchymal tumours 
Clear cell sarcoma? 
Rhabdoid tumour? 

Leiomyosarcoma 


Mesenchymal tumours 
Angiomyolipoma 

M esoblastic nephroma?® 

Leiomyoma 

J uxtaglomerular cell tumour 

Renomedullary interstitial cell 

tumour 

Haemangioma 

Lymphangioma 

Lipoma 

M yxoma 

Neurogenic tumours 

Benign fibrous histiocytoma 

Solitary fibrous tumour 


Miscellaneous neoplasms 
Cystic nephroma 
M ixed epithelial and stromal 
tumour of kidney 





Miscellaneous neoplasms 
Lymphoma/leukaemia 
Plasmacytoma 

Secondary involvement 
M etastasis 


®Tumours predominantly or exclusively affecting children. 


who reported seven tumours and reviewed the literature, 
although he was not the first to describe this tumour. The 
improvements in treatment and survival of nephroblastoma 
(Wilms’ tumour) patients have in large part been due to 
the success of multidisciplinary cooperative groups such as 
the National Wilms Tumor Study Group (NWTSG), United 
Kingdom Children’s Cancer Study Group (UKCCSG), and 
the Société Internationale d’Oncologie Pédiatrique (SIOP). 
A large part of our knowledge of this disease is based on the 
findings of the NWTSG and SIOP studies (Boccon-Gibod, 
1998; Neville and Ritchey, 2000; Perlman, 2005). Owing 
to the efforts of these groups, there has been a dramatic 
improvement in the overall survival of these patients. At 
the turn of the last century, only an estimated 8% of 
patients survived this tumour; this survival rate jumped to 
approximately 50% in the 1960s and was greater than 90% 
in the year 2000. 

More than 90% of these tumours develop in children 
with no other known problems, while the remainder affects 
children with specific genetic malformations. The presence 
of an abdominal mass is the most common presenting 
feature. Other signs and symptoms include pain, haematuria, 
hypertension, intestinal obstruction, and sometimes problems 
related to distant metastasis. 

There are two staging systems for nephroblastoma (W ilms’ 
tumour) based on the extent of spread of tumour; these are 
listed in Table 2. The NWTSG and SIOP staging systems are 
almost similar, but the fundamental difference is that in the 
former the tumour is staged prior to chemotherapy (Vujanić 
et al., 2002). 


Table 2 Staging systems for nephroblastoma (Wilms’ tumour). 


URINARY TRACT 3 





Stage NWTSG? SIOP? 
| Tumour limited to the kidney and completely (a) The tumour limited to kidney or surrounded with fibrous pseudocapsule if outside of 
resected the normal contours of the kidney; the renal capsule or pseudocapsule may be infiltrated 
with the tumour but it does not reach the outer surface, and is completely resected 
(resection margins “clear”) 
Intact renal capsule (b) The tumour may be protruding (“bulging”) into the pelvic system and “dipping” into 
the ureter (but it is not infiltrating their walls) 
No previous rupture or biopsy (c) The vessels of the renal sinus are not involved 
Renal sinus vessels not involved (d) Intrarenal vessel involvement may be present 
No evidence of tumour at or beyond margins of Fine needle aspiration or percutaneous core needle biopsy (“tru-cut”) do not upstage the 
resection tumour. The presence of necrotic tumour or chemotherapy-induced changes in the renal 
sinus/hilus fat and/or outside of the kidney should not be regarded as a reason for 
upstaging a tumour. 
I Tumour completely resected (a) The tumour extends beyond kidney or penetrates through the renal capsule and/or 
fibrous pseudocapsule into perirenal fat but is completely resected (resection margins 
“clear”) 
No evidence of tumour at or beyond the margins of (b) The tumour infiltrates the renal sinus, and/or invades blood and lymphatic vessels 
resection outside the renal parenchyma, but it is completely resected 
Tumour extends beyond the kidney, as evidenced by (c) The tumour infiltrates adjacent organs or vena cava but is completely resected 
one of the following: 
Penetration through the renal capsule 
Extensive invasion of the soft tissue of the renal 
sinus 
Blood vessels within the nephrectomy specimen 
outside the renal parenchyma, including those of the 
renal sinus, contain tumour 
II Residual non-haematogenous tumour confined to the (a) Incomplete excision of the tumour which extends beyond resection margins (gross or 
abdomen is present after surgery as evidence by any microscopical tumour remains postoperatively) 
one of the following: 
Involvement of lymph nodes within the abdomen or (b) Any abdominal lymph nodes are involved 
pelvis 
Penetration through the peritoneal surface (c) Tumour rupture before or intraoperatively (irrespective of other criteria for staging) 
Tumour implants on the peritoneal surface (d) The tumour has penetrated through the peritoneal surface 
Tumour present at the margin of surgical resection (e) Tumour implants are found on the peritoneal surface 
Tumour not resectable because of local infiltration (f) The tumour thrombi present at resection margins of vessels or ureter, transected or 
into vital structures removed piecemeal by surgeon 
Biopsy of tumour prior to removal of kidney (g) The tumour has been surgically biopsied (wedge biopsy) prior to preoperative 
chemotherapy or surgery 
Tumour spillage of any degree or localization The presence of necrotic tumour or chemotherapy-induced changes in a lymph node or 
occurring before or during surgery at the resection margins should be regarded as stage III. 
Tumour removed in greater than one piece 
IV Any local stage with haematogenous metastasis, Haematogenous metastases or lymph node metastases outside the abdominopelvic region 
lymph node metastases outside the abdominopel vic 
region 
V Bilateral renal tumours at time of diagnosis (tumour Bilateral renal tumours at time of diagnosis (each side should be substaged according to 


in each kidney is separately substaged) 


the above criteria) 


aNational Wilms Tumor Study Group: tumour staged following surgery and before chemotherapy. 
Société Internationale d’Oncologie Pédiatrique: tumour staged following surgery preceded by chemotherapy (unless metastases are present at time of presentation). 


Epidemiology 


0.92:1 for unilateral tumours and 0.60:1 for bilateral 


tumours. 


Nephroblastoma (Wilms’ tumour) affects one in 
8000-10000 children (0- 15 years of age), with over 90% 
of these tumours occurring in children under 6 years of age, 
most commonly between the ages of 3 and 4. Patients with 
unilateral tumours, present at a mean age of 41.5 months 
for males and 46.9 months for females. In contrast, patients 
with bilateral tumours present at a younger age, with a 
mean of 29.5 months for males and 32.6 months for females. 
This tumour is rare in neonates (0.1% of all nephroblas- 
tomas) and rarely affects adults. Girls are affected more 
commonly than boys, with a male to female ratio of 


Aetiology 


Nephroblastoma (Wilms’ tumour) is associated with at 
least three well-defined congenital syndromes. The WAGR 
(Wilms’ tumour, Aniridia, Genital abnormalities, and 
mental Retardation) syndrome is associated with a deletion 
in the WT-1 gene located on chromosome 11p13. 
The Denys-Drash syndrome (glomerulonephritis, pseudo- 
hermaphroditism, and nephroblastoma) is also associated 
with mutations of the WT-1 gene. Patients with 
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Beckwith- Weidemann syndrome (hemihypertrophy, renal 
medullary cysts, adrenal cytomegaly, and nephroblastoma) 
have abnormalities of the WT- 2 gene located distal to 
the WT- 1 gene on chromosome 11p15.5. These tumours 
are familial in up to 1% of the patients. Other possible 
associations include renal malformations, cutaneous naevi, 
trisomy 18, genital malformations, and neurofibromatosis. 


Screening and Prevention 


The use of abdominal ultrasound is recommended for routine 
screening of patients at high risk of nephroblastoma (Wilms’ 
tumour), such as children with the three above-mentioned 
syndromes. Recommendations for screening include ultra- 
sound examination every 3months until the age of 7, fol- 
lowed by physical examination every 6 months. However, the 
efficacy of screening programmes remains to be determined. 


Gross Features 


Nephroblastoma usually presents as a solitary tumour 
that is well encapsulated from the adjacent normal renal 
parenchyma. The tumour size varies, but the majority are 
larger than 5cm and some may exceed 10cm in greatest 
dimension. The median weight of these tumours is 550g 
(NWTSG data). The cut surface shows a mainly solid, uni- 
form, soft, tan or grey tumour. Haemorrhagic and necrotic 
areas may be present. 


Microscopic Features 


Nephroblastoma (Wilms’ tumour) has three components that 
are present in varying quantities: blastema, epithelium, and 
stroma (Figure 2). Blastema is composed of closely packed 
small cells without visible cell borders that are arranged as 
nodules, interconnecting cords, or diffuse sheets (Schmidt 
and Beckwith, 1995). The epithelial component generally 
forms tubules, glands, or glomeruloid structures. The stromal 





Figure 2 Nephroblastoma (Wilms’ tumour). Photomicrograph showing all 
three tumour elements. There is a nest of blastema on the left, with epithelial 
elements and intermingled stroma on the right. 


component is made of spindle cells that surround the 
blastema and epithelial components. The spindle cells may 
be set within a myxoid background resembling primitive 
mesenchyme or may have a fibroblastic appearance. The 
stromal cells may be differentiated into rhabdomyoblasts, 
bone, cartilage, adipose tissue, mature ganglion cells, or 
neuroglia. 

Anaplasia is one of the most important histological features 
that needs to be determined in every tumour. Anaplasia 
is defined as the presence of multipolar polyploid mitotic 
figures and nuclei with increased chromatin (hyperchromatic) 
that are at least threefold larger than adjacent cells (Faria 
et al., 1996). Anaplasia may be either focal or diffuse. Focal 
anaplasia is the presence of one, or a few well-circumscribed 
foci of anaplasia confined to the tumour in the kidney; 
whereas, diffuse anaplasia is the presence of anaplasia in 
more than one portion of the tumour, presence of anaplastic 
tumour within vascular spaces, or if found in any extrarenal 
or metastatic site. Anaplasia has been shown to correlate 
best with response to therapy rather than to the tumour’s 
aggressiveness. Diffuse anaplasia and anaplasia in high-stage 
tumours is consistently associated with poor prognosis. 


Immunohistochemistry 


There are no specific immunohistochemical stains for making 
the diagnosis of nephroblastoma (Wilms’ tumour). Immuno- 
histochemical stain for WT1 protein is a nuclear stain that is 
diffusely positive in the blastema component, variably pos- 
itive in the epithelial component, and mainly negative in 
the stromal elements. WT1 is useful for separating blastema 
predominant tumours from other tumours with primitive- 
appearing small round cells. 


Prognostic Factors 


Tumour histology and stage are the most important prog- 
nostic factors in nephroblastoma (Wilms’ tumour). Tumours 
are divided into those with favourable histology and those 
with unfavourable histology, depending on the presence or 
absence of anaplasia. Tumours with unfavourable histology 
account for 5- 6% of all cases. Patients who have tumours 
with unfavourable histology have a worse prognosis, for 
example, nearly half of the patients in the second NWTS 
who died of disease had unfavourable histology, although 
they numbered only 12% of all cases. Other prognostic fac- 
tors that have limited success in predicting prognosis and that 
are still under investigation include loss of heterozygosity 
(LOH) for chromosomes 1p and 16q, telomerase expression, 
expression of multidrug resistance proteins, DNA topoiso- 
merase Il, tumour-suppressor genes, proliferation markers, 
apoptosis-associated markers, growth factors, cell adhesion 
molecules, extracellular matrix proteins, N-M yc expression, 
serum renin, and erythropoietin. 


Overview of Present Clinical Management 


A multimodal approach is used for treating patients with 
nephroblastoma, which varies in different parts of the world. 
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Nephrectomy and chemotherapy (neoadjuvant or adjuvant) 
is the mainstay of treatment protocols, with radiation ther- 
apy used in the adjuvant setting. The particular therapeutic 
regimen used is based predominantly on tumour stage and 
histological features of the tumour. Although most patients 
undergo a radical nephrectomy for treatment, there has been 
interest in use of nephron-sparing surgery for a select group 
of patients with low-stage disease. First-line chemotherapeu- 
tic drugs include dactinomycin, vincristine, and doxorubicin. 
Cyclophosphamide, ifosfamide, carboplatin, and etoposide 
are generally reserved for patients who relapse or whose 
tumours exhibit a poor response to first-line drugs. Radia- 
tion therapy is used following surgery to reduce the risk of 
intra-abdominal recurrence. 

In United States and Canada the NWTSG protocol is 
followed, which calls for radical nephrectomy (with rare 
exceptions), followed by chemotherapy and/or radiation 
therapy, based on the surgical and pathological findings. 
The latest NWTSG protocols also use patient's age, tumour 
stage, and presence or absence of LOH for chromosomes 1p 
and 16q to determine the type of chemotherapy for patients 
with favourable histology tumours. For example, unilateral 
tumours of any stage that demonstrate LOH for chromosomes 
lp and 16q receive augmented chemotherapy. 

In most of Europe, the SIOP protocols are followed; 
patients are treated according to tumour histology and stage, 
and most patients are administered chemotherapy prior to 
nephrectomy. Neoadjuvant chemotherapy is used to try to 
downstage the tumour prior to nephrectomy, assess response 
to chemotherapy, and, to reduce the rate of perioperative 
tumour rupture. Clinical trials run by SIOP stratify tumours 
into three risk categories: low-, intermediate-, and high-risk 
tumours (Vujanić et al., 2002). 


Renal Cell Carcinoma 


Tumour Pathology 


Renal cell carcinoma is a malignant tumour that arises from 
the renal epithelium. In the past, this tumour was referred 
to as Grawitz tumour or hypernephroma, the latter term 
being coined by Birch-Hirschfeld in 1892. A number of renal 
cell carcinomas are detected incidentally when the patient 
is investigated for other medical conditions. The so-called 
“classical triad” of flank pain, flank mass, and haematuria 
is now only seen with advanced-stage tumours, which occur 
rarely. In addition to the aforementioned, patients may have 
non-specific complaints such as fever, weakness, malaise, 
and weight loss. Renal cell carcinoma may also be associ- 
ated with paraneoplastic syndromes such as polycythaemia, 
hypertension, Cushing’s syndrome, and hypercalcaemia. In 
25- 30% of patients, metastasis may be the first presentation. 

The classification of renal cell carcinoma has changed in 
the past 20 years to better embody our understanding. Two 
important workshops on the classification of renal tumours 
were held in 1996 and 1997. The first, entitled “Impact 
of Molecular Genetics on the Classification of Renal Cell 
Tumours” was held in October 1996 in Heidelberg, Germany. 


Table 3 World Health Organization (WHO) classification of epithelial 
renal tumours. 


Benign tumours 

Papillary adenoma 

Renal oncocytoma 

M etanephric adenoma 

M etanephric adenofibroma 


Malignant tumours 

Clear cell renal cell carcinoma 
Multilocular clear cell renal cell carcinoma 
Papillary renal cell carcinoma 
Chromophobe renal cell carcinoma 
Carcinoma of the collecting ducts of Bellini 
Renal medullary carcinoma 

X p11 translocation carcinomas 

M ucinous tubular and spindle cell carcinoma 
Carcinoma associated with neuroblastoma 
Unclassified renal cell carcinoma 





The conclusions of this workshop are referred to as the Hei- 
delberg classification of renal tumours (K ovacs et al., 1997). 
The second, entitled “Diagnosis and Prognosis of Renal Cell 
Carcinoma: 1997 Workshop”, organized by the American 
Joint Committee on Cancer (AJ CC) and Union Internationale 
Contre le Cancer (UICC), was held in March 1997 (Storkel 
et al., 1997). These two classification systems form the basis 
of the 2004 World Health Organization (WHO) classification 
(Table 3). Important changes in the new WHO classification 
include the change in terminology of conventional renal cell 
carcinoma to clear renal cell carcinoma, and the addition of 
newer renal cell carcinoma subtypes. 

All renal cell carcinomas are graded according to Fuhrman 
nuclear grading system, which is divided into four grades on 
the basis of nuclear size, nuclear irregularity, and nucleolar 
prominence (Table 4). Grading is based on the highest grade 
within the entire tumour and is not the predominant grade. It 
is evaluated at 100x and 400x magnification using a light 
microscope. 

The tumour, nodes, and metastasis (TNM) system is the 
most widely used system for staging renal cell carcinoma 
(Table 5). The staging systems are partly based on the extent 
of invasion by the tumour, with the lower stage tumours (pT 1 
and pT 2) being confined to the kidney, whereas the higher 
stage tumours (pT3 and pT4) extend beyond the confines 


Table 4 Fuhrman nuclear grading for renal cell carcinoma. 


Grade 
1 


Nucleus 


Small (10-um diameter), 
round, uniform, resembling 
nucleus of mature 
lymphocyte 

Larger nuclei (15-jm 
diameter), with slight 
nuclear irregularity 

Large nuclei (20-jm 
diameter), with obvious 
nuclear irregularity 

Same as grade 3 but more 
bizarre with multilobation 
and large clumps of 
chromatin 





Nucleolus 


Inconspicuous or absent 
nucleoli (viewed at 400x 
magnification) 


Small nucleoli (only visible 
at 400x magnification) 


Large, prominent nucleoli 
(visible at 100x 
magnification) 

Large, prominent nucleoli 
(visible at 100x 
magnification) 
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Table 5 2002 TNM staging system for renal cell carcinoma. 


Primary tumour (T) 


TX Primary tumour cannot be assessed 

TO No evidence of primary tumour 

Tl Tumour 7.0cm or less in greatest dimension, limited to the 
kidney 


pT la: Tumour 4cm or less in greatest dimension, limited 
to the kidney 

pT 1b: Tumour more than 4cm but not more than 7 cm in 
greatest dimension, limited to the kidney 


T2 Tumour >7.0cm in greatest dimension, limited to the 
kidney 
T3 Tumour extends into major veins or invades adrenal gland 


or perinephric tissues but not beyond Gerota’s fascia 
T3a: Tumour directly invades adrenal gland, or perirenal 
and/or renal sinus fat, but not beyond Gerota’s fascia. 


T3b: Tumour grossly extends into the renal vein, or its 
segmental (muscle-containing) branches, or vena cava 
below the diaphragm 


T3c: Tumour invades vena cava above the diaphragm 





T4 Tumour invades beyond Gerota’s fascia 

Regional lymph node (N)? 

NX Regional lymph nodes cannot be assessed 

NO No regional lymph node metastasis 

N1 M etastasis in a single regional lymph node 

N2 M etastasis in more than one regional lymph node 

Distant metastasis (M ) 

MX Presence of distant metastasis cannot be assessed 

MO No distant metastasis 

M1 Distant metastasis 

Stage groupings 

Stage T1 NO MO 

Stage II T2 NO MO 

Stage III T3 NO MO 
T1-T3 N1 MO 

Stage IV T4 NO-N1 MO 
Any T N2 MO 
Any T Any N M1 

aLaterality does not affect the N classification. 





of the organ. The most important change in the 2002 TNM 
classification has been the inclusion of renal sinus invasion 
into the pT 3a category. 


Epidemiology 


Renal cell carcinoma affects approximately 1-3% of all 
patients with cancer worldwide (McLaughlin and Lipworth, 
2000). Using data from the GLOBOCAN 2002 series of the 
International Agency for Research on Cancer (IARC), in the 
year 2002, a worldwide estimate of 208000 new cases of 
kidney cancer (1.9% of the world’s total cancers) were made 
and 102000 deaths were attributed to kidney cancer in the 
year 2002 (Parkin et al., 2005). 

The highest incidence of renal cell carcinoma is recorded 
in Scandinavia followed by other parts of northern Europe, 
the United States, and Canada. The lowest incidence rates 
have been recorded in Central and South America, Africa, 
and Asia. This cancer more commonly affects men than 
women, with a male to female ratio of 2:1. Patients of 
renal cell carcinoma are more likely to be in the late 
sixth and early seventh decades of life, although these 


Table 6 Aetiological and putative aetiological factors in urinary tract 
tumours. 


Urothelial Urothelial 
Renal cell carcinoma of renal carcinoma of urinary 
carcinoma pelvis and ureter bladder 





Cigarette smoking 
Germ-line mutations 
(3p, MET 
proto-oncogene) 
Obesity (in women) 


Cigarette smoking 
Phenacetin abuse 


Cigarette smoking 
Arylamines 


Thorium exposure Chemotherapeutic agents 


Haemodialysis Balkan nephropathy Radiation 
(long-term) 
Hypertension Urothelial tumours Chronic infection 


of the urinary 

bladder 
Schistosomiasis 
Bladder exstrophy 
Artificial sweeteners 
Human papillomavirus 
Gene mutation/deletions 
(p15, p16, P53, RAS, 
c-MYC) 


Sickle cell trait 
Arsenic 


cancers have been reported to occur in children. In addition 
to the sporadic forms of the cancer, a small percentage 
are familial, these include renal cell carcinoma associated 
with Von Hippel-Lindau (VHL) syndrome, familial clear 
cell carcinoma, and familial papillary renal cell carcinoma. 
These cancers usually occur in younger patients, and show 
autosomal dominant inheritance. 


Aetiology 


Numerous agents (Table 6) are associated with development 
of renal cell carcinoma (McLaughlin and Lipworth, 2000). 
Cigarette smoking is the most prominent aetiological fac- 
tor associated with renal cell carcinoma; 20-30% of all 
renal cell carcinomas affecting men and 10-20% affecting 
women are attributed to cigarette smoking. There is a strong 
dose- response relationship associated with cigarette smok- 
ing; the relative risk for smokers ranges from 1.2 to 2.3, 
with a relative risk ranging from 1.9 to 2.5 for heavy smok- 
ers. In the familial forms of renal cell carcinoma, genetic 
alterations play an important aetiological role. Germ-line 
mutations of chromosome 3p are associated with the VHL 
syndrome; mutations of chromosome 3p are also associated 
with familial clear cell renal cell carcinoma. Germ-line muta- 
tions of the MET proto-oncogene, located on chromosome 
7, are associated with the familial form of papillary renal 
cell carcinoma. In women, there is a positive association 
with obesity, which may be hormonally related. Long-term 
haemodialysis used in the treatment of renal disease leads to 
an increased incidence of acquired cystic disease, which in 
turn leads to increased risk of renal cell carcinoma. Although 
use of the drug phenacetin has been related to urothelial 
carcinoma of the renal pelvis, there is a less consistent asso- 
ciation with renal cell carcinoma. Association with the drug 
acetaminophen has not been proved, except in one study. 
Other possible aetiological factors include hypertension, diet, 
and exposure to asbestos, arsenic, and petroleum products. 
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Gross Features 


Renal cell carcinoma most often occurs as a single 
solid tumour often located at the periphery of the renal 
parenchyma. A bright yellow or light orange colour is most 
characteristic of clear cell renal cell carcinoma, which is the 
most common type of renal cell carcinoma. In addition, there 
may be areas of haemorrhage and necrosis. The majority of 
the carcinomas detected today are confined to the kidney. 
The rest show gross invasion into the perinephric adipose 
tissue, renal sinus adipose tissue, or into the renal vein, rarely 
extending into the inferior vena cava and the right side of 
the heart. 


Microscopic Features 


Each of the different subtypes of renal cell carcinoma has 
distinct morphological features, which are detailed below. 


Clear Cell Renal Cell Carcinoma Clear cell renal cell car- 
cinoma is the most common subtype, representing 65- 75% 
of renal cancer in most series. Tumour cells are arranged 
in sheets, nests, or tubules (Figure 3). Most tumour cells 
have clear cytoplasm; however, tumours can have a com- 
bination of cells with clear and granular eosinophilic cyto- 
plasm. Tumours almost exclusively composed of cells with 
eosinophilic cytoplasm are rare. The clear cell appearance 
of clear cell renal cell carcinoma is secondary to the lipid 
and glycogen content of the cells. The periodic acid Schiff 
(PAS) histochemical stain, with and without diastase, is the 
best method for demonstrating cytoplasmic glycogen. One 
of the hallmark histological features is the delicate, intercon- 
necting, sinusoidal type of vasculature, sometimes likened to 
“chicken wire” (Figure 3). The diagnosis of clear cell renal 
cell carcinoma is based on a combination of architectural pat- 
tern, vascular pattern, and the cytoplasmic characteristics of 
the tumour cells, rather than on just the tinctorial properties 
of the cell cytoplasm. 





Figure 3 Clear cell renal cell carcinoma. Cells with clear cytoplasm 
are arranged in nests, which are separated by a network of delicate, 
interconnecting blood vessels. 





Figure 4 Papillary renal cell carcinoma. Thin papillae with a central 
fibrovascular core lined by low cuboidal epithelial cells with scant cyto- 
plasm and dark nuclei. Groups of foamy macrophages, with pale volumi- 
nous cytoplasm, are present in the centre of most fibrovascular stalks. 


Papillary Renal Cell Carcinoma Papillary renal cell carci- 
noma accounts for about 10-15% of all renal carcinomas. 
Multifocal and bilateral tumours are most common in this 
subtype of renal cell carcinoma. Based on the morphologic 
features papillary renal cell carcinomas have been divided 
into type 1 and type 2. Evidence is accumulating regarding 
the genetic and clinical differences of these two types. M icro- 
scopically, type 1 tumours show fibrovascular papillary cores 
lined by a single layer of low cuboidal epithelial cells that 
have scant pale cytoplasm and oval dark nuclei (Figure 4). 
Type 2 tumours have tall columnar pseudostratified cells 
with abundant eosinophilic cytoplasm. Haemosiderin pig- 
ment may be present in the cell cytoplasm. In addition 
to the papillae, tumour cells may form tubules, tubulopap- 
illary structures, and, rarely, solid nests. A characteristic 
feature, which is more common in the type 1, but that may 
not be present in all tumours, is the presence of foamy 
macrophages within the fibrovascular stalks. Laminated cal- 
cifications (psammoma bodies) are also commonly present 
in type 1 papillary renal cell carcinoma. 


Chromophobe Renal Cell Carcinoma Chromophobe renal 
cell carcinoma accounts for about 5% of all renal carcinomas, 
and presents distinctive histological and ultrastructural fea- 
tures that clearly separate it from the other subtypes. There 
are two morphological variants, typical or classical chromo- 
phobe, and the eosinophilic variant; this distinction is based 
on the tinctorial properties of the cytoplasm. Tumour cells 
are arranged in sheets, broad alveoli, or nests. There are 
two types of cells, clear and eosinophilic. Both cell types 
are usually present with one type predominating. The clear 
cells have abundant clear cytoplasm with a frothy, vacuo- 
lated, or bubbly appearance (soap bubble appearance) and 
prominent cell membranes, resembling plant cells. The cyto- 
plasm typically forms a rim along the cell membrane that 
appears darker than the remainder of the cytoplasm. These 
cells may also have a perinuclear halo. The eosinophilic cells 
are smaller and have finely granular eosinophilic cytoplasm, 
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with a variable degree of perinuclear clearing. The nuclei 
are hyperchromatic, frequently binucleate, and have a wrin- 
kled nuclear membrane. Hale’s colloidal iron stain is the 
histochemical stain of choice for help with making the diag- 
nosis of chromophobe renal cell carcinoma; this stain shows 
diffuse, reticular staining. Electron microscopy shows char- 
acteristic mitochondria with tubulocystic cristae, and there 
are numerous microvesicles in the cell cytoplasm. 


Collecting Duct Carcinoma Collecting duct carcinoma is 
rare, accounting for about 1% of all renal cell carcinomas. 
Microscopically, three features characterize this renal cancer; 
a tubulopapillary arrangement of cells, desmoplastic reaction 
of the stroma, and dysplastic changes in the adjacent collect- 
ing ducts. Dilated tubules or solid areas may also be present. 
Renal medullary carcinoma is a distinctive type of collect- 
ing duct carcinoma with an aggressive clinical course, which 
arises in the renal medulla and is associated with sickle cell 
trait. These cancers have reticular, microcystic areas, which 
resemble testicular yolk sac tumour. 


Rare Types of Renal Cell Carcinoma The latest WHO clas- 
sification of renal tumours has added the following types of 
renal cell carcinoma: X p11 translocation carcinomas, muci- 
nous tubular and spindle cell carcinoma, and carcinoma 
associated with neuroblastoma. Tubulocystic renal cell car- 
cinoma is another subtype which, in the past, was referred 
to as low-grade collecting duct carcinoma. 

X p11 translocation carcinomas are more common in chil- 
dren and young adults, with this type comprising approxi- 
mately 35% of renal cell carcinomas affecting the paediatric 
population. As the name suggests, these renal cell carcinomas 
are characterized by translocation of the Xp11 region with 
the following genes: PRCC gene t(X ;1)(p11.2;q21), ASPL 
gene t(X ;17)(p11.2;q25), and PSF gene t(X;1)(p11.2;p34). 
Another member of this family of tumours is the renal 
cell carcinoma with fusion of the Alpha and TFEB genes 
t(6;11)(p21;q12). 

M ucinous tubular and spindle cell carcinoma is a morpho- 
logically distinct type of renal cell carcinoma composed of 
tubules lined by cuboidal cells that are set within a mucinous 
stroma. Foci of spindle cells are also present. 


Renal Cell Carcinoma, Unclassified Unclassified renal 
cell carcinoma is not a distinctive subtype, but rather 
represents renal cancers that do not fit into one of the 
above-mentioned categories. Renal cancers in this category 
include, but are not limited to, those not conforming to any of 
the known histological subtypes, composites of recognizable 
subtypes, cancers with extensive necrosis and minimal viable 
tumour, mucin-producing tumours that are not collecting duct 
carcinoma and tumours with sarcomatoid de-differentiation 
that do not have an epithelial element that can be readily 
assigned to one of the above categories (Storkel et al., 1997). 


Renal Cell Carcinoma with Sarcomatoid De-Differ- 
entiation Sarcomatoid de-differentiation is seen in approxi- 
mately 1- 2% of renal cell carcinomas. The term sarcomatoid 


de-differentiation denotes anaplastic transformation of the 
renal cell carcinoma into a high-grade biphasic tumour that 
contains both malignant carcinomatous and mesenchymal 
elements. The carcinoma component is usually high grade, 
at least a Fuhrman nuclear grade 3, but may have any grade. 
The sarcomatous component may resemble pleomorphic 
malignant fibrous histiocytoma, or an unclassified spindle cell 
sarcoma, or may show differentiation into bone, cartilage, 
skeletal muscle, or blood vessels. It is important to differen- 
tiate a true sarcomatous component from benign spindle cells 
that are sometimes seen in renal cell carcinoma. The majority 
of these lesions are high stage at presentation and the progno- 
sis is poor. When reporting sarcomatoid de-differentiation in 
renal cell carcinoma it is important to mention the percentage 
of the sarcomatoid component and the type of epithelial and 
sarcomatoid components. The percentage of the sarcomatoid 
component is reported to be important for survival; patients 
with >50% sarcomatoid de-differentiation in their cancer do 
poorly. 


Immunohistochemistry 


All renal cell carcinomas stain positive with immunohis- 
tochemical stains for cytokeratin cocktail, low molecular 
weight cytokeratin, and epithelial membrane antigen (EMA). 
Vimentin, which is an intermediate filament usually asso- 
ciated with mesenchymal structures, stains most renal cell 
carcinomas, except for chromophobe renal cell carcinoma. 
Vimentin is useful for distinguishing the eosinophilic vari- 
ant of chromophobe renal cell carcinoma from clear cell 
renal cell carcinoma with predominantly eosinophilic cells. 
In addition to the above-mentioned, clear cell renal cell carci- 
noma typically also stains with renal cell carcinoma antigen 
(RCC), CD10 and CD15 (Leu-M1). Papillary renal cell car- 
cinomas stain with RCC, CD10, CD15, cytokeratin 7, and 
alpha-methylacyl-coenzyme A racemase (AMACR). Chro- 
mophobe renal cell carcinomas stain with cytokeratin 7, 
parvalbumin, and RON proto-oncogene; they lack staining 
for vimentin, RCC antigen, and CD10. Collecting duct car- 
cinoma, however, has a unique staining pattern, reacting with 
both low and high molecular weight cytokeratins, peanut 
agglutinin, Ulex europaeus lectin and EMA. X p11 transloca- 
tion carcinomas characteristically show nuclear staining for 
the TFE3 protein; and variably stain for CD10, cytokeratin, 
EMA, and vimentin. M ucinous tubular and spindle cell car- 
cinoma stains similar to papillary renal cell carcinoma. 


Electron Microscopy 


Ultrastructurally, the cells of clear cell renal cell carcinoma 
exhibit a brush border, tend to form microlumina, and have 
a basal lamina that separates groups of cells from each 
other. Abundant glycogen and lipid are present in the cyto- 
plasm. Chromophobe renal cell carcinoma has characteristic 
microvesicles, which are probably derived from the endo- 
plasmic reticulum or from mitochondria. Mitochondria also 
impart the characteristic granularity to the cytoplasm seen by 
light microscopy. 
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Molecular Genetics 


Sporadic clear cell renal cell carcinoma typically (in approx- 
imately 80-90%) shows loss of genetic material from the 
short arm of chromosome 3, in the region 3p14- 3p26 that 
harbours the VHL gene at 3p25.3. Mutations within the VHL 
gene region and inactivation of this gene by hypermethyla- 
tion are common. Sporadic papillary renal cell carcinoma 
is characterized by trisomies, especially of chromosomes 
7 and 17, and loss of the Y chromosome. Other chromo- 
somes that may be involved include 3, 9, 11, 12, 16, and 20; 
some of these additional abnormalities are speculated to lead 
to progression to a more aggressive phenotype. Transloca- 
tion between chromosomes X and 1 has also been reported, 
and is more common in children. Familial cases of papil- 
lary renal cell carcinoma show germ-line mutations of the 
MET proto-oncogene. Chromophobe renal cell carcinomas 
are characterized by combined losses of multiple chromo- 
somes including 1, 2, 6, 10, 12, 13, 14, 15 and 17. Polysomy 
of chromosome 7, trisomy 12, 16, and 19, telomeric associ- 
ations, and structural abnormalities of 11q have also been 
described in these cancers. Another important finding in 
chromophobe renal cell carcinoma is abnormalities of mito- 
chondrial DNA, a feature not seen in the other subtypes. 
Collecting duct carcinoma does not have any distinct genetic 
alterations. As mentioned above, the different translocation 
carcinomas show specific genetic translocations. 


Prognostic Factors 


The prognosis of renal cell carcinoma is heavily depen- 
dent on the TNM stage of the tumour (Rini and Vogelzang, 
2000). The 5-year survival rate of all patients with renal cell 
carcinoma is 70-75%. The overall 5-year survival rate is 
<10% in patients with stage IV disease, 20- 40% in patients 
with stage III tumours, 50-60% with stage II tumours, 
and 60-90% with stage | tumours. The presence of sar- 
comatoid de-differentiation also portends a poor prognosis, 
with disease-specific survival rates of 59 and 22% at 1 and 
5 years, respectively. Fuhrman nuclear grade has also been 
shown to have limited value in predicting prognosis. Up 
to 50% of patients with the VHL syndrome die of renal 
cell carcinoma. Newer markers that are under investiga- 
tion for determining prognosis include carbonic anhydrase 
IX (G250), vascular endothelial growth factor (VEGF), VHL 
gene mutations, transforming growth factor beta, and so on. 
None of these markers has so far been shown to be better at 
predicting tumour recurrence or death from disease, and all 
of these markers and molecular genetic alterations need to be 
studied further. Recent trends in renal cell carcinoma prog- 
nosis include the use of a combination of factors to create 
algorithms or nomograms to stratify patients into different 
risk categories. Examples of these include the University of 
California Los Angeles (UCLA) Integrated Staging System 
(UISS), the Mayo Clinic's Stage, Size, Grade and Necrosis 
(SSIGN) score, and the Memorial Sloan-K ettering Cancer 
Center prognostic nomogram. 


Overview of Present Clinical Management 


Surgical resection in the form of nephrectomy remains 
the most effective treatment for clinically localized/locally 
advanced tumours. In the past 10-15years, the use of 
nephron-sparing surgery has been gaining popularity for the 
treatment of small, localized tumours that can be easily 
resected. Partial nephrectomy is now considered a standard 
form of therapy for small tumours. Energy ablative tech- 
niques, such as cryoablation and radiofrequency ablation, 
performed under imaging guidance or laparoscopically, are 
currently under investigation for treatment of renal tumours 
in patients unable or unwilling to undergo surgery. The treat- 
ment outcomes for metastatic renal cell carcinoma remain 
average, as renal cell carcinoma is usually resistant to tradi- 
tional systemic chemotherapy. Routine use of immunother- 
apy with interferon and/or interleukin 2 (IL-2) has had 
limited success in treating metastatic clear cell renal cell car- 
cinoma. Immunotherapy has not been found to be successful 
in the other types of renal cell carcinoma. N ewer therapies 
for metastatic tumours that are under investigation include 
use of small molecules targeting signalling pathways such 
as mTOR, AKT and so on, tumour-specific vaccines, angio- 
genesis inhibitors, monoclonal antibodies, and dendritic cell 
therapy. M ost of the newer targeted therapies are currently 
being evaluated in the setting of clinical trials. 


RENAL PELVIS AND URETER 


Tumours of the renal pelvis and ureter are uncommon. 
Urothelial carcinoma accounts for 90% of the malignant 
tumours, but represents less than 5% of all tumours arising 
from the urothelium. The remaining 10% include squamous 
cell carcinoma and adenocarcinoma. Urothelial carcinomas 
of the renal pelvis and ureter have epidemiological, clinical, 
morphological, and prognostic features similar to those aris- 
ing in the urinary bladder. There are significantly different 
aetiological factors (Table 6) associated with these tumours 
including phenacetin abuse, thorium (radiographic contrast 
medium) exposure, and Balkan nephropathy. Another char- 
acteristic feature is the association with urothelial tumours 
of the urinary bladder, which may occur synchronously or 
metachronously. Tumours arising in the ureter may fill the 
lumen, leading to obstruction and possibly hydronephrosis. 
All the different morphological variants of urothelial carci- 
noma reported in the urinary bladder have also been reported 
in the renal pelvis and ureter. The grading system is simi- 
lar to that of the urinary bladder urothelial carcinomas. Like 
the urinary bladder, the TNM staging system is based on the 
depth of invasion (Table 7). Nephroureterectomy with resec- 
tion of a cuff of urinary bladder remains the treatment of 
choice for these cancers. 


URINARY BLADDER 


Up to 95% of urinary bladder tumours (Table 8) are of 
epithelial origin, of which 90% are urothelial neoplasms. The 
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Table 7 2002 TNM staging system for urothelial carcinoma of renal pelvis 
and ureter. 





Primary tumour (T) 


TX Primary tumour cannot be assessed 

TO No evidence of primary tumour 

Ta Papillary non-invasive carcinoma 

Tis Carcinoma in situ 

Tl Tumour invades subepithelial connective tissue (lamina 
propria) 

T2 Tumour invades the muscularis 

T3 For renal pelvis only: tumour invades beyond muscularis 
into peripelvic fat or the renal parenchyma 

T3 For ureter only: tumour invades beyond muscularis into 
periureteric fat 

T4 Tumour invades adjacent organs, or through the kidney into 


the perinephric fat 
Regional lymph nodes (N)? 


NX Regional lymph nodes cannot be assessed 

NO No regional lymph node metastasis 

N1 M etastasis in a single lymph node, 2 cm or less in greatest 
dimension 

N2 M etastasis in a single lymph node, 2 cm but not more than 


5cm in greatest dimension; or multiple lymph nodes, none 
more than 5 cm in greatest dimension 








N3 Metastasis in a lymph node more than 5 cm in greatest 
dimension 

Distant M etastasis (M ) 

MX Distant metastasis cannot be assessed 

MO No distant metastasis 

M1 Distant metastasis 

Stage groupings 

Stage 0a Ta NO MO 

Stage Ois Tis NO MO 

Stage | T1 NO MO 

Stage II T2 NO MO 

Stage Ill T3 NO MO 

Stage IV T4 NO MO 
Any T Any N MO 
Any T Any N M1 


| aterality does not affect the N classification. 


urothelium is a highly specialized epithelium that lines the 
entire urinary tract and has the ability to modify the number 
of layers forming it, depending on the level of distention of 
the organ wall. It has traditionally been referred to as the 
transitional cell epithelium, but urothelium is currently the 
preferred term (Epstein et al., 1998). 

Other types of epithelial tumours arise in the urinary 
bladder, including squamous cell carcinomas and adenocar- 
cinomas. These are usually diagnosed when the tumour is 
entirely composed of malignant squamous or glandular ele- 
ments, as foci of squamous or glandular differentiation may 
be seen in otherwise typical urothelial carcinomas, more 
commonly in high-grade tumours. Small cell carcinoma and 
other neuroendocrine carcinomas of the urinary bladder have 
also been reported. 

Mesenchymal neoplasms, which range from benign pro- 
liferations to highly malignant and aggressive tumours, are 
much less common. The most common benign mesenchymal 
neoplasm is leiomyoma, while the most common sarcomas 
are rhabdomyosarcoma in children, and leiomyosarcoma 
in adults. Lymphoma, plasmacytoma, and infiltration by 
leukaemia rarely present in the urinary bladder without a 


Table 8 Tumours of the urinary bladder. 


Benign tumours Malignant tumours 





Epithelial tumours 
Urothelial papilloma 
Urothelial inverted 


Epithelial tumours 
Urothelial carcinoma (papillary 
non-invasive, papillary invasive, flat 


papilloma non-invasive, flat invasive, invasive 
Villous adenoma NOS, 
micropapillary, lymphoepithelioma-like, 
nested) 


Squamous cell carcinoma 
Adenocarcinoma 

Small cell carcinoma 
Undifferentiated carcinoma 


Mesenchymal tumours 





Mesenchymal tumours 


Leiomyoma Rhabdomyosarcoma 
Neurofibroma Leiomyosarcoma 
Haemangioma 

Inflammatory Miscellaneous neoplasms 


myofibroblastic tumour Lymphoma/leukaemia 


Plasmacytoma 
Malignant melanoma 
Paraganglioma 
Germ cell neoplasms 


Secondary involvement 
Direct extension from adjacent organs 
(rectum, bladder, uterus) 
Metastasis 


previous history of the disease. Finally, secondary involve- 
ment of the urinary bladder by other tumours is rare, but 
when it occurs it is usually by direct extension from adjacent 
organs. 


Urothelial Carcinoma 


Tumour Pathology 


Urothelial neoplasms arise by two distinct pathobiological 
pathways, resulting in the development of either papillary or 
non-papillary tumours. Benign urothelial neoplasms, includ- 
ing exophytic and inverted urothelial papillomas, are much 
less frequent than carcinomas. Most urothelial carcinomas 
are preinvasive or early invasive papillary tumours. These 
tumours show a range of cytological and architectural atypia, 
which has been the basis for several proposed grading sys- 
tems. They are commonly multifocal, and may involve other 
sites along the urinary tract in addition to the urinary blad- 
der. Papillary tumours tend to recur several times, and 
eventually can invade the underlying lamina propria and 
muscularis propria. Less commonly, urinary bladder neo- 
plasms start as non-papillary or flat intraepithelial lesions, 
referred to as primary or de novo urothelial carcinoma in 
situ. These tumours also have the potential to invade the 
underlying wall. Up to 20% of urinary bladder neoplasms 
are diagnosed in an advanced stage, with invasion of the 
muscularis propria. When invasive, urothelial neoplasms 
have the potential to produce metastasis and death due to 
disease. 
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Epidemiology 


Urinary bladder cancer is the ninth most common cause 
of cancer worldwide, for both sexes combined (Parkin 
et al., 2005). For the year 2002, a worldwide estimate of 
357000 new cases of bladder cancer and 145000 deaths 
attributed to bladder cancer were calculated using data from 
the GLOBOCAN 2002 series of the IARC (Parkin etal., 
2005). Urinary bladder cancer is more frequent in North 
America and Western Europe and uncommon in Japan. In 
parts of Africa and the Middle East where chronic infection 
with Schistosoma haematobium is common, squamous cell 
carcinoma of the urinary bladder is prevalent. Egypt has the 
highest recorded incidence rate for bladder cancer, with an 
estimated world-standardized rate of 37 per 100000 men 
(Parkin et al., 2005). It has a 2.6-fold higher incidence in men 
than in women. Most tumours arise during late adulthood, 
with a median age at diagnosis of over 65 years. 


Aetiology 


Several aetiological factors have been associated with the 
development of urinary bladder cancer (Johansson and 
Cohen, 1997). This list, which is still growing, was started in 
the nineteenth century when an increased incidence in urinary 
bladder tumours was noted among workers in the dye indus- 
try. Today, new data on the role of tumour-suppressor genes, 
oncogenes, and other external influences have enhanced our 
knowledge of the pathogenesis of urinary bladder cancer 
(Table 6). 

Approximately 33% of urinary bladder tumours (50-80% 
of tumours in men) are associated with smoking. The risk in 
smokers is increased 3- 7-fold compared with non-smokers, 
depending on smoking habits. Ex-smokers have a reduced 
risk, but the period necessary for them to return to the same 
risk level as non-smokers is unknown. Occupational expo- 
sure to arylamines, which are widely used in the aniline 
dye and rubber industry, has been associated with up to 
one-third of urinary bladder cancers. The risk is dependent 
on the intensity and duration of the exposure, and tumours 
usually appear 15-40 years after the first exposure. There 
is an increased risk of developing urothelial carcinoma in 
women treated with radiation for cervical carcinoma. The 
tumours usually develop many years after exposure and 
are usually of high grade and high stage at presentation. 
Cyclophosphamide, an alkylating agent used as an immuno- 
suppressant, is associated with up to a 10.7% cumulative risk 
of developing urinary bladder cancer after 12 years of expo- 
sure. Chronic urinary tract infection also appears to confer 
a significant risk for urinary bladder neoplasia, especially 
in women. This mechanism also explains the higher inci- 
dence of urinary bladder neoplasms in paraplegic patients 
with indwelling catheters. Phenacetin has been linked to the 
development of urothelial carcinoma of the renal pelvis. In 
urinary bladder tumours, however, only a weak association 
has been demonstrated, except when high cumulative doses 
have been used. Artificial sweeteners have been associated 
with urinary bladder tumours in animal studies. 


Screening and Prevention 


Screening for urothelial cancer is usually done in one of 
three settings: (i) screening individuals at high risk for uri- 
nary bladder cancer (i.e., exposure to known carcinogens), 
(ii) screening individuals with microscopic haematuria or 
irritative voiding symptoms, and (iii) monitoring patients fol- 
lowing diagnosis and conservative local therapy of urothelial 
carcinoma (i.e., for detection of recurrences). 

A variety of methods have recently been developed, most 
of which target molecules that are present more frequently 
in the urine of patients with urothelial carcinoma than in 
that of patients without urothelial carcinoma (Table 9). A 
few of these methods are discussed below. However, none 
of these methods has, as yet, replaced urine cytology, which 
is inexpensive, non-invasive, and still considered the “gold 
standard” screening method. 

Urine cytology is still the most common screening method 
for diagnosing urothelial carcinoma. Although it is primar- 
ily used for the follow-up of patients with a diagnosis 
of urothelial carcinoma, it has value in the screening of 
high-risk populations. The main limitations of urine cytol- 
ogy are its low sensitivity for low-grade lesions, and that 
its accuracy is dependent on the pathologist's experience. 
Sensitivity for low-grade tumours has ranged from 0 to 
100%, with most studies reporting less than 50%. For high- 
grade tumours, including carcinoma in situ, sensitivity and 
specificity approach 90 and 100%, respectively. Urothelial 
neoplasms secrete enzymes that lyse the urothelial basement 
membrane, exposing bladder tumour antigens (BTAs) that 
can be detected in the urine by a latex agglutination reac- 
tion. Initial studies suggested that this method had a higher 
sensitivity than urine cytology, but other studies have found 
conflicting results. Further, specificity is significantly reduced 
in patients who have urinary tract infections, urolithiasis, or 
have undergone prior instrumentation. Nuclear matrix pro- 
teins (NMPs), the structural framework of the nucleus, are 
present at low levels in the urine of normal individuals and 
in increased quantity in patients with urothelial carcinoma. 
An immunoassay that quantifies the amount of NM Ps has 
been developed. Its sensitivity and specificity are dependent 
on the cut-off value. An overall sensitivity of 66% has been 
reported. Specificity is significantly diminished in the pres- 
ence of gross haematuria and prostate cancer, but even in 
optimal cases, the test does not appear superior to urine cytol- 
ogy. In the recent past, the United States Food and Drug 
Administration (FDA) has approved a commercial kit for 
the detection of nuclear matrix protein (NM P22) in voided 
urine, which makes results immediately available at the point 
of care (Grossman et al., 2006). The overactivity of telom- 
erases prolongs cell life, and may turn cells immortal. The 


Table 9 Screening and monitoring methods for urothelial carcinoma. 


Urine cytology 

BTA 

NMPs 

Telomerase activity 
Cystoscopy and biopsy 
UroVysion™ FISH 
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method for measuring telomerase activity has a sensitivity 
of 70% and a specificity of up to 99% for detecting urinary 
bladder cancer. The apparent sensitivity of telomerase as a 
screening tool for bladder cancer is promising, but conclu- 
sive evidence for its utility as a screening test is still lacking 
(Glas et al., 2003). Cystoscopy allows the direct visualiza- 
tion of the urinary bladder mucosa and biopsy of suspicious 
lesions. Urinary bladder washings obtained at the time of 
cystoscopic examination also provide useful diagnostic mate- 
rial. Carcinoma in situ is not always identified by cystoscopic 
examination, and thus random urinary bladder biopsies are 
usually performed to identify this lesion. The UroVysion™ 
bladder cancer kit is a FDA-approved test designed to detect 
aneuploidy for chromosomes 3, 7, 17, and loss of the 9p21 
locus by fluorescence in situ hybridization (FISH) in urine 
specimens. Studies appear to indicate that the sensitivity of 
FISH for the detection of urothelial carcinoma is superior to 
that of cytology, although with comparable specificity. B etter 
sensitivity and specificity of UroVysion™ FISH over telom- 
erase testing, BTA stat, and haemoglobin dipstick tests have 
been reported (Halling et al., 2002). 


Gross Features 


Non-invasive papillary tumours are recognized by cys- 
toscopy as exophytic papillary fronds in the mucosa, usually 
of varying size. Up to 40% of tumours may be multifocal. 
Urothelial carcinoma in situ usually appears as an erythe- 
matous area in the mucosa of the urinary bladder, but it 
can also be grossly inapparent. When invasive, urothelial 
carcinomas are usually bulging, nodular exophytic tumours, 
or ulcerated and indurated. Some tumours display diffuse 
infiltration of the urinary bladder wall with relatively unre- 
markable mucosa, analogous to the so-called linitis plastica 
of the stomach. 


Microscopic Features 


Papillary urothelial neoplasms range from small and benign 
to large and aggressive tumours. The distinction is usually 
based on the degree of cytological and architectural atypia, 
which is the basis of the grading schemes used for these neo- 
plasms. The new grading system was proposed by a conjoint 
effort of the WHO and the International Society of Urologic 
Pathology (ISUP) (Table 10) (Epstein et al., 1998). In this 
system, benign papillary tumours are referred to as papil- 
lomas. They are usually small, delicate, papillary epithelial 
proliferations attached to the mucosa by a thin fibrovascular 
stalk. The urothelial lining is identical with that of the normal 
urinary bladder mucosa. Papillomas represent less than 1% 
of tumours and are usually seen in younger patients. These 
lesions can recur, although probably at a lower rate than other 
higher-grade lesions. Tumours with slightly more complex 
architecture, of larger size, and lined by cytologically normal 
or minimally abnormal urothelium are referred to as papil- 
lary urothelial neoplasms of low malignant potential. They 
have a tendency to recur but not invade or cause death. These 
tumours were previously referred to as transitional cell carci- 
nomas, grade 1 (using the prior WHO classification system). 


Table 10 World Health Organization/International Society of Urologic 
Pathology grading scheme for urothelial neoplasia. 


Papillary lesions Flat lesions 


Papillary hyperplasia 
Urothelial papilloma 


Flat urothelial hyperplasia 
Reactive atypia 


Inverted papilloma Atypia of unknown significance 
Papillary urothelial neoplasm of Dysplasia (low-grade intra-urothelial 
low malignant potential neoplasia) 





Papillary urothelial carcinoma, Carcinoma in situ (high-grade 
low grade intra-urothelial neoplasia) 
Papillary urothelial carcinoma, 

high grade 











Papillary tumours containing cytologically malignant cells 
are currently classified as low-grade and high-grade papil- 
lary urothelial carcinomas (previously referred to as grade 2 
and grade 3 transitional cell carcinomas, respectively). These 
tumours have a higher degree of nuclear pleomorphism and 
disorganization of the epithelial cells, progressively losing 
their resemblance to normal urothelium (Figure 5). High- 
grade tumours usually have less well-developed, blunt, and 
fused papillae, with occasional solid areas. 

Flat urothelial lesions also display a range of cytological 
changes; lesions at the lower end of the spectrum being 
referred to as urothelial dysplasia and those at the higher 
end as carcinoma in situ (Figure 6). As opposed to papillary 
lesions, however, only the high-grade lesions (i.e., carcinoma 
in situ) are clinically significant and worthy of therapeutic 
intervention. 

Invasion into the underlying wall is most common in 
high-grade papillary tumours or in patients with carcinoma 
in situ. The extent of invasion ranges from microscopic 
foci of tumours invading the lamina propria to bulky 
tumours extending through the urinary bladder wall into the 
perivesical adipose tissue. The invasive components usually 
display high nuclear grade and may grow in nests, cords, 
or trabeculae of neoplastic cells, which infiltrate the muscle 
bundles and adipose tissue (Figure 7). 

Sarcomatoid urothelial carcinoma is a high-grade 
neoplasm that has partially or totally lost its carcinomatous 
morphological phenotype and shows dedifferentiation 
into spindle cell mesenchymal elements. A well-defined 
malignant heterologous mesenchymal component, (e.g., 
leiomyosarcoma, osteosarcoma, rhabdomyosarcoma) may 
be present, but most often the mesenchymal component 
is relatively undifferentiated and high grade. Diagnosis 
of sarcomatoid carcinoma requires the presence of 
a focal, unequivocal, invasive or in situ epithelial 
component, or evidence of epithelial differentiation by 
immunohistochemistry. Differentiation between sarcomatoid 
carcinoma and sarcoma of the urinary bladder is clinically 
relevant, as the prognosis is significantly worse for 
sarcomatoid carcinomas. 


Immunohistochemistry 


The urothelium is a complex epithelium that expresses a wide 
variety of cytokeratin intermediate filaments. The urothe- 
lium and its neoplasms express both low and high molecular 
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Figure 5 Low-grade papillary urothelial carcinoma of the urinary bladder. 
The tumour has delicate papillae with a central fibrovascular stalk. 


weight cytokeratin, cytokeratin 5/6, cytokeratin 7, and cytok- 
eratin 20; however, up to 40% of high-grade urothelial 
cancers are negative for cytokeratin 20. Carcinoembryonic 
antigen (CEA) is expressed in approximately 60% of urothe- 
lial carcinomas, most frequently in those that show glan- 
dular differentiation. Cytokeratin 10 and 14 are frequently 
expressed in areas of squamous differentiation. Uroplakin, 
p63, and thrombomodulin are newer markers that are also 
useful for staining urothelial tumours. 


Molecular Genetic Findings 


The data from cytogenetic and molecular studies of uri- 
nary bladder carcinoma support the two-pathway mechanism 
seen morphologically (Cordon-Cardo et al., 1997; Lee and 
Droller, 2000). Most low-grade papillary neoplasms have 
been associated with deletions of chromosome 9, including 
monosomy of chromosome 9 and 9p, and/or 9q deletions. 
Chromosome 9 deletions are the only genetic change con- 
sistently present in non-invasive and early invasive papillary 
tumours and are thus believed to be an initial step in the 


Figure 6 Urothelial carcinoma in situ of the urinary bladder. A “flat 
tumour” of the urothelium, with most cells showing enlarged hyperchro- 
matic nuclei and prominent nucleoli. A mitosis is present in the upper left 
corner of the urothelium. 
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Figure 7 High-grade urothelial carcinoma of the urinary bladder invasive 
into muscularis propria. Single malignant cells and cords of malignant cells 
split the muscularis propria. 


development of these neoplasms. The 9p deletions involve 
the tumour-suppressor genes p15 and p16, which encode 
inhibitors of cyclin-dependent kinase. The 9q deletions also 
likely include multiple tumour-suppressor genes, most of 
which are yet to be identified. On the other hand, urothe- 
lial carcinoma in situ is usually associated with deletions 
of 14q and deletions of 17p, or mutations of the P53 gene. 
These alterations are rarely seen in non-invasive, low-grade 
papillary tumours. Invasive tumours are similarly associated 
with mutations of P53 and deletions of 13q, the site of the 
RB gene. Other alterations observed in invasive tumours, but 
seldom in papillary tumours, include deletions of 11p, 3p, 8p, 
6q, 4p, and 5q and increased expression of RAS, c-MYC, and 
epidermal growth factor receptors. 

Hence, these data support two distinct molecular pathways 
for urothelial carcinoma. On the one hand, alterations of 
chromosome 9 induce the formation of papillary tumours, 
which have low potential for progressing. If additional 
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molecular alterations are acquired (P53 mutations, 17p—, 
3p—, and 5q—), the tumours progress to high-grade lesions 
and invasion. On the other hand, P53 mutations, 14q 
deletions, and possibly other mechanisms result in urothelial 
carcinoma in situ with a propensity for progression and 
developing invasive disease upon acquisition of additional 
alterations. 


Prognostic Factors 


Numerous factors are used for evaluating the prognosis 
of urothelial carcinoma (Table 11). The extent of disease 
is the most valuable prognostic information used for the 
management of urothelial carcinoma. 


Tumour Stage The TNM tumour stage (Table 12) is impor- 
tant not only because it conveys powerful prognostic infor- 
mation but also because it defines the management of the 
patient. Five-year survival for patients with T1 tumours is 
approximately 90% but drops to 70% for patients with T2 
tumours, and to 35% for those with T3 and T4 neoplasms. 
Owing to the abrupt difference in clinical behaviour between 
tumours showing only lamina propria invasion and those 
showing muscularis propria invasion, there is a tendency to 
simplify the staging system into two categories: “superficial” 
(i.e., pTa, pTis, and pT 1 tumours), and “invasive” (i.e, pT 2, 
pT3, and pT4 tumours). While this nomenclature identifies 
two subsets of urinary bladder cancer that are traditionally 
managed in substantially different fashion, it oversimplifies 
and diminishes the power of the staging system. 


Tumour Grade Prognostic significance of grading in uri- 
nary bladder tumours is mostly limited to non-invasive or 
early invasive papillary tumours. Carcinoma in situ is a 
high-grade lesion by definition, and flat lesions of lesser 
grade (i.e., dysplasia) imply urothelial instability, but do not 
warrant therapeutic intervention. In muscle-invasive disease, 
grade has not provided any more prognostic information 
than stage alone. However, grade has repeatedly been shown 
to predict tumour recurrence and progression in papillary 
neoplasia. Patients with papillary urothelial neoplasms of low 
malignant potential have a 98% 10-year survival, whereas 
high-grade tumours are associated with a 35% 10-year sur- 
vival. High-grade tumours with invasion into the lamina 


Table 11 Prognostic factors in urothelial carcinoma. 


Pathological factors 

Depth of invasion (stage) 
Tumour grade 

Histological type 
Vascular-lymphatic invasion 
Associated carcinoma in situ 


Biological/molecular factors 
Blood group antigens 

DNA ploidy 

P53 mutations 

Proliferation markers 
Retinoblastoma gene mutations 
p21Wari 


Table 12 2002 TNM staging system for the urinary bladder. 


Primary tumour (T) 





TX Primary tumour cannot be assessed 
TO No evidence of primary tumour 
Ta Papillary non-invasive carcinoma 
Tis Carcinoma in situ “flat tumour” 
T1 Tumour invades subepithelial connective tissue (lamina 
propria) 
T2 Tumour invades muscularis propria (detrusor muscle) 
T2a Tumour invades superficial muscle (inner half) 
T2b Tumour invades deep muscle (outer half) 
T3 Tumour invades perivesical tissue 
T3a M icroscopically 
T3b M acroscopically (extravesical mass) 
T4 Tumour invades any of the following: prostate, uterus, 
vagina, pelvic wall, abdominal wall 
T4a Tumour invades prostate, uterus, vagina 
T4b Tumour invades pelvic wall, abdominal wall 
Regional lymph nodes (N)@ 
NX Regional lymph nodes cannot be assessed 
NO No regional lymph node metastasis 
N1 M etastasis in a single lymph node, 2 cm or less in greatest 
dimension 
N2 M etastasis in a single regional lymph node, more than 2 cm 


but not more than 5cm in greatest dimension; or multiple 
ymph nodes, none more than 5cm in greatest dimension 








N3 M etastasis in a lymph node more than 5cm in greatest 
dimension 

Distant metastasis (M ) 

MX Distant metastasis cannot be assessed 

MO No distant metastasis 

M1 Distant metastasis 

Stage groupings 

Stage 0a Ta NO MO 

Stage Ois Tis NO MO 

Stage | Tl NO MO 

Stage || T2a- 2b NO MO 

Stage III T 3a, b, c NO MO 
T4a NO MO 

Stage IV T4b NO MO 
Any T N1-3 MO 
Any T Any N M1 





*Regional lymph nodes are those within the true pelvis; all others are distant lymph 
nodes. 


propria account for 60% of tumours that progress to muscle 
invasion (Lapham et al., 1997). 


Histological Tumour Type The histological type of uri- 
nary bladder tumour has also been shown to have significant 
prognostic value. Sarcomatoid carcinoma, small cell carci- 
noma, and the variant of urothelial carcinoma, known as 
micropapillary carcinoma, usually present at an advanced 
tumour stage (Lapham etal., 1997). A variant known as 
lymphoepithelioma-like carcinoma of the urinary bladder 
may be amenable to transurethral resection alone or com- 
bined with adjuvant systemic chemotherapy. 


Vascular Invasion Vascular invasion in tumours with lim- 
ited lamina propria invasion has been associated with worse 
prognosis. However, data on the impact of vascular invasion 
in urothelial carcinoma are conflicting and difficult to inter- 
pret, owing mostly to the fact that vascular invasion is 
difficult to recognize histologically, is easily over-diagnosed, 
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and confirmation sometimes requires use of immunohisto- 
chemical stains (Lapham et al., 1997). 


Adjacent Carcinoma In Situ |n cases of papillary tumours, 
the presence of carcinoma in situ in the adjacent mucosa 
has been associated with a higher risk of recurrence and 
progression than in tumours without carcinoma in situ. Thus, 
it is common practice to biopsy urothelium that appears 
grossly normal at the time of resection of a papillary tumour. 
Studies have also shown that dysplasia in the adjacent 
urothelium is associated with higher risk of recurrence and 
progression. 


Biological Prognostic Factors A growing list of biolog- 
ical/molecular prognostic markers has been studied in the 
literature (Table 11) (Stein et al., 1998). M ost of them, how- 
ever, have not provided significant or consistent predictive 
power beyond traditional pathological parameters. Several of 
these markers are currently being evaluated in a prospective 
and/or randomized manner, in order to determine their true 
clinical significance. 

Lack of expression of blood group antigens, which are 
commonly expressed in normal urothelium, has been associ- 
ated with tumour progression in patients with urinary bladder 
neoplasms. DNA ploidy has been shown to predict recurrence 
and progression in stage Ta and T1 tumours, and aneuploidy 
has been associated with a better response to radiation ther- 
apy. Proliferation indexes, whether derived by DNA flow 
cytometry, thymidine labelling, Ki-67 immunohistochemi- 
cal staining, or other methods, are correlated with tumour 
grade, disease progression, and poor survival. P53 mutations 
have also been associated with progression of urinary bladder 
tumours and possibly with initiation of cancer via the carci- 
noma in situ pathway. Current data suggest that P53 status 
is most useful in the management of locally advanced uri- 
nary bladder neoplasms, by helping to select patients who 
would benefit most from urinary bladder preservation or 
chemotherapy. Other molecular/biological prognostic indica- 
tors suggested in urinary bladder cancer include mutations 
in oncogenes, epidermal growth factor receptors, growth fac- 
tors, adhesion molecules, angiogenesis inhibitors, and other 
cell cycle regulatory proteins, such as the gene products of 
the retinoblastoma tumour-suppressor gene, and p21/4F?, 


Overview of Present Clinical Management 


Clinical management is highly dependent on the stage of 
disease and includes local resection of a surface tumour, 
intravesical therapy, radical resection, radiation therapy, and 
systemic therapy. 

Stage Ta tumours are treated mainly with transurethral 
resection and fulguration of visible tumours. Patients at high 
risk for recurrence or progression (i.e., those who have high- 
grade tumours, large tumours, associated carcinoma in situ, 
or multiple tumours) also benefit from intravesical ther- 
apy, including immunotherapy (Bacillus Calmette-G uérin, 
interferon), and chemotherapy (thiotepa, mitomycin C, dox- 
orubicin). These patients require close follow-up with 


repeat cystoscopy and urine or bladder-wash cytology every 
3months for 2 years, every 6months for a further 2 years, 
and, subsequently, every year for the rest of their lives. 
Stage Tis lesions are treated mainly with intravesical ther- 
apy, and require close surveillance owing to the high rate 
of progression to invasive disease. Stage T1 tumours are 
most often treated conservatively with local resection and 
intravesical therapy, although some physicians advocate cys- 
tectomy for high-grade T1 tumours. Standard treatment for 
muscularis propria invasive tumours (i.e., stages T2, T3, and 
T4) is radical cystectomy or cystoprostatectomy. The past 
decade has seen an interest in neoadjuvant chemotherapy 
for treatment of high-stage carcinomas. A combination of 
the drugs methotrexate, vinblastine, doxorubicin, and cis- 
platin (M VAC) has shown efficacy in treating these tumours. 
Information from a randomized cooperative group trial has 
indicated that this type of neoadjuvant chemotherapy has 
improved the survival of patients with locally advanced blad- 
der cancer treated with radical cystectomy. 

Partial cystectomy may be indicated in a limited number 
of patients (Carrion and Seigne, 2002). Radiation therapy 
is also an acceptable treatment and is standard therapy in 
some parts of the world. Local or distant metastatic disease is 
treated with adjuvant systemic chemotherapy; MVAC being 
the most commonly used agents. 


Other Carcinomas of the Urinary Bladder 


Squamous Cell Carcinoma 


Squamous cell carcinomas account for up to 75% of urinary 
bladder cancers in areas where schistosomiasis is endemic. 
In the developed world they constitute <10% of all blad- 
der cancers. The mean age of presentation for these tumours 
is 46 years, almost 20 years younger than that for urothe- 
lial carcinomas in the western world (Johansson and Cohen, 
1997). Men are affected more often than women. Patients 
usually present with haematuria or irritative symptoms and 
most tumours are usually high stage at the time of presen- 
tation. Infection with Schistosoma haematobium is endemic 
to the Nile river valley in Egypt and other parts of Africa. 
Its eggs are deposited in the urinary bladder wall, elicit- 
ing a chronic granulomatous inflammatory response, fibro- 
sis, calcification, and squamous or glandular metaplasia of 
the urothelium. Tumours associated with schistosomiasis are 
mostly squamous cell carcinomas (75%), with a smaller pro- 
portion of adenocarcinomas (6%). Schistosomiasis appears 
to induce urinary bladder neoplasia by promoting increased 
cell proliferation as a result of inflammation, which in turn 
provides an increased risk of spontaneous genetic muta- 
tions. High levels of nitrosamines have also been found in 
patients with schistosomiasis, as in patients with chronic uri- 
nary tract infections. In countries where schistosomiasis is 
not endemic, squamous cell carcinoma usually arises sec- 
ondary to chronic irritation caused by factors such as calculi, 
urinary retention, indwelling catheters, and so on. In this 
clinical setting, it occurs most often in the seventh decade of 
life with a slight male predominance (Shokeir, 2004). These 
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tumours tend to be large and bulky, often necrotic, sometimes 
filling most of the urinary bladder. Squamous cell carcino- 
mas display similar histology to those occurring at other 
sites and include tumour islands of squamous cells show- 
ing intercellular bridges and keratinization. Typical areas of 
urothelial carcinoma are not present. Squamous metaplasia 
of the adjacent urothelium is usually present. Squamous cell 
carcinomas are graded according to the amount of kera- 
tinization and degree of nuclear pleomorphism. The TNM 
staging system for urinary bladder tumours (Table 12) is also 
used for these tumours and is the most useful prognostic 
indicator. Radical cystectomy or cystoprostatectomy with or 
without radiation therapy is the mainstay of therapy for this 
tumour. 


Adenocarcinomas of Urinary Bladder 


Adenocarcinomas of the urinary bladder are rare, forming 
less than 1% of urinary bladder cancers. There is a signifi- 
cant association between urinary bladder exstrophy and the 
development of adenocarcinoma, although the mechanism 
by which this occurs remains unknown. Adenocarcinomas 
may be classified according to their location into urachal and 
non-urachal types. Both types show a variety of histological 
patterns, including enteric (i.e., mimicking colonic adenocar- 
cinoma), signet ring, mucinous (colloid), clear cell, mixed, 
and not otherwise specified (NOS). 


URETHRA 


Tumours of the urethra are distinctly rare. Owing to their 
significant anatomical and pathological differences, tumours 
arising in the female urethra are discussed separately from 
those arising in the male urethra (Amin and Young, 1997). 
In both settings, most tumours are epithelial neoplasms, 
with only leiomyoma and melanomas of the urethra being 
common enough to deserve mention. The 2002 TNM staging 
system (Table 13) is applicable to both male and female 
urethral tumours. 


Carcinomas of the Female Urethra 


Urethral carcinomas typically affect postmenopausal women. 
Patients present with one or more of the following symptoms: 
vaginal or urethral bleeding, dysuria, urinary frequency, 
incontinence, urinary tract infection, perineal or introital 
mass or urinary obstruction. Associated aetiological factors 
include trauma and infection, human papillomavirus for squa- 
mous cell and urothelial carcinomas, and urethral diverticula 
for clear cell adenocarcinomas. 

The histological spectrum of urethral carcinomas is sim- 
ilar to that of the urinary bladder, although the histo- 
logical type is highly dependent on the sites where they 
arise. Tumours involving the distal urethra and meatus 
(approximately 70% of tumours) are usually squamous cell 


Table 13 2002 TNM staging system for the urethra. 


Primary tumour (T) 


TX Primary tumour cannot be assessed 

TO No evidence of primary tumour 

Ta Non-invasive papillary, polypoid, or verrucous carcinoma 

Tis Carcinoma in situ 

T1 Tumour invades subepithelial connective tissue 

T2 Tumour invades any of the following: corpus spongiosum, 
prostate, periurethral muscle 

T3 Tumour invades any of the following: corpus cavernosum, 
beyond prostatic capsule, anterior vagina, bladder neck 

T4 Tumour invades other adjacent organs 


Regional lymph nodes (N) 
NX Regional lymph nodes cannot be assessed 


NO No regional lymph node metastasis 

N1 M etastasis in a single lymph node, 2 cm or less in greatest 
dimension 

N2 M etastasis in a single lymph node more than 2 cm greatest 


dimension, or in multiple lymph nodes 
Distant metastasis (M ) 











MX Distant metastasis cannot be assessed 

MO No distant metastasis 

M1 Distant metastasis 

Stage groupings 

Stage 0a Ta NO MO 

Stage Ois Tis NO MO 

Stage | T1 NO MO 

Stage Il T2 NO MO 

Stage Ill T1 N1 MO 
T2 N1 MO 
T3 NO MO 
T3 N1 MO 

Stage IV T4 NO MO 
T4 N1 MO 
Any T N2 MO 
Any T Any N M1 





carcinomas. They are aggressive neoplasms that present 
at an advanced stage. Carcinomas of the proximal ure- 
thra are either urothelial carcinomas or adenocarcinomas. 
Urothelial carcinomas account for approximately 20% of 
tumours, and exhibit the same diversity of histology as 
that seen in the urinary bladder, including papillary, flat, 
non-invasive, and invasive tumours. Frequently, they are 
preceded by, followed by, or occur concurrently with a 
bladder carcinoma. Adenocarcinomas account for approxi- 
mately 10% of female urethral carcinomas. Approximately 
40% of adenocarcinomas are clear cell adenocarcinomas, 
and the remaining show colloid, signet ring, or NOS his- 
tology. Clear cell adenocarcinomas are pathologically and 
clinically distinctive. Histologically, they display papillary, 
tubulocystic, tubular, or solid patterns. The tubules are usu- 
ally hollow and may contain eosinophilic secretions. The 
lining cells show characteristic hobnail shape, and typi- 
cally display clear to eosinophilic cytoplasm. Patients with 
clear cell adenocarcinomas appear to have a slightly bet- 
ter prognosis than those with non- clear cell adenocarcino- 
mas, with between 30 and 40% of patients dying within 
24 months. 

The prognosis of female urethral carcinomas is relatively 
poor. Tumour location and stage are the most important 
prognostic parameters. Between 18 and 50% of women will 
have metastasis at presentation. 
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Carcinomas of the Male Urethra 


Tumours of the male urethra occur in the sixth and sev- 
enth decades of life. Most patients present with obstructive 
symptoms or infection. Tumours of the posterior urethra 
are associated with haematuria, purulent discharge, or uri- 
nary obstruction. Some patients present with a palpable 
mass. Other symptoms include painful priapism, penile ero- 
sion, and impotence. Suggested aetiological factors include 
chronic irritation from strictures or infectious processes. 
Human papillomavirus has been documented in squamous 
and urothelial carcinomas. 

Grossly, tumours appear as ulcerative, nodular, papillary, 
cauliflower-like, or firm solid masses. A bout 75% of tumours 
are squamous cell carcinomas, with the remainder being 
urothelial carcinomas, adenocarcinomas, or undifferentiated 
carcinomas. Squamous cell carcinomas arise in a background 
of metaplasia. U rothelial carcinomas are seen most frequently 
in the prostatic urethra, but may also occur in the membra- 
nous or penile urethra. They display the same histological 
spectrum as those arising in the urinary bladder. As in the 
female urethra, there may be a synchronous or metachronous 
urinary bladder tumour. A denocarcinomas are less common 
in the male than in the female urethra, and clear cell adeno- 
carcinoma is an oddity in the male urethra. 

Prognosis is similarly dependent on location and extent 
of the disease. Anterior tumours have a significantly better 
outcome than posterior tumours, as they can be managed 
successfully by surgery. Tumours of the anterior urethra 
generally metastasize to inguinal and external iliac lymph 
nodes, whereas posterior urethral tumours spread to internal 
iliac and hypogastric lymph nodes. M ost often, the sign of 
treatment failure is patient’s local recurrence, rather than 
distant metastasis. 

Both male and female urethral tumours are initially treated 
for local excision if possible, including lymphadenectomy. 
Radiation therapy is indicated in cases that recur or in those 
not amenable to surgical excision. Systemic chemotherapy is 
indicated in metastatic disease. 
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PROSTATE 


Normal Development and Anatomy 


Ventral, lateral, and dorsal epithelial buds originating from 
the urogenital sinus give rise to the various lobes of the 
developing prostate gland. Although the epithelial - mesench- 
ymal interactions driving prostate development are not well 
understood, the androgen receptor is critical in this process 
and the mesenchymal factor bone morphogenetic protein 4 
has been implicated as a possible regulatory factor (Lamm 
et al., 2001). 

While the epithelial component forms the ducts and acini 
of the peripheral and transition zones of the prostate, the 
mesenchyme differentiates into its fibromuscular stroma. 
The distal prostatic urethra, formed from the urogenital 
sinus, is thus in continuity with the prostatic ducts. The 
central zone glands and ducts may derive from mesonephric 
duct remnants, similar to the development of the proximal 
prostatic urethra. 

The prostate gland in young men weighs about 20g and 
is shaped like a truncated cone with its base along the neck 
of the urinary bladder and its blunt apex at the urogenital 
diaphragm. The prostatic urethra courses through the gland 
with an angulation occurring at its approximate mid-portion 
at the level of the verumontanum, a mound-like elevation 
on the posterior urethral surface. The two ejaculatory ducts 
penetrate the base of the prostate and run in an anteroinferior 
direction through the gland to empty into the prostatic 
urethra, just lateral to either side of the verumontanum. 

The zonal model of prostate anatomy, forwarded by 
McNeal (1981), describes three major prostatic zones 
(Figure 1). The central zone, accounting for about 25% of 
the prostatic volume, occupies a pyramidal-shaped region 
with its base at the bladder neck and apex at the point of 
angulation of the prostatic urethra. The transition zone rep- 
resents 5- 10% of the prostatic volume and consists of two 
small lobes just lateral to the proximal prostatic urethra. The 
remainder of the glandular prostate (approximately 70%) is 
represented by the peripheral zone, which surrounds both the 
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central and transition zones in the basal aspect of the gland 
and constitutes essentially all of the glandular prostatic tissue 
distal to the urethral angulation. The prostate is surrounded 
by a condensation of stroma along its peripheral and lateral 
aspects that blends, anteriorly, with the anterior fibromuscu- 
lar stroma. No true capsule is present at the apex and bladder 
neck aspects of the gland. 


Tumour Pathology 


Although a wide variety of neoplasms may occur in the 
prostate gland, the overwhelming majority (>95%) of malig- 
nant tumours are adenocarcinomas. With the elaboration 
of the McNeal model of prostatic anatomy (see preced- 
ing text), it has become clear that different zones of the 
prostate have different propensities to develop adenocarci- 
noma. Accordingly, about 75% of adenocarcinomas develop 
in the peripheral zone, about 15% in the transition zone, and 
the remainder involve the central zone (M cNeal et al., 1988). 
Because much of the peripheral zone abuts the anterior wall 
of the rectum, some prostate carcinomas, when sufficiently 
large, may present palpable abnormalities on digital rectal 
exam (DRE). Nonetheless, DRE is not an especially sensi- 
tive or specific method for detection; it identified only 56% of 
patients who were ultimately diagnosed with prostate cancer 
in a screening program and had a positive predictive value 
(PPV) of 21% (Catalona et al., 1994). 

The tumours are typically peripheral and often have 
a yellow to grey solid character that contrasts with the 
frequently spongy appearance of the adjacent non-neoplastic 
prostatic parenchyma. Those tumours that develop in the 
transition zone may sometimes be grossly recognizable in 
prostate chips that have a tan to yellow discolouration. 

Prostatic adenocarcinoma is recognized microscopically 
through a combination of architectural and cytological 
features. Typically, the malignant glands are smaller in size 
than the associated benign acini, and often, but not always, 
tend to be arranged in haphazard or infiltrative patterns that 
contrast with the more organized, lobular arrangement of 
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Figure 1 The McNeal model of prostatic anatomy. The central zone is in 
red, the transition zone in blue, the peripheral zone (largely cut away in this 
schematic) in yellow and the anterior fibromuscular stroma in green. (From 
Lee, F., et al. The role of transrectal ultrasound in the early detection of 
prostate cancer. CA - A Cancer J Clin, 1989; 39:337- 360, by permission 
of Lippincott Williams & Wilkins.) 


Cause-specific survival (%) 
100 





80 


60 


40 


20 














Years since diagnosis 


Figure 2 The relationship of Gleason pattern score to disease-specific sur- 
vival in prostate adenocarcinoma. (Reprinted from J Urol 162, Albertden, 
PC, Hanley, JA, Murphy-Setzko, M. Statistical Considerations when assess- 
ing outcomes following treatments for prostate cancer. 439- 444. Copyright 
(1999). With permission from Elsevier.) 


benign glands and patterns that tend to be produced by benign 
pathologic processes. 

The grading of prostatic adenocarcinomas may be per- 
formed by the utilization of a variety of schemes, but 
the one in most widespread usage is the Gleason method 
(Gleason, 1966; Gleason and M ellinger, 1974). The method 
of Gleason grading is of significant prognostic value (Thomas 
et al., 1982; Gleason, 1992; Albertsen etal., 1999) and 
correlates directly with several histopathologic and clinical 
end points, such as tumour size, margin status, pathologic 
and clinical stage, progression of disease, and overall sur- 
vival (Humphrey, 2004) (Figure 2). This system relies on 
the architectural assessment of tumour growth according 
to five histologic grades (Figure 3). Tumours consisting of 





Figure 3 The Gleason grading system of prostate carcinoma. There are 
five grades based on the architectural pattern of tumour growth. (Reprinted 
from Hum Pathol 23 Gleason D.F, Historical Grading of Prostate Cancer: 
A Perspective. 273-279. Copyright (1992) With permission from The 
American Urological Association.) 





Figure 4 This well-circumscribed collection of relatively uniform-sized 
glands represents a Gleason grade 1 or grade 2 adenocarcinoma of the 
prostate. 


well-circumscribed collections of uniform small glands are 
assigned a grade of 1 (Figure 4) and, on the other end 
of the scale, grade 5 tumours are those having a diffuse 
sheetlike arrangement of malignant cells, isolated single cells 
infiltrating the stroma (Figure 5), and/or nests with central 
necrosis. Tumours with features intermediate between these 
two extremes receive an intermediate grade. Since many pro- 
static adenocarcinomas are heterogeneous with respect to 
their growth patterns, the Gleason method furthermore sums 
the grades of the two most prominent patterns to arrive at a 
“pattern score” that varies from 2 to 10. When there are two 
patterns of close to equal proportions that are in competition 
for the second grade, the one with the higher grade is chosen. 
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Figure 5 Atypical cells that infiltrate the stroma as irregular cords and 
single cells represent a grade 5 adenocarcinoma of the prostate. 





Figure 6 This adenocarcinoma of the prostate shows nuclear enlargement, 
hyperchromasia, prominent nucleoli, and absence of a basal cell layer. 


If only one grade is present, its value is doubled to determine 
the pattern score. Investigations also demonstrate that even a 
small amount (comprising <5% of the total tumour) of grade 
4 or 5 tumour is prognostically important. 

In addition to the architectural patterns that are the ini- 
tial basis for concern and that provide the Gleason pattern 
score, the diagnosis of cancer must be confirmed on cyto- 
logical grounds. There are several cytological features that, 
together, provide strong reassurance concerning the diagnosis 
of carcinoma (Figure 6). These include nucleolar promi- 
nence, nuclear enlargement, nuclear hyperchromasia and 


irregularity, glands with an absence of basal cells (a requisite 
feature of carcinoma), and amphophilic cytoplasm. 

High-grade prostatic intraepithelial neoplasia (PIN), pre- 
viously “atypical hyperplasia” and “intraductal dysplasia”, 
is recognized as a precursor lesion for adenocarcinoma 
(Bostwick and Brawer, 1987). Atypical adenomatous hyper- 
plasia (AAH) or “adenosis” is a poorly established putative 
precursor. PIN is represented by a spectrum of atypi- 
cal epithelial change that develops in pre-existing ducts 
and acini (Figure 7). Mild nuclear enlargement and strat- 
ification without nucleolar prominence characterize “low- 
grade PIN”, an entity currently of no prognostic utility 
given its unclear clinical significance and its poorly repro- 
ducible recognition. Cells acquiring the nuclear features, 
as encountered in adenocarcinoma, typify high-grade PIN. 
As in prostatic adenocarcinoma, nucleolar prominence is a 
key finding in high-grade PIN. In contrast to the acini of 
prostatic adenocarcinoma, the glandular structures of high- 
grade PIN have a residual basal-cell layer, although it 
may be attenuated or focally absent. Thus, in the differ- 
ential diagnosis of adenocarcinoma versus high-grade PIN, 
the absence or presence of a residual basal-cell layer is 
fundamental. 

Numerous pieces of evidence link high-grade PIN with 
adenocarcinoma (Table 1) including similar ploidy values, 
genetic and cytogenetic changes, cytomorphology (as men- 
tioned in the preceding text), ultrastructure, morphomet- 
ric values, topographical distribution in the prostate (i.e., 
almost always in the peripheral zone), lectin binding pat- 
terns, and the occurrence of so-called transitive glands. 
The latter are adenocarcinomatous glands that appear to 
“bud” from foci of high-grade PIN. There is a much 
higher frequency of high-grade PIN in prostates with can- 
cer than in those without cancer (McNeal and Bostwick, 
1986; Bostwick and Brawer, 1987). Most importantly, there 
is a risk for the subsequent identification of adenocarci- 
noma of the prostate in a patient who has high-grade PIN 
identified on needle biopsy. About 35% of such patients 
are found to have adenocarcinoma on follow-up biopsy 
(Brawer etal., 1991; Weinstein and Epstein, 1993; David- 
son etal., 1995; Keetch etal., 1995; Cheng etal., 2004; 
Gokden et al., 2005). This, however, compares with a fre- 
quency of 26% of men whose initial prostate biopsy showed 
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Figure 7 Drawing showing the spectrum of atypical epithelial changes in prostatic intraepithelial neoplasia (PIN), with final progression to invasive 
carcinoma. Cellular stratification and nucleolar prominence characterize high-grade PIN. (Reprinted from Urologic Surgical Pathology, St L ouise, M osby-Y ear 
Book, 349. Copyright (1997). With permission from The American Urological Association.) 
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Table 1 


Histology 
Similar architectural and cytological features 
Location 
Both are located chiefly in the peripheral zone 
and are multicentric 
Close spatial association of PIN and cancer 
Correlation with cell proliferation and death (apoptosis) 
Growth fraction of PIN is similar to cancer 
Number of apoptotic bodies in PIN is similar 
to cancer 
A poptosis-suppressing oncoprotein Bcl2 expression 
is increased in PIN and cancer 
Loss of basal cell layer 
The highest grade of PIN has loss of basal 
cell layer, similar to cancer 
Increased frequency of PIN in the presence of cancer 
Increased extent of PIN in the presence of cancer 
Increased severity of PIN in the presence of cancer 
| mmunophenotype 
PIN is more closely related to cancer than 
benign epithelium 
For some biomarkers there is progressive loss of 
expression with increasing grade of PIN and 
cancer, including prostrate-specific antigen, 
neuroendocrine cells, cytoskeletal proteins, and 
secretory proteins 


Evidence for the association of high-grade prostatic intraepithelial neoplasia (PIN) and prostatic carcinoma. 


Immunophenotype (continued) 

For some biomarkers there is progressive increase in expression 
with increasing grades of PIN and cancer, including type IV 
collagenase, TGF-w, EGF, EGFR, Lewis Y antigen and c-ERB-B2 
oncogene 

M orphometery 
High-grade PIN and cancer have similar nuclear area, chromatin 
content and distribution, nuclear perimeter, nuclear diameter, 
and nuclear roundness 
High-grade PIN and cancer have similar nucleolar number, size, 
and location 
DNA content 
High-grade PIN and cancer have similar frequency of aneuploidy 
Genetic instability 
High-grade PIN and cancer have similar frequency of allelic loss 
High-grade PIN and cancer have similar foci of allelic loss 
Microvessel density 
Progressive increase in microvessel density from 
PIN to cancer 
Origin 

Cancer found to arise in foci of PIN 

Age 
Age incidence peak of PIN precedes cancer 

Predictive value of high-grade PIN 

PIN on biopsy has high predictive value for cancer on 
subsequent biopsy 























(Reprinted from Urologic Surgical Pathology, St Louise, Mosby-Year Book, 349. Copyright (1997). With permission from The American Urological Association). TGF-a, 
transforming growth factor-a; EGF, epidermal growth factor; EGFR epidermal growth factor receptor 


only benign prostatic tissue, a non-significant difference, 
with a stronger correlation with a subsequent positive biopsy 
linked to older age and higher prostate-specific antigen (PSA ) 
values (Gokden etal., 2005). Importantly, there appears 
to be no causal relationship between high-grade PIN and 
serum PSA levels (total, percent free, or density) (Cheng 
et al., 2004). 

Whereas high-grade PIN and conventional acinar ade- 
nocarcinoma both occur disproportionately in the periph- 
eral zone of the prostate, the other putative precursor for 
adenocarcinoma, AAH, is usually seen in the transition 
zone. Hence, it is sampled most commonly in transurethral 
resections specimens and is uncommon in needle biopsy 
material. 

AAH is an architecturally worrisome lesion that consists 
of a circumscribed proliferation of tightly packed, relatively 
small glands, usually having abundant pale cytoplasm. It is 
most likely to be confused with a Gleason grade 1 or grade 
2 adenocarcinoma. 

Unlike high-grade PIN, the evidence linking AAH to 
adenocarcinoma is scant. One study identified a higher rate 
of subsequent carcinoma in patients who were initially diag- 
nosed with “adenosis” (Brawn, 1982), but that study has 
been criticized for misinterpreting some cases of low-grade 
adenocarcinoma for “adenosis”. There is unquestionably a 
degree of morphologic similarity between AAH and the 
typically low-grade adenocarcinomas that tend to occur in 
the transition zone of the prostate. Additionally, AAH, on 
average, tends to occur in patients who are 5-10 years 
younger than those with adenocarcinoma (Srigley, 1988; 
Amin etal., 1993), supporting the evolution of the latter 
from the former. In addition, AAH has proliferation rates 


intermediate between those of normal prostate and adeno- 
carcinoma. Studies looking for similarities in cytogenetic 
and molecular abnormalities of AAH and carcinoma have 
reported disparate results (Cheng etal., 1998; Doll etal., 
1999; Bettendorf et al., 2005). 

Immunohistochemistry, a great utility in the evaluation of 
prostatic adenocarcinoma, is applicable in a variety of sce- 
narios. The secretory cells of the non-neoplastic prostate 
stain positively for PSA and prostatic acid phosphatase 
(PAP), and these substances are also identified in all but 
a very small percentage of poorly differentiated carcino- 
mas of the prostate, although the staining can be focal 
in many tumours. Thus, immunostains for PSA and PAP 
may assist recognition of a prostatic origin in the case of 
metastatic disease or allow identification of a transitional 
cell carcinoma of the bladder with secondary prostatic exten- 
sion from a prostatic primary. Of even more utility in the 
evaluation of primary prostatic carcinoma are immunostains 
directed against high molecular weight (HMW) cytokeratin 
(i.e, clone 348E12), p63, and alpha-methylacyl-CoA race- 
mase (AMACR). HMW cytokeratin and P63, cytoplasmic 
and nuclear stains, respectively, highlight the basal cells 
that are present in benign glands and absent in neoplastic 
glands. In a lesion that is suspicious for adenocarcinoma by 
routine light microscopy, the absence of HMW cytokeratin 
and/or P63 in the corresponding focus via immunohistochem- 
istry may provide sufficient additional evidence to permit 
the diagnosis of adenocarcinoma (Figure 8). Conversely, the 
presence of basal cells in the worrisome lesion essentially 
rules out a diagnosis of adenocarcinoma. AMACR is a pro- 
tein, encoded by the P504S gene, which is highly expressed 
in prostatic adenocarcinoma cells. It may also be identified 
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Figure 8 A high molecular weight cytokeratin immunostain is negative 
in a small acinar proliferation in the prostate, supporting that it is 
adenocarcinoma. A few non-neoplastic glands (left) show positively staining 
basal cells. 


in non-prostatic carcinomas, including papillary renal cell 
carcinoma, colorectal adenocarcinoma, and non-small cell 
carcinoma of the lung, malignant melanoma, and mucinous 
tubular and spindle cell carcinoma of the kidney. Further- 
more, up to 18% of prostatic carcinomas were negative in 
one study (Beach et al., 2002). 

In addition to the usual type of adenocarcinoma, a num- 
ber of specialized forms of prostatic carcinoma exist. One 
is the small cell carcinoma that pathologically resembles 
its much more common namesake that occurs in the lung. 
Unlike conventional adenocarcinoma, small cell carcinoma 
may not be associated with PSA elevations. About half of 
small cell carcinomas are seen in patients who had a con- 
ventional acinar adenocarcinoma that failed hormonal or 
chemotherapeutic management, suggesting that many cases 
derive from therapy resistant clones as a treatment selection 
phenomenon. The neuroendocrine nature of this tumour can 
be demonstrated with immunohistochemical markers, such 
as synaptophysin and chromogranin. Other types of pro- 
static carcinoma include prostatic duct, mucinous, signet-ring 
cell, adenosquamous, squamous, basaloid/adenoid cystic, and 
transitional cell (i.e., of prostatic urethral or periurethral duct 
origin) types. 

In addition to carcinomas, the prostate is also subject to 
much more rare mesenchymal tumours. Although virtually 
any form of sarcoma may be encountered in the prostate on 
occasion, only a select few merit special mention. Embryonal 
rhabdomyosarcoma of the prostate has an appearance similar 
to that seen in the soft tissues and tends to occur in children 
and young adult patients, but it may rarely be seen in older 
adults. Mixed epithelial-stromal tumours of prostatic origin 
that have a histologic appearance and spectrum similar to the 
much more common phyllodes tumours of the breast (Gaudin 
et al., 1998) and the very rare, similarly named tumour of the 
seminal vesicle also occur. 


Epidemiology and Aetiology 


Apart from carcinomas of skin, prostate cancer is the most 
common malignant tumour in men and the second leading 


cause of cancer death in American men, exceeded only by 
lung cancer. Currently, in the United States there is a 17.3% 
lifetime risk of prostate cancer diagnosis (Thompson et al., 
2005a), as up to 1 in 6 men will be diagnosed with this 
disease resulting in up to 230000 new cases annually. There 
is an estimated overall prevalence of 30-50% in men over 
50 years of age, but the prevalence increases with age so that 
about 80% of men over 80 years old have prostate cancer 
according to autopsy studies. The average age at diagnosis 
is 72-74years (Gronberg, 2003). The apparent twofold 
increase in the incidence of prostate cancer in the United 
States from 1976 to 1994 may largely be attributable to better 
detection methods, including measurement of serum PSA 
levels and imaging the prostate with transrectal ultrasound 
(TRUS). This viewpoint is supported by a decline in prostate 
cancer mortality rates by 0.5% per year between 1990 and 
1994 that followed an increasing mortality rate from 1976 to 
1990. In the current PSA screening era the excess mortality 
in prostate cancer patients is only 1 and 5% at 5 and 10 years, 
respectively (Brenner and Arndt, 2005). 

Epidemiological studies demonstrate wide variations in the 
clinical incidence and mortality rates from prostate cancer 
in different countries. Low rates are seen in the Far East 
and many third world countries, whereas there is a high 
incidence in northern Europe, North America, and portions 
of Africa. In Nigeria, it is the most common type of 
cancer in men. Since migrated populations tend to acquire 
the prostate cancer rate of the new country of residence, 
environmental factors appear to have a major impact on 
prostate cancer incidence. Despite marked differences in the 
incidence of clinical carcinoma of the prostate in different 
geographic locations, the frequency of detectable prostate 
cancer at autopsy in these different areas is similar. These 
observations suggest that in countries with a high rate of 
clinical carcinoma there is an increased rate of conversion of 
“latent” carcinoma to clinical carcinoma. 

Known risk factors for prostate cancer include African 
ancestry, older age, and a positive family history. In the 
United States, there is a significantly higher mortality rate 
among African-A mericans than in Caucasians, and Jewish 
populations have a lower mortality rate compared to non- 
Jewish men. While it is not clear whether genetic or 
cultural factors account for such differences, a recent study 
documenting a more aggressive course in A frican-A mericans 
found race to be the only statistically significant factor 
predictive of the time to PSA progression (Thatai etal., 
2004). Such results suggest that genetic factors strongly 
influence the variable demographics. Some have suggested 
that the higher incidence of clinical prostate cancer in 
A frican-A mericans can be at least partially attributed to their 
higher levels of serum testosterone compared to other ethnic 
groups. It is clear that androgen exposure is necessary for the 
development of prostate cancer since prepubertal castrates do 
not develop prostatic carcinoma. 

Prostate cancer risk is strongly influenced by family history 
(Gelmann, 2003). In men who have a single first-degree 
relative (father or brother) with prostate cancer, there is 
a calculated twofold increased risk, whereas having two 
or more affected first-degree relatives has been associated 
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with an increased risk of 5- to 11-fold. Younger age 
(<50 years) of onset in a first-degree relative also appears 
to convey an increased risk beyond that seen with an older 
first-degree relative having had prostate cancer. Through 
familial studies, multiple chromosomal loci of susceptibility 
have been identified, although the target genes for these 
loci have not been well defined (Visakorpi, 2003). Certain 
polymorphisms in the androgen synthesis gene, steroid 
5-a-reductase type 2, and the androgen receptor gene are 
associated with an increased frequency of prostate cancer 
(Salam etal., 2005; Forrest etal., 2005). Higher-grade 
prostatic carcinomas are linked to polymorphisms in the 
CAV-1 gene (Haeusler et al., 2005). 

Among the environmental factors that have been linked 
to prostatic carcinoma, high fat intake has been one of the 
more consistent associations. Intake of saturated fat, rather 
than monounsaturated or polyunsaturated forms, largely 
correlates with this increased risk and may account for at 
least some of the difference in prostate cancer incidence 
between Western and Far Eastern countries. Other factors 
that have been linked to an increased risk of prostatic 
carcinoma include vitamin D deficiency (partially based on 
the higher incidence in northern latitudes and among darkly 
pigmented persons); exposure to cadmium; employment 
in the textile, rubber, drug, chemical, and atomic energy 
industries; increased consumption of dairy products and 
calcium, increased consumption of processed meats, red and 
organ meats and refined grains, large body mass, and high 
plasma levels of insulin-like growth factor 1 and insulin-like 
growth factor binding protein 3. Decreased risk has been 
associated with high soya protein intake (perhaps related to 
the phytoestrogens that are present in soya), a vegetarian 
diet, vigorous physical activity, increased sunlight exposure, 
high selenium intake, increased serum levels of lycopene 
(a carotenoid found in tomatoes), increased intake of a- 
tocopherol, consumption of red wine, and long-term use of 
non-steroidal anti-inflammatory drugs. 

Despite these numerous observations concerning factors 
conveying increased or decreased risk of prostate cancer, 
the cause or causes of carcinoma of the prostate remain 
unknown. It is likely that environmental factors make certain 
important genetic mutations either more or less likely to 
occur in prostatic epithelial stem cells. One or more such 
mutations must be required for malignant transformation. 
It also seems likely that cases with a familial component 
represent tumours developing in patients with a germ-line 
mutation in one of the important genes for at least one 
of the pathways to malignant transformation. M ore specific 
information, however, is lacking at this time. 


Screening and Prevention 


The early detection of prostate cancer, when tumours are 
organ confined, provides the best hope for its cure. PSA 
screening has proven effective in this regard. In a “best prac- 
tice policy” statement the American Urological Association 
currently recommends regular screening of men over age 50 
(A frican-A merican men or those with a family history at age 


40- 45) using PSA and DRE (Carroll et al., 2001). A bnormal 
findings are typically followed by TRUS and biopsy. 

Unfortunately, neither PSA measurement nor DRE is 
entirely specific or sensitive. Benign prostatic hyperplasia 
and prostatitis can cause PSA elevations and abnormal DRE. 
It has been problematic to establish a “normal” cutoff value 
for PSA that would simultaneously yield a desirable degree 
of sensitivity and specificity. R ecently, the recommended cut- 
off for this value has been lowered to 2.6 from 4ngml-+ 
(Thompson etal., 2005b). In one study 22% of men with 
PSA values of 2.5-4.0ngml-! were found to have adeno- 
carcinoma on prostate biopsy (Catalona et al., 1997). The 
cost of improving the sensitivity of the PSA test has been a 
loss of specificity. As stated in one study, “the cutoff could 
be lowered to 1.1ngml-, thus detecting 83.4% of cancer 
cases, but would subject 61.1% of men without cancer to 
prostate biopsy” (Thompson et al., 2005a). The higher the 
PSA level, the greater the positive predictive value (PPV) 
for carcinoma. For levels exceeding 10ngml-?, the PPV is 
about 66% but it is only 22- 35% for a level of 4- 10ngml-?. 
A positive DRE, by comparison, has a PPV of 21- 39%. 

In an effort to improve the specificity and sensitivity of 
PSA measurements, additional PSA measurements have been 
employed. Thus, the PSA density (total serum PSA per cubic 
centimetre of prostatic volume as determined by TRUS), PSA 
velocity (change in PSA value over time), and percentage of 
free (non-protein bound) PSA may improve the sensitivity 
and specificity for the detection of carcinoma and permit the 
avoidance of biopsy in some cases. 

The Prostate Cancer Prevention Trial, a 7-year study 
assessing the utility of finasteride, a 5-aw-reductase inhibitor 
(which prevents the conversion of testosterone to its active 
metabolite, dihydrotestosterone) as chemopreventive for 
prostate cancer, found an absolute risk reduction of 6% for 
cancer development. Enthusiasm for the positive result was 
dampened by adverse drug effects, including sexual dys- 
function, and a significant relative increase in high-grade 
(>Gleason grade 7) tumours in the finasteride group (Ryan 
and Small, 2004). Other potentially successful means of 
cancer prevention might include drugs to decrease serum 
androgens or inhibit their tissue effects, a reduction in sat- 
urated fats in the diet, and dietary supplements to provide 
increased amounts of phytoestrogens, vitamin E, selenium, 
and/or lycopene (see Antihormonal Therapy for Breast 
and Prostate C ancer). 


Molecular Genetic Findings 


Despite the uniform role of androgens, prostate cancer is 
proving to be a genetically diverse disease. Reports describe a 
heterogeneous mixture of genetic alterations, with differences 
apparent between sporadic tumours and those occurring in 
high-risk kindreds. Linkage studies have mapped cancer 
susceptibility loci to chromosomes 1, X, 20, 17, and 8. Sev- 
eral strong candidate genes have been proposed, including 
ELAC2 (chromosome 17p11/HPC2 region), RNASEL (2’-5’- 
oligoadenylate-dependent ribonuclease L, HPC1 region) and 
MSR1 (macrophage scavenger receptor 1, chromosome 8p) 
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(Schaid, 2004; Montironi et al., 2004). Other gene candi- 
dates include PSCA (prostate stem cell antigen), MYC, PTEN 
(phosphatase and tensin homologue deleted on chromosome- 
10), and KLF 6, among others. Reviews by Dong and Deutsch 
give a more comprehensive list of genes implicated in 
prostate carcinogenesis (Dong, 2001; Deutsch et al., 2004). 
Interestingly, a small percentage of men with early-onset 
prostate cancer harbor a germ-line mutation in the BRCA2 
(Simard et al., 2003). These results suggest that defects in 
DNA damage response, apoptosis, and innate immunity play 
an important role in carcinogenesis. In addition to muta- 
tions in putative susceptibility genes, genetic polymorphisms 
have been implicated in prostate cancer, including genes cod- 
ing PSA, cytochrome P450 isoforms, and androgen receptor 
(Deutsch et al., 2004). 

Microarray technology has greatly accelerated discoveries 
concerning gene expression in prostate cancer. Differential 
display code 3 (DD3/PCA3) is a novel gene, mapping to 
chromosome 9q, that transcribes an apparently untranslated 
RNA of unknown function (Bussemakers et al., 1999). The 
RNA product appears quite specific for prostate cancer and 
is amplified an average of 66-fold in such tumours. Detection 
of the RNA product may prove to be diagnostically useful 
for early disease. One application examining DD3/PCA3 asa 
marker for prostate cancer in urine samples found a negative 
predictive value of 90% (Hessels etal., 2003). Hepsin, a 
transmembrane serine protease, was the most commonly 
upregulated gene in prostate carcinomas in one study, 
which utilized gene expression profiling via an Affymetrix 
GeneChip protocol (Stamey et al., 2001). 

Androgen receptors appear important in cancer progression 
and may participate in tumour growth through several mech- 
anisms, including expression (activation and upregulation of 
receptor activity), point mutations, and ligand-independent 
activation (Culig et al., 2005). The androgen receptor gene, 
located on X q12, is amplified in up to one-third of hormone 
refractory prostate cancers (Nupponen and Visakorpi, 1999). 

Because of the relationship of prostate cancer to andro- 
gen, studies of the gene CYP 3A4 (cytochrome P450 3A4 at 
chromosome 7q21) normally involved in the deactivation 
of testosterone have been conducted and shown interesting 
results. A CYP3A4 variant has been linked to a higher fre- 
quency of prostate cancer and, more recently, this variant was 
found in a much higher proportion of African-A mericans, a 
group known to be at relatively high risk for prostatic carci- 
noma. Furthermore, A frican-A mericans with prostate cancer 
were homozygous for the variant gene more frequently (46%) 
compared to acontrol group (28%) who did not have prostate 
cancer (Paris et al., 1999). Along similar lines, a missense 
mutation in the 5-a-reductase gene that is responsible for 
coding the protein that converts testosterone to its active 
metabolite was found to be associated with a much higher 
enzyme activity and was identified seven times more fre- 
quently in A frican-A mericans with prostate cancer compared 
to a healthy control population of A frican-A mericans (M akri- 
dakis et al., 1999). 

The association of prostate cancer with vitamin D defi- 
ciency has prompted the investigation of the role of genetic 
variation of the vitamin D receptor gene in prostate cancer. In 


one study of Japanese men with and without prostate cancer, 
one of three polymorphisms of the vitamin D receptor gene 
was associated with one-third the risk of prostatic cancer 
(Habuchi et al., 2000). 


Prognostic Factors 


A number of features have impact on the prognosis of 
prostate cancer. Initial stage remains of paramount impor- 
tance. While organ-confined disease is curable by radical 
surgery or radiotherapy, spread beyond the prostate obviates 
the potential for cure. Clinical stage correlates with over- 
all survival (Figure 9), and pathologic stage, as determined 
from the examination of the radical prostatectomy specimen, 
provides a stronger assessment of the prognosis (Figure 10). 
Patients with incidentally identified tumours in transurethral 
resectates (stage T1a) have a 95% 10-year survival, but there 
is a progressive decline in 10-year cancer-specific survival 
with advancing tumour stage; patients with T1b- T2 tumours 
have about 80% 10-year cancer-specific survival, and those 
with T3-T4 tumours have a 60% 10-year cancer-specific 
survival. Patients who have nodal involvement at operation 
are rarely cured, but may have a prolonged survival, with a 
10-year cancer-specific survival of about 40%. 

In addition to stage, significant prognostic factors 
include pre-treatment PSA levels (Figure 11), Gleason score 
(Figure 2-3), and, in patients treated by prostatectomy, 
tumour volume, margin status, the presence of perineural 
invasion, tumour ploidy, and the percent pattern 4/5 
cancer in the prostatectomy specimen (Soloway and Roach, 
2005). These factors are not necessarily independent; some 
investigators, for instance, maintain that tumour volume 
provides no further prognostic information once Gleason 
score and margin status are determined. 

Post-prostatectomy, PSA is the best predictor of cancer 
recurrence (Freedland et al., 2005); furthermore, use of PSA 
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Figure 9 There is a decline in the survival of patients with prostate cancer 
treated by prostatectomy with advancing tumour stage as determined by 
clinical assessment. (Reprinted from J Urol 160. Catalona WJ, Smith DS, 
Cancer recurrence and survival rates after anatomic radical retropublic 
prostatectomy for prostate cancer; intermediate term results 2428- 2434. 
Copyright (1998) With permission from Elsevier.) 
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Figure 10 Range of the actuarial 5-year rates of PSA progression (defined 
as PSA level >0.2 or 0.4ng ml-?) after radical prostatectomy for clini- 
cally localized disease stratified by pathologic disease stage (Reproduced 
from Soloway, M. and Roach, M. III. (2005) by permission of John 
Wiley & Sons). OC - organ-confined disease; ECE - extracapsular disease; 
SV +- seminal vesicle invasion; N+- positive lymph nodes. 


100 


50 


Patients (%) 





<4 4-<10 10-<20 >20 
Baseline PSA (ng mi) 


Figure 11 The actuarial 5-year rates of PSA progression (defined as PSA 
level >0.2 or 0.4ng ml-?) after radical prostatectomy for clinically localized 
disease stratified by baseline (preoperative) PSA level. (Reproduced from 
Soloway, M. and Roach, M. III. (2005) by permission of John Wiley & 
Sons, Inc.) 


velocity and doubling time enhance predictions of disease 
progression and disease-related mortality, and, thus, are quite 
useful in guiding subsequent treatment decisions. 


Overview of Present Clinical Management 


There are several treatment options for patients with carci- 
noma of the prostate. These include radical prostatectomy, 
radiation treatment either by external beam or radioac- 
tive seed implants (brachytherapy), anti-androgen treatment 
(orchidectomy or drug-induced androgen blockade), and the 
so-called watchful waiting. Patients with localized disease 
(T1 and T2) are the best candidates for radical prostatec- 
tomy. Advanced prostate cancers (T3 and T4) are usually 
treated locally by radiation, whereas the primary approach for 
patients with metastatic disease is with androgen deprivation. 
Because many prostate cancers have an indolent course and 
do not affect the longevity of the patient, some have advo- 
cated no specific treatment for those with localized tumours. 


These patients receive periodic follow-up and may be treated 
if there is evidence of disease progression beyond a cer- 
tain point. One problem with this approach is the reliable 
identification of those patients who will have a slowly pro- 
gressive course versus those who are likely to experience 
rapid progression. For older patients with low-grade tumours 
that are predicted to be of small volume (based on TRUS and 
needle biopsy estimates), this may be a rational approach. 
Tla tumours (incidentally discovered in transurethral resec- 
tates) may be particularly amenable to this approach since 
they are often low-grade, low-volume lesions. Nonetheless, 
progression of the Tla tumours to high-stage lesions has 
been documented in up to 37% of patients who are followed 
beyond 10 years (Epstein et al., 1986). In one Swedish study 
there was no difference in cancer-specific survival comparing 
treated versus untreated patients with localized tumours who 
had been followed for up to 15 years (Figure 12) (Johansson 
et al., 1997). 

Recent advances in prostate surgery revolve around laparo- 
scopic and robot assisted prostatectomy. These techniques 
appear to decrease postoperative pain, recovery time, and 
shorten hospital stays. 


PENIS 


Normal Development and Structure 


The penis begins to form in the sixth week of gestation. It 
develops from the genital tubercle, a swelling at the superior 
aspect of the cloacal folds. Development is dependent on 
stimulation by androgenic hormones of testicular origin in 
utero. The superior portion of the cloacal folds is segregated 
from the inferior and becomes the urethral folds, which are 
incorporated into the penis to form the urethra. The genital 
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Figure 12 In this study there was no difference in the survival of 
patients with localized prostate cancer who received no treatment as 
compared to those who were treated. (Figure 2 from J ohansson, J. E., et al. 
Fifteen-year survival in prostate cancer: a prospective, population-based 
study in Sweden. J AMA, 277, 467- 471, Copyright 1997, American M edical 
Association. All rights reserved.) 
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Figure 13 Sagittal section of distal penis, with foreskin removed. (Reproduced from Romanes, G. J. (1986) by permission of Oxford U niversity Press) 


tubercle, with androgenic stimulation, enlarges and elongates 
to form the phallus. A plaque of ectoderm at the distal aspect 
of the phallus forms the glans and distal most portion of the 
urethra. 

The distal penis consists of the glans, the coronal sulcus, 
and foreskin (prepuce) (Figure 13). The glans consists of 
a layer of stratified squamous epithelium, a thin lamina 
propria, and the erectile tissue of the corpus spongiosum 
that surrounds the distal most portion of the urethra. The 
body or shaft represents the majority of the penis. The shaft 
is composed of three cylinders of erectile tissue, the paired 
corpora cavernosa and the ventral most corpus spongiosum 
that contains the urethra. Each of these structures is covered 
by the tunica albuginea, a dense layer of connective tissue, 
and is encased in a layer of fascia (Buck's fascia). The 
most proximal portion of the penis, the root, is located 
in the perineum. Here, the paired corpora cavernosa form 
the penile crura, which have ligamentous insertions on the 
ischial bones. The central corpus spongiosum is expanded 
into the penile bulb, which is penetrated by the membranous 
urethra. 

The arterial supply to the penis is derived from the 
pudendal branches of the internal iliac arteries. These give 
rise to branches that run on the dorsal aspect, deep aspect, 
and bulb of the penis. The dorsal vein of the penis splits 
into two branches and drains into the prostatic plexus. The 
lymphatics that drain the glans and corpora cavernosa empty 
into superficial and deep inguinal nodes, whereas the skin of 
the shaft and foreskin empty into superficial inguinal lymph 
nodes. 


Tumour Pathology 


The overwhelming majority (+>95%) of penile cancers are 
squamous cell carcinomas (SCCs). Cubilla and co-workers 
(Cubilla etal., 2001) recognize the following types: usual 
type (most common), papillary-not otherwise specified 
(NOS), basaloid, warty (condylomatous) (Figure 14), ver- 
rucous, pseudohyperplastic, sarcomatoid, and mixed. The 





Figure 14 A portion of a “warty” squamous cell carcinoma shows 
the nuclear enlargement and perinuclear clearing associated with the 
human papillomavirus (left) and an invasive growth of malignant-appearing 
squamous cells (right). 


basaloid and sarcomatoid subtypes have a high rate of 
nodal metastasis and poor survival. Conversely, while locally 
destructive, pure verrucous carcinoma has no metastatic 
potential and the “pseudohyperplastic” variant also has an 
excellent prognosis (Cubilla et al., 2004). The portions of 
penis that are most commonly affected by carcinoma are 
the glans (80%), foreskin mucosa (15%), and coronal sulcus 
(5%), but spread of tumours that originate in one of these 
locations to other penile components is common (Young 
et al., 2000). 

Histologically, most tumours fall into the “usual-type” 
SCC category. Such tumours are generally well to moderately 
differentiated and recognizably recapitulate squamous epithe- 
lium. Less commonly, poorly differentiated tumours acquire 
a basaloid cell or sarcomatoid (i.e., spindle cell) phenotype. 
In contrast, occasional cases are so well differentiated that 
histologic recognition of malignancy is difficult. The diag- 
nosis of verrucous carcinoma and the “pseudohyperplastic” 
variant of SCC is based in large measure on parameters such 
as tumour size and an invasive pattern of growth rather than 
on cellular anaplasia. Beyond prognosis, studies on histologic 
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classification have been useful in exploring the aetiology of 
penile carcinoma (see following text). 

Penile lesions associated with SCC parallel those seen in 
the vulva, including squamous dysplasia and lichen sclero- 
sus. While the former is a readily accepted precursor lesion, 
the role of lichen sclerosus in penile cancer is less clear. 
Nonetheless, the association of lichen sclerosus with certain 
histologic types of SCC is compelling. High-grade dysplastic 
lesions affecting the glans may produce a diffusely erythema- 
tous clinical appearance, so-called erythroplasia of Queyrat. 
“Bowen's disease” is the clinical term applied to high-grade 
squamous dysplasia that affects the penile shaft, producing a 
red or white elevated lesion. A third lesion, Bowenoid papu- 
losis, typically affects the shaft as small, multiple papules in 
younger patients (mean, 30 years) than those with erythro- 
plasia of Queyrat or Bowen’s disease (mean age in the sixth 
decade). The lesions of Bowenoid papulosis may undergo 
spontaneous regression, whereas those of erythroplasia of 
Queyrat or Bowen's disease persist and occasionally progress 
to invasive carcinoma. The incidence of progression remains 
unclear. 

In one study, 34% of penes with SCC had areas of lichen 
sclerosus. However, when considering only the pseudohyper- 
plastic and verrucous variants of carcinoma, the association 
became particularly strong with areas of lichen sclerosus 
in 100 and 62.5% of cases, respectively. The authors con- 
cluded that lichen sclerosus is likely a precancerous con- 
dition in the penis, as it is in the vulva (Velazquez and 
Cubilla, 2003). 

In addition to these variants of SCC, other rare pri- 
mary malignant tumours of the penis may be seen. These 
include adenosquamous carcinoma, basal cell carcinoma, 
malignant melanoma, Paget's disease, and various sarco- 
mas. Of the sarcomas, those showing vascular differentiation 
are most common and include angiosarcoma, epithelioid 
haemangioendothelioma, and Kaposi’s sarcoma, the latter 
often occurring in patients with the acquired immunodefi- 
ciency syndrome. Other sarcomas include leiomyosarcoma, 
epithelioid sarcoma, malignant fibrous histiocytoma, synovial 
sarcoma, and embryonal rhabdomyosarcoma (Dehner and 
Smith, 1970). Lymphoma may also rarely occur. Occasion- 
ally, metastatic tumours involve the penis, usually in patients 
with known advanced stage disease. The urinary bladder, 
prostate, and kidney are the most common sources. 


Epidemiology and Aetiology 


Geographically, the incidence of SCC of the penis varies 
markedly. While rare in Europe and North America, with 
an incidence of 0.29 per 100000 in the United States (1200 
annual cases, 2002 SEER data), penile carcinoma accounts 
for up to 20% of all malignancies in men in parts of Africa, 
Asia, and South America. In Paraguay it previously ranked 
as the leading cause of cancer in men. In western populations 
most cases occur in older men, with age-specific rates 
increasing to a peak at about 80 years of age. In one African 
study, however, the mean age was 47.9 years (M agoha and 
Ngumi, 2000). 


Several risk factors have been established for penile 
cancer. Poor hygiene and phimosis are strongly associated 
with its development, as is human papillomavirus (HPV) 
infection. Other risk factors include increasing age, tobacco 
use, acquired immunodeficiency syndrome, injury to the 
penis, history of ultraviolet photochemotherapy (PUVA), 
and other infections or inflammation of the penis (Tsen 
et al., 2001). Neonatal circumcision appears to confer strong 
protection against cancer development (at least by a factor 
of 10), perhaps, as this procedure, when properly performed, 
precludes development of phimosis. 

Histologic studies by Cubilla and co-workers coupled with 
HPV analysis of penile carcinoma suggest it is encoun- 
tered in two forms: HPV and non-HPV associated disease. 
Basaloid and warty carcinomas are consistently associated 
with HPV 16 (Rubin et al., 2001). Moreover, penile dyspla- 
sia/carcinoma in situ is associated with HPV in most cases 
(Dillner et al., 2000). In a significant percentage of non-HPV 
carcinomas, tumour appears to arise within lichen sclerosus, 
as discussed in the preceding text. These observations sug- 
gest at least two independent pathways in the genesis of 
carcinoma, which awaits further molecular confirmation. 


Screening and Prevention 


Because of the rarity of penile carcinoma in Europe and 
North America, no experience with screening programs is 
available. It is likely that simple inspection of high-risk 
patients would suffice to identify early lesions at a curable 
stage. In theory, precursor lesions could likely be detected 
by cytological preparations similar to those employed for the 
uterine cervix. 

Circumcision in the neonatal period is considered a simple 
and effective method for the prevention of penile cancer. 
Schoen reports that the incidence of penile cancer among 
circumcised men in the United States is essentially zero, 
whereas it is 2.2 per 100000 among uncircumcised men 
(Schoen, 1997). Among an historical series of more than 
1600 penile cancers that occurred in the last 60 years in the 
United States, none of the patients had been circumcised in 
infancy (Schoen, 1991). 


Molecular Genetic Findings 


Because of the rarity of penile cancer in Europe and North 
America, relatively little information is available concerning 
the molecular genetic events in these tumours. In one study 
of 64 penile cancers, HPV DNA was found in 36 cases 
(56%) (most commonly HPV 16), and 26% had evidence of 
P53 mutations (Levi et al., 1998). A recent serological study 
established an association between HPV 16 infection and 
both oropharyngeal carcinoma and penile carcinoma (Van 
Doornum et al., 2003). Another study identified c-RAS-Ha 
mutations in a metastasis of a penile SCC that contained HPV 
18 DNA (Leis et al., 1998). This mutation was not identified 
in the primary tumour or in an earlier metastasis, suggesting 
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that it was a late event involved in tumour progression (Leis 
et al., 1998). DNA from HPV 31 was recently detected in 
a case of well-differentiated-type SCC of the penis (Hama 
et al., 2005). 


Prognostic Factors 


A number of features of penile carcinoma have prognostic 
significance regarding the occurrence of metastasis. Tumours 
with a verruciform growth pattern (Cubilla et al., 2000) have 
a better prognosis than those with a superficial spreading 
pattern, which are, in turn, associated with a better outcome 
than those with vertical growth. Among the histological 
types, verrucous carcinoma has the best prognosis; warty 
and papillary squamous carcinomas have a good prognosis, 
but somewhat worse than the pure verrucous carcinomas; 
SCCs of the usual type have an intermediate prognosis, 
and the most aggressive tumours are the basaloid (Cubilla 
et al., 1998) and sarcomatoid variants. A further refinement 
in outcome can be obtained by defining the degree of 
tumour differentiation, although this seems to have been 
applied mostly for the “usual” type of SCC rather than 
the less common variants (Horenblas and van Tinteren, 
1994). M aiche et al. (1991) have further refined the grading 
methodology by developing a scoring system that factors the 
degree of keratinization, mitotic rate, cytological atypia, and 
inflammatory response. Young et al. (2000) have found a 
good correlation between a prognostic index (based on the 
tumour grade and anatomic level of invasion) and subsequent 
metastasis and tumour-related death. This is in line with the 
other studies regarding the importance of the depth of tumour 
invasion and metastasis (McDougal, 1995). Emerson et al. 
(2001) found metastases developed in 86% of case when 
the tumour invaded more than 6mm, but in only 27% when 
invading 6mm or less. 


Overview of Present Clinical Management 


Without treatment most patients with SCC of the penis 
would die within 2 years of diagnosis (Kroon et al., 2005). 
The mainstay of treatment for penile carcinoma is surgical 
excision, although with recent emphasis focusing on organ 
preserving therapy, laser ablation and radiation therapy have 
been successfully pursued for small, superficial disease. For 
tumours limited to the foreskin, circumcision alone may be 
adequate. Frozen section evaluation at the time of surgery is 
useful in establishing the adequacy of excision. Partial penec- 
tomy is necessary for more deeply invasive tumours and 
is warranted for those with poorly differentiated histology 
(i.e, basaloid SCC). Inguinal lymph nodes are the first site 
of metastatic disease, followed by the pelvic lymph nodes. 
Importantly, lymphadenectomy cures up to 80% of patients 
with early metastatic disease; thus, clearly, lymph node dis- 
section is critical in the treatment of selected patients. H ow- 
ever, determining which patients to subject to inguinal and 
pelvic lymphadenectomy, a procedure that carries morbid- 
ity, has been subject to controversy and ongoing refinement. 


Sentinel lymph node sampling, if negative, may permit the 
avoidance of more extensive inguinal lymph node dissection, 
but occasional cases of “skip” metastases do occur. 


SEMINAL VESICLE 


Normal Development and Structure 


The seminal vesicles develop from outpouching of the 
mesonephric ducts, which also form the vasa deferentia. T hey 
are normally located along the posterolateral aspect of the 
urinary bladder and superior to the prostate, although they 
are occasionally embedded within the prostatic capsule. The 
excretory ducts of the seminal vesicles empty into the vasa 
deferentia, with the resultant conjoined structure known as 
the ejaculatory duct. Each seminal vesicle consists of numer- 
ous branching ducts embedded in a smooth muscle stroma. 


Tumour Pathology 


Primary cancers of the seminal vesicle are extraordinarily 
rare. Secondary involvement of the seminal vesicles by pro- 
static, rectal, or bladder carcinoma is much more common. 
As such, the latter occurrence must be excluded when consid- 
ering a diagnosis of primary seminal vesicle carcinoma. They 
are typically poorly differentiated adenocarcinomas, although 
cases of squamous cell and small cell carcinoma have been 
described. 


Prognostic Factors 


Seminal vesicle carcinoma is generally thought to have a 
poor prognosis (average survival less than 3 years). M ost of 
the reported patients have had locally advanced or metastatic 
disease at the time of diagnosis. However, it is likely that 
some of the historical literature on this subject has been 
biased by inclusion of cases that would not meet the current 
more restrictive criteria for recognition of a seminal vesicle 
origin and, as such, have included locally advanced bladder, 
rectal, and prostate cancers, which may have negatively 
skewed conclusions on outcome. A few recent reports, with 
limited follow-up, have described disease-free survival in 
excess of 2 years in several patients. Most patients warrant 
multimodality treatment, including surgical excision (often 
requiring cystoprostatectomy) and anti-androgenic therapy, 
either with oestrogen, orchidectomy, or androgen inhibitors. 


TESTIS 


Normal Development and Structure 


The testes develop initially as undifferentiated gonads rep- 
resented by bilateral thickening of mesenchyme between the 
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Figure 15 The primitive sex cords of the testis form from the proliferation 
of the celomic epithelium that overlies the embryonic gonadal ridge. 
(From Langman, J. (1969). Medical Embryology and Human Development - 
Normal and Abnormal, 2" edition, p 164. Copyright Williams & Wilkins, 
Baltimore, MD.) 


mesenteric root and the mesonephros. The celomic epithe- 
lium overlying these genital ridges proliferates and subse- 
quently grows into the mesenchyme to form the primitive 
sex cords (Figure 15). The germ cells develop in the yolk 
sac but migrate along the midline to take residence in the 
gonads. The sex cord cells form the Sertoli cell component 
of the seminiferous tubules, which are also populated by 
the migrated germ cells. The Leydig cells differentiate from 
the primitive mesenchyme of the interstitium. Gradually the 
testis assumes its adult shape as a distinct ovoid structure 
and migrates caudally, eventually to descend into the scrotal 
sacs in association with a small tongue of pelvic peritoneum, 
the tunica vaginalis. The seminiferous tubules anastomose 
with mesonephric tubules that form the ductular system of 
the testis and which empty into the mesonephric duct, the 
precursor of the vas deferens. 

The ovoid testis is composed of numerous seminiferous 
tubules that anastomose with those of the rete testis and that, 
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in turn, empty into the efferent ductules, which form the head 
of the epididymis, a structure closely applied to the external 
testicular surface (Figure 16). The testis is surrounded by a 
thick fibrous coating, the tunica albuginea, with a layer of 
mesothelium on its external aspect derived from the visceral 
layer of the tunica vaginalis. 

The arterial supply to the testis and epididymis is from the 
testicular artery, usually a branch of the aorta, and from the 
artery of the vas deferens that derives from the superior vesi- 
cal artery. The venous drainage exits the testis as a group of 
four to eight small veins at the hilum that invest the testicular 
artery in the spermatic cord as the pampiniform plexus. The 
lymphatics empty into the retroperitoneal lymph nodes. 


Tumour Pathology 


Although testicular germ cell tumours can be divided into 
two main categories that are often treated differently - 
seminomas and non-seminomatous germ cell tumours - 
both tumour types are derived from a common precursor 
malignant germ cell. This cell resembles those of seminoma 
but also has the capacity to form non-seminomatous germ 
cell tumours. Such cells characteristically occur in the basal 
portion of seminiferous tubules that show decreased or absent 
spermatogenesis and have been termed carcinoma in situ 
(Figure 17). However, since they can give rise to tumours 
that are not strictly “carcinomas”, the term that a committee 
of pathologists recommended for this lesion is intratubular 
germ cell neoplasia, unclassified (IGCNU ) type. Follow- 
up studies of patients who have had IGCNU identified on 
testicular biopsy verify a high rate of progression to an 
invasive germ cell tumour of either seminomatous or non- 
seminomatous type. The estimated rate of progression is 50% 
at 5 years, but some experts feel that all cases of IGCNU will 
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Figure 16 Cross section of the testis and surrounding scrotum. (Reproduced from Romanes, G. J. (1981) by permission of Oxford University Press.) 
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Figure 17 Intratubular germ cell neoplasia, unclassified type (also termed 
carcinoma in situ). Note the basal proliferation of seminoma-like cells with 
clear cytoplasm and enlarged nuclei with prominent nucleoli in seminiferous 
tubules that lack spermatogenesis. 


eventually progress to an invasive tumour if sufficient time 
is allowed. Occasional cases of invasive testicular germ cell 
tumour have been reported in patients 15- 20 years after a 
biopsy showing IGCNU. 

The evidence that IGCNU gives rise to testicular germ 
cell tumours is strong. Apart from the follow-up studies 
already mentioned, IGCNU is identified in majority of adult 
testes harboring germ cell tumours (but, interestingly, not 
in prepubertal boys with testicular germ cell tumours). It 
also has similar immunohistochemical, ultrastructural, and 
ploidy findings as are seen in seminomas and it occurs 
with high frequency in patients who are known to be at 
increased risk for testicular germ cell tumours (see following 
text). 

Seminoma is the most common form of testicular germ 
cell tumour of single-cell type, comprising 40-50% of all 
germ cell tumours. Its incidence peaks at 35 years of age, in 
contrast with 27 years for non-seminomatous tumours. M ost 
patients present with a testicular mass, but occasional patients 
present with metastatic tumour, most commonly manifest 
as vague abdominal or back pain because of retroperitoneal 
spread. A small group of patients (up to 15%) actually have 
smaller than normal testes, reflecting pre-existing atrophy. 
These testes often show some degree of tumour regression 
(i.e., fibrosis/scarring) histologically. 

On gross examination, seminoma usually exhibits a lobu- 
lated, solid, cream coloured surface that bulges on section. 
Foci of haemorrhage or necrosis may produce a more varie- 
gated appearance. 

On microscopic examination, the tumour cells are usually 
arranged in diffuse sheets that are subdivided by variably 
developed fibrous septa, imparting a nested or alveolar 
appearance. The fibrous septa contain a conspicuous lym- 
phocytic infiltrate with occasional plasma cells in virtually 
all cases (Figure 18). The tumour cells have round, often 
vesicular nuclei, with occasional flattened edges and one or 
more prominent nucleoli. They have polygonal shapes and 
generally abundant clear cytoplasm with well-defined cell 
membranes. The mitotic rate is usually brisk. 


Figure 18 Typical seminoma, showing a sheetlike arrangement of cells 
with clear cytoplasm that is interrupted by fibrovascular septa with a 
lymphocytic infiltrate. 


Small collections of epithelioid histiocytes occur in about 
50% of seminomas, and rarely a similar granulomatous reac- 
tion may efface most of the tumour, making careful search for 
residual tumour cells necessary. Syncytiotrophoblast cells, 
usually multinucleated with eosinophilic cytoplasm, can be 
identified in about 10% of seminomas by light microscopy, 
but are more common if an immunohistochemical stain for 
human chorionic gonadotropin (hCG) is employed. They are 
often associated with small foci of haemorrhage, and their 
presence correlates with elevated levels of serum hCG. 

Spermatocytic seminoma is an entirely different entity 
from classic seminoma. It usually occurs in older men, with 
a mean age in the sixth decade, who present with tes- 
ticular masses. Although it rarely “de-differentiates” into 
a sarcoma that behaves aggressively, the usual spermato- 
cytic seminoma virtually never metastasizes; hence, radical 
orchidectomy alone is adequate treatment. On gross exam- 
ination, the tumours are often large, grey to haemorrhagic, 
multinodular, solid and cystic, and have a gelatinous qual- 
ity. More than 50% of described cases have been greater 
than 5cm. Microscopically, the tumour cells are most typ- 
ically arranged in sheets that are interrupted by collections 
of oedema forming microcystic spaces. There is a paucity of 
lymphocytes and the fibrous septa and granulomas common 
to seminoma are typically absent. The tumour cells vary in 
size from small, round, lymphocyte-like cells to intermediate 
sized cells to giant cells that may be multinucleated. 

There are several types of non-seminomatous germ cell 
tumours; a detailed description of these tumours is beyond 
the scope of this chapter and can be obtained from other 
sources (Ulbright et al., 1999). In general, the gross appear- 
ances of the non-seminomatous tumours are more hetero- 
geneous than those of seminomas (Figure 19), reflecting the 
more common occurrence of haemorrhage, necrosis, and cys- 
tic degeneration in the former. 

As with seminoma, most patients with embryonal car- 
cinoma present with testicular masses, although a higher 
proportion have symptoms secondary to metastatic spread at 
presentation, reflecting the greater degree of aggressiveness 
of embryonal carcinoma. The tumour cells may be arranged 
in solid, glandular, and/or papillary patterns. They have large, 
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Figure 19 An embryonal carcinoma with a variegated, haemorrhagic 
appearance. 


pleomorphic, oval to irregularly shaped nuclei that are typ- 
ically vesicular and crowded. The mitotic rate is brisk, and 
necrosis is frequent and often extensive. Intratubular embry- 
onal carcinoma is often seen in the adjacent parenchyma 
and may be confused with intravascular tumour, although 
the more uniform size and shape of the rounded intratubular 
tumour and frequent comedo-type necrosis contrast with the 
features of intravascular tumour. 

Yolk sac tumour is an uncommon form of pure non- 
seminomatous germ cell tumour in adult patients, but it 
represents about 70% of testicular germ cell tumours in 
children in whom it presents at an average age of 1.5 years. 
It is a common component of mixed germ cell tumours 
in postpubertal patients. Yolk sac tumour is the form of 
germ cell tumour that most consistently produces alpha- 
foetoprotein (AFP), which therefore serves as an extremely 
useful tumour marker. There are numerous yolk sac tumour 
patterns, and most tumours show several of them. The 
most common one is a microcystic arrangement wherein 
vacuolated tumour cells interconnect (Figure 20). 

Choriocarcinoma, as a pure tumour, is extremely rare and 
is even unusual as a component of mixed germ cell tumours. 
Unlike other forms of germ cell tumour, patients with chorio- 
carcinoma usually present with metastatic tumour rather than 
a palpable mass. Even with known metastatic choriocarci- 
noma, careful clinical examination of the testes may fail to 
identify any testicular abnormality. This is because chorio- 
carcinoma has a great propensity to invade blood vessels and 
also undergo necrosis, the latter leading to tumour regression 
and scarring in the testis. Choriocarcinoma is consistently 
associated with very high levels of hCG, and this can lead to 
gynaecomastia and thyrotoxicosis, which may therefore be 
presenting features. On gross examination, a haemorrhagic 
nodule is typical. Microscopically, syncytiotrophoblast cells 
and cytotrophoblast cells are admixed, almost always with 
associated haemorrhage. 
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Figure 20 Typical microcystic pattern of yolk sac tumour. There are 
numerous hyaline globules. 


Teratoma is uncommon as a pure tumour in adult patients, 
but it is the second type of germ cell tumour (in addition 
to yolk sac tumour) that occurs in children, representing 
about 30% of the total in paediatric patients. In children 
it is benign, but in adults it may be associated with 
metastases of either teratomatous or non-teratomatous germ 
cell tumours. The reason for this unexpected occurrence 
is that in postpubertal patients teratoma develops through 
a process of differentiation from an invasive malignant 
germ cell tumour, embryonal carcinoma, or other types. In 
postpubertal patients, therefore, teratoma is associated with 
IGCNU, has an aneuploid DNA content and cytogenetic 
abnormalities similar to those of other testicular germ cell 
tumours, whereas in prepubertal patients, it is diploid with a 
normal karyotype. 

Microscopically, a large variety of tissues may be seen. 
Cartilage is common, as are enteric-type glands, squamous 
nests, and smooth muscle stroma. Immaturity is usually 
manifest as a cellular, mitotically active primitive-appearing 
stroma or islands of neuroepithelium. 

Mixed germ cell tumours are quite common and, by 
definition, represent those neoplasms having more than one 
of the types of tumours already discussed. Those cases with 
both seminoma and a non-seminomatous component are 
considered to be non-seminomatous in type because the latter 
component is most important in determining its behaviour. 

Sex cord- stromal tumours of the testis are uncommon, 
representing about 5% of testicular tumours. They include 
Leydig cell tumour, Sertoli cell tumour, fibroma, granulosa 
cell tumour, mixed sex cord- stromal tumour, and unclassi- 
fied variants. M ost patients present with testicular masses, but 
some develop hormonal symptoms, which are the present- 
ing feature. This is particularly true for children who may 
develop pseudoprecocity or gynaecomastia. These tumours 
occur over a wide age range. 

Leydig cell tumours most commonly have a diffuse 
arrangement of cells with abundant eosinophilic cytoplasm 
and sometimes have intracytoplasmic crystals (crystals of 
Reinke). The hallmark of Sertoli cell tumours is tubule 
formation. Those with poorly formed elements such that 
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much of the tumour can no longer be recognized in a reliable 
fashion as having a particular line of differentiation are 
placed in the unclassified category. 

Malignant behaviour can occur with tumours in the sex 
cord- stromal category and generally correlates with a num- 
ber of features, including large tumour size (>4 or 5cm), ele- 
vated mitotic rates, tumour necrosis, lymphovascular space 
invasion, significant cytological atypia, and extratesticular 
growth. In general, about 10% of sex cord- stromal tumours 
are malignant. 

A number of other malignant tumours may occur in the 
testis, but their detailed description is beyond the scope of 
this work, and most of them are similar to those occur- 
ring more commonly at other sites. These include malignant 
lymphoma, plasmacytoma, granulocytic sarcoma, leukaemic 
infiltrates, metastatic carcinoma and melanoma, malignant 
mesothelioma derived from the mesothelium of the tunica 
vaginalis, ovarian-type epithelial tumours of either “border- 
line” or frankly malignant nature, the recently described 
desmoplastic round cell tumour, and a variety of soft tissue 
sarcoma of paratesticular origin, including embryonal rhab- 
domyosarcoma in children. 

Immunohistochemical stains are helpful in the evaluation 
of testicular tumours. Seminomas consistently show mem- 
brane and nuclear positivity for c-KIT (CD117) and OCT 3/4 
(POU5F1), respectively. Cytokeratins are typically negative, 
although scattered positivity in individual cells for cytoker- 
atin CAM5.2 is acceptable. Clustered strong positivity for 
AE1/AE3 argues for carcinomatous transformation. CD30 
(BerH2) is a useful marker for embryonal carcinoma, and 
is virtually absent in other types. Embryonal carcinoma 
also stains for OCT 3/4 and strongly expresses cytokeratin 
AE1/AE3, the latter feature contrasting with seminoma. AFP 
is positive in yolk sac tumour and is occasionally seen 
in embryonal carcinoma and teratoma, but it is absent in 
other types of germ cell tumours. Epithelial membrane anti- 
gen (EMA) is typically absent in germ cell tumours, with 
the exception of choriocarcinoma and teratoma; and, as 
such, aids in distinguishing between germ cell tumours and 
poorly differentiated somatic-type carcinomas when uncer- 
tainty arises. hCG is present in syncytiotrophoblast cells, 
whether in choriocarcinoma or other types of germ cell 
tumour. Placental alkaline phosphatase (PLAP) may be seen 
in several of the germ cell tumour types, but most promi- 
nently in seminoma. IGCNU stains similar to seminoma. 
Thus, stains for PLAP, c-KIT (CD 117), and OCT 3/4 are 
potentially useful in biopsy material or when the diagnosis is 
in doubt (J ones et al., 2004). Inhibin is a very useful marker 
for tumours in the sex cord- stromal category, typically stain- 
ing most Leydig cell tumours diffusely and somewhat more 
than half of Sertoli cell tumours focally. Calretinin and 
melan-A also consistently mark Leydig cell tumours. 


Epidemiology and Aetiology 


Testicular cancer is overwhelmingly of germ cell origin and 
occurs predominantly in young men with a mean age of about 
30 years (Figure 21). It is a disease that is most common 


in highly industrialized countries and in the Caucasian 
population. The highest incidence is reported from Denmark, 
Switzerland, and Germany with significantly lower rates 
reported from Asia and Latin America. Caucasians have 
five times the incidence of African-Americans. Testicular 
cancer has increased in incidence over much of the twentieth 
century in those countries where it is common (Figure 21). 
Interestingly, there has been a greater relative increase of 
seminomatous versus non-seminomatous germ cell tumours. 

There are several well-recognized risk factors for testic- 
ular cancer (Table 2). Cryptorchidism remains one of the 
strongest associations with up to 10% of cases having this 
association. Some of the more recent studies suggest that 
patients with cryptorchidism have up to 7.5 times increased 
risk of testicular cancer that is not alleviated by orchiopexy 
and that an elevated risk also applies to the non-cryptorchid 
testis. This risk, however, does not manifest until late ado- 
lescence. Swerdlow and co-workers presented data showing 
a higher relative risk in a cohort study of 1075 boys with 
cryptorchidism (Table 3) (Swerdlow et al., 1997). 

Patients with certain intersex syndromes have a remark- 
ably high incidence of gonadal germ cell tumours. These 
syndromes include two main types: gonadal dysgenesis in 
patients with a Y-chromosome and androgen insensitivity 
syndrome. Patients with the former often have ambiguous 
external genitalia and gonads with “streak” morphology or 
containing mixtures of ovarian-type stroma and immature- 
appearing seminiferous tubules. They often develop germ cell 
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Figure 21 The incidence of testicular germ cell tumours with age in 
different birth cohorts in Ontario. Note the increasing incidence with later 
birth year. (“Trends in the incidence of testicular germ cell cancer in Ontario 
by histologic subgroup, 1964- 1996” - Reprinted from CMAJ 26-Jan-99; 
160(2), Pages 201-205 by permission of the publisher. Copyright 1999 
Canadian M edical Association.) 


Table 2 Risk factors for testicular germ cell tumours. 


Intersex syndromes 

Prior testicular germ cell tumour 

Familial history of testicular cancer 
Testicular atrophy 

Cryptorchidism 

Infertility 

Exposure to high levels of oestrogen in utero 
Caucasian race 

Young adult age 
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Table 3 Estimates of increased risk of cancer in testes associated with various forms of maldescent 


Number of Observed/expected 
Position of testes testes number of cancers Relative risk (95% Cl) 
Descended opposite maldescended?@ 718 1/0.48 2.1 (0.1-9.2) 
Unilaterally maldescended 697 4/0.47 8.5 (2.6- 19.8)* 
M aldescended opposite maldescended 708 7/0.49 14.4 (6.2- 27.8)** 
Abdominal maldescended® 199 0/0.13 0 (0- 28.4) 
Non-abdominal maldescended® 1206 11/0.84 13.0 (6.8- 22.3)** 
M aldescended? 1405 11/0.97 11.3 (5.9- 19.4)* 


(Reproduced from Swerdlow, A. J., et al.1997. by permission of British Medical J ournal.) 


*P < 0.01; 
=P < 0.001: 


alncludes 21 descended testes for which the contralateral maldescended testis had been excised before the follow-up period. 


Regardless of position of other testis. 


tumours in childhood or adolescence; hence, gonadectomy is 
indicated shortly after the diagnosis is established. Patients 
with androgen insensitivity syndrome are phenotypic females 
but genetic males. They have maldescended testes that are 
at high risk for germ cell tumours after puberty. One study 
reported that 22% of patients with androgen insensitivity syn- 
drome who were over 30 years of age had developed a germ 
cell tumour (Morris and M ahesh, 1963). 

Patients with a history of testicular germ cell tumour 
have an increased risk of a second germ cell tumour in 
the remaining testis, especially if that testis is atrophic 
or maldescended. Overall, about 5% of patients develop 
bilateral neoplasia (Dieckmann and Loy, 1998), but the 
frequency of contralateral neoplasia increases to about 20% 
if the remaining testis is atrophic. A higher frequency of 
contralateral neoplasia is also seen in patients who have a 
positive family history (see following text) or in whom the 
first tumour occurred at an early age. In a recent study, codon 
816 c-KIT mutations in testicular germ cell tumours were 
associated with the development of bilateral involvement 
(Looijenga etal., 2003). It was proposed that this is a 
mutation that develops in the primordial germ cells prior 
to their migration into the bilateral gonadal ridges during 
embryogenesis. Its identification in an index tumour may 
predict a high risk for a contralateral germ cell tumour. At 
minimum, continued follow-up of the contralateral testis is 
indicated for testicular cancer patients, possibly including 
biopsy to assess for the presence of IGCNU. 

Males with a family history of testicular cancer are at 
increased risk. The risk is greater if the relative is a brother 
rather than a father. Overall, there is a 2.2% frequency of 
testicular cancer in the first-degree male relatives of patients 
with testicular cancer (Tollerud et al., 1985). As mentioned 
in the preceding text, a family history also increases the risk 
of bilateral involvement. A large group of testicular cancer 
families has, through linkage analysis, implicated a testicular 
cancer gene that is present on the X-chromosome (Rapley 
et al., 2000). 

Despite these strong associations with testicular cancer, 
most cases do not occur in patients with well-recognized 
risk factors. Numerous epidemiological studies have found 
only weak associations with certain occupations or indus- 
trial exposures. More recently, a number of studies have 
implicated in utero exposure to high levels of circulating 


oestrogens as a significant factor for testicular carcinogene- 
sis. Hence, there is increased risk in males born from first 
pregnancies, in those whose mothers had gestational hyper- 
emesis, and in those with a history of neonatal jaundice - 
all conditions associated with high oestrogen levels dur- 
ing foetal life. In addition, there are numerous factors that 
likely increase environmental oestrogen exposure, including 
the increased therapeutic use of oestrogenic substances, the 
oestrogenic supplementation of livestock, and oestrogenic 
activity of some pesticides. It has also been suggested that the 
increasing incidence of testicular germ cell tumours through- 
out the twentieth century reflects increasing maternal weight 
and consequent higher in utero oestrogen levels. 


Molecular Genetic Findings 


Most testicular germ cell tumours have a hyperdiploid to 
hypotriploid DNA content and, on cytogenetic study, they 
frequently have one or more copies of an isochromosome 
derived from the short arms of chromosome 12 [i (12p)]. 
This distinctive marker chromosome is considered virtually 
specific for germ cell tumours and can be used to establish 
a germ cell tumour diagnosis in problematic cases. Even in 
those germ cell tumours lacking i (12p), there is an increased 
amount of DNA derived from 12p, so this region of the 
genome appears to play a key role in the pathogenesis of 
germ cell tumours. Interestingly, IGCNU, however, lacks 
such 12p abnormalities, including i (12p), and it is currently 
believed that the acquisition of 12p amplification is necessary 
for the progression of IGCNU to an invasive germ cell 
tumour, possibly by leading to the production of proteins 
that oppose apoptosis. 

In addition to gain of 12p DNA, there are other 
non-random chromosomal changes, reviewed in detail by 
von Eyben (2004). These include losses from 4q21~aqter, 
5ql4~qter, llpll~p15, 11q14~q24, = 13q14~q31, 
18q12~qter and gains of 7p21~pter, 7q21~q33, 
8q12~q23, 17qll~q21, 21q21~qter, 22q11~qter, Xq. 
Regarding gene expression, in non-invasive malignant germ 
cells KIT, CCND2, and P27 are upregulated, while RB1 
and P19 are downregulated. It has been noted that the 
DNA content of seminomas is greater than that of non- 
seminomatous tumours, and it has been hypothesized that 
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the non-seminomatous tumours derive from seminomas as a 
consequence of gene loss. As mentioned in the discussion 
of familial testicular cancer, a putative testis cancer gene has 
been localized to the X -chromosome through linkage analysis 
(Rapley et al., 2000). 


Prognostic Factors 


A majority of testicular germ cell tumours are now curable 
through a combination of surgery, chemotherapy, and/or radi- 
ation. Prior to the development of effective chemotherapy, 
many patients with metastatic seminoma could be effec- 
tively treated with radiation, but those with metastatic non- 
seminomatous tumours had a poor prognosis. Now, however, 
more than 80% of patients with metastatic non-seminomatous 
tumours are cured. 

Stage remains of paramount prognostic importance. 
Patients with early stage tumours are almost uniformly cured, 
whereas those with bulky retroperitoneal disease experience 
about a 20% overall mortality. Occasional patients, however, 
with early stage disease have an unexpectedly aggressive 
course or fail initial therapy for unclear reasons. It would 
be of great interest to identify such cases prospectively, but 
this goal is not yet achieved. Development of a secondary, 
somatic-type malignancy (i.e, carcinoma, sarcoma, or 
primitive neuroectodermal tumor (PNET)) in metastatic 
germ cell tumours significantly worsens the prognosis. 
Furthermore, patients with recurrent disease following 
chemotherapy can be salvaged for cure using a multimodal 
approach, often with intensive chemotherapy in conjunction 
with bone marrow transplantation and surgical resection. 
There are prognostic models to help divide patients into 
different categories that factor in features, such as the levels 
of serum hCG and AFP, sites of involvement, and the size 
of metastatic lesions. 

Several investigators have attempted to define groups of 
testicular cancer patients who are at high risk and low risk 
for metastatic disease after an orchidectomy for clinical stage 
| tumour (i.e, having no clinical evidence of metastatic 
tumour after thorough staging, including radiographic evalu- 
ation of the retroperitoneum, chest, and serum marker stud- 
ies). On the basis of either follow-up studies or results of 
retroperitoneal lymph node dissections, it is known that about 
30% of such patients have occult retroperitoneal metastases. 
A successful division would permit simple follow-up for 
those patients at low risk, whereas high-risk patients could 
be recommended for staging retroperitoneal lymph node 
dissection (non-seminomatous patients) or adjuvant radia- 
tion (seminoma patients). Thorough pathologic evaluation 
of the primary tumour for features, such as lymphovascu- 
lar invasion, extratesticular extension, percentage or volume 
of embryonal carcinoma, and tumour size have shown strong 
correlations with either pathologically confirmed metastatic 
tumour or relapse. Alternative methods of evaluation, includ- 
ing flow-cytometric studies for tumour S phase and ploidy, 
and immunohistochemical staining for determination of pro- 
liferative fraction have also been applied with varying results. 


Overview of Present Clinical Management 


Patients with a clinical diagnosis of a testicular neoplasm 
receive radical orchidectomy. For those with seminoma, most 
receive adjuvant radiation to the retroperitoneum, although 
there is some interest in surveillance management (i.e., 
close follow-up but no adjuvant therapy) for clinical stage 
| patients with favourable pathologic features. Radiation is 
usually given for those seminoma patients with small volume, 
retroperitoneal metastases, but cisplatin-based chemotherapy 
is used for those with bulkier disease or supradiaphragmatic 
spread. 

Patients with non-seminomatous tumours who are clinical 
stage | may either be placed on surveillance management 
or receive limited, nerve-sparing retroperitoneal lymph node 
dissection, again depending in part on pathologic features. 
For those with known metastatic tumour, cisplatin-based 
chemotherapy is the mainstay followed by surgical exci- 
sion of residual masses, if necessary. A patient with a 
teratomatous component in the testicular primary appears to 
be at higher risk for requiring a post-chemotherapy resection 
because of the increased likelihood of teratomatous metas- 
tases and the non-responsiveness of teratoma to chemother- 
apy. Current treatment trials aim to reduce toxicity in low- 
risk patients and improve survival in poor-risk patients (H ahn 
and Sweeney, 2005). 

Patients who have sex cord-stromal tumours and who 
are clinical stage | may receive either surveillance man- 
agement or retroperitoneal lymphadenectomy. It is sensible 
to manage patients whose tumours lack the features associ- 
ated with malignant behaviour by surveillance and to reserve 
nodal dissection for those clinical stage | patients who 
have tumours with one or more of the pathologic features 
that are associated with metastases. For patients with sex 
cord- stromal tumours that have metastasized, surgical exci- 
sion by retroperitoneal lymphadenectomy or other procedures 
provide the best current approach. Chemotherapy and radia- 
tion have not proved effective for this situation. 


REFERENCES 


Albertsen, P. C., et al. (1999). Statistical considerations when assessing 
outcomes following treatment for prostate cancer. The Journal of 
Urology, 162, 439 - 444. 

Amin, M. B. etal. (1993). Putative precursor lesions of prostatic 
adenocarcinoma: fact or fiction? Modern Pathology, 6, 476- 483. 

Beach, R., et al. (2002). P504S immunohistochemical detection in 405 
prostatic specimens including 376 18-gauge needle biopsies. The 
American J ournal of Surgical Pathology, 26, 1588- 1596. 

Bettendorf, O., et al. (2005). Cytogenetic changes and loss of heterozygosity 
in atypical adenomatous hyperplasia, in carcinoma of the prostate and in 
non-neoplastic prostate tissue using comparative genomic hybridization 
and multiplex-PCR. International J ournal of Oncology, 26, 267-274. 

Bostwick, D. G. and Brawer, M. K. (1987). Prostatic intra-epithelial 
neoplasia and early invasion in prostate cancer. Cancer, 59, 788- 794. 

Brawer, M. K., etal. (1991). Significance of prostatic intraepithelial 
neoplasia on prostate needle biopsy. Urology, 38, 103- 107. 

Brawn, P. N. (1982). Adenosis of the prostate: a dysplastic lesion that can 
be confused with prostate adenocarcinoma. Cancer, 49, 826 - 833. 


18 SYSTEMATIC ONCOLOGY 


Brenner, H. and Arndt, V. (2005). Long-term survival rates of patients with 
prostate cancer in the prostate-specific antigen screening era: population- 
based estimates for the year 2000 by period analysis. J ournal of Clinical 
Oncology, 23, 441- 447. 

Bussemakers, M . J., et al. (1999). DD3: anew prostate-specific gene, highly 
overexpressed in prostate cancer. Cancer Research, 59, 5975-5979. 

Carroll, P., et al. (2001). Prostate-specific antigen best practice policy - part 
|: early detection and diagnosis of prostate cancer. Urology, 57, 217- 224. 

Catalona, W. J., et al. (1994). Comparison of digital rectal examination 
and serum prostate specific antigen in the early detection of prostate 
cancer: results of a multicenter clinical trial of 6,630 men. The J ournal 
of Urology, 151, 1283 - 1290. 

Catalona, W. J., et al. (1997). Prostate cancer detection in men with serum 
PSA concentrations of 2.6 to 4.0 ng/mL and benign prostate examination. 
Enhancement of specificity with free PSA measurements. J ournal of the 
American Medical Association, 277, 1452- 1455. 

Cheng, L., et al. (1998). Atypical adenomatous hyperplasia of the prostate: 
a premalignant lesion? Cancer Research, 58, 389- 391. 

Cheng, L., etal. (2004). Prostatic intraepithelial neoplasia: an update. 
Clinical Prostate Cancer, 3, 26- 30. 

Cubilla, A.L., et al. (1998). Basaloid squamous cell carcinoma: a distinctive 

human papilloma virus-related penile neoplasm: a report of 20 cases. The 

American J ournal of Surgical Pathology, 22, 755- 761. 

Cubilla, A. L., etal. (2000). Warty (condylomatous) squamous cell 

carcinoma of the penis: a report of 11 cases and proposed classification 

of ‘verruciform’ penile tumors. The American Journal of Surgical 

Pathology, 24, 505-512. 

Cubilla, A. L., etal. (2001). Histologic classification of penile carcinoma 

and its relation to outcome in 61 patients with primary resection. 

International J ournal of Surgical Pathology, 9, 111-120. 

Cubilla, A. L., etal. (2004). Pseudohyperplastic squamous cell carcinoma 
of the penis associated with lichen sclerosus. An extremely well- 
differentiated, nonverruciform neoplasm that preferentially affects the 
foreskin and is frequently misdiagnosed: a report of 10 cases of a 
distinctive clinicopathologic entity. The American J ournal of Surgical 
Pathology, 28, 895- 900. 

Culig, Z., et al. (2005). Mechanisms of endocrine therapy-responsive and - 
unresponsive prostate tumours. Endocrine-Related Cancer, 12, 229- 244. 

Davidson, D., et al. (1995). Prostatic intraepithelial neoplasia is a risk factor 

for adenocarcinoma: predictive accuracy in needle biopsies. The J ournal 

of Urology, 154, 1295- 1299. 

Dehner, L. P. and Smith, B. H. (1970). Soft tissue tumor of the penis. A 

clinicopathologic study of 46 cases. Cancer, 25, 1431- 1447. 

Deutsch, E., et al. (2004). Environmental, genetic, and molecular features 

of prostate cancer. The Lancet Oncology, 5, 303- 313. 

Dieckmann, K. P. and Loy, V. (1998). The value of the biopsy of the 

contralateral testis in patients with testicular germ cell cancer: the recent 

German experience. Acta Pathologica, Microbiologica, et Immunologica 

Scandinavica, 106, 13- 20. 

Dillner, J., et al. (2000). Etiology of squamous cell carcinoma of the penis. 

Scandinavian J ournal of Urology and Nephrology. Supplementum, 205, 

189- 193. 

Doll, J. A., et al. (1999). Genetic analysis of prostatic atypical adenomatous 

hyperplasia (adenosis). American J ournal of Pathology, 155, 967-971. 

Dong, J. T. (2001). Chromosomal deletions and tumor suppressor genes in 
prostate cancer. Cancer Metastasis Reviews, 20, 173- 193. 

Emerson, R. E., et al. (2001). Predicting cancer progression in patients with 
penile squamous cell carcinoma: the importance of depth of invasion and 
vascular invasion. Modern Pathology, 14, 963- 968. 

Epstein, J. I., etal. (1986). Prognosis of untreated stage Al prostatic 
carcinoma: a study of 94 cases with extended followup. The J ournal 
of Urology, 136, 837- 839. 

von Eyben, F. E. (2004). Chromosomes, genes, and development of 
testicular germ cell tumor. Cancer Genetics & Cytogenetics, 151, 
93- 138. 

Forrest, M. S., etal. (2005). Association between hormonal genetic 
polymorphisms and early-onset prostate cancer. Prostate Cancer and 
Prostatic Diseases, 8, 95- 102. 

Freedland, S. J., et al. (2005). The prostatic specific antigen era is alive and 
well: prostatic specific antigen and biochemical progression following 
radical prostatectomy. The J ournal of Urology, 174, 1276-1281. 














Gaudin, P. B., et al. (1998). Sarcomas and related proliferative lesions of 
specialized prostatic stroma: a clinicopathologic study of 22 cases. The 
American J ournal of Surgical Pathology, 22, 148- 162. 

Gelmann, E. P. (2003). Searching for the gatekeeper oncogene of prostate 
cancer. Critical Reviews in Oncology/H ematology, 46(Suppl), S11- $20. 

Gleason, D. F. (1966). Classification of prostatic carcinomas. Cancer 
Chemotherapy Reports. Part 1, 50, 125-128. 

Gleason, D. F. (1992). Histologic grading of prostate cancer: a perspective. 
Human Pathology, 23, 273-279. 

Gleason, D. F. and Mellinger, G. T. (1974). Prediction of prognosis for 
prostatic adenocarcinoma by combined histological grading and clinical 
staging. The J ournal of Urology, 111, 58 - 64. 

Gokden, N., et al. (2005). High-grade prostatic intraepithelial neoplasia in 
needle biopsy as risk factor for detection of adenocarcinoma: current 
level of risk in screening population. Urology, 65, 538-542. 

Gronberg, H. (2003). Prostate cancer epidemiology. Lancet, 361, 859- 864. 

Habuchi, T., etal. (2000). Association of vitamin D receptor gene 
polymorphism with prostate cancer and benign prostatic hyperplasia in a 
Japanese population. Cancer Research, 60, 305 - 308. 

Haeusler, J., et al. (2005). Association of a CAV-1 haplotype to familial 
aggressive prostate cancer. The Prostate, 65, 171-177. 

Hahn, N. M. and Sweeney, C. J. (2005). Germ cell tumor: an update of 
recent data and review of active protocols in stage | and metastatic 
disease. Urologic Oncology, 23, 293 - 302. 

Hama, N., et al. (2005). Squamous cell carcinoma of the penis in a man 
with a human papilloma virus 31 infection. The J ournal of Dermatology, 
32, 581- 584. 

Hessels, D., et al. (2003). DD3(PCA3)-based molecular urine analysis for 
the diagnosis of prostate cancer. European Urology, 44, 8-15. 

Horenblas, S. and van Tinteren, H. (1994). Squamous cell carcinoma 
of the penis. IV. Prognostic factors of survival: analysis of tumor, 
nodes and metastasis classification system. The J ournal of U rology, 151, 
1239- 1243. 

Humphrey, P. A. (2004). Gleason grading and prognostic factors in 
carcinoma of the prostate. M odern Pathology, 17, 292- 306. 

Johansson, J. E., etal. (1997). Fifteen-year survival in prostate cancer. A 
prospective, population-based study in Sweden. J ournal of the American 
M edical Association, 277, 467- 471. 

Jones, T. D., etal. (2004). OCT4: A sensitive and specific biomarker for 
intratubular germ cell neoplasia of the testis. Clinical Cancer Research, 
10, 8544- 8547. 

K eetch, D. W., et al. (1995). M orphometric analysis and clinical followup of 
isolated prostatic intraepithelial neoplasia in needle biopsy of the prostate. 
The J ournal of Urology, 154, t- 51. 

Kroon, B. K., et al. (2005). Contemporary management of penile squamous 
cell carcinoma. J ournal of Surgical Oncology, 89, 43-50. 

Lamm, M. L., etal. (2001). Mesenchymal factor bone morphogenetic 

protein 4 restricts ductal budding and branching morphogenesis in the 

developing prostate. Developmental Biology, 232, 301- 314. 

Leis, P. F., etal. (1998). A c-rasHa mutation in the metastasis of a 

human papillomavirus (H PV )-18 positive penile squamous cell carcinoma 

suggests a cooperative effect between HPV -18 and c-rasHa activation in 

malignant progression. Cancer, 83, 122-129. 

Levi, J. E., etal. (1998). Human papillomavirus DNA and p53 status in 

penile carcinomas. International J ournal of Cancer, 76, 779- 783. 

Looijenga, L. H., et al. (2003). Stem cell factor receptor (c-KIT) codon 

816 mutations predict development of bilateral testicular germ-cell tumor. 

Cancer Research, 63, 7674- 7678. 

Magoha, G. A. and Ngumi, Z. W. (2000). Cancer of the penis at K enyatta 

National Hospital. East African Medical J ournal, 77, 526- 530. 

Maiche, A. G., etal. (1991). Histological grading of squamous cell 

carcinoma of the penis: a new scoring system. British J ournal of Urology, 

67, 522-526. 

Makridakis, N. M., et al. (1999). Association of mis-sense substitution in 

SRD5A2 gene with prostate cancer in African-American and Hispanic 

men in Los Angeles, USA. Lancet, 354, 975- 978. 

McDougal, W. S. (1995). Carcinoma of the penis: improved survival by 

early regional lymphadenectomy based on the histological grade and 

depth of invasion of the primary lesion. The J ournal of Urology, 154, 

1364 - 1366. 

McNeal, J. E. (1981). The zonal anatomy of the prostate. The Prostate, 2, 
35-49. 





MALE GENITAL TRACT 19 


McNeal, J. E. and Bostwick, D. G. (1986). Intraductal dysplasia: a 
premalignant lesion of the prostate. Human Pathology, 17, 64-71. 
McNeal, J. E., et al. (1988). Zonal distribution of prostatic adenocarcinoma. 
Correlation with histologic pattern and direction of spread. The American 
Journal of Surgical Pathology, 12, 897- 906. 

Montironi, R., etal. (2004). Carcinoma of the prostate: inherited 

susceptibility, somatic gene defects and androgen receptors. Virchows 

Archiv, 444, 503-508. 

Morris, J. M. and Mahesh, V. B. (1963). Further observations on the 

syndrome, “testicular feminization”. American J ournal of Obstetrics and 

Gynecology, 87, 731- 748. 

Nupponen, N. and Visakorpi, T. (1999). Molecular biology of progression 
of prostate cancer. European Urology, 35, 351- 354. 

Paris, P. L., et al. (1999). Association between a CY P3A4 genetic variant 
and clinical presentation in African-American prostate cancer patients. 
Cancer Epidemiology, Biomarkers & Prevention, 8, 901-905. 

Rapley, E. A., etal. (2000). Localization to X q27 of a susceptibility gene 
for testicular germ-cell tumours. Nature Genetics, 24, 197 - 200. 

Rubin, M. A., et al. (2001). Detection and typing of human papillomavirus 
DNA in penile carcinoma: evidence for multiple independent 
pathways of penile carcinogenesis. American Journal of Pathology, 
159, 1211-1218. 

Ryan, C.J. and Small, E. J. (2004). Advances in prostate cancer. Current 
Opinion in Oncology, 16, 242- 246. 

Salam, M. T., et al. (2005). Associations between polymorphisms in the 
steroid 5-alpha reductase type Il (SRD5A2) gene and benign prostatic 
hyperplasia and prostate cancer. Urologic Oncology, 23, 246- 253. 

Schaid, D. J. (2004). The complex genetic epidemiology of prostate cancer. 
Human Molecular Genetics, 13((Spec), Nol), R103- R121. 

Schoen, E. J. (1991). The relationship between circumcision and cancer of 
the penis. CA: A Cancer J ournal for Clinicians, 41, 306- 309. 

Schoen, E. J. (1997). Benefits of newborn circumcision: is Europe ignoring 
medical evidence? Archives of Disease in Childhood, 77, 258- 260. 

Simard, J., et al. (2003). Prostate cancer susceptibility genes: lessons learned 
and challenges posed. Endocrine-Related Cancer, 10, 225- 259. 

Soloway, M. and Roach, M. III. (2005). Prostate cancer progression after 
therapy of primary curative intent: a review of data from prostate-specific 
antigen era. Cancer, 104, 2310- 2322. 

Srigley, J. R. (1988). Small-acinar patterns in the prostate gland 

with emphasis on atypical adenomatous hyperplasia and small-acinar 

carcinoma. Seminars In Diagnostic Pathology, 5, 254-272. 





Stamey, T. A., et al. (2001). Molecular genetic profiling of Gleason grade 
4/5 prostate cancers compared to benign prostatic hyperplasia. The 
Journal of Urology, 166, 2171-2177. 

Swerdlow, A. J., et al. (1997). Risk of testicular cancer in cohort of boys 
with cryptorchidism. British Medical J ournal, 314, 1507-1511. 

Thatai, L. C., etal. (2004). Racial disparity in clinical course and 
outcome of metastatic androgen-independent prostate cancer. Urology, 
64, 738- 743. 

Thomas, R., et al. (1982). Aid to accurate clinical staging-histopathologic 


grading in prostatic cancer. The Journal of Urology, 128, 
726-728. 
Thompson, |. M., etal. (2005a). Operating characteristics of prostate- 


specific antigen in men with an initial PSA level of 3.0 ng/ml or lower. 
Journal of the American Medical Association, 294, 66- 70. 

Thompson, I. M ., et al. (2005b). Screening for prostate cancer: opportunities 
and challenges. Surgical Oncology Clinics of North America, 14, 
747 - 760. 

Tollerud, D. J., etal. (1985). Familial testicular cancer and urogenital 
developmental anomalies. Cancer, 55, 1849- 1854. 

Tsen, H. F., etal. (2001). Risk factors for penile cancer: results of a 
population-based case-control study in Los Angeles County (United 
States). Cancer Causes & Control, 12, 267-277. 

Ulbright, T. M., et al. (1999). Atlas of Tumor Pathology: Tumors of the 
Testis, Adnexa, Spermatic Cord and Scrotum, Third series. Armed Forces 
Institute of Pathology, Washington, DC. 

Van Doornum, G. J., etal. (2003). Reactivity to human papillomavirus 
type 16 L1 virus-like particles in sera from patients with genital cancer 
and patients with carcinomas at five different extragenital sites. British 
Journal of Cancer, 88, 1095-1100. 

Velazquez, E. F. and Cubilla, A. L. (2003). Lichen sclerosus in 68 
patients with squamous cell carcinoma of the penis: frequent atypias 
and correlation with special carcinoma variants suggests a precancerous 
role. The American J ournal of Surgical Pathology, 27, 1448-1453. 

Visakorpi, T. (2003). The molecular genetics of prostate cancer. Urology, 
62, 3- 10. 

Weinstein, M. H. and Epstein, J. 1. (1993). Significance of high-grade 
prostatic intraepithelial neoplasia on needle biopsy. Human Pathology, 
24, 624- 629. 

Young, R. H., etal. (2000). Atlas of Tumor Pathology: Tumors of the 
Prostate, Seminal Vesicle, Male Urethra and Penis, Third series. Armed 
Forces Institute of Pathology, Washington, DC. 


Lymph Nodes 


Hans Konrad Muller-Hermelink, German Ott and Eugenia Haralambieva 
University of Wurzburg, Wurzburg, Germany 


LYMPHOMA CLASSIFICATION 


The history of the recognition and classification of tumours 
that are now called malignant lymphomas is long, contro- 
versial, and complicated. In 1832, Sir Thomas Hodgkin first 
identified malignant tumours of lymph nodes. Among those 
were cases that we would now classify as Hodgkin’s lym- 
phoma. In 1845, Rudolf Virchow defined leukaemia and 
in 1863 he laid down the concepts of lymphosarcoma and 
lymphoma. At the turn of the nineteenth century (in 1898 
and 1902), Sternberg and Reed defined morphologically the 
tumour cells of Hodgkin’s disease. About 25 years later 
(1925), Brill and Symmers described follicular lymphoma 
(FL), and Burkitt in 1958 and O’Connor and Davis in 1960 
described A frican lymphoma, now called Burkitt's lymphoma 
(BL). Within this short list, only historical milestones have 
been cited constituting those steps that still remain valuable 
in the twenty-first century. 

Two classification systems have been widely used until 
recently, the Kiel Classification of Non-Hodgkin’s Lym- 
phomas (NHLs) (Gerard-M archant etal., 1974; Stansfeld 
et al., 1988; Lennert and Feller, 1992) and the Working 
Formulation for Clinical Usage (N on-H odgkin’s Lymphoma 
Pathologic Classification Project, 1982). The Kiel classifi- 
cation is based on the knowledge of normal lymphoid cell 
development and categorizes tumours according to their nor- 
mal cell counterparts. The so-called Working Formulation, 
on the other hand, is based mainly on clinical survival data. 

In 1994, the International Lymphoma Study Group (ILSG) 
of experienced haematopathologists formulated a new pro- 
posal for a modern lymphoma classification, the so-called 
Revised European American Lymphoma (REAL) classifi- 
cation. With some corrections and additions, it has been 
developed into the currently used World Health Organization 
(WHO) (2002) classification. 

The WHO classification of NHL represents a significant 
advance in our ability to understand, identify, and, there- 
fore, treat different specific lymphoma entities. It is based 
on the concept of clinicopathologic entities in which histol- 
ogy, immunophenotype, (molecular) genetic data as well as 
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clinical features are integrated; the putative cell of origin (or 
stage of differentiation) of different NHLs is also taken into 
account. 

Table 1 lists the recent WHO classification of B- and T-cell 
lymphomas and Hodgkin's lymphoma. 

The clinical relevance of this lymphoma classification was 
confirmed by the Non-Hodgkin’s Lymphoma Classification 
Project (1997). One thousand four hundred and three cases of 
lymphoma were reviewed by experienced haematopatholo- 
gists, comparing the different classification systems in corre- 
lation with epidemiological variations, clinical features, and 
outcome. The study clearly demonstrated that the criteria 
formulated in the REAL classification and applied in the 
WHO classification resulted in a high interobserver accuracy 
and were of significant prognostic value for the recognition 
of diseases with different clinical courses and behaviour. It 
also established the relative value of the additional data in 
lymphoma diagnosis, for example, immunophenotype was 
less important in some of the diseases (e.g., in FL), but 
absolutely essential in others (e.g., mantle cell lymphoma, 
MCL; anaplastic large cell lymphoma, ALCL). Some dis- 
eases were reliably diagnosed only in correlation with clinical 
features (e.g., mediastinal B-cell lymphoma). In other cases, 
the knowledge of clinical presentation greatly improved the 
differential diagnosis. 

The diagnostic accuracy for some disease entities was less 
satisfactory. In particular, the distinction of BL and “B urkitt- 
like” lymphoma and subclassification of peripheral T-cell 
lymphomas showed high interobserver variability. 

As was clearly shown by the international Non-Hodgkin's 
Lymphoma Classification Project (1997) and other multi- 
centre trials published in recent years, the most important 
prognostic factor today is the definition of the disease entity. 
Additionally, within the defined diseases, prognostic factors 
may influence clinical outcome. They may be morphological, 
genetic, biological, or clinical, for example, the stage or the 
International Prognostic Index. Histological grading, includ- 
ing the determination of cell size, nuclear features, mitotic 
rates, and growth pattern, is used in some entities. Certain 
protein expression patterns and genetic lesions appeared to 
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Table 1 The WHO classification of lymphoid neoplasms. 


B-cell neoplasms 
Precursor B-cell lymphoblastic |eukaemia/lymphoma 
(Precursor B-cell acute lymphoblastic leukaemia) 
Peripheral B-cell neoplasms 
B-cell lymphocytic leukaemia/small lymphocytic lymphoma 
B-cell prolymphocytic leukaemia 
Lymphoplasmacytic lymphoma 
Mantle cell lymphoma 
Follicular lymphoma 
Cutaneous follicle centre lymphoma 
Marginal zone B-cell lymphoma of mucosa-associated lymphoid tissue 
(MALT type) 
Nodal marginal zone B-cell lymphoma (+ monocytoid B cells) 
Splenic marginal zone B-cell lymphoma (+ villous lymphocytes) 
Hairy cell leukaemia 
Diffuse large B-cell lymphoma 
Variants: Centroblastic 
Immunoblastic 
T cell or histiocyte rich 
Anaplastic large B cell 
Subtypes: M ediastinal (thymic) large B-cell lymphoma 
Intravascular large B-cell lymphoma 
Primary effusion lymphoma 
Burkitt's lymphoma 
Plasmocytoma/Plasma cell myeloma 








T-cell neoplasms 
Precursor T-cell lymphoblastic leukaemia/lymphoma 
(Precursor T-cell acute lymphoblastic leukaemia) 
Peripheral T-cell and NK cell neoplasms 
T-cell prolymphocytic leukaemia 
T-cell large granular lymphocytic leukaemia 
Aggressive NK cell leukaemia 
NK/T-cell lymphoma, nasal and nasal type 
Sezary syndrome 
Mycosis fungoides 
Angioimmunoblastic T-cell lymphoma 
Peripheral T-cell lymphoma (unspecified) 
Adult T-cell leukaemia/lymphoma (HTLV -1+) 
Anaplastic large cell lymphoma (T and null cell types) 
Primary cutaneous CD30 positive T-cell lymphoproliferative disorders 
Variants: Lymphomatoid papulosis (Type A and B) 
Primary cutaneous ALCL 
Borderline lesions 
Subcutaneous panniculitis-like T-cell lymphoma 
Enteropathy-type T-cell lymphoma 
Hepatosplenic y/5 T-cell lymphoma 





Hodgkin’s lymphoma (Hodgkin’s disease) 

Nodular lymphocyte predominance Hodgkin's lymphoma 
Classical Hodgkin's lymphoma 

Hodgkin's lymphoma, nodular sclerosis 

Classical Hodgkin’s lymphoma, lymphocyte rich 
Hodgkin's lymphoma, mixed cellularity 

Hodgkin's lymphoma, lymphocyte depletion 


be powerful prognostic factors; however, they have to be 
correlated with the histopathological and clinical data. The 
presence of MYC translocation, for example, in diffuse large 
B-cell lymphoma (DLBCL) seems to confer inferior survival, 
but notin BL. BCL2 expression in the context of a t(14;18) in 
DLBCL is associated with favourable outcome, while BCL2 
expression without a t(14;18) is more related to nuclear fac- 
tor kappa B (NF-«B) activation and a poor survival. Gene 
expression profiling studies provide various powerful prog- 
nostic factors in different lymphoma subtypes, for example, 
in DLBCL - the presumptive cell of origin (germinal centre 


(GC) B-cell like vs activated B-cell like), in MCL - the 
proliferation signature, in FL - the type of host response, 
generated by lymphoma infiltrating reactive cells. 

Of note, the new therapy approaches are constantly chang- 
ing the relative value of the known prognostic factors and 
new prognostic factors are emerging. A good example is 
the translocation t(11;14)(q23;q32) in multiple myeloma that 
is of little or no prognostic value in the setting of conven- 
tional therapy but confers a significantly better outcome on 
intensified therapeutic regimens. 


Precursor Lymphoblastic Leukaemia/Lymphoma 
(Precursor B- or T-Cell Acute Lymphoblastic 
Leukaemia) 


The recent WHO classification of haematopoietic neoplasias 
reached consensus on the issue that precursor lymphoblastic 
leukaemia and lymphoma biologically represent one dis- 
ease entity and both terms can be used arbitrarily, reflect- 
ing the predominant clinical presentation. Depending on 
the early lineage commitment of the tumour cells B-cell 
acute lymphoblastic leukaemia/lymphoma (B-ALL) and T- 
cell acute lymphoblastic leukaemia/lymphoma (T-ALL) are 
recognized. 

B-ALL is primarily a paediatric disease with the peak inci- 
dence above 6years of age, while T-ALL is more common 
in adolescents. Both subtypes show a male predilection. The 
majority of patients present with blood and bone marrow 
involvement and infiltration of the lymph nodes, spleen, and 
liver; however, the gonads, central nervous system (CNS), 
and other extramedullary sites may also be involved. A large 
mediastinal mass is typical for T-ALL patients. 

Lymphoblastic leukaemias/lymphomas, in general, show 
a diffuse pattern of lymph node and other tissue involve- 
ment and effacement of the normal tissue structure. Partial 
involvement of the lymph nodes, with a paracortical infiltra- 
tion pattern spearing the GCs, may also occur. The tumour 
cells are uniform and small to medium sized, with scant 
cytoplasm and round to oval or indented nuclei; a finely 
dispersed, sometimes “dustlike” chromatin; and inconspicu- 
ous nucleoli. B- and T-ALL cannot be distinguished based 
on morphology; however, T-ALL lymphoblasts tend to show 
variations in size and shape and more often have irregular or 
“convoluted” nuclei. The mitotic rate is high and, in some 
cases, a “starry sky” pattern may be seen due to the presence 
of a high number of “tingible body” macrophages. 

The nuclear expression of the terminal deoxynucleotidyl 
transferase (TdT) in both B- and T-ALL clearly sep- 
arates them from mature lymphoid neoplasms. B-ALL 
expressed lineage-specific markers, typically CD19, cyto- 
plasmic CD79a, and CD22. CD20 and cytoplasmic IgM 
expression indicate more mature phenotype. A majority 
of the cases stain for CD10 (CALLA). T-ALL variably 
expresses CD 1a, CD2, and cytoplasmic or membrane CD3, 
CD5, CD7, and CD10; CD4 and CD8 may be aberrantly 
coexpressed, and a proportion of cases are also CD79a 
positive. 
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Characteristic genetic abnormalities in B- and T-ALL 
represent an important tool for defining different prognostic 
groups, further stratification of the patients’ management, and 
development of targeted therapies. 

In B-ALL, the translocation t(12;21)(p13;q22), resulting in 
a TEL-AML1 fusion transcript, is detected in up to 25% of 
paediatric and in 3% of adult patients and confers a highly 
favourable prognosis in both age groups, with event-free 
survival rates close to 90%. Microarray-based gene expres- 
sion studies have revealed a distinct homogeneous gene 
expression pattern in ALL with TEL-AML1 translocations, 
suggesting that it represents a unique leukaemia subtype. 

Hyperdiploidy (more than 50 chromosomes per leukaemic 
cell) is also a common genetic alteration detected in about 
30% of paediatric and 9% of the adult B-ALL cases. This 
abnormality also defines a subgroup of patients with an 
excellent clinical outcome. Paediatric cases with trisomies 
4, 10, and 17 may have a specifically favourable prognosis. 

Translocation t(9;22) encoding the BCR-ABL fusion pro- 
tein is demonstrated in about 33% of adult and 5% of 
paediatric B-ALL cases, and both children and adults have a 
poor prognosis. Bone marrow transplantation during the first 
remission is often recommended to patients with the BCR- 
ABL fusion transcript. Hypodiploidy (fewer than 45 chromo- 
somes) is found infrequently in B-ALL patients (<2%) and 
is also associated with a poor clinical outcome. 

MLL gene on 11q23, a key regulator of homeotic HOX 
gene expression, is involved in translocations with more than 
40 different translocation partners. The most common MLL 
aberration is translocation t(4;11)(q21;q23) resulting in the 
AF4-MLL fusion protein. It occurs in almost 50% of infant 
ALL cases (<lyear old), 2% of cases in children, and 5% 
of adult ALL cases and is associated with poor prognosis. 

Approximately 20% of the cases with MLL translocation 
and 20% of the patients with hyperdiploidy are found to 
carry an activating mutation in the receptor tyrosine kinase 
FLT 3, suggesting a possible benefit from the small molecule 
tyrosine kinase inhibitors in this group. 

In T-ALL, chromosomal translocations frequently result 
in deregulation of proto-oncogenes by juxtaposing them to 
the T-cell receptors’ (TCRs) regulatory elements. Important 
genes involved in such aberrations are TAL1, MYC, LYL1, 
LMO1,LM02,HOX11, and HOX11L2. TAL1 overexpression 
as a result of translocation t(1;14)(1p32;q11) or deletion 
upstream of the gene occurs in about 25% of the paediatric 
T-ALL patients. The translocations t(11;14)(p15;q11) and 
t(11;14)(p13;q11) result in the ectopic expression of LMO1 
and LM O2 proteins in T-cell progenitors. 

Deregulated expression of HOX11, as a consequence 
of either t(10;14)(q24;q11) or t(7;10)(q35;q24) occurs in 
about 33% of adult T-ALL patients and 3% of the pae- 
diatric T-ALL patients. In both age groups, high HOX11 
expression is associated with favourable clinical prognosis. 
HOX11L2 gene located at chromosome 5q35 is deregulated 
in about 20% of T-ALL patients by either t(5;14)(q35;q11) 
or t(5;14)(q35;q32). 

Recently, microarray-based gene expression studies 
revealed that HOX11- and HOX11L2-overexpressing T-ALL 
and T-ALL with the MLL-ENL gene fusion share the same 


expression pattern characterized by a global deregulation 
of HOXA genes. In T-ALL, translocation t(11;19)(q23;p13) 
resulting in an MLL-ENL fusion transcript is associated 
with favourable prognosis and long-term survival. T-ALL 
with CALM-AF10 fusion, generated by t(10;11)(p13;q14) 
characteristically has an immature phenotype, either lacking 
TCR or expressing TCR y/6. 

The NOTCH1 gene is rarely targeted by chromosomal 
translocation; however, an activating mutation in this gene 
is detected in approximately 50% of the T-ALL patients of 
all different molecular subtypes. The use of the NOTCH1 
pathway inhibitors in T-ALL cell lines with NOTCH1 gene 
mutations induces cell cycle arrest, suggesting the possibil- 
ity of NOTCH 1-targeted therapies in T-ALL patients (see 
Development and Cancer: The HOX Gene Connection). 


PERIPHERAL B-CELL LYMPHOMAS 


Chronic Lymphocytic Leukaemia of B Type 
(B-CLL)/Small Lymphocytic Lymphoma (B-SLL) 


B-cell chronic lymphocytic leukaemia (B-CLL) comprises 
90% of the chronic lymphoid leukaemias in Europe and 
the United States. Majority of the patients are >50 years 
old and present with blood and bone marrow involvement, 
generalized lymphadenopathy, and moderate spleno- and 
hepatomegaly. The term B-small lymphocytic lymphoma 
(B-SLL) is restricted for patients with aleukaemic tissue 
involvement. 

Lymph nodes in patients with B-CLL show a characteris- 
tic infiltration pattern consisting of small lymphoid cells with 
scant cytoplasm and slightly clumped chromatin and clusters 
of larger prolymphocytes and paraimmunoblasts forming so- 
called pseudo-follicles or proliferation centres. Prolympho- 
cytes and paraimmunoblasts have relatively lighter nuclear 
chromatin, so that the pseudo-follicles stand out, imparting 
“light zones” to the infiltrate (Figure 1). Around 10% of B- 
CLLs/SLLs are characterized by a diffuse infiltration without 
pseudo-follicular structures. 

Variants include cases with a larger number of prolym- 
phocytes and/or paraimmunoblasts (B-CLL/PLL), tumours 
with marked nuclear irregularity (and which may be diffi- 
cult to differentiate from MCLs), and cases with a secretory 
differentiation that show monotypic cytoplasmic light-chain 
expression. 

B-CLL is positive for “pan B-cell” markers (CD19, CD20 
weak, CD22 weak) and characteristically coexpresses CD5 
and CD23. CD23 labels strongly the proliferation centres and 
it is more often preserved than CD5 upon transformation to 
large B-cell lymphomas. The lack of cyclin D1 and CD10 
expression is important for differential diagnosis between 
CLL and MCL and CLL and FL, respectively. Rare CLL 
cases lack CD5 and/or CD23. 

Recent studies on the mutation profile of Ig genes indi- 
cate that about 50% of the B-CLL cases carry unmutated 
IgV genes similar to naive B cells, while the rest of the CLL 
cases resemble memory B cells with mutated IgV genes. 
Importantly, patients with mutated CLL have significantly 
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Figure 1 B-cell chronic lymphocytic leukaemia. (a) The normal lymph node architecture is replaced by a pseudo-follicular infiltrate. (b) The infiltrate 


consists of small cells with round nuclei and few prolymphocytes. 
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Figure 2 Mantle cell lymphoma. (a) In the classical variant, small- to medium-sized cells are seen, with small cytoplasm and irregular nuclei. 
(b) Pleomorphic variant of MCL. Cells are considerably larger and nuclei are deeply indented. The chromatin distribution is coarse. 


better clinical outcome than patients with unmutated CLL. In 
contrast to the other mature B-cell malignancies, chromoso- 
mal translocations are infrequent in B-CLL. Instead, B-CLL 
is characterized by deletions, mutations, and trisomies, for 
example, trisomy 12 and deletions 13q14, 17p13, and 11q23, 
the last two affecting P53 and ataxia-telangiectasia mutated 
(ATM ), respectively. Interestingly, both deletions at 11q23 
and 17p13 are associated almost exclusively with unmutated 
lg genes and adverse clinical outcome, while deletion 13q14 
or normal karyotypes are found in the mutated disease sub- 
type. Despite these clinical and genetic differences, recent 
gene expression profiling of CLL indicates a rather homo- 
geneous phenotype related to memory B cells. Among the 
differentially expressed genes ZAP 70 (zeta-associated pro- 
tein) overexpression is identified as a powerful surrogate 
marker of unmutated B-CLL and can be used as a prognostic 
marker in routine settings. 

In 3-5% of B-CLLs, transformation to a clinically aggres- 
sive high-grade lymphoma that morphologically resembles 
DLBCL or classical Hodgkin’s lymphoma (cHL) occurs 
(Richters’ syndrome). 


Mantle Cell Lymphoma (MCL) 


MCL is a disease that affects middle-aged and older persons, 
with a male predilection, and it comprises 3-10% of 


NHLs. The common sites of tumour presentation are lymph 
nodes, spleen, Waldeyer’s ring, and gastrointestinal tract 
(often with multiple lesions). Depending on the predominant 
presentation, three clinical subtypes are described: classical, 
intestinal lymphomatoid polyposis, and splenic type. Most 
patients present with stage III or IV; the bone marrow and 
peripheral blood are frequently involved. 

MCL demonstrates a diffuse, nodular, or mantle zone 
growth pattern. Reactive GC may be seen. The infiltrate 
consists of monomorphic small to medium-sized cells with 
scant cytoplasm and irregular, cleaved, or angulated nuclei 
with coarse chromatin and inconspicuous nucleoli (Figure 2). 
Scattered, pale epithelioid histiocytes and small hyalinized 
vessels are often seen. Two blastoid variants have been 
described; one with medium-sized nuclei with a more dis- 
persed chromatin resembling lymphoblasts and a high pro- 
liferative index (blastoid or lymphoblastoid type). Another 
variant variously termed anaplastic, large cell, or pleomor- 
phic is characterized by rather large cleaved cells with 
sometimes light or slightly basophilic cytoplasm and coarse 
chromatin distribution. 

MCLs are characterized by coexpression of the pan B- 
cell markers CD5, CD43, and cyclin D1 in the absence of 
CD10 and CD23. Highly characteristic and in contrast to 
the relatively low proliferation rate is the downregulation of 
nuclear p27 expression. Staining for follicular dendritic cells 
(using anti-CD21 or -CD23 antibodies) demonstrates loose 
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Figure 3 Follicular lymphoma. (a) The lymph node parenchyma shows an infiltration of atypical follicular structures. (b) On higher magnification, the 
neoplastic follicles are composed of small cleaved cells (centrocytes) with few interspersed blasts (centroblasts). 


meshworks of these cells. CD5-negative variants have been 
rarely reported. 

The hallmark chromosomal translocation, t(11;14)(q13; 
q32), can be detected in almost all MCL cases and results 
in the nuclear overexpression of cyclin D1. Rare cyclin 
D1-negative cases show deregulation of other cyclins, 
for example, cyclin D2 or cyclin D3. Additional genetic 
aberrations, targeting cell cycle regulators, include hemi- 
or homozygous deletions in the chromosomal locus 9p21 
affecting the CDK inhibitor p16!N*4?, genomic amplification 
and subsequent overexpression of BMI-1 that acts as a 
p16!N«4@ transcriptional repressor, and genomic amplification 
and overexpression of CDK 4. The ATM -involved cellular 
response to DNA damage- response pathway is frequently 
targeted by hemizygous ATM deletions and/or mutations. 
MCL with blastoid morphology and higher proliferation rate 
often demonstrates P53 inactivation and tetraploid clones. 

Several studies indicate that the proliferation rate of the 
tumour cells is correlated with the clinical aggressiveness 
of the lymphoma. A recent gene expression profiling study 
provided a quantitative measurement of oncogenic events 
in MCL, termed proliferation signature, that is superior to 
individual molecular parameters, alone or in combination, in 
predicting the length of survival (eg., level of cyclin D1 
expression, p16!'**@ alterations) and allows the definition of 
prognostic subgroups that differ in their median survival by 
more than 5 years. 


Follicular Lymphoma (FL) 


FLs represent, together with DLBCLs, the most frequent 
type of B-cell lymphoma in western countries. It predom- 
inantly affects adults, with equal frequency in both gen- 
ders. Systemic disease at presentation is common, including 
involvement of lymph nodes from multiple sites, spleen, bone 
marrow, and, rarely, extranodal sites. 

In the most common type with an almost exclusive 
follicular growth pattern, neoplastic follicular structures 
are found throughout the lymph node and then also fre- 
quently infiltrate the capsule and the perinodal tissue. In 


contrast to reactive follicles, neoplastic follicles are uni- 
form in size and structure and lack the zonal pattern and 
well-defined mantle zone. Cytologically, they are com- 
posed of centrocytes and centroblasts. Centrocytes represent 
medium-sized cells with a small, barely recognizable cyto- 
plasm and irregular, contoured and indented nuclei. The 
chromatin is irregular, and small inconspicuous nucleoli 
are present. In contrast, centroblasts are larger cells with 
a usually small, moderately basophilic cytoplasm, round 
nuclei with vesicular chromatin, and 1-3 nucleoli com- 
monly found adjacent to the nuclear membrane (Figure 3). 
In most cases, no “tingible body” macrophages are present 
and the number of mitotic figures is low. Depending on 
the presence of diffuse areas the tumours are classified 
as predominantly follicular (>75% follicular), follicular 
and diffuse (25-75% follicular), or predominantly diffuse 
(<25% follicular). 

Histological grading of FL is based on the content of 
centroblasts. Tumours with 10-50 centroblasts per 10 high- 
power fields (HPFs) are grade 1, tumours with 50-150 
centroblasts per 10 HPF are grade 2, and lymphomas with 
more than 15 centroblasts per 10 HPF are grade 3. Grade 
3 FL is further subclassified into grade 3A - with >150 
centroblasts per 10 HPF, but centrocytes are still present, and 
3B - when there are only sheets of centroblasts. Lymphomas 
having an exclusively follicular growth pattern and consisting 
entirely of centroblasts are very rare. In view of important 
genetic differences, the subdivision of grade 3A and grade 
3B is clinically relevant (see the following text). FL grade 
3B is often associated with a DLBCL component and should 
be diagnosed as “FL grade 3 with DLBCL”. FLs grades 1 
or 2 that are associated with a diffuse large cell component, 
in most cases, should be regarded as a “transformed” stage 
of tumour progression. 

Some FLs show a “marginal zone” differentiation, imply- 
ing the occurrence of slightly rounder tumour cells with 
a broad pale-staining cytoplasm that is accentuated in the 
outermost parts of the follicles giving the impression of 
a marginal zone pattern. A differentiation to plasma cells 
(so-called secretory differentiation) may also be seen occa- 
sionally in FLs. 
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FL typically expresses B-cell antigens (CD19, CD20, 
CD22, and CD79a) in combination with CD10 and BCL2. 
CD10 often stains small B cells in the interfollicular area 
(never found in reactive lymph nodes). In some tumours, 
CD23 may be expressed, and these lymphomas are fre- 
quently CD10 negative. CD21 and/or CD23 label dense and 
sharply demarcated follicular dendritie cell (FDC) mesh- 
works. Around 10- 15% of the cases are BCL2 negative. 

In FL, Ig genes are clonally rearranged and the presence 
of “ongoing” somatic mutations, creating a intraclonal diver- 
sity, is in keeping with their GC derivation. The cytogenetic 
hallmark of FL, the t(14;18)(q32;q21) resulting in the dereg- 
ulated expression of BCL 2 protein, is detected in around 85% 
of grade 1, 2, and 3A tumours. In contrast, FL 3B and espe- 
cially those tumours with a DLBCL component frequently 
harbour BCL6 rearrangements, while BCL2 translocations 
are rarely present. 

Secondary chromosome aberrations, in particular, (partial) 
trisomies of chromosomes 1q, 7, 12, 18, and X as well 
as deletions in the short arm of chromosome 1 (1p) and 
the long arm of chromosome 6 (6q) are frequently found. 
Transformed FLs frequently acquire deletions in the short 
arms of chromosomes 9 and 17, the sites of the p16 '%*44 
and TP53 tumour-suppressor genes. The presence of a 
secondary break point in the cMYC oncogene, for example, 
t(8;14)(q24;q32) in addition to t(14;18)(q32;q21) is linked 
to a clinically very aggressive high-grade B-cell lymphoma 
with “Burkitt-like”’ morphology. 

Recently, gene expression profiling identified two gene 
expression signatures in FL with high predictive potential. 
The “immune response 1 signature” reflects the subset of 
infiltrating T lymphocytes and is associated with a favourable 
clinical course, while the “immune response 2 signature” is 
derived from macrophages and dendritic cells and confers 
inferior survival. 

Primary extranodal FL at specific localizations shows 
differences from the classical type. In particular, primary 
cutaneous FLs regularly lack the t(14;18)(q32;q21) and do 
not express the BCL2 protein. Primary FL of the duodenum 
is a localized disease that usually does not spread to other 
distant sites. 








Marginal Zone B-Cell Lymphomas (MZBL) 


M arginal zone B-cell lymphomas (M ZBLs) represent hetero- 
geneous B-cell neoplasias with a presumed origin from the 
marginal zone B cells of the follicle. Three major variants are 
described: extranodal M ZBL of mucosa-associated lymphoid 
tissue (MALT) type, splenic type, and nodal MZBL. 


Extranodal MZBL of MALT Type 


MZBLs of MALT type frequently arise at extranodal 
sites commonly devoid of a pre-existing lymphoid tis- 
sue component. MALT is primarily introduced to organs, 
such as stomach, lung, thyroid and salivary glands, ocu- 
lar adnexae, skin, or mammary gland (the most fre 
quent localizations of MZBL of MALT type) by chronic 
inflammation associated with microbial infections and/or 
autoimmune processes. Thus, gastric MZBL commonly 
arises in the background of chronic Helicobacter pylori 
(HP) gastritis, MZBL in the thyroid gland is associ- 
ated with Hashimoto thyroiditis, and salivary gland MZBL 
develops in the setting of Sjogren syndrome. Recent 
data are suggesting additional microbial agents that may 
contribute to the genesis of the MZBL, for example, 
Campylobacter jejuni in immunoproliferative small intesti- 
nal disease, Borrelia burgdorferi in primary cutaneous 
B-cell lymphoma, Chlamydia psittaci in ocular adnexae 
MZBL, and Hepatitis C Virus (HCV) in a subset of 
SMZBL. 

The majority of patients with extranodal MZBL present 
with clinical stage | or Il. 

Extranodal MZBL shows rather heterogeneous morphol- 
ogy. Commonly the tumour grows in the marginal zones; 
the follicles reactive with GCs may be preserved, colonized, 
or completely effaced. Typically the lymphoma cells invade 
the epithelial structures, forming so-called lymphoepithelial 
lesions (Figure 4). Although the presence of lymphoepithelial 
structures is highly suggestive for a MZBL of MALT type, 
it is not specific and can be seen in reactive conditions and 
also in other lymphoma types. The tumour cells are usually 
small to medium sized, with relatively broad, pale cytoplasm 
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Figure 4 Extranodal marginal zone B-cell lymphoma of MALT type. (a) Gastric lymphoma. The infiltrate colonizes the marginal zone areas of preserved 
follicles and spreads out into the mucosa and submucosa. (b) The tumour cells (centrocyte-like cells) invade and destroy epithelial structures, forming 


lymphoepithelial lesions. 
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and slightly indented “centrocytoid-like” or “monocytoid” 
nuclei. These “monocytoid” cells may be present only in 
a small part of the tumour. A plasma cell component is 
frequently prominent. Variable numbers of larger cells of 
“centroblastic” or “immunoblastic” morphology are usually 
present. 

There are no specific immunological markers for M ZBL 
of MALT type. They express pan B-cell antigens but are 
CD5, CD10, CD23, and cyclin D1 negative « and à 
immunostaining may indicate the presence of light-chain 
restriction and secretory differentiation. 

Extranodal MZBL of MALT type represents mature B- 
cell lymphomas with productively rearranged IgH genes. 
Interestingly, the VH4, VH3, and VH1 family genes known 
to be involved in autoantibody formation are preferentially 
used, suggesting a possible derivation from autoreactive 
B-cell clones. The rearranged IgV genes are usually 
mutated and occasionally show an ongoing mutation pattern 
indicative of a selective antigen pressure. 

Recurrent genetic aberrations in MALT-type lymphomas 
include trisomies of chromosomes 3, 7, 12, and 18; 
structural abnormalities at 1q21 and 1p34; and transloca- 
tions t(1;14)(p22;q32), t(11;18)(q21;q21), t(14;18)(q32;q21), 
t(3;14)(q27;q32), and t(3;14)(p13;q32). In some MALT-type 
lymphomas, disease progression and high-grade transforma- 
tion is associated with M YC rearrangements and inactivation 
or deletion of the TP53 and p16'"**# genes. 

Three translocations, t(1;14)(p22;q32), t(11;18)(q21;q21), 
and t(14;18)(q32;q21) are of particular interest, since they 
appear to be specific for this subtype of B-cell lymphoma. In 
addition, they target a common oncogenic pathway resulting 
in NF-«B activation. The translocation t(11;18)(q21;q21) 
generates a chimaeric fusion between the API2 and MALT1 
genes, whereas translocations t(1;14)(p22;q32) and t(14;18) 
(q32;q21) result in deregulated expression of BCL10 and 
MALT1, respectively, by juxtaposing them to regulatory 
sequences of the IgH gene cluster. Cytogenetically, t(11;18) 
is almost always the sole chromosomal aberration, in contrast 
to t(11;18)-negative tumours that often show other alterations 
such as trisomies 3, 12, and 18 and allelic imbalances. 
Importantly, gastric MALT lymphomas with t(11;18) do not 
respond to H. pylori- eradication therapy and also rarely 
undergo high-grade transformation. These data suggest that 
lymphomas carrying the t(11;18)(q21;q21) may constitute a 
distinct subgroup of MALT-type lymphoma that may require 
specific treatment strategies. 

The translocations t(1;14)(p22;q32) and t(1;2)(p22;p12) 
occur in less than 4% of MALT-type lymphomas. BCL10, the 
target gene of these translocations, specifically links antigen 
receptor signalling to the NF-«B pathway. Wild-type BCL10 
protein is expressed in the cytoplasm in normal GC and 
marginal zone B cells. MALT-type lymphomas with translo- 
cations t(1;14)(p22;q32) and t(1;2)(p22;p12) show strong 
nuclear BCL10 labelling, as is also the case in t(11;18) pos- 
itive tumours. In addition to the t(11;18)(q21;q21), MALT1 
is also targeted by the translocation t(14;18)(q32;q21) and 
by genomic amplifications. Interestingly, the frequencies of 
different genetic aberrations are rather variable, depending 
on the localization of the primary tumour. 


Splenic MZBL (+ Villous Lymphocytes) 


Splenic marginal zone lymphomas (SM ZBLs), a distinctive 
type of primary splenic lymphoma, have to be differentiated 
from splenic involvement occurring in B-CLL, B-PLL, MCL, 
immunocytoma, and FL. SMZBL usually infiltrates the 
spleen and the bone marrow. Peripheral lymphadenopathy 
is uncommon but hilar splenic and abdominal lymph nodes 
may be involved, and leukaemic presentation is frequent. 
SMZBL is a rare disease and usually follows an indolent 
course. 

The tumour cells characteristically infiltrate the splenic 
marginal zone and, on the cytological level, resemble extra- 
nodal MALT-type MZBL cells. In most cases, the central 
parts of the splenic white pulp nodules are composed of 
small lymphoid cells with dark nuclei, which merge with 
Surrounding, slightly larger, sometimes “monocytoid-like” 
cells with a pale and rather broad cytoplasmic rim. Trans- 
formed blasts may be interspersed. The splenic red pulp is 
involved to varying degrees. In splenic hilar lymph nodes, 
sinuses are generally preserved and distended, and the infil- 
trate surrounds and colonizes GCs. About one-third of cases 
may present with a leukaemic course with the appearance of 
so-called villous lymphocytes in the peripheral blood. Bone 
marrow infiltrates are characteristically seen in the intertra- 
becular area and the presence of sinusoidal infiltration is very 
suggestive for the diagnosis of SM ZBL (Figure 5). 

The tumour cells express pan B-cell antigens and IgM, 
but are CD5, CD10, and CD23 negative. In contrast to 
MALT-type MZBL, they are, in most cases, IgD positive. 
Plasmacytic differentiation, as in other types of MZBL, may 
occur. 

Recent studies indicate that these tumours, similar to CLL, 
may harbour unmutated or mutated IgV „ genes, thus being 
derived from naive or antigen-experienced B cells. The pat- 
tern of IgV gene usage (biased usage of Vy1— 2 gene 
family) and the finding of somatic hypermutations in some 
cases suggest an antigen-driven lymphomagenesis. In line 
with these findings, a possible relationship between HCV 
infection and SM ZBL has recently been established. Cyto- 
genetic and molecular genetic studies have demonstrated 
that approximately 45% of SMZBLs harbour allelic losses 





Figure 5 Splenic marginal zone B-cell lymphoma. The cut surface of the 
spleen shows a prominence of tiny nodules representing infiltrated white 
pulp structures. Note that there is no merging of nodules in contrast to 
B-CLL splenic infiltrations. 
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Figure 6 Nodal marginal zone B-cell lymphoma. Preserved follicles are 
surrounded by neoplastic cells invading and broadening the perifollicular 
marginal zone. 


in the 7q32-q33 chromosome region and these cases are 
possibly more aggressive clinically. Other cytogenetic alter- 
ations include trisomies 3, 5, and 18; +9q, +12q, +20q; 
and translocations t(10;14)(q24;q32), t(6;14)(p12;q32), and 
t(2;7)(p12;q22) with deregulation of cyclin D3 and CDK6. 
Recent gene expression profiling studies confirm the homo- 
geneity of this disease entity at the molecular level and point 
to different pathways that may be involved in lymphomage- 
nesis. The molecular signature of SMZBL includes upregu- 
lation of several genes involved in NF-«B activation, B-cell 
receptor and tumour necrosis factor (TNF) signalling, and 
genes associated with the splenic microenvironment (SELL, 
LPXN ). Genes located in the 7q31-q32 deletion region have 
been reported to be downregulated. 


Nodal MZBL 


Nodal MZBLs, by definition, are malignant lymphomas 
primarily manifesting in lymph nodes with no evidence for 
extranodal or splenic manifestation. 

The tumour shows a parafollicular/perisinusoidal or diffuse 
distribution, and frequently colonizes the residual follicle and 
GCs (Figure 6). 

The small- to medium-sized tumour cells may resemble 
marginal zone B cells with “centrocytoid” nuclei and clear 
cytoplasm. Secretory differentiation with a plasmacytoid 
component is frequently present. In most cases, large B cells 
are seen. Nodal MZBL express pan B-cell markers and lack 
GC markers (CD10, BCL6), CD5, CD23, and cyclin D1. 
Some cases express |gD always in combination with IgM. 

Two morphological variants are described: splenic type 
and MALT type. The nodal MZBL of splenic type shows 
a vaguely nodular, polymorphic proliferation of lymphoid 
cells that tend to surround and efface the GCs. The mantle 
zone is usually absent and the larger cells are localized 
at the periphery of the nodules. The lymphoma cells are 
IgD positive and negative for CD5, CD23, and cyclin 
D1. In MALT-type nodal M ZBL, the cells frequently have 
monocytoid appearance and perivascular, perisinusoidal, and 
parafollicular growth pattern. The mantle zone is preserved 
and the tumour cells are |gD negative. 


Most of the cases have mutated immunoglobulin genes, 
indicating postgerminal centre derivation; however, tumours 
with unmutated immunoglobulin genes have been also 
reported. 


Lymphoplasmacytic Lymphoma (LPL) 


Lymphoplasmacytic lymphoma (LPL) is a disease that affects 
older adults, with a male predominance. Commonly, the 
patients present with bone marrow and splenic infiltrations, 
which clinically correspond to Waldenstrom macroglob- 
ulinaemia. Monoclonal serum IgM _ paraproteins, autoim- 
mune phenomena, cryoglobulinaemia, and hyperviscosity 
syndromes are typical. 

The diagnosis of LPL is, to some extent, based on the 
exclusion of the other low-grade B-cell lymphomas that 
present with secretory differentiation. By definition, the 
tumour lacks features of B-CLL, MCL, FL, or marginal zone 
lymphomas. In the lymph node, there is a diffuse efface- 
ment of the normal architecture; however, the preserved 
“naked” GCs are sometimes spared. The infiltrate consists 
of a mixture of small lymphocytes, plasmacytoid cells, and 
mature plasma cells. The demonstration of a monoclonal 
cytoplasmatic light-chain restriction is a defining feature of 
the disease. I ntranuclear immunoglobulin inclusions (Dutcher 
bodies) are frequently observed. In some cases, the sinuses 
are preserved and even widened, and plasmacytoid cells may 
accumulate around them. In rare cases, a prominent epithe- 
lioid cell reaction may be seen. 

The tumour cells express pan B-cell markers and IgM and 
are CD5/CD10 negative. 

LPL is a poorly defined disease, difficult to discriminate 
from MZBL; therefore, there are no consistent data 
on associated genetic abnormalities. The translocation 
t(9;14)(p13;q32) resulting in PAX5 deregulation has been 
reported in LPL cases. However, subsequent studies did not 
confirm these data. 


Diffuse Large B-Cell Lymphomas (DLBCL) 


DLBCLs represent around 30- 40% of adult NHL. Typically, 
patients present with a single, rapidly enlarging symptomatic 
mass at a single nodal or extranodal site. About one-third 
of the DLBCLs are primary extranodal in origin, while the 
majority of cases arise in lymph nodes or other lymphatic 
organs, such as the tonsils or spleen. 

Morphologically, as well as clinically, DLBCL represents 
a very heterogeneous group of diseases and contains differ- 
ent subentities. The normal architecture of the lymph node or 
extranodal tissue is partially or completely replaced by the 
tumour, which shows diffuse, perifollicular, sinusoidal, or 
mixed growth pattern. Principally, the tumour cells are large 
blastoid lymphoid cells with moderately to deeply basophilic 
cytoplasm, open chromatin, and prominent nucleoli. Several 
morphological variants are described in the WHO classifica- 
tion (see Table 1). 
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Figure 7 Diffuse large B-cell lymphoma. (a) Centroblastic variant. Tumour cells are medium to large sized and possess a narrow rim of moderately 
basophilic cytoplasm. The nuclei are round to oval. Within the vesicular nuclear chromatin, 1-3 nucleoli are attached to the nuclear membrane. 
(b) Immunoblastic variant. Tumour cells are large with abundant cytoplasm, vesicular nuclei, and a single prominent central nucleolus. (c) DLBCL, 
intravascular subtype. The blastic tumour cells are seen in the lumina of medium-sized vessels. (d) DLBCL, mediastinal (thymic) large cell subtype. 


Tumour cells of large size are embedded in a sclerosing stroma. 


The centroblastic variant is characterized by a monomor- 
phic or polymorphic tumour cell population composed of 
cells with round to oval nuclei, a vesicular chromatin struc- 
ture, and several nucleoli at the nuclear membrane. In some 
cases, the cells may be multilobulated. By convention, the 
centroblastic variant may be polymorphous and as much as 
90% immunoblasts may be present (Figure 7a). 

The immunoblastic variant of DLBCL is composed of 
>90% large cells with a central prominent nucleolus and 
deeply basophilic cytoplasm. Plasmoblastic differentiation is 
frequent (Figure 7b). 

T-cell or histiocyte-rich large B-cell lymphoma is char- 
acterized by a prominent inflammatory background, rich in 
mature T lymphocyte and a variable number of histiocytes. 
The tumour cells usually constitute less than 10% of the total 
cells and resemble centroblasts, immunoblasts, L&H cells, or 
Reed- Sternberg cells. Small B lymphocytes are very scarce 
or completely lacking in the background. 

Anaplastic DLBCL is characterized by partial involve- 
ment of the lymphoid tissue and a cohesive and/or sinusoidal 
growth pattern. The cells are very polymorphic and some- 
times multinucleated, resembling Reed- Sternberg cells of 
Hodgkin's lymphoma. 

DLBCLs, in all variants, consistently express B-cell- 
associated antigens (CD20 and CD79a). Other molecules, 
such as GC markers (BCL6 and CD10), activation marker 
CD30, BCL2 protein, and plasma cell marker CD138 are 


variably present. CD5 expression defines a separate variant, 
that is, CD5* DLBCL. The proliferation rate detected by 
Ki-67 immunoreactivity varies from 40 to >90%. 

DLBCLs usually have productively rearranged and 
somatically mutated immunoglobulin genes. A range of 
genetic aberrations reported in DLBCL includes chromo- 
somal translocations frequently affecting the immunoglob- 
ulin genes, mutations, and genomic imbalances. The most 
common translocation targets the BCL6 gene on chromo- 
some 3q27 in 30-40% of DLBCLs, juxtaposing it to the 
immunoglobulin heavy or light-chain genes or alternative 
translocation partners. Furthermore, the BCL6 gene may 
be inactivated by somatic mutations or methylation in the 
promoter region. Around 20% of the cases harbour the 
translocation t(14;18)(q32;q21), which results in deregulation 
of the BCL2 proto-oncogene, and in 5- 10% of cases struc- 
tural aberrations on 8q24/MYC gene are reported. Various 
other chromosomal translocations reported in DLBCL are 
relatively infrequent. Interestingly, a recent study indicates 
the association of the translocation t(9;14)(p13;q32) affect- 
ing the PAX5 gene with T-cell or histiocyte-rich large B -cell 
lymphoma, which may help the diagnosis of this DLBCL 
subtype. 

Aberrant somatic hypermutations affecting different onco- 
genes (often the same ones involved in chromosomal 
translocations) result in their deregulated expression in 
a subset of DLBCL. This mechanism is described for 
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MYC, BCL6, PAX5, RHO-H/TTF, and FAS genes. TP53 
tumour-suppressor gene may be inactivated by deletions and 
mutations. 

Gene expression profiling defines at least two, and possibly 
more, molecular subtypes: DLBCLs with a GC B-cell-like 
profile of gene expression (GCB profile) that resembles reac- 
tive germinal centre cells and DLBCLs that express genes 
more related to activated B cells (ABC profile) of non-GC 
origin. The recognition of these molecular subtypes has a 
major clinical impact since the patients have significantly 
different outcome. In addition, these two groups are char- 
acterized by different genetic abnormalities. In particular, 
BCL2 translocations and amplifications of the REL/BCL11A 
locus are strongly associated with the GCB type of DLBCL, 
whereas chromosomal gains/amplifications of 3q and 18q are 
predominantly detected in the ABC-type DLBCL. 

Inthe WHO classification, primary mediastinal (thymic) B- 
cell lymphoma is listed as a separate disease entity possibly 
derived from thymic B cells. The tumours commonly arise 
in the anterior mediastinum of younger (30- 40 years of age) 
patients, with a female predominance. 

Morphologically this lymphoma is characterized by promi- 
nent sclerosis and proliferation of large cells with abundant 
clear cytoplasm. Frequently, the differential diagnosis with 
nodular sclerosis Hodgkin's lymphoma is required. 

The lymphoma cells express B-cell-associated antigens but 
typically lack immunoglobulin molecules. CD30 expression 
is variable, CD10 and CD5 are absent. CD23 and MAL 
expression are typical for primary mediastinal large B-cell 
lymphoma. 

Similar to Hodgkin’s lymphoma, these tumours carry 
rearranged and mutated immunoglobulin genes, although 
they do not express B-cell receptors. REL and MAL are 
frequently amplified, and a subset of cases carry deletions 
or mutations of tumour-suppressor gene SOCS1. Recent gene 
expression profiling studies indicate that primary mediastinal 
B-cell lymphoma is biologically more closely related to 
Hodgkin’s lymphoma than to DLBCL of GCB or ABC types. 

Intravascular (angiotropic) B-cell lymphoma is a rare 
disease characterized by the almost exclusive infiltration of 
small- to medium-sized blood vessels by large B blasts. 
Lymph nodes are rarely involved, and the diagnosis is 
commonly rendered through organ biopsies derived from the 
skin, the CNS, or the renal parenchyma (Figure 7c). Asian 
(Japanese) and western subtypes of the disease have been 
described; the first one is more frequently associated with 
bone marrow involvement and haemophagocytic syndrome. 
Chromosomal abnormalities at 1p and trisomy 18 have been 
reported. 

Primary effusion lymphoma (PEL) represents a rare body 
cavity lymphoma caused by human herpesvirus type 8 
(HHV8) infections. Most commonly, however not exclu- 
sively, PEL arise in the setting of advanced human immun- 
odeficiency virus (HIV) infection. Patients usually present 
with massive effusions, absence of solid masses, and lym- 
phadenopathy. The tumour cells are large with immunoblas- 
tic/plasmoblastic morphology and express CD45, CD138, 
CD30, and CD38 in the absence of B-cell markers. Immuno- 
histochemically the nuclei are positive for HH V 8-associated 


latent protein. In approximately 70- 80% of patients, coinfec- 
tion with Epstein-Barr virus (EBV) occurs. At the molecular 
level, the immunoglobulin genes are clonally rearranged and 
mutated. 

There are other characteristic clinicopathological manifes- 
tations of DLBCLs that are currently regarded as provisional 
entities. Among these are primary central nervous system 
lymphomas (PCNSLs), a rare type of extranodal lymphoma 
that develops in the brain, leptomeninges, spinal cord, or eyes 
and typically remains confined to the CNS. The patients with 
congenital and acquired immunodeficiencies are at increased 
risk for development of PCNSL. The tumour is composed of 
centroblasts and immunoblasts, with a characteristic predilec- 
tion for the small blood vessels. All HIV-related cases 
harbour EBV and, in addition to B-cell markers, express 
activation-associated antigens (CD30, CD38). Plasmoblas- 
tic lymphoma frequently arises in HIV settings and shows 
predilection to the mucosa sites. The tumour grows cohe- 
sively and consists of large blastic cells with basophilic 
cytoplasm and eccentric nuclei that lack CD20, but express 
plasma cell-associated markers. Primary extranodal DLB- 
CLs at specific localizations also present with characteristic 
clinical features and at least some of them probably represent 
a separate subtype, for example, primary cutaneous DLBCL, 
of so-called leg type, and testicular large B-cell lymphoma. 

Notably, the uniqueness of specific subtypes and prog- 
nostic markers is relevant in the settings of certain ther- 
apeutic approaches. The introduction of the anti-CD20 
antibody rituximab to the therapeutic scheme results in sig- 
nificantly improved survival in DLBCL patients. However, 
the patients of poor prognosis groups (e.g., BCL2 positive, 
ABC type) benefit more from the rituximab-based therapies. 
Therefore the significance of prognostic markers should be 
reconsidered. 


Burkitt’s Lymphoma (BL) 


Currently, three forms of BL are recognized that occur in 
different clinical settings: an endemic form (eBL) found in 
equatorial Africa and Papua New Guinea, a sporadic form 
(SBL) arising in non-endemic areas, and human immunod- 
eficiency virus-associated Burkitt's lymphoma (HIV-BL). 
Although BL comprises only 1-2% of all lymphomas in 
western Europe and the United States, it represents 30- 50% 
of childhood lymphomas in the same regions and 25-35% 
of all HIV-related lymphomas, and it is the most common 
childhood malignancy in the endemic areas. 

BLs typically present at extranodal localization: in African 
cases, the jaws and other facial bones are commonly affected; 
in non-endemic cases, frequent localization occurs in the dis- 
tal ileum, caecum, ovary, and breast. Leukaemic presentation 
is frequent. Almost all endemic cases and around 20-30% 
of sporadic cases are associated with EBV infection. 

BL shows a cohesive growth pattern and is composed of 
monomorphic small- to medium-sized cells with basophilic 
cytoplasm and round nuclei with several, usually inconspicu- 
ous, nucleoli. Cytoplasmic vacuolization is a prominent fea- 
ture on cytological preparations. The proliferation rate is very 
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Figure 8 Burkitt's lymphoma. (a) Gangoza mask from equatorial Africa 
(courtesy of Prof. Seeliger, Wurzburg, Germany) illustrating the char- 
acteristic infiltration of the jawbones and the ensuing displacement of 
midfacial structures in endemic (African) cases. (b) Low-power view of 
a lymph node showing cohesive sheets of medium-sized blasts with inter- 
spersed macrophages imparting a “starry sky” pattern. (c) High-power view 
illustrating medium-sized blasts with round nuclei, coarsely reticulated chro- 
matin, and small nucleoli. 


high - almost 100% of tumour cells with numerous mitoses 
and apoptotic cells (Figure 8). Large macrophages with a 
broad cytoplasm and ingested apoptotic tumour cells (“tingi- 
ble body macrophages”) are regularly present, thus imparting 
a characteristic histological “starry sky” appearance to the 
tumour. Plasmacytoid differentiation is more frequently asso- 
ciated with HIV -positive cases. The term atypical BL is used 
for tumours with a certain degree of cytological polymor- 
phism, the presence of larger cells, and/or more prominent 
nucleoli. 


BLs express pan B-cell (CD19, CD20, CD22, CD79a) and 
GC-associated (CD10, BCL6) markers. BCL2 is absent and 
its expression frequently indicates a transformed lymphoma 
with “Burkitt-like” morphology (see the following text). 

Most cases carry a reciprocal translocation t(8;14)(q24; 
q32) or one of its variants resulting in the deregulation 
of the MYC gene. Interestingly, both the 8q24 and 14932 
chromosomal break points differ at the molecular level in 
endemic and sporadic BL patients, suggesting that differ- 
ent mechanisms and, therefore, different stages of B-cell 
development, are involved in the generation of chromosomal 
break points (e.g., IgH hypermutation and IgH class switch 
recombination, respectively). MYC translocation is usually a 
single chromosomal abnormality in BL, while in DLBCL it 
is part of a complex karyotype. BCL2 and MYC chromo- 
somal translocations are concomitantly present in clinically 
very aggressive lymphoma, usually derived through transfor- 
mation of a pre-existing FL. TP53 is inactivated in around 
30% of the cases. 

The recognition and prompt diagnosis of BL versus 
DLBCL bears important clinical implications, as BL patients 
benefit from specific therapy regimens. A DLBCL subtype, 
composed of small, monomorphic centroblast with a high 
proliferation rate morphologically resembles BL, but usually 
does not show the MYC break. In addition, both tumours, 
DLBCL and BL, may have identical immunophenotypes and 
a proportion of DLBCL cases harbour the MYC transloca- 
tion. This problem was approached by recent gene expression 
studies that demonstrate a relatively homogeneous profile 
of BL, with the molecular Burkitt signature being different 
from GCB- and ABC-type DLBCL. BL expression signa- 
ture is characterized by overexpression of M YC -target genes 
and GC-associated genes and downregulation of HLA class 
| genes and NF-«B-target genes. 


B-Cell Lymphomas Rarely Infiltrating Lymph Nodes 


Plasmacytoma is a bone marrow disease and rarely man- 
ifests in lymph nodes and other extramedullary sites. It is 
of note that purely extramedullary cases have a favourable 
clinical course. Plasmacytomas represent a tumorous prolif- 
eration of neoplastic plasma cells, showing variable mor- 
phology and degree of anaplasia. Increased angiogenesis is 
an important feature of this tumour and correlates with dis- 
ease activity and progression. The formation of the new 
blood vessels is induced by malignant plasma cells and is 
related to the expression of proangiogenic cytokines. Plasmo- 
cytomas/multiple myelomas harbour monotypic cytoplasmic 
Ig (IgG, IgA, and rarely IgD or IgE or immunoglobulin light 
chains only). A majority of the cases are CD20 negative 
and variably express CD 79a. CD 138 (syndecan) is regularly 
expressed on the cytoplasmic membrane. CD56 labels a pro- 
portion of cases with medullary (bone marrow) involvement. 

The development of bone disease in multiple myeloma 
patients is caused by imbalance between the activity of osteo- 
clasts and osteoblasts. In particular, there is an increase of 
RANKL and a reduction of its decoy receptor, osteoprote- 
grin, that result in osteoclast activation and bone resorption. 
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The repairing activity of the osteoblast is also inhibited by 
increased levels of IL-3, IL-7, and DKK1. 

More than one-half of multiple myeloma patients carry 
translocations involving the IgH locus and the remaining 
patients have hyperdiploidy as the hallmark of their dis- 
ease. Four major IgH translocation partners are identified, 
11q13/cyclin D1, 4p16/FGFR3/MMSET, 6p21/cyclin D3, 
and 16q23/c-M AF, with the latter two also involved in Iga 
translocation. Other recurrent translocations that occur less 
frequently involve 20q11/MAF-B and 6p25/IRF-4/MUM-1. 
Current data suggest that specific cytogenetic abnormalities 
are associated with particular gene expression profiles and 
confer unique clinical features and therapeutic responses. The 
t(4;14) translocation, with or without FGFR3 expression, is 
an unfavorable prognostic factor in MM patients treated with 
either conventional or high-dose chemotherapy. Limited data 
indicate that t(14;16) is associated with a similar poor clinical 
outcome. Of note, there is a high prevalence of complete or 
partial deletion of the long arm of chromosome 13q or mono- 
somy 13 (A13). Among patients with t(4;14) and t(14;16), 
the A13 variant on its own already represents an adverse 
prognostic factor both in patients treated with conventional 
and high-dose chemotherapy. The data on the prognostic 
value of t(11;14) in MM tumours are controversial; however, 
most of the recent studies indicate that MM patients with 
t(11;14) have a marginally better survival following con- 
ventional chemotherapy. Of note, the outcome significantly 
improves in patients treated with high-dose chemotherapy 
and stem cell support. The t(11;14) translocation is associ- 
ated with an oligosecretory and non-secretory variant, CD 20 
expression, and lymphoplasmacytic morphology. Some cases 
express IgM instead of IgG or IgA. There are limited data 
available on MM patients who carry t(6;14)(p21;q32) and 
t(6;14)(p25;q32); therefore, the clinical implication and prog- 
nostic significance of these translocations remain enigmatic. 

Hairy cell leukaemia commonly involves the spleen, bone 
marrow, and peripheral blood. Lymphadenopathy is rare. 
The bone marrow infiltration is interstitial or patchy, associ- 
ated with an increase of the reticulum fibres and “dry tab”. 
The cells are widely spaced with a rather broad, pale cyto- 
plasm and small, bean-shaped nuclei. In the peripheral blood, 
circulating tumour cells show characteristic “hairy” cyto- 
plasmic projections. Splenic involvement occurs in the red 
pulp. The characteristic immunophenotype CD5~, CD10-, 
CD23-, CD1lc*, CD25*, CD103*, DBA44*, along with 
its unique clinical features (prominent splenomegaly, bone 
marrow infiltration, leukopaenia, and amonocytosis), helps 
in the diagnosis. Cyclin D1 is expressed in a majority of 
the cases. However, no underlying cytogenetic abnormality 
at the 11q13/cyclin D1 locus is reported. 


LYMPHOMAS OF T-CELL LINEAGE 


Peripheral T- and T-/NK Cell Neoplasias 


Peripheral T- and T/NK (natural killer) cell lymphomas 
account for approximately 7- 12% of all NHLs and are much 


more frequent in Asia, and Central and South A merica than 
in western Europe and the United States. 


T-Cell Prolymphocytic Leukaemia (T-PLL) 


T-cell prolymphocytic leukaemia (T-PLL) is a disease that 
affects older adults. Patients present with marked leukocyto- 
sis (100 x 109/1) and bone marrow, spleen, liver, lymph node, 
and cutaneous infiltration. The disease follows an aggressive 
clinical course. 

T-PLL diffusely infiltrates the paracortical lymph node 
areas, sometimes sparing pre-existing follicles. Tumour cells 
are small to medium sized with scant cytoplasm and have 
irregularly shaped, occasionally cerebrifom nuclei. High- 
endothelial venules are frequently present, often containing 
tumour cells within both the lumens and vessel walls, so that 
the vessel walls appear to be transmigrated by the tumour 
(Figure 10). The spleen and bone marrow are diffusely 
infiltrated. 

T-PLL cells lack TdT and CD1a and express CD2, CD3, 
CD5, and CD7. M ost cases are CD 4 positive, some coexpress 
C4 and CD8, and rare cases are double negative or CD8 
positive. 





Figure 9 Precursor T-cell lymphoblastic leukaemia/lymphoma. The 
tumour cells have round to irregular nuclei, a faint dustlike chromatin and 
scant cytoplasm. Note some interspersed large macrophages. 





Figure 10 T-cell prolymphocytic leukaemia. A characteristic hallmark of 
the disease is the transmigration of neoplastic cells through the walls of 
numerous high-endothelial postcapillary vessels. 
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Figure 11 Enteropathy-type T-cell lymphoma. The neoplastic cells invade 
preserved epithelial structures of the mucosa adjacent to a deeply ulcerated 
small intestinal tumour. 


The TCR genes are clonally rearranged. In around 
80% of cases, a characteristic chromosomal aberration, 
inv(14)(q11;q32), occurs, juxtaposing the TCL-1 oncogene 
at 14q32 to the TCR a/é locus. Abnormalities of chromo- 
some 8 and deletion of the ATM gene at 11q23 are frequently 
reported. 


Large Granular Lymphocyte (LGL) Leukaemia 


Large granular lymphocyte (LGL) leukaemia represents a 
heterogeneous lymphoproliferative disease (LPD), deriving 
either from mature T cells or from NK cells. Both sub- 
types can follow an indolent or aggressive clinical course. 
Patients usually present with cytopaenias, recurrent bacte- 
rial infections, autoimmune disorders, and mild to moderate 
splenomegaly. U p to 30% of the patients develop rheumatoid 
arthritis. 

Peripheral blood smears show an increased number of LGL 
cells, characterized by abundant cytoplasm with multiple, 
coarse, azurophilic granules. The bone marrow biopsy typ- 
ically shows discrete interstitial and sinusoidal infiltration. 
Splenic red pulp is involved, while the white pulp is spared. 

Most frequently, there is a T-cell-associated phenotype 
with aCD3*, TCR @/pt, CD8t, CD16*/-, CD56, CD57" 
marker constellation. Rare cases show an NK cell phenotype 
(CD3-, CD16*, CD56*) and are associated with a more 
aggressive clinical course. Clonal rearrangement of the TCR 
genes is detected in the cases with T-cell phenotype. 

Less than 10% of patients harbour chromosomal aberra- 
tions, including inversions of 12p and 14q; 5q deletion; and 
trisomy of chromosomes 3, 8, and 14. The deletion of 6q is 
frequently associated with a more aggressive clinical course. 








Adult T-Cell Leukaemia/Lymphoma (ATLL) 


The disease is caused by human T-cell leukaemia virus 
type 1 (HTLV-1), and its geographical distribution is closely 
linked to the prevalence of HTLV-1 in populations. The 
endemic regions are Japan (Kyushu Island), the Caribbean, 


and parts of central Africa, and South America, while in 
Western countries adult T-cell leukaemia/lymphoma (ATLL) 
is extremely rare. ATLL is classified into four subtypes on 
the basis of the clinicopathological features and prognosis: 
acute, lymphoma, chronic, and smouldering types. Patients 
present with a variable number of circulating tumour cells, 
hypercalcaemia, lymphadenopathy, and bone marrow and 
multiple organ involvement. 

Tumour cells show significant variations in size and shape. 
Irregular, indented, and multilobulated nuclei are common in 
the peripheral blood (so-called flower cells). M ultinucleated 
giant cells, similar to Reed-Sternberg cells may also be 
present. 

The tumour cells usually express a regulatory T-cell phe- 
notype (CD3*, CD4*, CD25*, CD52+, FOXP3t, CCR4*) 
and lack CD7. The giant cells are CD30 positive. 

The TCR genes are clonally rearranged. The diagnosis of 
the disease is based on the evidence of clonal integration of 
HTLV-1 in tumour cells. Multiple chromosomal abnormali- 
ties (at 1p, 1p22, 2q, 3q, 14q, and 14q32) are reported and 
the high degree of chromosomal instability is associated with 
poor prognosis. 





Hepatosplenic T-Cell Lymphoma (HSTCL) 


Hepatosplenic T-cell lymphoma (HSTCL) is a rare dis- 
ease, predominantly affecting young males (median age 
of 35years) with an aggressive clinical course (median 
survival of 16months). Patients present with prominent 
hepatosplenomegaly and thrombocytopaenia; anaemia, neu- 
tropaenia, and peripheral blood and bone marrow involve- 
ment are also often seen. 

HSTCL typically infiltrates sinuses in the liver, bone 
marrow, and splenic red pulp. Tumour cells are usually 
monomorphic, medium-sized cells, with pale cytoplasm 
and round to ovoid nuclei with condensed chromatin and 
inconspicuous nucleoli. Erythrophagocytosis is frequently 
seen in the spleen and bone marrow. 

Characteristically, the tumour cells are positive for cyto- 
toxic granule-associated protein TIA-1 but not for perforin 
and granzyme B, indicating a non-activated cytotoxic pheno- 
type. They express CD3, CD7, CD56, and TCR y/6 and are 
CD5, CD4, and CD8 negative. TCR a/f phenotype is also 
reported. 

HSTCL most likely derives from the y/é T cells in the 
hepatic sinusoids and splenic red pulp, and the majority 
of the patients demonstrate clonal TCR y and ô gene 
rearrangement. Isochromosome 7q10 represents a typically 
recurrent chromosomal abnormality in y/8 types of HSTCL. 


Angioimmunoblastic T-Cell Lymphoma (AITL) 


Angioimmunoblastic T-cell lymphoma (AITL), also known 
as angioimmunoblastic lymphadenopathy with dyspro- 
teinaemia, accounts for 2-4% of all lymphomas and 
15-20% of T-cell lymphomas. AITL affects older patients 
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(median age of 64years) and is commonly a systemic 
disease with generalized lymphadenopathy and variable 
organomegaly, B symptoms, skin rash, arthritis, and a spec- 
trum of immunologic abnormalities. 

The disease typically follows an aggressive clinical course. 
Secondary aggressive lymphomas of T- or B-cell type may 
occur and often are EBV associated. 

The normal nodal architecture is effaced by diffuse poly- 
morphic lymphoid infiltration with usually open and dilated 
subcapsular sinuses. Regressed or hyperplastic follicles can 
be seen. The tumour is composed of a mixture of small- 
and medium-sized lymphocytes, frequently with clear cyto- 
plasm admixed with plasma cells, eosinophils, follicular 
dendritic cells, and clusters of epithelioid histiocytes. Large 
basophilic cells with prominent, sometimes multinucleated, 
nucleoli are regularly present. Numerous small arborizing 
high-endothelial venules with PAS-positive vessel walls are 
characteristic and frequently extend beyond the lymph node 
capsule (Figure 12). 

The tumour cells show the phenotype of GC T-helper 
cells and express the T-cell-associated antigens CD4, CD10, 
CXCL13, and CXCR3. Expanded and loosely structured 
follicular dendritic cell clusters are recognized on staining 
with FDC markers such as CD21 or CD23. The large blastic 
cells express B-cell markers and variably express CD30 and 
CD15. EBV genome is demonstrated in almost all cases and 
is confined to the B-cell component. 

TCR genes are rearranged in approximately 70% of 
the cases; however, BCR rearrangement is also detected 
in approximately 20-30% of cases, probably reflecting 
the presence of clonal EBV -associated B-cell expansion. 
Trisomies 3 and 5 and, less frequently, an additional X 
chromosome are recurrent chromosomal aberrations. The 
presence of a complex karyotype is associated with inferior 
survival. 


Peripheral T-Cell Lymphoma, Unspecified 
(PTCL-NOS) 


Peripheral T-cell lymphoma, unspecified (PTCL-N OS), com- 
prises approximately 60-70% of nodal T-cell lymphomas 


and 5- 7% of all lymphomas. Although PTCL-NOS is listed 
as a single disease in the WHO classification, it actually con- 
sists of different biological entities, which, however, cannot 
be reliably distinguished in routine practice. 

PTCL-NOS is a predominantly nodal lymphoma and 
affects adult patients (median age of 61lyears). Skin, liver, 
spleen, and bone marrow are frequently involved. 

The morphological spectrum of PTCL-NOS is extremely 
broad. The lymph node architecture is partially or completely 
effaced by the infiltration of tumour cells with small, 
medium-sized, and/or large atypical cells or a mixture of all 
types with irregular, pleomorphic nuclei. In some cases, large 
cells similar to Hodgkin and R eed- Sternberg (HRS) cells are 
present (Figure 13). The background infiltrate is composed of 
variable numbers of eosinophils, epithelioid histiocytes, and 
plasma cells. High-endothelial venules are frequently very 
prominent. 

The tumour cells express T-cell-associated antigens, 
although one of the mature T-cell markers (CD5 or CD7) 
may frequently be lost. CD30 variably labels the large cell 
component. 

Three morphological variants are recognized: a diffuse 
type, the follicular/perifollicular type, and the lymphoep- 
ithelioid type. The diffuse variant is characterized by small, 
medium-sized, or large cell proliferations effacing the struc- 
ture of the involved tissue. The tumour cells are usually CD4 
positive; however, they can be double (CD4, CD8) nega- 
tive and/or express cytotoxic granule-associated markers. The 
follicular/perifollicular variant shows a specific infiltration 
pattern associated with the lymphoid follicles and a very spe- 
cific immunophenotypic profile with coexpression of CD4, 
BCL6, CD10, and CXCR3. The lymphoepithelioid variant, 
previously known as Lennert’s lymphoma, contains numer- 
ous Clustered epithelioid histiocytes. The tumour cells are 
CD8 positive. 

The TCR genes are clonally rearranged in most cases. 
The cytogenetic data are still limited. Recurring aberrations 
have been described such as trisomy of chromosomes 3, 5, 
7, and X and deletions affecting lp, 6q, and 17p. PTCL- 
NOS of the large cell type is frequently characterized by a 
tetraploid karyotype. Recurrent chromosomal translocations 
are reported: affecting ITK /SYK, and the BCL3 gene and 





Figure 12 Angioimmunoblastic T-cell lymphoma. The lymph node archi- 
tecture is diffusely effaced. Note conspicuous proliferation of arborizing 
high-endothelial vessels. 


Figure 13 Peripheral T-cell lymphoma (unspecified). There is a predom- 
inance of medium- to large-sized cells with moderate to broad cytoplasm 
and irregular nuclei varying in size and shape. 
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TCR a/d5 locus. However, they are relatively infrequent. 
Genomic imbalances identified by comparative genomic 
hybridization (CGH) seem to be more characteristic. Thus, 
the most frequent recurrent genetic losses in PTCL-NOS 
were encountered in 13q, 6q, 9p, 10g, 12q, and 5q, while 
gains were observed in 7q, 17q, 16p, 8q, 9q, and others. 


Anaplastic Large Cell Lymphoma (ALCL) 


ALCL can be subdivided into cutaneous and systemic 
and anaplastic lymphoma kinase (ALK )-positive and ALK - 
negative forms. This tumour is first defined on the basis of 
CD30 expression. However, this marker is highly associated, 
but not specific for ALCL, and CD30-positive lymphomas 
are seen among other NHL entities (e.g., PTCL-NOS, 
DLBCL). 

ALCL, the systemic form, mainly affects the lymph 
nodes although extranodal sites may also be involved. ALK - 
positive patients are younger, with significantly better clinical 
prognosis. 

The tumour is composed of large lymphoid cells with 
abundant cytoplasm and large pleomorphic nuclei with 
prominent nucleoli. The tumour cells are often arranged in 
cohesive sheets and infiltrate the marginal and intermediate 
sinuses of the lymph node, suggesting involvement by a solid 
tumour at first glance (Figure 14). In addition to this common 
type, a small cell variant and a so-called lymphohistiocytic 
variant have been defined. In the small cell variant, the 
infiltrate is mainly composed of small- to medium-sized cells 
with irregular nuclei but the characteristic large “anaplastic” 
blasts are also present. In the lymphohistiocytic variant of 
the disease, the tumour cells comprise only a minority of the 
infiltrate. There are numerous histiocytes, frequently with a 
broad and foamy cytoplasm greatly obscuring the neoplastic 
cells. Other variants, for example, sarcomatoid, granulocyte- 
rich, and giant cell types, have been described. 

The tumour cells are CD30 positive, by definition; most 
cases also express the leukocyte common antigen, epithelial 
membrane antigen (EMA), and CD25. Most frequently 
they express cytotoxic molecules (eg., perforin, TIA-1, 
and granzyme B) as well, pointing to the derivation of 
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ALCL from cytotoxic cells. T-cell-associated antigens may 
be variably present. Recent studies demonstrated that all 
ALCLs do not express the TCR and associated proteins, 
although they harbour rearranged TCR genes. 

ALK protein is expressed in 50-60% of the systemic 
cases, most often as a result of a reciprocal chromo- 
some translocation, t(2;5)(p23;q35), generating a NPM -ALK 
fusion protein. Approximately 20% of the ALK -positive 
patients carry variant translocations juxtaposing the ALK 
gene to alternative translocation partners. Of note, the pat- 
tern of ALK protein expression, assessed by immunostaining, 
hints at the involvement of specific fusion partners of ALK. 
In particular, cases with the classical translocation express 
ALK protein in both the nucleus and the cytoplasm, while in 
cases with variant translocations, the protein is seen in the 
cytoplasm only. 

CGH studies provide further data suggesting that ALK- 
positive and ALK -negative cases represent biologically dif- 
ferent entities. In particular, ALK-positive cases harbour 
very few additional chromosomal imbalances, while ALK- 
negative cases show recurrent chromosomal gains at 1q and 
losses at 6q and 13q. Gene expression studies demonstrate 
differentially expressed genes in both groups, for example, 
ALK-positive tumours overexpress genes encoding signal 
transduction molecules (SYK, LYN, CDC37) and downreg- 
ulate transcription factor genes (HOXC6, HOXA3) when 
compared with the ALK -negative group. 


Primary Cutaneous Anaplastic Large Cell 
Lymphomas and Cutaneous CD30-Positive 
Lymphoproliferative Disease (CD30+ LPD) 


CD 30-positive lymphoproliferative disorders in the skin rep- 
resent a spectrum of diseases ranging from lymphomatoid 
papulosis to ALCL. Since it may be difficult to reliably 
distinguish between these diseases on purely morphological 
grounds, the diagnosis of a primary cutaneous CD 30-positive 
LPD includes lymphomatoid papulosis and primary cuta- 
neous ALCL that can be defined by their clinical features. 
In primary cutaneous CD30* LPD, the skin is infiltrated 
by cohesive sheets of large neoplastic cells with anaplastic 
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Figure 14 Anaplastic large cell lymphoma. (a) Diffuse proliferation of large cells with broad cytoplasm and round to oval nuclei and prominent nucleoli. 
(b) CD30 staining of the tumour cells highlighting the characteristic sinus infiltration pattern. 
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morphology. In other cases, signs of tumour regression, more 
loosely distributed tumour cells, and a prominent reactive 
infiltrate of small lymphocytes and histiocytic cells render 
the differential diagnosis to lymphomatoid papulosis diffi- 
cult. A single (large) tumour favours diagnosis of ALCL, 
while lymphomatoid papulosis tends to present with multi- 
ple, waxing and waning, small-sized lesions. By definition, 
primary cutaneous ALCL may only be diagnosed if the skin 
is the only site involved. 

Primary cutaneous CD30* LPD strongly expresses CD 30, 
and frequently, by definition, is positive for T-cell- 
associated antigens. Cytotoxic markers (TIA-1, perforin, 
and/or granzyme B) are also frequently found. In contrast to 
the systemic form, the EMA is negative, and the cutaneous 
lymphocyte antigen HECA 452 may be positive in most cases. 

TCR genes are clonally rearranged in the vast majority 
of cases. NPM-ALK fusion transcript generated from the 
translocation t(2;5)(p23;q35), which is characteristic of sys- 
temic ALCL, is negative and only occassionally seen in 
cutaneous ALCL. If present, however, these cases may repre- 
sent a cutaneous manifestation of primary systemic disease. 

CGH studies revealed genomic gains at chromosomes 
1/1p, 5, 6, 7, 8/8p, and 19. Recently, microarray-based CGH 
analysis was performed in a series of cutaneous ALCLs that 
demonstrated copy number gains of FGFR1 (8p11), NRAS 
(1p13.2), MYCN (2p24.1), RAF 1 (3p35), CTSB (8p22), FES 
(15q26.1), and CBFA2 (21q22.3) oncogenes. In the same 
series, amplifications of CTSB, RAF1, REL (2p13), JUNB 
(19p13.2), MYCN, and YES1 (18p11.3) were found. 


Nasal NK/T-Cell Lymphoma and NK/T-Cell 
Lymphoma of Nasal Type 


These tumours are rare in western countries, but are more 
common in the east. They arise predominantly extranodally 
in the nose, the nasopharynx, and the paranasal sinuses. 
Because of their resemblance to nasal N K /T-cell lymphomas, 
tumours with a similar morphology and immunophenotype 
in the skin, soft tissue, gastrointestinal tract, or other local- 
izations, are diagnosed as “of nasal type”. The most frequent 
manifestation of the disease, however, is in the midfacial 
structures; hence the old term lethal midline granuloma 
describes the main clinical finding. 

Nasal and nasal type NK/T-cell lymphomas are in many, 
but not all, cases characterized by a prominent angiocen- 
tric and angiodestructive growth pattern (Figure 15), leading 
to marked necrosis. The cytological spectrum may be vari- 
able with some tumours predominantly consisting of small 
cells and some of medium- to large-sized cells. An admixed 
inflammatory infiltrate may be prominent. Frequently, the 
nuclei are irregular or pleomorphic and the chromatin struc- 
ture may be finely dispersed or granular. Because of their 
close similarity to other T-cell lymphomas, the immunophe- 
notype plays a pivotal role in the diagnosis of the disorder. 

Nasal NK/T-cell lymphomas and NK/T-cell lymphomas 
of nasal type usually express CD56 antigen and cytotoxic 
molecules. T-cell-associated antigen CD2 is present in most 





Figure 15 Nasal NK/T-cell lymphoma. Tumour cells invade and destroy 
a larger blood vessel. Note necrosis of adjacent tissue compartments. 


cases, while membrane-bound CD3 is not found, and CD3e 
(cytoplasmic) is expressed. 

Usually, no clonal rearrangements for TCR genes are 
found; however, in some cases they may be present, pointing 
to a derivation of the tumour cells from T lymphocytes 
(hence the term NK/T-cell lymphoma). The tumour cells are 
invariably infected with the EBV, rendering EBER in situ 
hybridization an important diagnostic tool if the disease is 
suspected. 


Intestinal (Enteropathy-Associated) T-Cell 
Lymphoma (ETCL) 


Enteropathy-associated T-cell lymphomas (ETCLs) account 
for less than 1% of NHLs and havea poor clinical prognosis 
with reported 5-year overall survival and disease-free sur- 
vival rates of 20 and 3%, respectively. This tumour - derived 
from the intraepithelial lymphocytes - commonly presents 
with multiple circumferential jejunal ulcers in adults. M ost 
patients have abdominal pain and weight loss, and some of 
them have a history of coeliac disease. Small-bowel perfora- 
tion or obstruction, gastrointestinal bleeding, and enterocolic 
fistulas are frequent complications at clinical presentation. 

The tumours show a broad morphological spectrum rang- 
ing from small- and medium-sized to medium- and large- 
sized or anaplastic tumour cells. There may be a diffuse 
infiltration throughout the bowel wall, and large ulcerations 
may be present. In the vicinity of these lesions (Figure 16), 
within preserved mucosal parts, a characteristic infiltration of 
tumour cells into the surface and crypt epithelium, sometimes 
reminiscent of coeliac disease, is found. The adjacent mucosa 
may or may not show villous atrophy, crypt hyperplasia, and 
a high content of intraepithelial T cells. 

The tumour cells express T-cell-associated antigens, cyto- 
toxic molecules, and frequently the mucosal homing receptor 
CD103 antigen. TCR genes are clonally rearranged in a 
vast majority of the cases. The gain at 9q with a mini- 
mally overlapping region at 9q33-34 is detected by CGH 
in approximately 60% of cases and represents a character- 
istic chromosomal abnormality. Genomic loss at 16q12 is 
demonstrated in cases that lack 9q gain. 
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Figure 16 Intestinal (enteropathy-associated) T-cell lymphoma. Note the 
characteristic infiltration of the crypt epithelium by the tumour cells. 


Recent data indicate the existence of two disease variants. 
Frequently, in the lack of association with coeliac disease, the 
tumour is composed of small to medium-sized, monomorphic 
cells that express CD8 and CD56. In addition to 9q/16q 
imbalances, these cases harbour genomic gain at 8q24/M YC. 
The subset of patients with coeliac disease shows tumour 
infiltration by non-monomorphic cells that are CD8/CD56 
negative; some or many CD30* tumour cells may be found. 
In addition to +9q/—16q, genomic gains in 1q and 5q are 
frequently present. 


HODGKIN’S LYMPHOMA 


Hodgkin’s lymphoma is histologically diverse and classified 
into two main entities, namely, nodular lymphocyte predomi- 
nance Hodgkin's lymphoma (NLPHL, or paragranuloma) and 
classical Hodgkin's lymphoma (cHL). 

Principally, the diagnosis of Hodgkin's lymphoma requires 
a malignant proliferation of HRS cells (in the case of cHL) 
or of the so-called lymphocytic and histiocytic cells, the 
L&H cells (in nodular lymphocyte predominance Hodgkin’s 
disease; NLPHD) and their variants in an “appropriate 
background” of reactive, non-neoplastic bystander cells. The 
tumour cells as such comprise only a minority of the 
cellular infiltrate. The appropriate inflammatory background 
in the infiltrate, which is required for diagnosis, varies 
widely in its structure and cytological composition and may 
contain variable numbers of small lymphocytes, eosinophils, 
histiocytes, plasma cells, neutrophils, and epithelioid cells, 
as well as newly formed blood vessels and fibroblasts. 


Nodular Lymphocyte Predominance Hodgkin’s 
Disease (NLPHD, or Paragranuloma) 


NLPHD occurs in all age groups. Usually, peripheral lymph 
nodes are involved. Often, the disease is localized (stage I) at 
diagnosis. Usually, prognosis is excellent, but transformation 
to DLBCL may occur in about 5% of cases. 

NLPHD or paragranuloma mainly infiltrates the lymph 
nodes in a vaguely nodular pattern. Within this nodular 


proliferation, small lymphocytes, histiocytes, and the char- 
acteristic tumour cells, the so-called L&H or popcorn cells 
are seen (Figure 17a and b). The latter are large cells 
with a small- to medium-sized cytoplasm and large, usu- 
ally folded or lobulated, nuclei with a vesicular chromatin 
structure and either a single or several medium-sized nucle- 
oli. In some cases, they may resemble classical Hodgkin 
or Reed- Sternberg cells. The tumour cells are surrounded 
by rosettes of slightly enlarged lymphocytes (expressing the 
CD57 antigen). 

Diffuse areas may be present. When these comprise more 
than 30% of the lymph node, the case should be classified 
as nodular paragranuloma with diffuse areas. Diffuse para- 
granulomas comprise cases in which less than 30% of the 
infiltrate shows a nodular pattern. Rare, purely diffuse para- 
granulomas are virtually indistinguishable from T-cell-rich 
B-cell lymphoma. A djacent to the tumour infiltrate, a reactive 
follicular hyperplasia, sometimes with progressive transfor- 
mation of the GCs, may be present. 

The neoplastic cells in NLPHD constantly express B- 
cell-associated antigens CD20 and CD79a and, in most 
cases, are positive for the J-chain. In roughly 60% of cases, 
EMA is expressed; however, in contrast to cHL, the tumour 
cells are negative for CD30, CD15, or the latent membrane 
protein (LM P-1) of the EBV. The small lymphocytes in the 
background infiltrate are also CD20 positive and frequently 
coexpress IgD like the cells of the normal perifollicular 
mantle zone. There is, however, a so-called rosetting of CD 3- 
positive T cells and CD57-reactive NK cells directly around 
the tumour cells of NLPHD (Figure 17d). 

Diffuse areas lacking the small B-cell component in 
the background may mimic TCHR large B-cell lymphoma. 
Higher clinical stages are usually found in these cases. 


Classical Hodgkin’s Lymphoma 


CHL is defined in four different variants: Hodgkin's lym- 
phoma of nodular sclerosis type is most common in ado- 
lescents and young adults. The mediastinum is frequently 
involved. HD, mixed cellularity is a disease that affects 
adults, and it more commonly involves lymph nodes, spleen, 
liver, or bone marrow. Lymphocyte-rich cHL has to be distin- 
guished from NLPHD. Lymphocyte-depleted HD is the least 
common variant, predominantly occurring in older patients 
and HIV-infected individuals. In spite of advanced disease 
stages, HD of all types is curable. 

CHL is characterized by the presence of HRS cells with 
a Classical immunophenotype and an appropriate, albeit 
variable, background infiltrate. Several subtypes are now 
recognized, each presenting with a more or less unique 
infiltrate structure. 


Nodular Sclerosing HL 


Most Hodgkin’s lymphomas are of nodular sclerosis sub- 
type, which is characterized by the formation of abundant 
collagen, organized in broad bands surrounding cellular nod- 
ules (Figure 18). This collagen mantle shows birefringence 
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Figure 17 Nodular lymphocyte-predominant Hodgkin's lymphoma. (a) Low magnification showing large tumour nodules adjacent to areas of follicular 
hyperplasia. (b) High magnification illustrating lymphocytic and histiocytic (L&H) cells in a background of small lymphocytes. (c) L26 staining showing 
positivity of the L&H cells and of the background lymphoid cells for CD20. (d) CD3 staining illustrating “rosetting” of T cells around the tumour cells. 





Figure 18 Classical Hodgkin lymphoma, nodular sclerosis type. Note 
cellular nodules surrounded by broad bands of densely packed collagen. 


on polarization and is PAS positive. The thickened capsule 
is normally integrated into this fibrosing process, and even 
localized, C-shaped bands of fibrosis warrant the diagnosis 
of nodular sclerosis subtype, irrespective of the histologi- 
cal appearance of the remainder of the lymph node. The 
cellular nodules contain a sometimes wide morphological 
range of tumour cells, including Hodgkin, Reed- Sternberg, 
and the so-called lacunar cells. The reactive background is 
composed mainly of small lymphocytes and eosinophils. The 
so-called cellular phase of nodular sclerosing Hodgkin's lym- 
phoma may be diagnosed if the capsule of the lymph node 


is thickened and sheets of tumour cells of lacunar type show 
a nodular arrangement. 


Classical Lymphocyte-Rich Hodgkin’s Lymphoma, 
Nodular 


Classical lymphocyte-rich Hodgkin's lymphoma represents 
one end of a spectrum leading beyond mixed cellular- 
ity to lymphocytic depletion. In classical lymphocyte-rich 
Hodgkin's lymphoma, the lymph node structure is effaced 
and a varying degree of nodularity is present. The back- 
ground infiltrate is mainly composed of lymphocytes, while 
eosinophils and neutrophils are only rarely found. In the 
(more common) nodular form, the lymphocytes are mainly 
B cells and, sometimes, regressively changed GCs may be 
found in the centre of the nodules (Figure 19). In contrast, 
in the diffuse form, the background infiltrate is mainly com- 
posed of T lymphocytes. The distinction from NLPHD is 
not always possible on histological grounds alone; however, 
immunohistochemistry will, as arule, help in this distinction. 


Mixed Cellularity of Classical Hodgkin’s Lymphoma 


This subtype is histologically an intermediate between 
classical lymphocyte-rich Hodgkin's lymphoma and lym- 
phocytic depletion (Figures 20 and 21). Partial or inter- 
follicular involvement of the lymph node with a number 
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Figure 19 Classical Hodgkin's lymphoma, lymphocyte-rich, nodular. The 
overview shows large tumour nodules with sometimes preserved germinal 
centres. Tumour cells are vaguely seen in the broadened follicular mantle 
zone. 





Figure 20 Classical Hodgkin's lymphoma, mixed cellularity. Numerous 
Hodgkin and Reed- Sternberg cells are seen in a reactive background 
infiltrate. 
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Figure 21 Classical Hodgkin's lymphoma. One Hodgkin cell and one 
multinucleate Reed- Sternberg cell are seen embedded in a reactive 
background infiltrate. 


of inflammatory cells, eosinophils, and epithelioid histio- 
cytes in the background, by definition, is classified as mixed 
cellularity. 


Lymphocytic Depletion Type of Classical Hodgkin’s 
Lymphoma 


Lymphocyte-depleted type Hodgkin’s lymphoma is rare 
(<5% of all cases) and the diagnosis is often made in relapse 


or in patients with the acquired immunodeficiency syndrome. 
In lymphocytic depletion, there may be a diffuse fibrosis with 
the presence of disorderly orientated reticulin fibres that tend 
to surround individual cells. The overall cellularity is low, 
and diagnostic Reed- Sternberg cells may be rare. In the 
reticular variant, the key feature is the presence of numerous 
bizarre and anaplastic-appearing HRS cells together with a 
depletion of small lymphocytes. 

No significant differences in antigen expression are 
encountered between the subtypes of cHL. The tumour cells 
typically are positive for CD30 and in most of the cases also 
express CD15 and vimentin. In roughly 20% of the cases, 
CD20 may be positive, but usually is expressed only weakly 
and inconsistently in a part of the tumour. PAX 5 typically 
shows a weak nuclear expression. Other B-cell-associated 
antigens (CD 79a, J-chain) are absent. In 10-50% of cases 
(depending on the histological subtype), LM P-1 of EBV is 
expressed. Rarely, the tumour cells may express CD 3 or cyto- 
toxic proteins (TIA-1 or perforin). The cellular background 
is composed (with the exception of nodular lymphocyte-rich 
cHL) mainly of CD3-positive T cells and histiocytes. In con- 
trast to paragranuloma, cytotoxic proteins are expressed in 
a significant number of the small background lymphocytes 
(Tables 2 and 3). 

The analysis of IgV y genes of single tumour cells, how- 
ever, demonstrated that the vast majority of HRS cells 
harbour clonal |g rearrangements as a molecular marker of 
B-cell derivation. Interestingly, a proportion of these cases 
(25%) harbour destructive Ig rearrangements with crippling 
mutations. Since such crippling mutations would result in 
apoptotic cell death in reactive GC B cells, it has been pos- 
tulated that HRS cells might be derived from pre-apoptotic 
GC B cells. A proportion of the cases harbour clonal 
TCR rearrangements and germ-line Ig configuration, point- 
ing to the existence of rare T-cell-derived HL. In contrast 
to cHL, in NLPHL, L&H cells show an immunopheno- 
type consistent with B-cell derivation and harbour clonal 
and somatically mutated IgV genes with ongoing muta- 
tions. 

Gene expression profiling studies revealed global down- 
regulation of the B-cell lineage gene repertoire in HL includ- 
ing surface molecules, kinase signalling, and B -cell-specific 
transcription factors (Oct-2, Bob-1, and Pu.1). A character- 
istic feature of HRS cells is constitutive NF-«B activation, 
which is mediated by inactivating mutations of the NF-«B 
inhibitor |xBa in 30% of the cases, or, to a lesser extent, of 
Ix«Be. Additionally, genomic amplification of a component 
of NF-«B (c-Rel) is frequently demonstrated in cHL. 

HL cases have been demonstrated to harbour complex 
clonal chromosomal abnormalities with frequently hyper- 
diploid karyotypes. Some recurrent chromosomal gains in 


Table 2 Antigen expression patterns in classical Hodgkin's lymphoma 
(cHL) and anaplastic large cell lymphoma (ALCL). 








T-cell 
CD30 CD15 CD20 markers CD45 EMA LMP TIA-1 ALK1 
cHL + +H I+ l+ + I+ 
ALCL + +/ +/- + +/ +/ 
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Table 3 Antigen expression patterns in classical Hodgkin’s lymphoma (cHL), T-cell-rich B-cell lymphoma (TCRBCL), and nodular lympho- 


cyte-predominant Hodgkin's lymphoma (NLPHL). 














Tumour cells Background 
CD30 CD15 CD20 CD79a J-chain Vimentin TIA/CD57ratio B cells 
cHL + +- I+ = = + t 4 
TCRBCL = - + + + = t 14 
NLPHL -l+ = + -/+ +- - i) t 
CHL involve] AK-2 (923-24), REL/BCL1la (2p13-16), and = Table 4 Molecular genetic features in PTLD. 
MDM 2 (12914), providing possible explanations for the con- Oncogene/tumour- 
stitutive NF-«B and STAT family member expression in HL. IgH EBV/ suppressor gene Clinical 
In a thorough investigation of NLPHL involving microdis- Category clonality clonality alterations course 
section, DOP-PCR, and CGH analysis, chromosomal regions Plasma cell Polyclonal Absent Absent Non- 
with a gain included 1p, 1q, 2q, 3p, 3q, 4q, 5q, 6p, 6q, 8, hyperplasia Polyclonal aggressive 
11q, 12q, and X and losses were demonstrated at 17/17p. l Clonal 
Chromosomal translocations occur in a fraction of HLs; in oe Monoclonal Clonal Absent ? 
i iff i 0 

NLPHL, BCL6 rearrangements were identified in up to 48% M onomorphic Monoclonal Clonal Yes Aggressive 
of cases. PTLD 


Approximately 40% of cHL cases in the western world are 
associated with EBV infection, whereas in some geographic 
regions like Latin America such involvement can reach up 
to 90% of cases further depending on age and histological 
subtype. 


Lymphoproliferative Disorders 
in Immunocompromised Patients 


LPDs arising in the settings of immunodeficiency comprise 
a broad spectrum of pathological and clinical manifesta- 
tions. The distinction of separate entities is problematic 
since these LPDs encompass malignant lymphomas (most 
often of B-cell phenotype), polymorphic poly- and mon- 
oclonal proliferations, and hyperplastic lesions with dif- 
ferent clinical courses ranging from rapid fatal outcome 
to spontaneous regression. Various immunodeficiency con- 
ditions are associated with higher risk for development 
of LPDs, including congenital immunodeficiencies, HIV 
infection-linked immunodeficiency, and post-transplant or 
methotrexate-related immunosuppression. Recently, similar 
disorders were reported in poorly defined immunodefi- 
ciency conditions in elderly patients and in the setting of 
malnutrition. 

M ost frequently the lymphoid proliferations have a B -cell 
phenotype; they frequently involve extranodal sites and most 
often are associated with EBV infection. 

So-called early lesions generally represent EBV-driven 
polyclonal lymphoproliferations. The histological pattern is 
overlapping and includes reactive plasmacytic hyperplasia or 
infectious mononucleosis- like lesions. Plasma cells do not 
show light-chain restriction. EBV can be demonstrated in 
most instances showing either a polyclonal, oligoclonal, or 
monoclonal type of infection. These lesions tend to regress 
spontaneously or on reduction of immunosuppression, but 
rarely they can either progress to higher-histological-grade 
lesions or take a fatal course. 


Polymorphic lymphoproliferations are destructive lesions 
composed of centroblasts, immunoblasts, plasmablasts, and 
intermediate cells that vary in size and maturation. N ecrotic 
areas may be seen, and the proliferative activity is rela- 
tively high. Some cases may show light-chain restriction. 
EBV is detected in most cases, with the antigen expres- 
sion profile suggesting type 2 or 3 EBV latency. Poly- 
morphic lesions may show partial or complete regression 
after discontinuation of immunosuppressive treatment or 
resolution with surgery, radiation therapy, or chemother- 
apy, less frequently. Other cases may progress in spite of 
therapy. 

In general, monomorphic lesions represent aggressive B- 
cell lymphomas, falling into the categories of DLBCL, BL, or 
plasmablastic lymphoma. These tumours are frequently com- 
posed of immunoblasts and plasmablasts, some centroblasts, 
and occasionally some large bizarre or multinucleated cells. 
Most cases express B-cell markers, and light-chain restric- 
tion is usually present. They may be EBV positive or EBV 
negative and do not regress upon discontinuation of immuno- 
suppression. 

Early lesions usually show a polyclonal immunoglobulin 
rearrangement pattern, polymorphic lesions may be are 
polyclonal, oligoclonal, or monoclonal, while monomorphic 
PTLD is usually monoclonal (Table 4). 

Early lesions lack genetic alterations, while polymorphic 
lesions in part and monomorphic lesions as a whole are 
characterized by genomic abnormalities indicating the evo- 
lution of altered, autonomous cell clones. BCL6 mutations 
strongly predict shorter survival and refractoriness to reduced 
immunosuppression and/or surgical excision of tumours. 
More recently, CGH analysis also suggested the occurrence 
of non-random chromosomal imbalances in hot-spot regions 
like 8q24, 3q27, and others. Of note, in monomorphic lesions, 
CGH demonstrated alterations similar to those in lymphomas 
of immunocompetent patients. 
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INTRODUCTION 


The leukaemias and related neoplasms are neoplastic 
proliferations of cells of the haematopoietic (blood forming) 
lineage. They can be divided into two main types: myeloid 
leukaemias, which derive from stem cells that give rise 
to the granulocytic, erythroid, or megakaryocytic lineages; 
and lymphoid leukaemias, which derive from cells from the 
B, T, or NK lymphoid cell lineages. Lymphoid leukaemias 
are closely related to malignant lymphomas and are further 
discussed in Lymph Nodes. 


NORMAL DEVELOPMENT AND STRUCTURE 


Within the first month, in the developing embryo, clusters of 
haematopoietic stem cells called blood islands first develop 
in the yolk sac (Sieff etal., 1998). By the third month, 
the liver becomes the primary site of haematopoiesis. By 
the fourth month, the bone marrow begins haematopoiesis. 
It becomes the major site of haematopoiesis by birth, and 
in the normal individual, remains virtually the sole site of 
haematopoiesis throughout life. During childhood, all of the 
bone marrow is fully active in haematopoiesis, whereas in 
adults, only the axial (central) and proximal appendicular 
(limb) skeleton contains haematopoietic cells. In these areas, 
the haematopoietic elements usually comprise a variable 
percentage of the overall marrow space in these sites, 
somewhat inversely proportional to the person’s age, with 
the rest of the space taken up by fat and other stromal cells 
(Figure 1). 

The pluripotential haematopoietic stem cell gives rise to 
cells of both the myeloid and lymphoid lineages. Under 
the influence of cytokines, which include stem cell factor, 
interleukin (IL)-6 and FIt3 ligand, the pluripotential stem 
cell gives rise to a trilineage myeloid stem cell (colony 
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forming unit (CFU-S)) as well as alymphoid stem cell. Under 
the influence of additional cytokines, such as IL-3, IL-6, 
and granulocytic/myeloid colony-stimulating factor (GM- 
CSF), as well as specific cytokines that determine specific 
lineage differentiation, the myeloid stem cell gives rise to 
committed stem cells of the monocytic (under the specific 
influence of macrophage colony-stimulating factor (CFU- 
M )), granulocytic (under the specific influence of granulocyte 
colony-stimulating factor (CFU-G)), eosinophilic (under the 
specific influence of IL-5), erythroid (under the specific 
influence of erythropoietin), and megakaryoblastic (platelet 
forming, under the specific influence of thrombopoietin) 
lineages. These stem cells finally give rise to committed cell 
types that undergo a series of maturational steps to become 
mature blood cells, including monocytes (destined to become 
tissue histiocytes and macrophages), neutrophils, basophils, 
eosinophils, enucleated red blood cells, and platelets. 


CLASSIFICATION 


There are four main categories of myeloid neoplasms: acute 
myeloid leukaemia (AML), chronic myeloproliferative dis- 
orders (CMPDs), myelodysplastic syndromes (MDSs), and 
myelodysplastic/myeloproliferative diseases (M DS/M PDs), 
neoplasms that combine features of both MDS and CMPD. 
Briefly, acute leukaemias usually cause death within weeks 
to months if untreated. CM PDs usually cause death within 
months to years; some may transform to acute leukaemia 
over time. MDSs are peculiar clonal proliferations that are 
closely related to acute leukaemia. In some patients, they 
may precede acute leukaemia, they may lead to death on 
their own due to failure of effective haematopoiesis, or they 
may persist unchanged for years. MDS/M PD have features 
that have components of both myelodysplastic and myelo- 
proliferative diseases. Within each main category, there are 
various specific subtypes recognized by the recent World 
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Figure 1 A normal adult marrow cellularity is seen, with about 50% fat 
cells and 50% cells of various haematopoietic lineages. 


Table 1 Summary of 2001 World Health classification of myeloid 
leukaemia and related neoplasms. 


Acute myeloid leukaemia 
Acute myeloid leukaemia with recurrent cytogenetic abnormalities 
Acute myeloid leukaemia with multilineage dysplasia 
Acute myeloid leukaemia and myelodysplastic syndrome, 
therapy related 
Acute myeloid leukaemia, not otherwise categorized 


Chronic myeloproliferative disorders 
Chronic myelogenous leukaemia 
Chronic neutrophilic leukaemia 
Chronic eosinophilic |eukaemia/hypereosinophilic syndrome 
Polycythemia vera 
Chronic idiopathic myelofibrosis 
Essential thrombocythemia 
Chronic myeloproliferative disorder, unclassifiable 


Myelodysplastic syndromes 
Refractory anaemia 
Refractory anaemia with ringed sideroblasts 
Refractory cytopenia with multilineage dysplasia 
Refractory anaemia with excess blasts 
M yelodysplastic syndrome, unclassifiable 
Isolated del(5q) chromosome abnormality 

M yelodysplastic/myeloproliferative diseases 
Chronic myelomonocytic leukaemia 
Atypical chronic myeloid leukaemia 
Juvenile myelomonocytic leukaemia 
M yelodysplastic/myeloproliferative disease, unclassifiable 


Reproduced from (Jaffe etal., 2001) by permission of IARC Press (International 
Agency for research on Cancer) 


Health Organization (WHO) classification, given in Table 1 
(Jaffe et al., 2001). 


Acute Myeloid Leukaemia 


AML and its subtypes are clonal proliferations of blasts 
committed to the myeloid lineage. They comprise about 2 
cases per 100 000 annually in Western countries. They most 
often occur in adults, with a median age of about 60 years, 
although there is a second small peak in the first years of 
life. There is no strong sex predilection. Aetiologic factors 
include ionizing radiation, prior cytotoxic chemotherapy, 
benzene exposure, and cigarette smoking. Individuals with 


genetic diseases that promote genomic instability, such as 
Bloom syndrome, Fanconi anaemia, and ataxia-telangiectasia 
as well as Down syndrome (trisomy 21) are also at increased 
risk. Nonetheless, there is no attributable aetiologic agent 
in the vast majority of cases. Patients with AML usually 
present with signs and symptoms of marrow failure, such 
as anaemia, infections due to low numbers of normal 
neutrophils (neutropenia), and bleeding from low numbers 
of platelets (thrombocytopenia). In almost all cases, there 
is replacement of the normal marrow by blasts, which are 
immature cells with round to oval nuclei with a fine granular 
chromatin pattern. The amount of cytoplasm varies, and may 
contain granules. Often, peculiar rodlike structures called 
Auer bodies, representing aggregations of abnormal granules, 
can be observed and are specific for AML. The peripheral 
blood usually shows similar blasts, often with a marked 
elevation in the while blood cell count. Typically, at least 
20% blasts are observed in the marrow or blood at the time 
of diagnosis, but often the percentage of blasts is much 
higher. AML is generally treated by multidrug chemotherapy 
or allogeneic bone marrow transplantation. Although most 
patients achieve initial remission, less than one-third are 
alive by 5 years. Prognosis is dependent on multiple factors, 
particularly the specific cytogenetic abnormalities present. 


Acute Myeloid Leukaemia with Recurrent Cytogenetic 
Abnormalities 


As noted in Table 1, there are at least four types of AML 
recognized in the WHO Classification. Within the category 
of AML with recurrent cytogenetic abnormalities, there are 
four distinct subgroups, each associated with its own spe- 
cific genetic abnormality, usually a balanced translocation 
(Table 2) (Caligiuri et al., 1997). Three of the subgroups are 
consistently associated with a favourable prognosis. AML 
associated with t(8;21) tends to occur in younger patients. 
It often presents with extramedullary (outside of the bone 
marrow) masses, and may have a blast percentage below 
20%. Morphologically, the blasts often show evidence of 
maturation, and may contain very large granules (pseudo- 
Chediak-Higashi granules) in the cytoplasm. There is usually 
abnormal coexpression of the lymphoid antigen CD19, in 
addition to the usual myeloid markers CD13, CD33, and 
myeloperoxidase. AML associated with inv(16) or t(16;16) 
also has a predilection for younger patients. The disease tends 
to present in extramedullary sites. The blasts tend to show 
features of myeloid and monocytic (myelomonocytic) differ- 
entiation, and there are often variable numbers of eosinophils 
and precursor cells with distinctive, large basophilic granules. 
Patients with t(15;17) and variants, often referred to collec- 
tively as acute promyelocytic leukaemia, are usually adults 
who often present with symptoms relating to diffuse intravas- 
cular coagulation (DIC). There are two major morphologic 
variants of acute promyelocytic leukaemia, the hypergranular 
variant and the microgranular (or hypogranular) variant. In 
the hypergranular variants, the marrow contains large num- 
bers of abnormal promyelocytes (cells at the first stage of 
maturation of granulocytes after blasts that have densely 
packed cytoplasmic granules, often with many Auer rods) 
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Table 2 Acute myeloid leukaemia with recurrent cytogenetic abnormalities. 


Genetic abnormality Frequency Molecular defect 





t(8;21)(q22;q22) 10% of cases 


Translocation of AML1 (RUNX1) gene, which encodes the core binding factor (CBFa) and the 


ETO gene; the fusion transcript has similarities to the Drosophila segmentation Runt gene 


inv(16)(p13;q22) or 10% of cases 
t(16;16)(p13;q22) 
t(15;17)(q22;q12) 
t(11;17)(q23;q21) 
t(11;17)(q13;q21) 
t(5;17)(q23;q12) 
11q23 abnormalities 


5% of cases 
<0.5% of cases 
<0.5% of cases 
<0.5% of cases 
5% of cases 





Figure 2 Acute promyelocytic leukaemia. N ote the numerous red granules. 
At least two cells contain numerous Auer rods. 


(Figure 2). In the microgranular variant, the granules are 
not readily apparent and the nucleus shows a character- 
istic bilobed shape. In contrast to most cases of AML, 
HLA-DR expression is usually absent in acute promyelo- 
cytic leukaemia. The importance of this subtype is that all 
cases of acute promyelocytic leukaemia, with the exception 
of cases with the t(11;17), respond well to treatment regimens 
that include all-trans-retinoic acid (ATRA) (a differentiating 
agent). AML with 11q23 abnormalities may or may not have 
a favourable prognosis. They fall into two clinical groups: 
AML occurring in infants and therapy-related leukaemia 
after treatment with DNA topoisomerase II inhibitors. These 
leukaemias often show features of monocytic differentiation. 


Acute Myeloid Leukaemia with Multilineage Dysplasia 


In AML with multilineage dysplasia, there is dysplasia 
present in >50% of the cells of two or more of the myeloid 
cell lines, in addition to the presence of >20% myeloid blasts 
in the bone marrow or blood. These cases usually occur 
in older adults, and there may be a history of a preceding 
M DS. These patients often present with signs and symptoms 
of marked pancytopenia. M orphologically, dysplasia consists 
of abnormal features indicating aberrant differentiation of 
the granulocytic, erythroid, or megakaryocytic lines (see 
subsequent text). Cytogenetic abnormalities are typically 
seen; the abnormalities are similar to those seen in MDSs 


Fusion of the CBF a gene to the smooth muscle myosin heavy chain gene 


Translocation of retinoic acid receptor (RAR) gene with a nuclear regulatory factor 
Translocation of RARa with promyelocytic leukaemia zinc finger gene (PLZXF ) 
Translocation of nuclear matrix associated gene (NUMA) with RARa 

Translocation of nucleophosmin (NPM ) gene with RARa 

Structural abnormalities of MLL (Drosophila trithorax gene Hrx) 


(see subsequent text). Clinically, the presence of multilineage 
dysplasia has an adverse effect on prognosis. 


Therapy-associated Acute Myeloid Leukaemia 


Cases of therapy-related AML are usually one of two 
types: alkylating agent/radiation-related or topoisomerase 
Il inhibitor-related. Those cases associated with alkylating 
agents tend to resemble cases of AML with multilineage dys- 
plasia, although dysplastic changes are usually found in all 
three cell lineages (granulocytic, erythroid, and megakary- 
ocytic). The cytogenetic abnormalities are also similar to 
cases of AML with multilineage dysplasia, and the prog- 
nosis is poor as well. In contrast, cases of topoisomerase ll 
inhibitor-associated AML tend to be similar to those cases 
of AML with 11q23 abnormalities, with similar cytogenetic 
findings and possibly favourable prognosis. 


Acute Myeloid Leukaemia, Not Otherwise Categorized 


AML, not otherwise categorized, is a large category compris- 
ing the majority of cases of AML. These have been classified 
in the past using the French-A merican-B ritish classification, 
relying primarily on morphologic and cytochemical find- 
ings (Table 3) (Bennett etal., 1985). Although there are 
definite morphologic and cytochemical differences between 
the different subtypes, these do not in general translate to 
strong clinical differences or to specific cytogenetic abnor- 
malities (Figure 3). Therefore, the current prevailing opinion 
is that itis not clinically or biologically important to separate 
out these various morphologic variants, although some have 
suggested that acute megakaryoblastic leukaemia has fea- 
tures to consider it a distinct clinicopathologic entity (Arber, 
2001). These include frequent occurrence in children, par- 
ticularly patients with Down syndrome, and the occurrence 
of a t(1;22)(p13;13). Rare cases of acute leukaemia have an 
ambiguous lineage, by lacking sufficient evidence to defini- 
tively characterize as myeloid or lymphoid or by having 
characteristics of both myeloid and lymphoid cells. The latter 
have been termed acute biphenotypic leukaemia. 


Chronic Myeloproliferative Disorders 


The CMPDs are clonal haematopoietic stem cells disorders 
characterized by proliferation of one or more of the myeloid 
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Table 3 French-American-British classification system of acute myeloid 
leukaemia. 


MO Minimal evidence of myeloid differentiation (AML, 
minimally differentiated); myeloperoxidase-negative 
by cytochemistry 

M1 Definite evidence of myeloid differentiation without 
evidence of maturation (AML without maturation); 
reactive for myeloperoxidase or Sudan black B 
(myeloid markers) 

M2 Definite evidence of myeloid differentiation with 
evidence of maturation towards the granulocytic line 
(AML with maturation); reactive for 
myeloperoxidase or Sudan black B (myeloid 


markers) 

M3 A cute promyelocytic leukaemia (AML with t(15;17) 
and related translocations) 

M4 Definite evidence of granulocytic and monocytic 


maturation (acute myelomonocytic leukaemia); 
monocytic cells positive for non-specific esterase 

M5 Definite evidence of monocytic without granulocytic 
maturation (acute monocytic/monoblastic 
leukaemia); reactive for non-specific esterase 

M6 AML with predominant erythroid differentiation 
(erythroleukaemia); reactive with antibodies against 
haemoglobin A 

M7 AML with predominant megakaryocytic maturation 
(acute megakaryoblastic leukaemia); reactive with 
antibodies against platelet glycoproteins (CD41 and 
CD61) 


(Reproduced from (Bennett etal., 1985) by permission of American College of 
Physicians.) 





Figure 3 Acute myeloid leukaemia, not otherwise categorized. This case 
would have previously been classified as acute monocytic leukaemia, 
because the two blasts (the large cells) have nuclei with folded contours. 


lineages with normal maturation. They comprise about 5- 10 
cases per 100000 annually in western countries. They most 
often occur in older adults. The aetiology is unknown in 
the large majority of cases, although some are associated 
with a history of ionizing radiation. Patients with CMPDs 
usually present with signs and symptoms of increased blood 
cell formation, including enlargement of the spleen and 
the liver due to sequestration of excess blood elements, 
and abnormalities such as thrombosis due to the increased 
mass of cells in the blood. In almost all cases, the bone 
marrow shows a marked increase in cellularity, due to a 





Figure 4 Myeloproliferative syndrome. Note the marked hypercellularity 
in comparison to Figure 1. 


proliferation in one or more of the haematopoietic cell 
lineages (Figure 4). There is often increased marrow fibrosis 
as well. The peripheral blood usually shows markedly 
increased numbers of granulocytes, red blood cells, and/or 
platelets. One characteristic feature of CMPDs is their 
tendency to undergo acceleration of the disease process or 
overt transformation to a blastic or acute phase. The presence 
of about 10-19% blasts in the bone marrow or blood 
is usually indicative of acceleration, whereas the presence 
of 20% or more blasts is usually evidence of a blastic 
transformation. 


Chronic Myelogenous Leukaemia 


As shown in Table 1, the WHO Classification recognizes 
at least seven major types of CMPD. Chronic myelogenous 
leukaemia (CML) is the most common of the CM PDs (Faderl 
et al., 1999). It occurs primarily in adults, with a slight male 
predilection. The bone marrow usually shows marked hyper- 
cellularity, due to increased numbers of granulocytes and 
their normal precursors. There is sometimes an increase in the 
amount of fibrosis, usually correlating with increased num- 
bers of megakaryocytes. Increased numbers of macrophages 
may also be evident, secondary to increased cell turnover. 
The peripheral blood usually shows a marked leukocyto- 
sis (increased white blood cell count) due to an increase in 
the number of mature neutrophils and immature granulocytic 
cells. An increase in the number of basophils is also a con- 
sistent finding. Other organs such as the spleen and liver may 
show infiltration of the sinusoids by granulocytes in various 
stages of maturation (Figure 5). 

A consistent finding in CML is the presence of the 
t(9;22)(q34;q11) (the Philadelphia chromosome), or in a 
small subset of cases, a variant translocation involving a third 
chromosome, or a cryptic translocation that is difficult to 
detect by classical cytogenetics. In all of these cases, there is 
a juxtaposition of sequences from the BCR gene with regions 
of the ABL gene, leading to an aberrant BCR-ABL transcript 
(Melo et al., 1996). At a molecular level, the breakpoint on 
the BCR gene may vary. Usually, the breakpoint occurs at 
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Figure 5 Chronic myelogenous leukaemia. This spleen weighed 5000 g 
(in comparison to the normal 50- 150g). The sinuses were packed with 
leukaemic cells. 


the major breakpoint cluster region (M-BCR), resulting in 
a fusion protein called p210, which has abnormally high 
tyrosine kinase activity. In rare cases, the breakpoint occurs 
in the minor breakpoint cluster region (m-BCR; p190), 
often found in patients with unusually prominent monocytic 
differentiation (this breakpoint is much more commonly 
seen in patients with Philadelphia chromosome-positive acute 
lymphoblast leukaemia). 

Survival in CML is usually between 5 and 10years. A 
recent novel therapy involves use of an agent that blocks 
the abnormal tyrosine kinase activity, which often results 
in rapid, if not lasting, remission. As noted above, many 
patients eventually progress to an accelerated phase or 
frank blastic transformation. Accelerated phase is usually 
recognized when the blast percentage reaches between 10 
and 19% of the white blood cells in the peripheral blood 
or nucleated cells of the bone marrow, if the percentage of 
basophils is >20%, if there is persistent thrombocytopenia, 
if there is increasing spleen size and increasing white blood 
cell count, or there is cytogenetic evidence of a new clonal 
abnormality. The blastic phase resembles acute leukaemia, 
and may be myeloid (70% of cases) or lymphoid (30% of 
cases). It is recognized when the blast percentage is greater 
than 20% of the white blood cells in the peripheral blood 
or nucleated cells of the bone marrow, when there is an 
extramedullary proliferation of blasts, or when blasts form 
large aggregates in the bone marrow. The prognosis in the 
accelerated phase is poor, and the prognosis in the blastic 
phase is even worse. 


Chronic Neutrophilic Leukaemia 


Chronic neutrophilic leukaemia is a very rare CMPD char- 
acterized by a sustained and marked neutrophilia (Zittoun 
et al., 1994). Patients often present with hepatosplenomegaly 
(enlargement of the liver and spleen). Laboratory studies 
demonstrate a sustained and marked increase in the number 
of mature neutrophils in the peripheral blood in the absence 
of blasts. The bone marrow is hypercellular, with an increase 


in neutrophilic granulocytes and <5% myeloblasts. Before 
establishing this diagnosis, one must rule out an identifiable 
cause of a reactive neutrophilia or any evidence of another 
CMPD, an MDS, or a mixed MDS/MPD. Karyotypic studies 
are usually normal, although clonal cytogenetic abnormalities 
may be present in a minority of cases. Specifically, the iden- 
tification of the BCR/ABL translocation would indicate the 
diagnosis of CML rather than chronic neutrophilic leukaemia. 
The survival is usually measured in years, although the 
development of myelodysplastic features may indicate trans- 
formation, with a worse prognosis. 


Chronic Eosinophilic Leukaemia/Hypereosinophilic 
Syndrome 


Chronic eosinophilic leukaemia and the closely related 
hypereosinophilic syndrome are rare types of CMPD and 
are characterized by sustained and marked eosinophilia 
(Weller and Bubley, 1994). The disease occurs in all age 
groups, with a marked predilection for males. Patients 
usually present with non-specific symptoms. The diagnosis 
of chronic eosinophilic leukaemia is based on the presence 
of sustained and marked eosinophilia in the blood and 
bone marrow, 2- 20% blasts in the blood or 5- 20% blasts 
in the bone marrow, and the demonstration of a clonal 
chromosomal abnormality (or demonstration of clonality by 
other means) in the eosinophilic population. It is important 
to exclude all causes of reactive eosinophilia (including 
allergy or another neoplastic disease such as a clonal T-cell 
neoplasm that may secondarily cause eosinophilia), and all 
neoplasms in which a proliferation of eosinophils is part of 
the neoplastic process (such as CML). When it is not possible 
to demonstrate clonality and if there is no increase in blasts 
in the peripheral blood or the bone marrow, then a diagnosis 
of hypereosinophilic syndrome is usually made. Survival is 
variable, although the presence of marked splenomegaly, the 
presence of increased blasts in the peripheral blood or bone 
marrow, or the presence of dysplastic features in the other 
myeloid cell lineages are poor prognostic signs. 


Polycythemia Vera 


Polycythemia vera is a CMPD characterized by an increase 
in the red blood cell mass (Bilgrami and Greenberg, 1995). 
The disease usually occurs in older adults, and there is a 
slight male predilection. Patients usually present with hyper- 
tension or an episode of venous or arterial thrombosis, due 
to changes in blood viscosity from the increased red num- 
bers of cells. Typically, there is an increased red blood cell 
mass >25% over the mean normal predicted value. It is 
important to exclude all causes of a reactive erythrocyto- 
sis, such as chronic hypoxia, which can usually be ruled 
out by the presence of low serum erythropoietin levels. 
Often, there is also thrombocytosis (increased numbers of 
platelets) and leukocytosis. In the early stages, the bone mar- 
row usually shows marked hypercellularity with prominent 
erythroid and megakaryocytic proliferation. However, there 
is no abnormality in the pattern of maturation. Later in the 
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disease process, the red blood cell mass becomes normal 
or may be less than normal (“spent phase”). At this time, 
the bone marrow usually shows marked fibrosis and may 
even show new bone formation (osteosclerosis) - a pattern 
that has been referred to as post-polycythemic myelofibro- 
sis. The spleen may then become greatly enlarged, because 
of the onset of splenic extramedullary haematopoiesis, with 
erythroid, granulocytic, and megakaryocytic elements present 
in the splenic sinuses. In about 20% of patients, transforma- 
tion to an MDS or blast transformation to acute leukaemia 
may occur. There are no specific cytogenetic abnormalities, 
and clonal cytogenetic abnormalities are found in only a 
minority of patients in the early stage of disease. The identi- 
fication of the BCR/ABL translocation would indicate CML 
rather than polycythemia vera. Clonal chromosomal abnor- 
malities are seen in the majority of patients when progression 
to an MDS or an AML has occurred. JAK-2 mutations 
have been identified in a large percentage of cases, but 
is also less frequently seen in cases of essential thrombo- 
cythemia and chronic idiopathic myelofibrosis. Untreated, 
most patients die of the vascular complications within a 
period of months. However, with adequate treatment, long 
survivals are common. 


Chronic Idiopathic Myelofibrosis 


Chronic idiopathic myelofibrosis is an uncommon clonal 
CMPD characterized by the proliferation of the megakary- 
ocytic and granulocytic lines in the bone marrow, associated 
with marked fibrosis of the marrow (Tefferi, 2000). It occurs 
mainly in older adults, with no gender predilection. Clin- 
ically, many patients are asymptomatic at diagnosis, with 
the disease often discovered after routine laboratory work, 
although there may be non-specific symptoms. There are 
usually two stages in the disease course. In the prefibrotic 
stage, there is usually mild anaemia, with leukocytosis and 
thrombocytosis. The bone marrow is usually hypercellu- 
lar due to a neutrophilic and megakaryocytic proliferation, 
with minimal (if any) fibrosis. In the fibrotic stage, there is 
usually a marked anaemia, with variable white blood cell 
and platelet counts. The bone marrow now usually shows a 
decrease in cellularity, with a prominent atypical megakary- 
ocytic proliferation. However, the most striking finding is a 
marked marrow fibrosis, often accompanied by osteosclero- 
sis (Figures 6 and 7). At this stage, the patients often have a 
marked splenomegaly and hepatomegaly due to the presence 
of splenic and hepatic extramedullary haematopoeisis. In a 
subset of cases, there is progression to an accelerated phase, 
usually identified by the presence of 10-19% blasts in the 
blood or bone marrow. Although clonal cytogenetic abnor- 
malities occur in the majority of patients, there have been 
no specific defects identified. The presence of the BCR/ABL 
translocation would indicate CML. The median survival is 
about 5 years. Although many patients die of consequences 
of marrow failure (infection, haemorrhage, etc.), about 20% 
of patients eventually transform to AML. 





Figure 6 Chronic idiopathic myelofibrosis. Instead of its normal beefy red 
colour, this vertebral column shows a tan fibrous appearance. 


Essential Thrombocythemia 


Essential thrombocythemia is a rare clonal CMPD that is 
characterized by the proliferation of the megakaryocyte line 
(Murphy et al., 1997). It usually occurs in older adults, with 
no gender predilection, although there is a second smaller 
peak at about 30years old; this younger peak shows a 
predilection for women. Clinically, about one-half of patients 
are asymptomatic and present only with an increased platelet 
count discovered on routine laboratory work. However, one- 
half of patients present with the complications of increased 
platelets, namely, thromboembolic events or haemorrhage. 
Essential thrombocythemia is diagnosed when there is a 
sustained and marked thrombocytosis in the absence of any 
other possible causes. This means that there must be no 
evidence of other CMPDs, particularly polycythemia vera, 
CML, or chronic idiopathic myelofibrosis; no evidence of 
M DS; and no evidence that the thrombocytosis could be due 
to a reactive cause. The blood shows marked thrombocytosis, 
with the platelets exhibiting a variety of sizes and shapes, 
without other major findings. The bone marrow is usually 
normocellular or mildly hypercellular, but demonstrates 
a marked proliferation of large to giant megakaryocytes, 
without the formation of significant fibrosis. There are no 
specific cytogenetic abnormalities, and most patients usually 
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Figure 7 Chronic idiopathic myelofibrosis. The marrow is replaced by a 
fibrous proliferation. The bone also shows an increase in formation. 


have normal studies. Clinically, the patients generally survive 
longer than 10 years, with the only threats to life from 
thrombosis or haemorrhage. Transformation to MDS or an 
AML occurs in less than 5% of patients, and often as a 
consequence of the treatment rather than part of the history 
of the disease. 


Chronic Myeloproliferative Disorder: Unclassifiable 


Some CM PDs cannot readily be classified into the categories 
delineated above. This group of cases accounts for about 
10-20% of all cases of CMPDs. Some of these cases are 
identified at too early a stage to recognize as a specific 
entity, others are identified at too late a stage to recognize 
as a specific entity, while others seems to have overlapping 
features of two or more CMPDs. The presence of the 
BCR/ABL translocation would indicate CML, regardless of 
the morphologic features. 


Myelodysplastic Syndromes 


M DS (dysmyelopoietic syndromes, pre-leukaemia) are clonal 
haematopoietic disorders characterized by dysplasia and inef- 
fective haematopoiesis in one or more of the major myeloid 


cell lineages (Heaney and Golde, 1999). They have an inci- 
dence of about 3 per 100000 annually in western countries. 
They most often occur in older adults. MDSs occur as either 
primary disease or secondary to therapy. Risk factors for 
primary MDS include benzene exposure, cigarette smoking, 
and Fanconi anaemia. Therapies that have been associated 
with the development of MDS include chemotherapeutic 
agents, particularly alkylating agents, as well as radiotherapy. 
Patients with MDS usually present with symptoms related 
to bone marrow failure, namely, anaemia, neutropenia, or 
thrombocytopenia. The bone marrow is usually hypercel- 
lular or normocellular, and demonstrates dysplasia in one 
or more of the myeloid cell lines (Bennett et al., 1982). 
Dysplasia is recognized morphologically by the presence of 
features not associated with the normal maturation sequence 
in at least 10% of the cell lineage. Dyserythropoiesis man- 
ifests as deviation from the normal circular nuclear outline, 
multinucleation, an abnormal granular chromatin appear- 
ance called megaloblastoid, ringed sideroblasts (erythroid 
precursors in which one-third or more of the nucleus is 
encircled by ten or more iron granules representing iron 
abnormally located in the cristae of mitochondria), nuclear or 
cytoplasmic vacuolization, or cells with an abnormal depo- 
sition of a periodic acid-Schiff reactive substance in the 
cytoplasm. Dysgranulopoiesis manifests as small cell size, 
nuclear hypolobation or hyposegmentation, and cytoplas- 
mic hypogranularity, or the presence of abnormal (“Che- 
diak- Higashi”) granules. Abnormal maturation may also be 
recognized by the presence of small clusters of blasts and 
promyelocytes in an abnormal location, in the central part 
of the marrow away from the bone, a phenomenon called 
abnormal localization of immature precursors. M egakary- 
ocyte dysplasia manifests as abnormalities in or the loss 
of lobulation of the nuclei (Figure 8). Common cytogenetic 
abnormalities include abnormalities of chromosomes 5 or 7, 
trisomy of chromosome 8, or deletion of chromosome 20q. 
A del(17p) is typical of therapy-related MDS. Regardless of 
the specific type of MDS, individual cases can be stratified 
by the percentage of blasts, the karyotype, and the number of 
affected cell lineages, into four risk groups of different prog- 
nosis (Greenberg et al., 1997). Poor risk karyotypes include 
those cases with complex (>3) abnormalities or abnormal- 
ities of chromosome 7, while good risk karyotypes include 
no abnormalities or the presence of an isolated del(5q), iso- 
lated del(20a), or loss of Y. Intermediate risk cytogenetics 
include +8, and single or double miscellaneous abnormal- 
ities. Age at diagnosis also affects prognosis, with patients 
younger than 60 years having a more favourable outcome. 
Leukaemic progression is virtually always myeloid lineage. 
As seen in Table 1, there are at least six subtypes of MDS. 


Refractory Anaemia 


Refractory anaemia is an MDS with unilineage dysplasia 
affecting the erythroid series. It is relatively uncommon, 
occurring primarily in older adults. By definition, there 
are <5% blasts in the bone marrow and less than 15% 
ringed sideroblasts. Abnormal karyotypes may be present 
in about one-quarter of patients, but no specific recurrent 
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Figure 8 Myelodysplastic syndrome. This cluster of megakaryocytes 
shows abnormal lobulation of the nuclei. 


abnormalities are seen. The prognosis of these cases is 
good (median survival of about 5years), with a low rate 
of progression to acute leukaemia. 


Refractory Anaemia with Ringed Sideroblasts 


Refractory anaemia with ringed sideroblasts is morphologi- 
cally similar to refractory anaemia, except that, by definition, 
>15% of the nucleated erythroid cells are ringed sideroblasts. 
It is relatively common, comprising about 10% of cases of 
MDS. It occurs primarily in older adults, with a predilection 
for males. Abnormal cytogenetics is seen in about 10% of 
cases. There is a good prognosis, with a very low rate of 
progression to acute leukaemia. 


Refractory Cytopenia with Multilineage Dysplasia 


Refractory anaemia with multilineage dysplasia is an MDS 
with dysplasia in two or more of the myeloid cell lineages. 
By definition, there are also <5% blasts in the bone marrow. 
There are two subcategories, depending on whether the 
percentage of ringed sideroblasts is less than or more than 
15%. It is relatively common, comprising about 25% of 
cases of MDS. Clonal cytogenetic abnormalities are found 
in up to 50% of patients. The prognosis is intermediate 
(median survival of about 3 years), with about a 10% rate 
of progression to acute leukaemia. There is no significant 
difference in survival between the two subcategories. 


Refractory Anaemia with Excess Blasts 


Refractory anaemia with excess blasts (RAEB) is defined 
as an MDS with 5-19% blasts in the bone marrow. This 
is divided into two categories, with RAEB-1 defined as 
having 5-9% blasts in the bone marrow and <5% blasts 
in the blood; and RAEB-2 defined as having either 10- 19% 
blasts in the bone marrow, 5- 19% blasts in the blood, and 
<10% blasts in the bone marrow or presence of Auer rods. 
Clonal cytogenetic abnormalities are found in up to 50% of 
cases and may be complex. The prognosis is generally poor 


(median survival of about lyear), with about one-third of 
patients progressing to acute leukaemia. 


Myelodysplastic Syndrome Associated with Isolated 
del(5q) Chromosome Abnormality 


MDS associated with isolated del(5q) chromosome abnor- 
mality (“5q-syndrome”) is a relatively uncommon MDS 
defined by its cytogenetic abnormality in the presence of 
<5% blasts in the blood and bone marrow (Boultwood et al., 
1994). It occurs in adults, with a marked predilection for 
females. Most patients present with anaemia, and the bone 
marrow is usually hypercellular. The 5q deletion involves 
bands q31 and q33, and by definition, no other cytogenetic 
abnormalities are present. The prognosis of these cases is 
excellent, with median survival greater than 5 years. Progres- 
sion to acute leukaemia is not commonly seen. 


Myelodysplastic/Myeloproliferative Diseases 


The MDS/MPDs are as yet poorly understood clonal 
haematopoietic diseases that share features of both MDS 
and CMPD. They are rare, with an annual incidence below 
1 per 100000 in western countries. Their age distribution 
varies with the specific disease, although a male predilection 
is seen in all types. The aetiology in most cases is unknown. 
Typically, patients have evidence of proliferation of one 
or more of the myeloid lineages along with evidence of 
dysplastic or ineffective proliferation in other lineages. By 
definition, the percentage of blasts is <20%. Patients with 
well-defined CM PD who develop dysplasia or whose disease 
carries the BCR/ABL translocation (indicative of CML) are 
not placed in this disease category but are considered to have 
CMPD with progression to MDS. 


Chronic Myelomonocytic Leukaemia 


Chronic myelomonocytic leukaemia (CMML) is a clonal 
haematopoietic neoplasm in which a mature monocytosis is 
the dominant feature (Germing et al., 1998). It comprises 
about 3 cases annually per 100000 in western population. 
It occurs primarily in older adults, with a male predilection. 
Patients generally present with non-specific symptoms, and 
are found to have a significance monocytosis on laboratory 
evaluation. There may be splenomegaly, due to infiltration 
of the sinuses by monocytes. The diagnosis is based on 
the presence of a sustained and marked monocytosis, <20% 
blasts or immature monocytic cells in the peripheral blood or 
bone marrow, dysplasia involving one or more of the myeloid 
lineages, and the absence of the BCR/ABL translocation. It 
is further classified into CM M L-1, if the blast count is <5% 
in the blood and <10% in the bone marrow, or CMML- 
2, if the blast count is above this level (but still <20%). 
Clonal karyotypic abnormalities are seen in about one-third 
of patients, most frequently +8, —7/del(7q) and t(5;12). 
Many patients have point mutations of the RAS genes. The 
median survival is about 3 years, with progression to acute 
leukaemia in about 20% of cases. 
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Atypical Chronic Myeloid Leukaemia 


Atypical chronic myeloid leukaemia (subacute myeloid 
leukaemia) is a very rare disease characterized by 
proliferative and dysplastic changes in the neutrophilic 
lineage (Hernandez et al., 1999). Patients either present with 
non-specific symptoms and are found to have an abnormal 
blood smear, or they may present with splenomegaly. The 
diagnosis is based on the presence of a sustained and 
marked neutrophiliain the peripheral blood, with neutrophilic 
precursors representing >10% of the white blood cells; a 
hypercellular bone marrow with dysplasia of the granulocytic 
line; <20% blasts in the blood or bone marrow; and 
the absence of basophilia, monocytosis, or the BCR/ABL 
translocation. The bone marrow often also shows dysplasia 
of the erythroid and megakaryocytic lines. Cytogenetic 
abnormalities are found in a majority of patients. The 
prognosis is poor, with a median survival less than 2 years. 


Juvenile Myelomonocytic Leukaemia 


Juvenile myelomonocytic leukaemia is a rare disease of 
childhood characterized by proliferative changes in the 
granulocytic and monocytic lineages (Luna-Fineman et al., 
1999). It primarily occurs in children under the age of 
3 years, with a predilection for males. About 10% of cases 
occur in association with neurofibromatosis type 1. Patients 
generally present with non-specific symptoms or evidence of 
haemorrhage. The diagnosis is based on the presence of a 
high white blood cell count with an increase in monocytes 
and the percentage of immature granulocytes, the presence 
of <20% blasts or immature monocytic cells in the blood or 
bone marrow, and absence of the BCR/ABL translocation. 
The bone marrow is hypercellular and may show mildly 
dysplastic features in one or more of the major cell lineages. 
Cytogenetic abnormalities, particularly monosomy 7, occur 
in about one-third of patients. The prognosis is generally 
poor, although some patients survive long periods (even 
without therapy). 
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INTRODUCTION 


Bone tumours are rare entities that comprise an interesting 
group of neoplasms. As a whole, these tumours occur in a 
younger age group compared to most other tumours. They 
are particularly frequent at the time of maximal bone growth 
in adolescents. Because they are so uncommon, it has taken 
years to collect enough of any given type to successfully cat- 
egorize them for accurate diagnosis, and, consequently, even 
longer to determine the best ways to treat patients success- 
fully. Recent advances in modern chemotherapeutic regimens 
have significantly improved the prognosis in selected types. 
This chapter will summarize the pertinent pathological fea- 
tures of the most common types of bone tumours. Excellent 
specialized tests are recommended for rare entities not cov- 
ered in this chapter (Dahlin and Unni, 1986; Fechner and 
Mills, 1993; Unni, 1996; Dorfman and Czerniak, 1998). 


NORMAL DEVELOPMENT AND STRUCTURE 


The bones of the axial skeleton originate from sclerotomes 
derived from axial mesoderm while those of the limbs 
originate from limb buds derived from the lateral plate 
mesoderm. Flat bones of the cranium and some of those 
of the skull base are derived from neural crest ectoderm. 
Most bones are preformed in cartilage and replaced by 
bone, a process termed endochondral ossification. The cal- 
varium and inner two-thirds of the clavicles form directly 
from periosteum, a process termed intramembranous ossifi- 
ciation. Bones increase in diameter by appositional growth, 
meaning that bone matrix is laid down upon the surface of 
extant bone by osteoblasts. Bones grow in length by inter- 
stitial growth. When solid cartilage models are replaced by 
bone, a small cartilaginous growth plate called a physis is 
retained near the ends of the bones. Because cartilage is 
soft, the physis increases in mass primarily by synthesiz- 
ing cartilage matrix. As this matrix accumulates, it pushes 
the end of the bone, the epiphysis, away from the bone shaft, 
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or diaphysis. The funnel-shaped region between the physis 
and the diaphysis is called the metaphysis. Growth centres 
on the surface of the bone serving as tendon attachments are 
called apophyses. The vascular supply of the growth plate 
is derived from the epiphyseal side. Chondrocytes remaining 
after growth become ischaemic, undergoing matrix calcifi- 
cation and apoptosis. This matrix becomes a scaffold for 
deposition of new bone and is eventually reabsorbed by 
osteoclasts on the metaphyseal side of the growth plate. The 
mixed spicules of bone and necrotic cartilage are called pri- 
mary spongiosa; their collagen fibres are random, or woven. 
Primary spongiosa is replaced by trabeculae bone in which 
the collagen pattern is layered, or lamellar, and referred to 
as secondary spongiosa. This bone is the only residual bone 
produced by endochondral ossification and comprises 25% 
of skeletal mass. Compact cortical bone comprising the bone 
shafts and external tables of flat bones is the remnant of 
intramembranous ossification and comprises 75% of skeletal 
mass. 

Bone owes its physical properties to its composite nature. 
Its organic portion is 25% of its mass and is 90% type 
| collagen and 10% proteoglycans and bone morphometric 
proteins. Its inorganic component is 75% of its mass and 
is composed of calcium hydroxyapatites. The collagen is 
responsible for tensile strength, while the mineral accounts 
for stiffness. 

Bone collagen consists either of layers composed of 
parallel bundles or aggregates of random fibre arrangement. 
The former is termed lamellar, or mature bone, while the 
latter is termed woven bone. The skeleton develops in utero 
as woven bone and is replaced by lamellar bone once gravity 
acts on the skeleton. After 3years of age, woven bone 
is normal only in primary spongiosa and, for all practical 
purposes, woven bone indicates disease. 

Bone is either compact or cancellous. Compact bone 
is 90% bone and 10% space (vascular canals, osteocyte 
lacunae, and osteocyte canaliculi) by volume, whereas 
cancellous bone is 25% bone and 75% space (marrow, 
osteocyte lacunae, and canaliculi) by volume. Both types 
are normally lamellar, although the layers in each type 
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are arranged differently. In the cortex, the lamellae are 
first arranged concentrically around the entire shaft. These 
circumferential lamellae are gradually replaced by secondary 
osteons, cylindrical structures that are roughly parallel to 
the long axis of the bone. The collagen in each layer 
is oriented concentrically about the central vascular canal 
(Haversian canal). Each osteon is anatomically and physio- 
logically separated from adjacent osteons or non-Haversian 
lamellae by cement lines, which mark the boundary of 
previous osteoclast activity. While cement lines usually 
increase the material strength of bone, certain diseases (e.g., 
Paget’s disease) result in irregular cement lines, weakening 
bone structure. Residual circumferential lamellae seen at the 
endosteal cortical surface are called inner circumferential 
lamellae; those on the periosteal surface are outer circum- 
ferential lamellae. Interstitial lamellae are portions of old 
osteons or circumferential lamellae incompletely absorbed 
by osteoclasts. 

Bone circulation is derived from arterioles in the perios- 
teum and from nutrient arteries to the marrow cavity. Lateral 
canals called Volkmann canals run perpendicular to the long 
axes of bones and interconnect their arterial supply. 

Bone cells derive from marrow stem cells or from histio- 
cytic precursors. 

Osteoblasts, which sythesize bone matrix, are derived from 
osteoprogenitor cells differentiating from pluripotential mar- 
row stem cells. These stem cells are capable of differentiating 
into cartilage or fibrous tissue under appropriate circum- 
stances. Understanding this concept explains why certain 
bone tumours are capable of producing extracellular matrix 
of different types. 

Osteocytes are derived from osteoblasts that have been 
incorporated into the bony matrix. Each lies in a space called 
a lacuna, separating it from the surrounding bone matrix. 
Osteocytes maintain fluid and mineral transport and thus the 
metabolic activity of bone. They communicate by delicate 
cytoplasmic processes that lie within canaliculi that connect 
with adjacent osteocytes. The processes communicate via 
gap junctions, attachments permitting ion, sugar, and water 
transport but not large molecules. Osteocyte processes do not 
cross cement lines, making each osteon functionally separate. 

Osteoclasts are multinucleated giant cells of mono- 
cyte/macrophage lineage responsible for absorption of bone 
matrix. They are able to leach minerals out of the bone by 
firmly attaching to bone surfaces and creating a microacidic 
environment favourable for degradation. They are found in 
cup-shaped depressions on mineralized bone surfaces called 
Howship’s lacunae. 

Hyaline cartilage is present in growth plates and lines 
the articular surfaces of joints. Like bone, it is largely 
composed of extracellular matrix, but its matrix is pliable, 
compressible, and so hydrophilic that it derives all its 
metabolic requirements from diffusion. Hyaline cartilage 
has no inherent blood supply, and it has a very limited 
capacity for repair. Its cells, called chondrocytes, are S-100 
protein- expressing cells that synthesize and maintain both 
the collagenous and proteoglycan-containing portions of its 
matrix. Like osteoblasts, chondrocytes take their origins from 


marrow stem cells that can differentiate along cartilaginous 
lines. 


EPIDEMIOLOGY AND AETIOLOGY OF BONE 
TUMOURS 


Bone tumours are relatively rare tumours, accounting for 
about 0.2% of all malignancies, or an incidence of about 1 per 
100 000 individuals per year (Dorfman and Czerniak, 1995); 
there has been no discernible change in their frequency. 
There is a bimodal age distribution, with one peak occurring 
in adolescence and a smaller peak in patients older than 
60 years. There is a slightly higher incidence of bone tumours 
in whites than in blacks, and in males than in females. 
However, each tumour has its own characteristic age, race, 
and sex predilections. The rarity of the tumours has frustrated 
programs for screening and prevention. 

A small percentage of bone tumours have genetic pre- 
dispositions. A few syndromes are known in which specific 
bone tumours are present with a relatively higher frequency. 
Multiple hereditary exostoses is a rare autosomal dominant 
disorder in which patients develop multiple osteochondro- 
mas associated with bone deformities of affected sites. Some 
families with this syndrome have a genetic defect at a gene 
called EXT-1 present on chromosome 8q24.1 (Ahn etal., 
1995). Others have a different genetic defect at a gene called 
EXT-2 on chromosome 11p11-13, and a third group may 
have an abnormality on chromosome 19 (Strickens et al., 
1996). About 20% of patients develop secondary malignan- 
cies, usually a chondrosarcoma. Ollier’s disease is a rare, 
non-hereditary congenital disorder in which benign carti- 
lage tumours become chondrosarcoma in about 20-25% 
of patients. In Maffucci’s syndrome, patients with multi- 
ple enchondromas develop other malignant tumours (B ean, 
1958). The incidence of chondrosarcoma is even higher in 
these patients, at approximately 50%. Solitary enchondroma 
and osteochondroma may also give rise to chondrosarcoma. 

Patients with Li-Fraumeni syndrome carry a germ-line 
mutation in the TP53 gene, leading to an increase in the 
frequency of numerous neoplasms, including osteosarcoma. 
In addition, families carrying mutations in the retinoblastoma 
(RB ) gene also have a greatly increased risk of osteosarcoma. 
In addition, there may be a familial osteosarcoma syndrome, 
independent of the above two disorders. Finally, Roth- 
mund- Thomson syndrome, a rare condition characterized 
by skin, endocrine, and neural abnormalities, is associated 
with squamous cell carcinoma of the skin and osteosarcoma, 
which may be multicentric (Vennos et al., 1992). 

Paget’s disease of bone, bone infarction, and radiation 
injuries all predispose to a variety of high-grade bone 
sarcomas. Osteomyelitis with sinus tract formation, pre- 
disposes to squamous cell carcinoma. Some investigators 
have suggested that Kaposi's sarcoma- associated human 
herpesvirus (HHV )- 8 may be present in bone marrow anti- 
gen- presenting cells in cases of multiple myeloma (Berenson 
and Vescio, 1999). 


BONES 3 


Table 1 Classification of common neoplasms of bone. 


Benign 
Osteoma 
Osteoid osteoma 
Osteoblastoma 
Osteochondroma 
Enchondroma 
Periosteal chondroma 
Chondroblastoma 
Chondromyxoid fibroma 
Fibrous dysplasia 
Osteofibrous dysplasia 
Non-ossifying fibroma 
Benign fibrous histiocytoma 
H aemangioma/lymphangioma/angiomatosis 


Locally aggressive 
Giant cell tumour 
Desmoplastic fibroma 
H aemangioendothelioma 


Malignant 
Osteosarcoma 
Chondrosarcoma 
Ewing's sarcoma/primitive neuroectodermal tumour 
Multiple myeloma and plasmacytoma of bone 
Malignant lymphoma 
Langerhans cell histiocytosis 
Malignant fibrous histiocytoma 
Fibrosarcoma 
Chordoma 
Adamantinoma 
Angiosarcoma 


CLASSIFICATION OF BONE TUMOURS 


Bone tumours may be divided into benign, locally aggressive, 
and malignant tumours. The biological potential of tumours 
can usually be discerned from their histology and cytology, 
although some tumours that appear histologically benign 
can be diagnosed as low-grade malignancies by virtue of 
their combined clinical presentation, imaging findings, and 
histologic features. Since bone tumours are usually derived 
from mesoderm, an essential part of their classification is 
derived from discerning whether they produce extracellular 
matrix (bone, cartilage, fibrous tissue) or differentiate into 
certain connective tissue structures (e.g., blood vessels, 
adipose tissue) (see Table 1). 


PATHOLOGY OF BENIGN AND LOCALLY 
AGGRESSIVE TUMOURS 


Benign Tumours Producing Bone Matrix 


Osteoma 


Osteoma is a well-circumscribed, space-occupying lesion that 
most often affects the jaws and paranasal sinuses although it 
occurs in the flat bones and long bones. It is sharply delimited 
and radiodense on routine radiographs. Histologically, it 
consists of mineralized bone matrix that has a variable 
admixture of mature and immature bones. Its cells are 


primarily osteocytes. While it may be sporadic, osteomas 
may be an early sign of familial adenomatous polyposis of 
the large intestine. 


Osteoid Osteoma 


Osteoid osteoma usually occurs in patients between the ages 
of 5 and 25, with a male predilection. Its growth potential is 
limited and it is always less than 2 cm in diameter. It is found 
mainly in compact bones of limbs. Patients often present with 
severe local pain that is worse at night and is usually relieved 
by aspirin. Histologically, there is a richly vascular fibrous 
stroma in which differentiated osteoblasts produce osteoid or 
bone (Figure 1). 


Osteoblastoma 


Osteoblastoma usually occurs between the ages of 10 and 40, 
with a male predilection. It is larger than 2cm in diameter 
and one-third to one-half of cases affect the vertebral column. 
Because mineralization of the osteoid matrix is variable, 
the X-ray appearance may not show frank bone formation 
(Figure 2). While the pain is similar to that in osteoid 
osteoma, it is not always relieved by the use of aspirin. Since 
the histology is identical to osteoid osteoma, the diagnosis is 
based upon size. 


Benign Tumours Producing Cartilage Matrix 


Osteochondroma 


Osteochondroma is more like a developmental abnormality 
than a neoplasm, though it is a very common space- 
occupying lesion (Milgram, 1983). Its peak incidence is 
between 10 and 30 years of age, with a male predilection. 
It occurs in two clinical forms. Solitary osteochondroma is 
a sporadic lesion and multiple hereditary osteochondroma is 





Figure 1 Osteoid osteoma. Immature bone formation in a benign fibrovas- 
cular stroma is present. 
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Figure 2 Osteoblastoma. The lesion is well circumscribed and greater than 
2cm in diameter. 


an autosomal dominantly inherited condition in which many 
bones have osteochondromas. 

Osteochondroma presents as a hard bump on the surface 
of metaphyses regions of large tubular bones. It enlarges dur- 
ing active skeletal growth and becomes stable once skeletal 
growth has stopped. Osteochondroma consists of a cartilage 
cap that becomes cancellous bone by endochondral ossifica- 
tion in the same manner as a normal growth plate (Figure 3). 
Its medullary cavity is continuous with that of the underly- 
ing normal bone, and its cortex is continuous with that of the 
contiguous bone. The periosteum of the adjacent bone and 
the fibrous layer overlying the cartilage cap are continuous 
and histologically identical. Osteochondroma is thus a tubu- 
lar bone with its own growth plate. Since lesions resembling 
osteochondromas have been created surgically by perpen- 
dicular transposition of the growth plate (D'A mbrosia and 
Ferguson, 1968), it was once thought that osteochondromas 
were caused by trauma. More recently, cytogenetic abnor- 
malities involving the tumour-suppressor genes EXT-1 and 
EXT-2 in solitary and multiple hereditary osteochondromas 
have been described, raising the probability of a neoplastic 
origin (Bernard et al., 2001). 


Enchondroma 


Enchondroma occurs in patients of a wide age distribution 
and without sex predilection (Mirra et al., 1985). It is found 
on the metaphyseal side of tubular bones, particularly in 
the hands and feet. It may be derived from persistent 
cartilage remnants from the growth plate. True enchondromas 
are very rare in the epiphysis. Clinically, enchondroma is 
not painful, but an enchondroma may cause atrophy of 
the cortex and result in fracture, so fracture pain may be 
the presenting symptom. Enchondroma consists of mature 
hyaline cartilage with a lobular architecture. Its chondrocytes 
have small nuclei that lack atypia. The edges of the cartilage 
lobules are well demarcated and sometimes surrounded 
by bone that is produced by endochondral ossification 
(Figure 4). Amorphous calcifications may also be identified. 





Figure 3 Osteochondroma. A blue-grey hyaline cartilage cap transforms 
into bone by endochondral ossification. 





Figure 4 Enchondroma. Well-circumscribed nodules of hyaline cartilage 
of low cellularity are characteristic. 


Stippled, curly, or ring-shaped radiodensities are often seen 
on radiography. 


Periosteal Chondroma 


Periosteal chondroma is a benign tumour composed entirely 
of hyaline cartilage arising from the periosteum and is located 
on the bone surface beneath the periosteum. It is very infre- 
quent and occurs in both children and adults without gender 
predilection (Unni, 1996). It is most frequent on long bones, 
and the humerus is affected in about half of the cases. It is 
often tender, sometimes palpable, and occasionally painful. It 
is radiolucent and causes pressure erosion of the underlying 
cortex. Radiographically, it resembles a volcanic crater. It 
rarely exceeds 5cm in diameter. Histologically, the tumour 
is sharply circumscribed hyaline cartilage, although some- 
times it has myxoid features. It often has greater cellularity 
than the usual benign cartilage lesions but its clinical fea- 
tures distinguish it from low-grade chondrosarcoma. It is 
usually treated with local excision and the recurrence rates 
are low. 





Figure 5 Chondroblastoma. Chondroblasts with ovoid, grooved nuclei are 
well demarcated and separated from one another by latticelike calcifications 
resembling chicken wire. 


Chondroblastoma 


Chondroblastoma is a very uncommon benign tumour that 
typically occurs in patients between the ages of 10 and 
20, and has a male predilection (Dahlin and Ivins, 1972). 
It arises in the epiphyses or apophyses of large tubular 
bones. The proximal humerus, distal femur, and proximal 
tibia are the commonest sites. It is always painful, and the 
pain mimics arthritis. Histologically, there are round cells 
with rather distinct cytoplasmic borders with ovoid nuclei 
often showing nuclear folding or longitudinal grooves. There 
is pink extracellular matrix with disordered calcification that 
may be sheetlike or latticelike and resembles chicken wire 
(Figure 5). There is some degree of mitotic activity, but it is 
seldom brisk and atypical mitotic figures are not seen. Inter- 
spersed between the chondroblasts there are multinucleated 
giant cells resembling osteoclasts, which tend to be clustered 
and unevenly distributed. Hyaline cartilage is not present. 
Chondroblastoma is often confused with the more locally 
aggressive giant cell tumour (see following text), particu- 
larly if the extracellular matrix is scant. Correlation between 
the radiographs, which demonstrate that the growth plate is 
open and the lesion is epiphyseal, and the histology, which 
demonstrates that its cells have distinct borders, often settles 
the issue. 


Chondromyxoid Fibroma 


Chondromyxoid fibroma is about half as frequent as chon- 
droblastoma. It occurs in patients between the ages of 10 
and 30, with a male predilection (Rahimi et al., 1972). The 
metaphyses of the large tubular bones are affected and one- 
half to two-thirds are tibial, fibular, or in the feet. Pain and 
tenderness are often present. It consists of immature myx- 
oid tissue in which spindle- and stellate-shaped cells with 
long processes are loosely and sparsely dispersed in pseu- 
dolobules that alternate with hypercellular areas containing 





Figure 6 Chondromyxoid fibroma. At low power, the tumour shows 
lobularity due to cellular zones and less cellular myxoid zones. 


similar stellate and spindle cells and osteoclast-like giant 
cells (Figure 6). The mononuclear cells in the hypercellular 
areas may also be cytologically similar to chondroblastoma, 
sometimes even containing mitotic figures. W hile the tumour 
resembles high-grade chondrosarcoma with myxoid features, 
the malignant cartilage tumour fails to show zonation. In 
addition, chondromyxoid fibroma never contains hyaline 
cartilage. Moreover, radiographic circumscription of chon- 
dromyxoid fibroma almost always points to a more benign 
lesion than what its cellularity suggests. 


Benign Fibrous Lesions 


Fibrous Dysplasia 


Fibrous dysplasia is a space-occupying fibrous lesion of bone 
that may produce bone or cartilage, or both. Its bone is woven 
and maturation only rarely takes place (Reed, 1963). There 
are two major forms. The monostotic form occurs as a sin- 
gle focus in one bone, and the polyostotic form occurs as 
multiple foci in several bones, either unilateral in a single 
limb bud (monomelic) or in a more widespread distribution 
(polymelic). McCune-A lbright syndrome is the combination 
of polyostotic fibrous dysplasia with endocrine abnormali- 
ties (typically precocious puberty in females). Mutations of 
signal-transducing G-proteins may underlie this syndrome as 
well as lesions of solitary fibrous dysplasia (Shenker et al., 
1994; Cohen, 2001). There is also a relationship between 
polyostotic fibrous dysplasia and soft tissue myxomas or 
M azabraud syndrome (Siegal et al., 2002). Fibrous dysplasia 
consists of a variably cellular fibroblastic stroma in which 
microtrabeculae of abnormal immature woven bone are 
present, often in curvilinear arrangements. B one is sometimes 
deposited next to vascular sinusoids and may demarcate their 
course. Examination of fibrous dysplasia in polarized light 
demonstrates that its woven bone and fibrous tissue are part 
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of one continuous fabric. Differentiated osteoblasts are not 
seen in fibrous dysplasia, so the bone formed within the 
fibrous background is sometimes termed metaplastic. Car- 
tilage is seen in some cases and is somewhat more common 
in McCune-Albright syndrome. Sometimes the cartilage is 
so exuberant that it looks like a cartilage tumour radio- 
graphically. Very rarely, fibrous dysplasia consists entirely 
of fibrous tissue. In this instance, a diagnosis may only be 
rendered after very careful radiopathologic correlation. 


Osteofibrous Dysplasia 


Osteofibrous dysplasia is a rare lesion that occurs in infants 
and children in the bones of the lower leg, usually the mid- 
shaft of the tibia, but sometimes in both the tibia and fibula. 
The lesion resembles fibrous dysplasia histologically, except 
that its trabeculae are rimmed with appositional osteoblasts, 
regardless of their maturity. In addition, while fibrous dys- 
plasia is a space-occupying lesion of the medullary cavity, 
osteofibrous dysplasia always affects the cortex, so it often 
causes a bending deformity in the affected bone. It is pos- 
sible that the osteoblast activity may represent interactions 
between lesional tissue and the host bone. Despite its resem- 
blance to fibrous dysplasia, genetic studies thus far have 
not demonstrated the signal-transducing G-protein mutations 
seen in fibrous dysplasia (Sakamoto et al., 2000). 


Non-Ossifying Fibroma 


Non-ossifying fibroma (fibrous cortical defect) is by far the 
most common space-occupying lesion of bone. It has been 
estimated that it affects one in four growing individuals 
(Caffey, 1955); this still holds true 50 years later. It is dis- 
covered in patients between the ages of 5 and 15, with equal 
gender predilection, mainly in a radiograph performed for 
another reason. It usually occurs as a small defect in the 
metaphyseal cortex, and hence the synonyms fibrous corti- 
cal defect and metaphyseal fibrous defect. When it is large 
and involves the medullary cavity, it is called non-ossifying 
fibroma. A bland, and sometimes cellular, spindle-cell pro- 
liferation with histiocytes and scattered multinucleated giant 
cells is seen (Figure 7). Most lesions regress spontaneously, 
which is an evidence that non-ossifying fibroma is a develop- 
mental disorder of intramembranous ossification. If a lesion 
of identical histology is discovered in an older individual or 
in an atypical part of bone, the term benign fibrous histio- 
cytoma is applied. In this case, the lesion is considered a 
true neoplasm and does not regress spontaneously (R oessner 
et al., 1981). 


Benign Vascular Tumours 


Haemangioma 


Haemangioma is a benign tumour of blood vessels (Wold 
et al., 1982). It is usually discovered in adults and is most 
commonly seen in the skull or the spine. Grossly, it is 





Figure 7 Non-ossifying fibroma. The spindle cell stroma shows a promi- 
nent storiform pattern composed of whorls. 


usually a red-brown well-demarcated medullary lesion and 
is composed of capillary-sized or slightly larger vessels 
consisting of endothelial cells. 


Lymphangioma 


Lymphangioma is a rare benign tumour of lymphatics. 
It consists of dilated, thin-walled lymphatics filled with 
proteinaceous fluid. Both haemangiomas and lymphan- 
giomas may be multiple. Regional angiomatosis involves 
one or several bones in a single anatomic region, while 
disseminated (cystic) angiomatosis affects multiple sites 
within bones of the trunk. Multiple lymphangiomas are 
often associated with soft tissue lymphangioma or systemic 
lymphangiomatosis. 


Benign but Locally Aggressive Bone Tumours 


Giant Cell Tumour 


Giant cell tumour of bone is a locally aggressive neoplasm 
with a high propensity for local invasion, frequent recur- 
rence, and, rarely, pulmonary metastases (Dahlin, 1985). It 
almost always occurs in patients with mature skeletons. Its 
peak age range is between 20 and 40 years, without gender 
predilection. Giant cell tumour usually arises in metaphy- 
ses of long bones and extends to the articular surface. It 
is completely radiolucent and its interface with the sur- 
rounding bone is sharp. Microscopically, there are syncytial 
sheets of spindle- and polyhedral-shaped mononuclear cells 
within which numerous multinucleated giant cells are evenly 
interspersed (Figure 8). The cell borders are very indistinct, 
so it appears as a sea of nuclei at low magnification. Its 
giant cells are quite distinctive and may have up to 100 
nuclei, which resemble those of the mononuclear cells. The 
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Figure 8 Giant cell tumour. The gross specimen demonstrates a gelatinous, 
haemorrhagic tumour mass occupying the entire distal left radius (left). At 
medium power magnification, the giant cells and stromal cells have similar 
nuclei and indistinct cell borders. 


mitotic index is often very high, but only in the mononuclear 
component. 

The lineage of the mononuclear and giant cells is not 
yet entirely clear. The giant cells show some features of 
the monocyte/macrophage lineage, similar to osteoclasts. 
The mononuclear cells have some but not all features of 
this lineage. The fact that mononuclear cells proliferate in 
sections and in tissue culture while the giant cells disappear 
in the latter suggests that giant cells are not neoplastic. A 
high proportion of giant cell tumours are aneuploid. Most 
cases show chromosomal aberrations, particularly telomeric 
fusion (Schwartz et al., 1993). Thorough curettage and bone 
grafting are the first treatment, although recurrence rates 
for intralesional curettage are approximately 50%. Other 
adjunctive treatments including instillation of phenol, liquid 
nitrogen, and bone cement have been reported as result- 
ing in lower recurrence rates. Rarely, cases of recurrent 
giant cell tumour are complicated by secondary bone sar- 
comas. These are termed secondary malignant giant cell 
tumours; some of these patients received prior adjunc- 
tive radiotherapy. Cases of primary malignant giant cell 
tumour in which histologically typical giant cell tumours 
contain frankly sarcomatous tumour tissue are even rarer. 
Even without the overt development of histologic evi- 
dence of malignancy, giant cell tumours are highly unpre- 
dictable and may give rise to histologically benign lung 
metastases. 


Desmoplastic Fibroma 


Desmoplastic fibroma is a very rare locally aggressive 
neoplasm often affecting adolescents and young adults. 
There is no gender predilection. It may involve any bone, 
but it arises most frequently in the mandible (Green 
and Sirikumara, 1987). The lesions are radiolucent and 
well defined, but there is no characteristic appearance. 


It consists of rather bland spindle cells producing abun- 
dant collagen, and it has an infiltrative border with sur- 
rounding bone, causing frequent local recurrences when 
curetted. 


PATHOLOGY OF MALIGNANT BONE TUMOURS 


Tumours Producing Bone Matrix 


Osteosarcoma 


Osteosarcoma is the most common sarcoma of bone, account- 
ing for about one-quarter of all primary malignancies and 
about one-third of all bone sarcomas (Dorfman and Czer- 
niak, 1998). It is defined as a malignant mesenchymal neo- 
plasm that produces bone or osteoid. It arises as a more 
common intramedullary tumour or a rarer surface tumour. 
Intramedullary osteosarcoma has a bimodal age distribu- 
tion, an adolescent peak and a late adult peak; there is 
a male predilection. Adolescents develop tumours in areas 
with the greatest growth rates. Radiographically, osteosarco- 
mas may be radiolucent, sclerotic, or a mixture, depending 
upon the amount of mineralization in the lesion. The bor- 
ders are usually ill defined; a soft tissue component is often 
seen. Grossly, the tumour appears variegated, with areas of 
bony, cartilaginous, and softer tissue differentiation, some- 
times with haemorrhage and necrosis (Figure 9). A wide 
variety of microscopic patterns are seen, unified by the pres- 
ence somewhere of malignant cells forming bone (Figure 10) 
(Dahlin and Unni, 1977). Though bone formation predomi- 
nates, many other histologic variants causing difficulties in 
diagnosis but having little or no prognostic implications may 
occur. Mixtures of several patterns are often seen in an indi- 
vidual case. 

One histologic variant of osteosarcoma having a positive 
impact on prognosis is low-grade central osteosarcoma. This 
variant has deceptively bland histology often resembling 
fibrous dysplasia. While most intramedullary osteosarcomas 
are high grade, this tumour has an indolent clinical course if 
there is no high-grade component. 

DNA studies have usually demonstrated highly aneuploid 
populations in osteosarcoma (M andahl etal., 1993). Clas- 
sic cytogenetic studies often demonstrate grossly aneuploid 
karyotypes with numerous extra chromosomes, marker chro- 
mosomes, or chromosome loss, particularly chromosomes 3, 
10, and 12 (Mertens et al., 1993). Even cases with a normal 
chromosomal complement may have evidence of structural 
rearrangements, particularly in chromosome 1q. 

On a molecular level, a high proportion of cases of 
osteosarcomas have mutations in the RB gene, as seen in 
patients with familial retinoblastoma (and possibly explain- 
ing the high frequency of osteosarcoma in these patients) 
(M iller et al., 1996). In addition, many cases also show muta- 
tions in the TP53 gene (possibly explaining the increased 
frequency of osteosarcoma in patients with the Li-Fraumeni 
syndrome). The double minute 2 (MDM2) gene is ampli- 
fied in a high proportion of metastatic lesions, providing 
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Figure 9 Osteosarcoma. A tumour of the femoral metaphysis extends to 
the growth plate and extends outside the bone. 


another mechanism of TP53 gene inactivation in osteosar- 
coma (Ladanyi et al., 1993). 

Untreated conventional osteosarcoma is always fatal and 
is treated with surgery alone; patients with osteosarcoma 
have survival rates no higher than 10-20%. However, 
patients with resectable lesions and without evidence of 
metastases are now often treated with aggressive preoper- 
ative chemotherapy followed by complete surgical excision 
(often limb sparing) followed by post-operative chemother- 
apy. These patients now have 5-year survivals of 60-80% 
(Longhi etal., 2006). The degree of tumour necrosis 
observed in the resection specimen is of critical importance 
as patients with 90% or more necrosis in their tumours 
have 5-year survival rates >80%, while patients with <90% 
necrosis have 5-year survival rates <20%. Other prognos- 
tic factors include the site of the neoplasm (patients with 
tumours in the long bones do better than those with tumours 
in the trunk) and tumour size. The degree of aneuploidy, 
the status of the TP53 gene, and the status of the multidrug 
resistance 1 (MDR1) gene (upregulation is associated with 





Figure 10 Osteosarcoma. Delicate osteoid is produced by malignant cells. 


chemoresistance and decreased survival) are also important 
prognostic factors (Baldini et al., 1995). M etastases are most 
commonly seen in the lungs and liver. Patients with solitary 
or even several metastases may benefit from surgical resec- 
tion and adjuvant chemotherapy. 

M ost surface osteosarcomas are low-grade lesions bearing 
a histologic resemblance to low-grade central osteosarcoma. 
There are three types: parosteal osteosarcoma, high-grade 
surface osteosarcoma, and periosteal osteosarcoma (Unni 
et al., 1976a). Parosteal osteosarcoma, the most common 
type, arises on the outer periosteal surface of long tubu- 
lar bones. Its peak incidence is between 20 and 30 years 
of age, with a female predilection. M ost are located on the 
distal posterior femur. They are exophytic growths without 
periosteal elevation. They are bland spindle cell prolifera- 
tions admixed with well-formed bony trabeculae histolog- 
ically. Patients have as excellent prognosis on complete 
surgical excision. In about 20% of them, however, high- 
grade osteosarcoma develops locally. This is called de- 
differentiated parosteal osteosarcoma, and patients with this 
complication are often treated with chemotherapy (Wold 
et al., 1984a). High-grade surface osteosarcoma refers to 
an osteosarcoma that develops on the surface of a long 
bone without medullary involvement (Wold et al., 1984b). 
Its histology and natural history are otherwise similar to con- 
ventional osteosarcoma. 

Periosteal osteosarcoma is a rare low-to-intermediate grade 
variant of osteosarcoma usually on the surface of long tubular 
bones. In contrast to parosteal osteosarcoma, it arises beneath 
the periosteum (Unni etal., 1976b). It is very rare, with a 
peak occurrence between 10 and 30 years of age, and female 
predilection. Grossly and radiologically, lesions are on the 
bone surface and lift the periosteum, including reactive new 
bone that may be observed on radiographs. This variant of 
osteosarcoma is mainly cartilaginous, and bone formation is 
only focal and deep. Tumour cell nuclei are usually interme- 
diate grade. Patients with periosteal osteosarcoma are usually 
treated using radical surgical excision, with a survival of 
about 70%. 
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Tumours Producing Cartilage Matrix 


Chondrosarcoma 


Chondrosarcoma, the second most common sarcoma of bone, 
is a malignant tumour forming hyaline cartilaginous matrix, 
without any bone formation directly produced by tumour 
cells (Bertoni et al., 2002). It may be divided into the com- 
mon conventional chondrosarcoma and the less common 
de-differentiated, clear-cell, and mesenchymal variants. Con- 
ventional chondrosarcoma is a neoplasm of older adults, 
and has no gender predilection. It occurs most frequently 
in the pelvis, ribs, and proximal extremities. Patients usu- 
ally present with a dull aching pain (in contrast to most 
benign lesions of cartilage), often with local swelling. Chon- 
drosarcoma usually appears as a clearly demarcated radi- 
olucent lesion with discrete calcified opacities; there is 
often cortical destruction and sometimes there is cortical 
thickening. This type of lesion is referred to as a central 
chondrosarcoma. Sometimes, chondrosarcoma complicates 
a pre-existing osteochondroma; this is termed peripheral 
chondrosarcoma. Chondrosarcomas arising in demonstrable 
pre-existent lesions are called secondary chondrosarcomas; 
those arising de novo are referred to as primary chon- 
drosarcomas. Rarely, the chondrosarcoma may be a subpe- 
riosteal site on the bone surface, a variant called juxtacortical 
chondrosarcoma. 

Chondrosarcoma consists of nodules of hyaline carti- 
lage showing calcification and bone produced by endo- 
chondral ossification. An extraosseous component is often 
present; high-grade lesions may show areas of haemorrhage 
and necrosis (Figure 11). Microscopically, the hallmark of 
a chondrosarcoma is hyaline cartilage containing atypical 
chondrocytes. The tumour never produces fibrocartilage or 
elastic cartilage. There is often calcification of the cartilage 
matrix, and myxoid change (a loose, gelatinous matrix) may 
be present. Bone may be present in the lesion, but this bone is 





Chondrosarcoma. A bulky mass composed of hyaline cartilage 
with calcifications extends from the acetabulum into the surrounding soft 
tissues. 


Figure 11 
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Figure 12 Chondrosarcoma. Cartilage matrix permeates the marrow 
spaces between normal trabeculae, a finding not seen with benign cartilage 
neoplasms. 


produced by endochondral ossification, and not directly from 
chondrocytes; the presence of the latter would be diagnostic 
of osteosarcoma. 

Tumour cells in chondrosarcoma are chondrocytes of vary- 
ing degrees of atypia, graded I-III] (Rosenthal et al., 1984). 
The nuclei of grade | chondrosarcoma cells vary only subtly 
from those in enchondromas, and distinction between them 
may be based on the radiologic appearance rather than the 
pathologic findings (Figure 12). Grade II chondrosarcoma 
features chondrocytes with more nuclear atypia including 
enlargement, internal nuclear detail, nucleoli, and multinucle- 
ation. Giant chondrocytes may be seen, but mitotic activity 
is scant. Grade III chondrosarcomas are rare tumours featur- 
ing chondrocytes with overt malignant nuclear features and a 
high mitotic rate. Both grade! and grade II chondrosarcomas 
may progress to higher grades when recurrence occurs. Like 
normal chondrocytes, chondrosarcoma cells express S-100 
protein. 

Essentially all grade | and many of grade II chondrosar- 
comas are diploid, while some grade II and essentially all 
grade II] chondrosarcomas are aneuploid. Cytogenetic stud- 
ies reveal complex karyotypes, particularly in high-grade 
neoplasms, with nonrandom abnormalities in chromosome 
lp. High-grade chondrosarcomas have been reported to 
have mutations of the TP53 gene in many cases (Nawa 
et al., 1996). 

The primary treatment for chondrosarcoma is complete 
surgical excision. Prognostic factors include histologic grade, 
size, anatomic location (extremities better than axial skele- 
ton), aneuploidy, S-phase measurements, and the presence 
of p53 mutation. In general, grade | chondrosarcoma has the 
potential to recur and does not metastasize. Grade I1 chon- 
drosarcoma has a higher potential to recur and metastasizes 
in 10-20% of cases. Overall, grade | and II chondrosar- 
comas have a 5-year survival >80%, although the disease 
may recur years after treatment. Grade II] chondrosarcoma 
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is a high-grade tumour with a high propensity for recur- 
rence and metastasis to lungs and liver. The 5-year survival is 
about 20%. 

De-differentiation occurs in about 10% of cases of chon- 
drosarcoma (McCarthy and Dorfman, 1982). This is char- 
acterized by a distinct areas of high-grade sarcoma and 
low-grade sarcoma, with a clear demarcation between the 
areas. These patients often have a history of pain, which 
changes in character or severity. The radiologic and gross 
appearance is consistent with conventional chondrosarcoma 
with an additional area of radiolucency. Microscopically, 
the high-grade sarcoma often has features of a malignant 
fibrous histiocytoma or osteosarcoma. DNA studies have 
shown that the low-grade component is usually diploid while 
the de-differentiated component is aneuploid. Cytogenetics 
demonstrate abnormalities common to both components, with 
additional abnormalities in the high-grade component, con- 
sistent with a common origin. The de-differentiated areas 
consistently show overexpression of the P53 protein, consis- 
tent with mutations in the TP53 gene (Simms et al., 1995). 
In addition, loss of the RB gene and/or loss of BCL2 protein 
present in the low-grade component are seen in most cases. 
Numerous genetic differences between the two tumour com- 
ponents suggest an early temporal division of the cellular 
clones (Boveé et al., 1999). The prognosis is very poor, with 
few long-term survivors. 

Clear-cell chondrosarcoma is a rare variant of chon- 
drosarcoma with characteristic epidemiologic and pathologic 
features (Bjornsson et al., 1984). It has a peak incidence 
between 20 and 30 years of age, with a strong male predilec- 
tion. It occurs most in ends of the long tubular bones, 
and there is a lucent defect on radiographs. It is well- 
circumscribed, soft, and grey, often with focal calcifications. 
Microscopically there are chondrocytes with abundant clear 
cytoplasm, often with varying foci of calcification. The clear 
cytoplasm is due to the presence of abundant glycogen. 
S-100 staining is characteristically strong. Preliminary cyto- 
genetic studies suggest that clear-cell chondrosarcoma may 
possess a hypodiploid karyotype distinct from other forms of 
chondrosarcoma. Clear-cell chondrosarcoma is a low-grade 
malignancy, but metastases occur in about 20% of cases. 
There is a high incidence of metastasis to other skeletal sites. 

Mesenchymal chondrosarcoma is a very rare high-grade 
variant of chondrosarcoma that has a peak incidence 
between 20 and 30 years of age without gender predilection 
(Nakashima et al., 1986). It usually affects the bones of the 
jaws, the vertebrae, or the ribs and often presents as a soft 
tissue tumour. It is a radiolucent lesion with varying degrees 
of calcification, and is usually well circumscribed, soft, and 
grey, with foci of calcification. Histologically, there are prim- 
itive round to spindled cells alternating with hyaline cartilage 
differentiation (Figure 13). The proportion of elements may 
vary widely from case to case. The cells in the cartilagi- 
nous component alone express S-100 protein. The reported 
genetic findings are inconsistent. Mesenchymal chondrosar- 
coma recurs locally and has a high metastatic rate; the 5-year 
survival is under 50%. The clinical course may be very pro- 
tracted, and metastatic disease is reported even after 20 years 
(Nakashima et al., 1986). 





Figure 13 Mesenchymal chondrosarcoma. Hyaline cartilage (upper left) 
alternates with undifferentiated small round cells (lower right). 


Fibrous Tumours 


Malignant Fibrous Histiocytoma and Fibrosarcoma 


Malignant fibrous histiocytoma comprises <2% of bone 
sarcomas (Steiner et al., 2002). It is histologically identical 
to the more common variant in soft tissues. It occurs in 
all age groups and increases in incidence with age. There 
is no gender predilection (Capanna et al., 1984). There is 
a predisposition for the metaphyses of long tubular bones. 
Radiologically, a lucent lesion is seen, often with a soft tissue 
mass. It is fleshy and grey, usually with haemorrhage and 
necrosis. A spindle cell lesion with whorls and fascicles is 
seen microscopically. Storiform-pleomorphic, giant cell, and 
myxoid variants are recognized, but admixtures are seen in 
single cases. Individual cells vary from highly spindled to 
oval. Nuclear atypia is usually marked, but shows a spectrum 
from case to case and within a given case (Figure 14). 
Immunohistochemical studies are commonly performed to 
rule out other entities, but there are no specific findings in 
malignant fibrous histiocytoma. While expression of smooth 
muscle actin is often seen and supports a myofibroblastic 
differentiation, other sarcomas may also express this antigen. 
Specific molecular abnormalities have not been described; 
this is not surprising since it may represent a “wastebasket” 
of tumours not showing features specific to other sarcomas. 
Treatment involves radical surgery followed by systemic 
chemotherapy. The prognosis is poor, particularly in those 
patients whose tumours have arisen as a transformation event 
in alower-grade sarcoma. M etastases most often occur in the 
lungs. 

Some pathologists regard fibrosarcoma as a separate entity 
from malignant fibrous histiocytoma, while others lump these 
cases within the category of malignant fibrous histiocytoma 
(Dahlin and Ivins, 1969). The epidemiologic, radiologic, and 
gross characteristics of fibrosarcoma are similar to those seen 
in malignant fibrous histiocytoma, but precise data are diffi- 
cult to obtain because of the inconsistent terminology used 
by pathologists in the distinction (Kahn and Vigorita, 2002). 
Pathologists who distinguish fibrosarcoma from malignant 
fibrous histiocytoma look for a well-developed fascicular 
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Figure 14 Malignant fibrous histiocytoma. Cellular pleomorphism, atypi- 
cal mitotic activity, and apoptosis are seen in this high-power field. 


architecture, often with a “herringbone” pattern between 
the fascicles. Spindle cells, without the oval cells typi- 
cal of malignant fibrous histiocytoma, form these fascicles. 
The degree of collagen formation is variable. Immunohis- 
tochemical findings are similar to those seen in malignant 
fibrous histiocytoma. The molecular findings are similarly 
non-specific, and their treatment is the same. The survival 
figures for patients with fibrosarcoma may be superior to 
those of patients with malignant fibrous histiocytoma, pos- 
sibly because a higher proportion of fibrosarcomas are of 
lower histologic grade (see Soft Tissues). 


Round Cell Tumours Producing No Extracellular 
Matrix 


Ewing’s Sarcoma/Peripheral Neuroectodermal Tumour 
(PNET) of Bone 


Ewing’s sarcoma/peripheral neuroectodermal tumour 
(PNET) comprises about 15% of primary bone sarcomas and 
also occurs in soft tissue sites. Patients with bone lesions 
are usually younger than 30 with a peak between 10 and 
20 years. There is a slight male predilection, and the neo- 
plasm rarely occurs in blacks (Ushigome et al., 2002). All 
bones are affected, with a slight predominance of the long 
tubular bones, pelvis, and ribs; when it occurs in the ribs, 
it has been termed Askin tumour. Radiographically, tumours 
are lucent, ill defined, and intramedullary. In long bones, the 
metadiaphysis is affected, often with an extensive soft tissue 
component. Grossly, the tumour is grey-white and fills the 
medullary cavity, permeates the cortex, and enlarges subpe- 
riosteally (Figure 15). Ewing’s sarcoma/PNET consists of a 
highly homogeneous population of small cells with a fine 
chromatin pattern, indiscernible nucleoli, and a thin rim of 
cytoplasm; thus, it is the prototype of the “small, round, 
blue-cell tumour” (Figure 16). The mitotic rate is not usu- 
ally high, but there is often a high number of apoptotic cells. 





Figure 15 Ewing's sarcoma. There is extensive marrow destruction and 
cortical permeation with expansion of Haversian canals and a soft tissue 
mass. 
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Figure 16 Ewing’s sarcoma. There is a uniform field of cells with round, 
hyperchromatic nuclei, few mitoses, small single or double nucleoli, and 
indistinct cytoplasm. Apoptotic cells are identified. 


In a subset of cases, the cells form rosettes around cellu- 
lar processes or fibrous tissue without a central capillary. 
This structure, the Homer Wright rosette, suggests neural 
differentiation; the ultrastructural correlate of these is cyto- 
plasmic projections organized about a central core. Other 
features suggesting neural differentiation are the presence of 
neurosecretory granules, neurofilaments, or neural tubules. 
Ultrastructural and histochemical studies demonstrate that the 
cytoplasm contains abundant glycogen in most cases, while 
immunohistochemical studies demonstrate that the cell mem- 
brane has consistently strong staining for CD99, the MIC-2 
gene product (Llombart-Bosch et al., 1996). The neoplasm 
shows a spectrum of expression of neuroendocrine markers, 
including the chromogranin family of proteins, CD57, protein 
gene product 9.5 (PGP9.5), neurofilaments, S-100 protein, 
and synaptophysin. Some pathologists consider neoplasms 
that possess two or more markers of neuroendocrine differ- 
entiation, Homer Wright rosettes, or ultrastructural evidence 
of neural differentiation to represent PNET, while neoplasms 
that possess none or one neuroendocrine marker and lack 
ultrastructural markers of neural differentiation to represent 
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Ewing’s sarcoma. Others prefer to consider all cases as 
Ewing’s sarcoma/PNET regardless of the degree of neural 
differentiation. 

A characteristic molecular feature of Ewing's sarcoma/ 
PNET is the presence of a translocation involving the EWS 
gene on chromosome 11 in over 90% of cases (Lopez- 
Terrada, 1996). A t(11;22)(q24;q12) occurs in about 90% 
of cases, involving the FLI-1 gene on chromosome 22, 
while the t(7;22)(p22;q12) and t(21;22)(q22;q12) are both 
rare, and involve the ETV-1 gene on chromosome 7 and 
the ERG-1 gene on chromosome 21, respectively. FLI-1, 
ETV-1, and ERG-1 are all transcription factors with DNA 
binding domains. In all three translocations, a new fusion 
protein is created that uses the promoter of EWS to 
upregulate the transcription factor (Ushigome et al., 2002) . 
Interestingly, a translocation has not been found in about 10% 
of cases of Ewing’s sarcoma. Additionally, there is a distinct 
soft tissue tumour, the small cell desmoplastic tumour, that 
utilizes EWS in a distinct t(11;12)(p13;q12) translocation 
involving another gene on chromosome 11, WT-1, that also 
codes for a transcription factor (Gerald et al., 1998). 

Ewing’s sarcoma/PNET is a highly aggressive tumour 
that rapidly leads to death if untreated. Current treatment 
protocols include a combination of surgery, pre- and post- 
Operative multidrug chemotherapy, and radiotherapy, with 5- 
year survival rates approaching 70% for those with resectable 
disease. Surgical removal of one or a limited number of lung 
metastases may improve overall survival. Prognostic fac- 
tors include stage (particularly, the presence of metastases 
at diagnosis), tumour size, site (the more axial, the worse 
the prognosis), and the degree of necrosis in the resection 
specimen following preoperative chemotherapy. The pres- 
ence or absence of neural differentiation is a controversial 
prognostic factor; some studies show the presence of neural 
differentiation to have a worse prognosis when strict criteria 
are used. 


Multiple Myeloma 


M ultiple myeloma (plasma cell myeloma) represents a malig- 
nant neoplasm of plasma cells, the terminally differentiated 
cells of the B-lymphocyte lineage secreting immunoglobulins 
(Bataille and Harousseau, 1997). Multiple myeloma occurs 
more frequently than all primary bone sarcomas combined. 
It affects adults, increasing in frequency with age. There is 
a slight male predilection, and there is a higher incidence 
in blacks than in whites. The axial skeleton is most fre- 
quently involved. Patients typically present with bone pain 
and may have recurrent infections and renal failure, either 
at presentation or during the course of the disease. Lab- 
oratory abnormalities include anaemia, hypercalcaemia, a 
monoclonal gammopathy in serum and/or urine, and reduced 
levels of normal polyclonal immunoglobulins. The mon- 
oclonal gammopathy derives from the neoplastic plasma 
cells. In the serum, it consists of IgG in about one-half 
of cases and IgA in one-quarter of cases. In urine, there 
are « or A light chains called Bence-] ones protein. Radio- 
graphs demonstrate diffuse osteopaenia or multiple sharply 
delimited lucent lesions. Histologically, uniform sheets of 





Figure 17 Myeloma. Plasma cells with atypical nuclear features occupy 
the field. 


plasma cells with varying amounts of nuclear atypia replace 
the bone (Bartl et al., 1987) (Figure 17). These cells have 
round, eccentrically placed nuclei with peripheral chromatin 
pattern resembling a clock face and a paranuclear clear 
zone. Atypical plasmacytosis is usually seen in random bone 
biopsies or aspirates from areas not involved radiographi- 
cally. Immunohistochemical studies usually demonstrate lack 
of the leukocyte common antigen CD45 and the B-lineage 
markers CD20 and CD19, since these markers are usually 
absent on terminally differentiated B-lineage cells. However, 
there is positivity for the B-cell marker CD79a, which is 
expressed throughout the complete gamut of B-cell matura- 
tion (Ling et al., 1987), and expression of the plasma cell- 
marker CD 138 and the adhesion markers CD38 (syndecan-1), 
CD56, and CD58 (Costes etal., 1999). Most importantly, 
there is almost always monotypic expression of immunoglob- 
ulin light and heavy chains. Some myeloma cells may express 
the immature B-cell antigen CD10 (common acute lym- 
phoblastic leukaemia antigen; CALLA) and myelomonocytic 
antigens (Grogan et al., 1989). In general, multiple myeloma 
has a relatively low proliferative index, indicating that the 
primary abnormality in this neoplasm may be lack of cell 
death due to loss of cell-death mechanisms rather than active 
proliferation due to loss of growth control mechanisms. 

M olecular studies demonstrate monoclonal rearrangements 
of the heavy and light chain immunoglobulin genes. Classical 
cytogenetic studies reveal consistent clonal structural abnor- 
malities in about 40% of cases, commonly involving chromo- 
somes 11, 13, and 14. A t(11;14) involving the BCL1I/CCND1 
gene on chromosome 11 and the immunoglobulin heavy 
chain gene on chromosome 14 have been seen in about 25% 
of cases. High levels of c-M Y C have been reported in a sub- 
set of patients. M utations of the TP53 gene have also been 
reported in some patients. Alterations of the PAX-5 gene have 
also been reported and may account for the loss of B-lineage 
markers in multiple myeloma. 

Multiple myeloma is usually treated using chemotherapy, 
although radiotherapy and even surgery may play a role in 
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the treatment of individual lesions that are particularly symp- 
tomatic. Prognostic factors include tumour burden (tumour 
mass), cytologic features, expression of CD10, high pro- 
liferative index, specific cytogenetic abnormalities, and the 
presence of complications, such as renal dysfunction and 
secondary amyloidosis. 

Uncommon variants of multiple myeloma include plasma 
cell leukaemia, solitary myeloma, smoldering myeloma, 
and indolent myeloma (Grogan etal., 2001). Plasma cell 
leukaemia is a rare variant having a leukaemic component. 
Solitary myeloma (plasmacytoma of bone) has been defined 
as a neoplastic plasma cell proliferation present in one site 
of bone (Woodruff et al., 1979). Random bone marrow and 
serum protein examinations are normal. In the majority of 
cases, progression to multiple myeloma occurs within a few 
years. Smoldering myeloma lacks overt bone lesions but 
contains a moderate marrow plasmacytosis, while indolent 
myeloma has a lesser degree of marrow plasmacytosis but 
may have up to three bone lesions (Kyle and Griepp, 
1980). Monoclonal gammopathy of unknown significance is 
defined as the presence of a monoclonal gammopathy in the 
absence of bone lesions or significant marrow plasmacytosis 
(Kyle, 1978). 


Malignant Lymphoma Presenting in Bone 


Malignant lymphoma more commonly represents systemic 
disease rather than a primary tumour. Primary bone lym- 
phomas are almost invariably non-Hodgkin's lymphoma. 
Most cases are adults with a slight male predilection. The 
large tubular bones and axial skeleton are most frequently 
involved, and multifocality may be seen. A bout two-thirds of 
cases represent diffuse large B-cell lymphoma, and periph- 
eral T-cell lymphoma and anaplastic large cell lymphoma 
are relatively rare. Hodgkin's disease rarely presents in bone 
without extraskeletal involvement; it usually involves the 
lower spine or pelvis (Gold and Mirra, 1979). The histo- 
logic features of osseous lymphoma are identical to those in 
more commonly involved sites (Figure 18). 


Langerhans Cell Histiocytosis 


Langerhans cell histiocytosis (histiocytosis X ) is atumourlike 
proliferation of Langerhans cells (Lieberman et al., 1996). 
M ost cases occur in childhood, with a predilection for males. 
The disease is rare in blacks. There are three overlapping 
syndromes, all of which may involve bone: unifocal disease 
(solitary eosinophilic granuloma); multifocal, unisystem dis- 
ease (Hand-Schuller-Christian disease); and multifocal, mul- 
tisystem disease (Letterer-Siwe disease). In unifocal disease, 
a single axial bone is usually affected. In multifocal, unisys- 
tem disease, several craniofacial bones are usually involved. 
In multifocal, multisystem disease, many organ systems are 
involved, but the bones are commonly and diffusely affected. 
Generally, the younger the patient is at diagnosis, the more 
extensive is disease involvement. Langerhans cells in a 
milieu typically including eosinophils, neutrophils, and lym- 
phocytes are seen histologically. Langerhans cells possess 





Figure 18 Lymphoma. Large B-cell type, diffuse. The cells are round and 
their nuclei are of divergent size and shape with frequent mitoses and 
prominent nucleoli. 





Figure 19 Langerhans cell histiocytosis. The larger cells are Langerhans 
histiocytes, having oval nuclei with longitudinal grooves. Eosinophils and 
other types of inflammatory cells are also present. 


characteristically grooved nuclei and abundant amphophilic 
cytoplasm, with indistinct cell borders (Figure 19). They 
express CD 1a and S-100 protein. Ultrastructurally, they show 
characteristic organelles called Birbeck granules (De Young 
and Unni, 2002). Survival is >95% in patients with unifo- 
cal bone disease, 80%, in patients with multifocal unisystem 
disease, and poor in patients with multisystem disease. 


Notochordal Tumours 


Chordoma 


Chordoma is a relatively uncommon neoplasm, representing 
up to 4% of primary bone tumours. It originates from noto- 
chordal remnants and recapitulates the structure of notochord 
(Mirra and Nelson, 2002). It occurs in all age groups, with 
a peak from 50 to 60 years. There is a slight male predomi- 
nance and it is very rare in blacks. The midline of the axial 
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Figure 20 Chordoma. Cells containing vacuolated cytoplasmic inclusions 


are dispersed in cords and small clusters in a loose, amorphous background. 


skeleton, particularly the skull base and the sacrococcygeal 
region, is affected. Patients with chordoma present with 
pain or symptoms related to compression of adjacent struc- 
tures. Radiologically, chordoma usually appears as a lucent 
lesion with scattered calcifications. There may be little bone 
destruction discerned on routine radiographs, but CT scans 
or MRI images often show a disproportionately large ante- 
rior extraosseous mass. Grossly, the tumours are grey-tan 
gelatinous multilobulated masses. Histologically, they con- 
sist of cords and nests of vacuolated cells in amyxoid matrix 
(Figure 20). Immunohistochemically, there is expression of 
S-100 protein, keratin, and epithelial membrane antigen. 
Cytogenetic studies have revealed clonal chromosome abnor- 
malities in some cases (Tallini et al., 2002). Surgical excision 
is the treatment of choice. However, complete excision is 
not always feasible owing to the nature of their sites. In 
these cases, radiotherapy is often used, but death secondary 
to local recurrence is a common consequence. Chordoma is 
a moderately aggressive tumour, marked not only by local 
recurrences but also by metastases, most commonly to the 
lungs. 

De-differentiated chordoma is a conventional chordoma 
with a distinct adjacent component of high-grade sarcoma, 
similar to de-differentiated chondrosarcoma (Meis etal., 
1987). It may occur in primary or recurrent lesions of chor- 
doma. Radiologically, the tumour is similar to chordoma. 
Grossly, the de-differentiated component is fleshier than 
typical chordoma. The prognosis of de-differentiated chor- 
doma is very poor, with widespread metastases and few 
survivors. 

Chondroid chordoma is a controversial entity containing an 
admixture of chordoid and cartilaginous areas (Wojno et al., 
1992). It occurs in bones commonly affected by pure chor- 
domas. Immunohistochemical studies usually show chordoid 
differentiation (keratin, epithelial membrane antigen, and S- 
100 protein positive) in both areas of the tumour. Some 
patients with these tumours appear to have a longer survival 
time than those patients with conventional chordoma, but this 
experience is not universal (Heffelfinger et al., 1973). 


Figure 21 
cell stroma. 


Adamantinoma. Epithelial cell islands are found in a spindle 


Primary Epithelial Tumours of Bone 


Adamantinoma 


Adamantinoma comprises <1% of malignant primary bone 
tumours (Mulder et al., 1993). It is subdivided into classic 
and differentiated types. The classical type usually occurs in 
adults, without a sex predilection. It involves the tibia or the 
fibula, and least often both. Patients with adamantinoma usu- 
ally complain of pain or a tender mass in the site involved. 
Radiographically, a process that is radiolucent is usually 
intracortical but may involve the medullary cavity, and 
soft tissue is present. Histologically, adamantinoma features 
epithelial cells arranged in basaloid, tubular, squamoid, and 
osteofibrous dysplasia-like patterns (Figure 21). Immunohis- 
tochemistry studies reveal that the tumour cells are keratin- 
positive; also they have prominent desmosomes and evi- 
dence of keratinization ultrastructurally. Cytogenetic studies 
have revealed complex chromosomal abnormalities. Classical 
adamantinomas are indolent tumours with a high local recur- 
rence rate. Pulmonary metastasis occurs in about one-quarter 
of patients (Qureshi et al., 2000). 

Differentiated adamantinoma is extremely rare. It usu- 
ally presents in patients under the age of 20 (Czerniak 
et al., 1989). It involves the tibia and the fibula, and syn- 
chronous lesions may occur. The radiologic appearance is 
identical to the classical subtype. The tumours resemble oste- 
ofibrous dysplasia; however, single epithelial cells and small 
nests of epithelial cells, best visualized with immunohisto- 
chemistry studies for keratin, are present within the fibrous 
stroma. Differentiated adamantinoma has not been reported 
to metastasize. 


Vascular Tumours 


Angiosarcoma 


Angiosarcoma is a malignancy of endothelial cells. It rep- 
resents less than 1% of bone sarcomas. It is separated into 
classical and well-differentiated epithelioid subtypes. Both 
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Figure 22 Angiosarcoma. Atypical polyhedral and spindle cells arranged 
in solid aggregates produce vascular spaces. A few cells are vacuolated, 
some containing erythrocytes. 


types occur in all age groups, with a peak incidence in 
young adulthood; there is a male predilection (Volpe and 
M azabraud, 1982; Wold et al., 1982). The long tubular bones 
of the lower extremity are most often involved, and multi- 
focal lesions are frequent. Radiologic studies usually show a 
single or multiple radiolucent lesions. They are bright red on 
cut section. Histologically, classical angiosarcoma typically 
consists of irregular anastomosing channels lined by indi- 
vidual or heaped-up masses of highly atypical endothelial 
cells. Solid sheets of these cells may also be present focally, 
extensively, or comprising the entire lesion (Figure 22). 

In contrast, well-differentiated epithelioid angiosarcoma 
features plump cells forming sheets, cords, and occasionally 
lining spaces. The cells are frequently vacuolated, repre- 
senting abortive attempts at vessel formation. The vacuoles 
may contain erythrocytes. The nuclei usually show mild- 
to-moderate degrees of atypia. The proliferating cells of 
both subtypes of angiosarcoma express markers of vascular 
cells, including CD31, CD 34, and factor V III - related antigen 
(K leer et al., 1996). Expression of keratin and, occasionally, 
epithelial membrane antigen is seen in a subset of cases. 
Ultrastructural studies demonstrate Weibel- Palade bodies, 
cytoplasmic structures found in normal endothelial cells. 

Classical angiosarcoma is a high-grade sarcoma, usually 
requiring radical surgery. The prognosis is poor, with a 
high propensity for metastasis, particularly to the lungs. In 
contrast, epithelioid angiosarcomas are indolent neoplasms, 
with local invasion, and have a lesser incidence of metastasis, 
also to the lungs, which are sometimes unpredictable. They 
are usually treated by more conservative surgery with post- 
operative radiotherapy. 
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DEVELOPMENT AND STRUCTURE OF SOFT 
TISSUES AND SOFT TISSUE NEOPLASMS 


Embryology 


Soft tissue is a broad and poorly defined term that includes 
distinct tissue types, including connective or supporting tis- 
sues, vascular tissue, and peripheral nerve tissue. Connective 
tissues develop from the embryonic mesoderm and are com- 
posed of mesenchymal cells. Connective tissues include carti- 
lage, fat, ligaments, tendons, capsules, fasciae, aponeuroses, 
skeletal muscle, smooth muscle, and bone. Bone is tradi- 
tionally excluded from the definition of soft tissue because 
of its unique histological characteristics. Vascular tissue, 
which is composed of endothelial cells, is also a mesoderm- 
derived tissue, originating from primitive mesenchymal cells 
(angioblasts) during the third week of embryonic develop- 
ment. Peripheral nerve tissue, in contrast to the other soft 
tissues, is an ectoderm-derived tissue predominantly origi- 
nating from the neural crest. 


Introduction to Soft Tissue Tumours 


Soft tissue tumours are currently considered to be a group 
of distinct neoplasms showing predominantly mesenchymal 
differentiation. The word “histogenesis” is somewhat mis- 
leading and should be avoided - the erroneous idea that soft 
tissue tumours originate from well-developed adult tissue has 
little clinicopathological support in most cases. Two exam- 
ples that challenge the concept of histogenesis are liposar- 
coma and rhabdomyosarcoma. These tumours frequently 
arise in areas devoid of adipose tissue and skeletal mus- 
cle, respectively. Mesenchymal cells are mesoderm-derived, 
motile, and non-polarized embryonic connective tissue cells 
that can undergo differentiation into distinct cell types. 
Accordingly, current ideas on soft tissue tumour origin sug- 
gest that genetic alterations in mesodermal progenitor cells 
lead to many types of soft tissue tumours. The line of dif- 
ferentiation seems to depend on the level of commitment 


of these mesodermal progenitors to a certain cell lineage 
when the oncogenic events take place and on the phenotypic 
alterations caused by the oncogenic changes themselves. 
However, it is important to note that even the concepts of 
mesodermal progenitors or cell of origin will not be blindly 
adopted or denied. Research has challenged traditional ideas 
of cell differentiation, de-differentiation, and transdifferen- 
tiation, finding a deeper phenotypic cellular plasticity than 
previously thought (Orkin, 2000). 

Soft tissue neoplasms are not necessarily restricted to the 
same patterns of development and differentiation as normal 
tissues. Uncontrolled and cumulative genetic and epigenetic 
tumour alterations may result in cell phenotypes that are 
unique and distinct from those of normal cells. Searching 
for counterparts in normal cell types is helpful especially for 
classification purposes; nonetheless, this activity should not 
oblige us to current paradigms of differentiation. 

Soft tissue tumour pathogenesis is still poorly understood. 
At our present level of knowledge, concepts of dysplasia 
or preneoplastic lesions do not readily apply in most cases 
of soft tissue tumours, perhaps because the putative pre- 
malignant and dysplastic mesenchymal cells do not exhibit 
recognizable morphologic features, in contrast to epithelial 
malignancies. M alignant transformation of benign soft tissue 
tumours seems very rare; the best example is the transfor- 
mation of neurofibroma into a malignant peripheral nerve 
sheath tumour (MPNST) in patients with neurofibromatosis 
type 1 (NF1). 

Soft tissue tumours should not be regarded as a sin- 
gle entity. They comprise various neoplasms, with distinct 
epidemiological, clinicopathological, and genetic features, 
that respond differently to various therapeutic modalities. 
Actually, many advances in cancer genetics and treatment 
have come from basic and clinical research on soft tissue 
neoplasms. 

In this chapter we discuss the general classification, epi- 
demiology, pathogenesis, clinical and histological features; 
the relevant immunohistochemical, cytogenetic, and molecu- 
lar genetic findings; and the treatment of soft tissue sarcomas. 
Emphasis on the pathogenesis and molecular aspects of soft 
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tissue sarcomas will fill the gap present in most textbooks on 
the subject. New and relevant concepts are briefly discussed, 
as appropriate. Owing to space limitations, this chapter has 
been substantially shortened and updated with only the most 
relevant information. The reader is referred to comprehensive 
reviews on the subject for additional details. For a discussion 
on mesothelial tumours, including solitary fibrous tumours, 
see Pleura and Peritoneum. 


CLASSIFICATION 


The current World Health Organization (WHO) classification 
of soft tissue tumours is based primarily on clinicopathologi- 
cal features (Fletcher et al., 2002). The tumours are classified 
according to their resemblance to normal tissues or their 
line of differentiation and clinical behaviour. The tumours 
are generally classified as benign or malignant (malignant 
tumours are also Known as sarcomas, from the Greek words 
sarx - flesh and oma - tumour). Many specific entities and 
variants exist within each category. Despite the efforts of 
several experts in soft tissue pathology to create a useful and 
rational classification, the current one, like any other, is not 
perfect. The field of soft tissue pathology is one of the most 
dynamic areas in diagnostic and experimental pathology and, 
because of tremendous technical advances in immunohisto- 
chemistry, cytogenetics, and molecular genetics, previously 
unrecognized tumours have been described and fully charac- 
terized, and many similarities between apparently disparate 
entities have been identified. 


EPIDEMIOLOGY, AETIOLOGY, 
AND PATHOGENESIS 


Soft tissue tumours are common if one considers the occur- 
rence of both benign and malignant tumours, the latter being 
100 times less common than the former. Sarcomas represent 
approximately 1% of all malignant tumours in adults and 
15% of all malignant tumours in children. According to a 
recent report, at least 8680 new cases of soft tissue sarcoma 
occurred and 3660 patients died of this condition in 2004 in 
the United States (Jemal et al., 2004). Soft tissue sarcomas 
are slightly more common in males and can occur anywhere 
in the body. The most common non-visceral anatomical sites 
are the extremities and retroperitoneum. 

The aetiology of soft tissue sarcomas is still largely 
unknown. Environmental and genetic factors have been asso- 
ciated with their development. lonizing radiation for the 
treatment of other neoplasms, such as lymphomas and car- 
cinomas, was found to induce high-grade sarcomas - most 
commonly undifferentiated pleomorphic sarcomas. M any 
chemicals have been implicated in the aetiology of sarcomas, 
including thorotrast, poly(vinyl chloride), arsenic, alkylat- 
ing agents, phenoxyacetic acids, chlorophenols, and dioxin 
(2,3,7,8-tetrachlorodibenzo- p-dioxin, or TCDD). The asso- 
ciation between exposure to thorotrast, poly(vinyl chloride), 
and arsenic and the development of hepatic angiosarcomas 
is well established. 


Viruses have been implicated in the aetiology of a few sar- 
comas. The best example is the association between K aposi’s 
sarcoma and the human herpesvirus 8 (also known as 
Kaposi’s sarcoma- associated herpesvirus, KSHV). KSHV 
has been detected in more than 95% of K aposi’s sarcomas 
in all clinical settings. KSHV encodes proteins that disrupt 
the cell cycle and apoptosis-control mechanisms. Interference 
with the normal function of the retinoblastoma and P53 pro- 
teins as well as derepression of MY C are caused by KSHV- 
derived proteins (Antman and Chang, 2000). Epstein- Barr 
virus has also been implicated in the pathogenesis of some 
sarcomas, especially in smooth muscle tumours that arise in 
immunosuppressed individuals (Cheuk et al., 2002). 

A history of trauma is common in patients with soft tissue 
and bone sarcomas. However, the causal role of trauma is 
controversial. It is believed that trauma near or over the 
tumour area does not cause but rather leads to the discovery 
of the tumour. The short time between trauma and the 
diagnosis of sarcoma seems to support this view. 

Chronic lymphoedema has been correlated with the 
development of lymphangiosarcoma (currently designated 
angiosarcoma) in different clinical settings. Stewart- Treves 
syndrome, the classical example, is characterized by the 
development of angiosarcoma in a lymphoedematous arm 
after radical mastectomy. Breast radiation can also cause 
chronic arm lymphoedema and secondary angiosarcoma out- 
side the radiation field. Stewart- Treves syndrome is rarely 
observed today because of major modifications in the surgical 
and postsurgical management of patients with breast cancer. 
Filaria-induced lymphoedema has also been implicated in the 
development of angiosarcoma. 

Several genetic disorders have been associated with an 
increased risk for the development of soft tissue sarco- 
mas (see Genetic Susceptibility to Cancer). Li-Fraumeni 
syndrome, NF1 (von Recklinghausen disease), Gardner syn- 
drome, and familial retinoblastoma are some well-known 
examples. Li- Fraumeni syndrome is a rare familial syn- 
drome characterized by an inherited predisposition to epithe- 
lial and non-epithelial tumours, including soft tissue sar- 
comas, osteosarcomas, breast and lung adenocarcinomas, 
medulloblastomas, adrenal cortical tumours, leukaemias, and 
others. In 75% of cases, Li- Fraumeni syndrome results from 
germ-line mutations of TP53. However, germ-line mutations 
of CHK2 have been described in a subset of patients with 
Li- Fraumeni-like syndrome. NF1 is characterized by germ- 
line mutations of NF 1. The NF1 protein normally inhibits the 
protein product of the RAS oncogene. Inactivation of NF1 
predisposes to neurofibromas, MPNSTs, and glial tumours. 
Gardner syndrome is characterized by mutations of APC. 
Multiple intestinal adenomatous polyps develop in patients 
with Gardner syndrome; these patients have an increased 
risk for colon cancer and mesenteric fibromatoses (desmoid 
tumours). Patients with familial retinoblastoma carry germ- 
line mutations in one allele of RB1, predisposing them to 
retinoblastoma, osteosarcoma, and soft tissue sarcomas (for 
additional information, see Genetic Susceptibility to Can- 
cer and The Retinoblastoma Tumour Suppressor). 
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Table 1 Characteristic chromosomal and genetic abnormalities in some sarcomas. 
Chromosomal 
Tumour type abnormality 
Alveolar soft part sarcoma t(X ;17)(p11.2;q25) 
Alveolar rhabdomyosarcoma t(2;13)(q35;q14) 
t(1;13)(p36;q14) 
t(2;2)(q35;p23) 
t(X ;2)(q13;q35) 
Angiomatoid fibrous histiocytoma t(12;16)(q13;p11) 
t(12;22)(q13;q12) 
Clear cell sarcoma (malignant melanoma t(12;22)(q13;q12) 


of soft parts) 

Congenital fibrosarcoma/mesoblastic 
nephroma 

Dermatofibrosarcoma protuberans/giant 
cell fibroblastoma 

Desmoplastic small round cell tumour 
Ewing's sarcoma 


t(12;15)(p13;q25) 
t(17;22)(q22;q13) 


11;22)(p13;q12) 
11;22)(q24;q12) 
21;22)(q22;q12) 
7,22)(p22;q12) 
17;22)(q12;q12) 
2;22)(q33;q12) 
1;22)(p36.1;q12) 
9;22)(q22;q12) 
9;17)(q22;q11) 
9;15)(q22;q21) 


M yxoid chondrosarcoma 


t(3;9)(q11;q22) 
Malignant rhabdoid tumour del(22q11.2) 
M yxoid/round cell liposarcoma t(12;16)(q13;p11) 
t(12;22)(q13;q12) 
( 


Synovial sarcoma t(X ;18)(p11.2;q11.2) 


Low-grade fibromyxoid sarcoma t(7;16)(q32;p11) 
t(7;11)(q32;p11.2) 

Endometrial stromal sarcoma t(7;17)(p15;q21) 
t(6;7)(p21;p15) 
t(6;10)(p21;p11) 


GENETICS AND MOLECULAR BIOLOGY 


Genetic alterations in soft tissue sarcomas can be tumour 
specific or non-specific. Tumour-specific alterations include 
genetic alterations that are highly characteristic of certain 
soft tissue sarcomas and most commonly represented by 
chromosomal translocations (Table 1). Tumour-non-specific 
alterations include genetic abnormalities seen in various 
tumours and often associated with the clonal evolution 
of the tumour. Since the discovery of the translocation 
t(11;22)(q24;q12) in Ewing's sarcoma in 1983, an explosion 
of new knowledge has contributed to our understanding of 
the molecular biology of soft tissue tumours. Many soft 
tissue sarcomas are characterized by recurrent chromosomal 
translocations that result in the fusion of two constitutional 
genes into a new chimaeric aberrant gene. These chimaeric 
genes usually function as altered DNA transcription factors 
or aberrant tyrosine kinase genes and seem to play an 
important role in the pathogenesis of these tumours. The 
fusion between the EWSR1 and the FLI1 gene due to the 
t(11;22)(q24;q12) is the best-known example in sarcomas (de 
Alava and Gerald, 2000). EWSR1 encodes for a ubiquitously 
expressed protein involved in mRNA transcription. The 


Fusion transcript or Prevalence 
genetic abnormality (%) 
TFE3-ASPL >99 
PAX3-FKHR 75 
PAX7-FKHR 10 
PAX3-NCOA1 ? 
PAX3-AF X ? 
FUS-ATF1 ? 
EWSR1-ATF1 ? 
EWS-ATF1 >90 
ETV6-NTRK3 >95 
COL1A1-PDGFB >90 
EWSR1-WT1 >99 
EWSR1-FLI1 90 
EWSR1-ERG 5 
EWSR1-ETV1 <1 
EWSR1-E 1AF <1 
EWSR1-FEV1 <1 
EWSR1-ZSG <l 
EWSR1-NR4A3 >70 
TAF 15-NR4A3 ? 
TCF 12-NR4A3 ? 
TFG-NR4A3 ? 
SMARCB1 (deletion or mutation) ? 
FUS-DDIT3 95 
EWSR1/DDIT3 5 
SYT-SSX-1 65 
SYT-SSX-2 35 
SYT-SSX-4 <1 
FUS-CREB3L2 >70% 
FUS-CREB3L1 ? 

J AZF 1-J J AZ1 >50% 
JAZF1-PHF1 ? 
PHF 1-EPC1 ? 


structure of EWSR1 protein includes an N-terminal domain 
homologous to the eukaryotic RNA polymerase II and a 
C-terminal domain that contains an RNA-binding sequence. 
FLI1 encodes for a protein member of a large family 
of DNA-binding transcription factors that contain a highly 
conserved amino acid sequence (ETS domain) in the C- 
terminal end. During the translocation process, the 5’ end 
of the EWS, which contains the EWSR1 promoter region, 
fuses with the 3’ end of the FLI1, which contains the ETS 
domain, resulting in a potent aberrant transcription factor 
(Figure 1). 

Similar translocation mechanisms occur in other sarco- 
mas and often involve related genes (Table 1). For example, 
EWSR1 is fused with several ETS family members in other 
translocations observed in Ewing’s and other sarcomas, and 
other genes involved in sarcoma and leukaemia chromoso- 
mal translocations, including FUS and TAF 15, show striking 
similarities to EWSR1 (Figure 2). 

The underlying causative mechanism responsible for the 
genesis of these translocations is still poorly understood, but 
seems to involve non-homologous end-joining and single- 
strand annealing repair processes after DNA double strand 
breaks (Weinstock et al., 2006). 
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Figure 1 Schematic diagram representing the fusion of the EWSR1 and FLI1 genes. Fusions of EWSR1 exon 7 with FLI1 exon 6 (type I) and exon 7 


(type Il) occur in 70- 75 and 15-25% of cases, respectively. 
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Figure 2 Structural similarities of RBP56 (TAF15), FUS, and EWS proteins suggest that the respective genes originated from the same ancestral gene. 
TAF 15 is rearranged in EMC. FUS is rearranged in myxoid liposarcoma, low-grade fibromyxoid sarcoma, angiomatoid fibrous histiocytoma (AFH), and 


some acute leukaemias. EWS is rearranged in Ewing's sarcoma, clear cell 


sarcoma, myxoid liposarcoma, Extraskeletal myxoid chondrosarcoma (EMC), 


desmoplastic small round cell tumour, AFH, and some acute leukaemias. (From M orohoshi et al., (1998). Genomic structure of the human RBP 56/hTAF 1168 
and FUS/TLS genes. Gene, 221, 191-198, copyright 1998, with permission from Elsevier Science.) 


Inactivation of the tumour-suppressor gene TP53 is 
commonly observed in soft tissue sarcomas. Loss of het- 
erozygosity of 17p and missense mutations of TP53 are 
the most common mechanisms, occurring in up to 50% 
of cases. Overexpression of the P53 protein occurs after 
DNA damage and results in G1/S cell cycle arrest, induc- 
tion of DNA repair systems, and apoptosis (see Regulation 


of the Cell Cycle, Cell Cycle Checkpoints, and Can- 
cer and Genomic Instability and DNA Repair). Missense 
mutations of TP53 result in an abnormal P53 protein that 
has a prolonged half-life and accumulates above the lev- 
els for immunohistochemical detection. Immunoreactivity for 
mutant P53 protein was found in approximately 30% of cases 
in a series of 211 soft tissue sarcomas and correlated with 
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decreased survival (Cordon-Cardo et al., 1994). In the same 
series, mutant P53 protein expression did not always correlate 
with TP53 mutation. Other studies have found a correlation 
between mutant P53 protein and high-grade histology or poor 
survival. 

The tumour-suppressor gene RB1 is commonly inactivated 
in soft tissue sarcomas. Normally, the hypophosphorylated 
RB1 protein forms a complex with the transcription factor 
E2F, arresting the cell cycle in the G1/S checkpoint. Com- 
plexes of cyclins and cyclin-dependent kinases phosphorylate 
RB1, releasing E2F and promoting cell cycle progression 
(see Regulation of the C ell Cycle, C ell C ycle Checkpoints, 
and Cancer). Loss of RB1 protein expression has been cor- 
related with a worse prognosis in some (Cance et al., 1990), 
but not all, series of soft tissue sarcomas (see Prognostic 
Factors). 

MDM2 amplification and protein overexpression are com- 
monly observed in soft tissue sarcomas (Oliner etal., 
1992) and are almost universally found in well-differentiated 
liposarcomas. MDM2 is mapped on 12q14 and has its 
transcription regulated by the P53 protein in a negative- 
feedback loop. MDM2 protein seems to form a trimeric 
complex with both P53 and RB1. MDM2 protein inhibits 
apoptosis and stimulates cell cycle progression by inac- 
tivating the P53 protein. MDM2 gene amplification is 
not always correlated with MDM2 protein overexpression 
detected by immunohistochemical analysis. Overexpression 
of MDM2 protein was correlated with a worse progno- 
sis in a large series of patients with soft tissue sarco- 
mas. 

Several additional genetic alterations have been observed 
in soft tissue sarcomas, including amplification of HMGA2, 
SAS, and CDK4 on chromosome 12. The HMGA2 gene 
encodes for a DNA transcription factor and has been 
found to be rearranged or amplified in lipomas and 
well-differentiated liposarcomas. CDK4 encodes a cell 
cycle protein kinase and its amplification favours cell 
proliferation. Deletions or rearrangements of the genes 
INK4A (which encodes for the cell cycle inhibitors P16 
and P19) and INK4B (which encodes for the cell cycle 
inhibitor P15) were found in high-grade sarcomas and cor- 
related with poor survival after adjustment for size and 
grade. 


GRADING AND STAGING SYSTEMS 


M any systems have been proposed for the grading and stag- 
ing of soft tissue sarcomas. The main goal of these systems is 
to identify patient groups with comparable clinicopathologic 
features for treatment optimization, prognostication, and data 
comparison among cancer centres. 


Histologic Grading 


Histological grading has been considered the most power- 
ful independent prognostic factor for soft tissue sarcomas 
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Table 2 French Federation of Cancer Centres system for sarcoma grading. 


A. Tumour differentiation score? B. Tumour necrosis score? 





Well-differentiated liposarcoma 0 No necrosis 

Well-differentiated fibrosarcoma 1 < 50% tumour surface 
examined 

Well-differentiated MPNST 2 > 50% tumour surface 
necrosis 

Well-differentiated 

leiomyosarcoma 

Well-differentiated 








chondrosarcoma 

M yxoid liposarcoma 
Conventional fibrosarcoma 
Conventional M PNST 
Well-differentiated malignant 
haemangiopericytoma 
Myxoid MFH 

Typical storiform/pleomorphic 
MFH 

Conventional leiomyosarcoma 
M yxoid chondrosarcoma 
Conventional angiosarcoma 


C. Mitotic activity score 
1 0-9 mitoses/10 HPF 
2 10- 19 mitoses/10 HPF 
3 > 20 mitoses/10 HPF 


Round cell liposarcoma Final grade 

Pleomorphic liposarcoma Score A + score B + 
score C 

De-differentiated liposarcoma 

Poorly differentiated fibrosarcoma 

Poorly differentiated MPNST Score 


Epithelioid malignant 
schwannoma 

Malignant Triton tumour 
Conventional malignant 
haemangiopericytoma 

Giant cell and inflammatory M FH 
Poorly differenti- 
ated/pleomorphic/epithelioid 
leiomyosarcoma 

Synovial sarcoma (any subtype) 
Rhabdomyosarcoma (any subtype) 
Mesenchymal chondrosarcoma 
Poorly differentiated/epithelioid 
angiosarcoma 

Extraskeletal osteosarcoma 
Extraskeletal Ewing’s 
sarcoma/PN ET 

Alveolar soft part sarcoma 
Malignant rhabdoid tumour 

Clear cell sarcoma 
Undifferentiated sarcoma 


2-3 grade 1 sarcoma 


4-5 grade 2 sarcoma 
6-8 grade 3 sarcoma 


(Reprinted with permission from the American Society of Clinical Oncology). 

HPF - high-power field (LHPF = 0.174mm2); MFH - malignant fibrous histiocy- 
toma; MPNST - malignant peripheral nerve sheath tumour; PNET - peripheral neu- 
roectodermal tumour. 
*Tumours showing close similarity to normal adult tissue are scored 1, sarcomas 
of certain histological subtype are scored 2, and sarcomas of uncertain histological 
subtype are scored 3. 

Estimated by microscopic review only. 





and is based on the assessment of morphological features. 
Degree of tumour differentiation (resemblance to normal tis- 
sue counterparts), mitotic activity, and necrosis are the main 
histological variables commonly evaluated during the grad- 
ing process. Currently, the grading systems of the French 
Federation of Cancer Centres (Trojani etal., 1984) and 
the National Cancer Institute (Costa etal., 1984) are the 
most commonly used and they provide comparable results 
(Figure 3 and Table 2) (Guillou et al., 1997). The prognostic 
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Figure 3 Survival curves according to histologic grade using the National Cancer Institute (NCI) and French Federation of Cancer Centres (FNCLCC) 
systems. (a) Overall survival and (b) metastasis-free survival. (Reprinted with permission from the American Society of Clinical Oncology.) 


information obtained with each system has been validated 
in many reports, but problems remain. Subjectivity in the 
assessment of some histologic variables, uneven represen- 
tation of specific sarcomas, and lack of standardization of 
cut- off points among the reported series are factors that 
preclude universal acceptance of a particular grading system 
(Oliveira and Nascimento, 2001). 

The two most common staging systems are the American 
Joint Committee on Cancer (AJCC, 2002) staging system 
and the Enneking system (Enneking etal., 2003). These 
systems are chiefly designed for the staging of adult soft 
tissue sarcomas. The AJCC system is a four-stage system 
based on tumour size, presence or absence of lymph node 
involvement, distant metastases, and histological grade (see 
Table 3). The approximate 5-year overall survival rates for 
patients with soft tissue sarcomas in stages I, II, and III are 
95, 80, and 45%, respectively (Figure 4). 


DIAGNOSIS 


The diagnosis of soft tissue sarcoma requires a multidis- 
ciplinary approach. Physical examination, imaging studies, 


Table 3 American Joint Committee on Cancer staging system. 


Tumour (T) 
TX: primary tumour cannot be 
assessed 
TO: no evidence of a primary 
tumour 
T1 tumours: <5cm (Tla, T1b) 
T2 tumours: >5cm (T 2a, T2b) 


Grade (G) 
GX: grade cannot be assesses 
G1: well-differentiated 
G2: moderately differentiated 
G3: poorly differentiated 
G4: undifferentiated 


Lymph nodes (N) 

NO: no involvement 

N1: involved 

NX: regional lymph nodes cannot 
be assessed 


etastasis (M ) 

M0: no distant metastasis 

M 1: distant metastasis present 

M X: distant metastasis cannot be 
assessed 





a: superficial to superficial 
fascia 
b: deep to superficial fascia 


Stage | 
IA: G1/G2 Tla/b NO MO 
IB: G1/G2 T2a N0 MO 


Stage || 
IIA: G1/G2 T2b NO MO 


IIB: G3/G4 T1la/b NO MO 
IIC: G3/G4 T2a NO MO 


Stage III 
G3/4 T2b N0 MO 


Stage IV 
IVA: any G any T N1 MO 
IVB: any G any T any N M1 
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Figure 4 Overall survival for 1146 patients with primary soft tissue 
sarcoma according to the AJCC/UICC staging system. Patients were treated 
at Memorial Sloan-Kettering Cancer Center, New York. (Reprinted from 
Pisters and Brennan, Copyright 2000, with permission from Elsevier.) 


histological evaluation, and ancillary techniques such as 
immunohistochemical analysis, cytogenetics, and molecular 
studies are important steps towards a correct diagnosis. 


Clinical History and Physical Examination 


Clinical findings alone are not specific for the diagnosis 
of a soft tissue tumour, but some clues point towards the 
possibility of a sarcoma. Information on age, sex, tumour 
location, the presence of genetic syndromes, and the duration 
and quality of symptoms narrow the differential diagnosis 
substantially. In general, a soft tissue sarcoma presents as a 
painless mass of a few months’ duration; while, very short 
duration of symptoms suggests a reactive process and long 
durations are suggestive of a benign tumour. 


Imaging Studies 


After the initial clinical assessment, imaging studies are 
often needed for better delineation of soft tissue masses and 
their relationship to surrounding normal structures. Simple 
radiographs have a limited role in the evaluation of soft 
tissue masses. However, simple radiographs can detect a soft 
tissue calcification or ossification, involvement of adjacent 
bone, or a possible bone origin of a soft tissue tumour. 
Computed tomography (CT) has been largely replaced by 
magnetic resonance imaging (MRI) in the evaluation of soft 
tissue tumours. Nonetheless, CT remains the best imaging 
technique for detecting pulmonary metastases, providing 
essential information for staging and management. MRI is 
considered the gold standard because it provides precise 
information regarding tumour size, depth, local extension, 
and relationship to normal structures such as vessels, bone, 
and nerves. However, MRI is not usually diagnostic. Other 
imaging techniques are used less often. 


Biopsy and Basic Histological Assessment 


Biopsy is usually the final step in the evaluation of soft tissue 
masses. It is generally advisable to perform a biopsy on any 
enlarging soft tissue mass (larger than 4- 5 cm) with a median 
duration of 4-8 weeks in an adult patient. The biopsy can 
be closed or open. Closed procedures include core-needle 
biopsy and fine-needle aspiration (FNA). Open procedures 
include incisional and excisional biopsies. In incisional 
biopsies only part of the tumour is removed; in excisional 
biopsies the entire lesion is removed. Closed procedures, 
particularly core-needle biopsies, are the preferred method 
in most centres. FNA is also routinely used in many 
institutions and usually provides satisfactory results. In 
addition, ancillary techniques can be performed on FNA- 
obtained material. However, the most important role of 
FNA is documentation of tumour recurrence or metastasis. 
The major disadvantages of core biopsies and FNA are 
that tumour sampling is inadequate for precise histological 
analysis and, when preoperative treatment with radiotherapy 
or chemotherapy is contemplated, alimited amount of tumour 
material is available for future studies, if needed. In these 
cases, the tumour is often largely necrotic after preoperative 
treatment and has few or no viable cells. Open procedures, 
such as excisional biopsies, are sometimes indicated for small 
superficial lesions, usually smaller than 4-5cm. Imaging 
techniques such as CT and ultrasonography are important 
for guiding biopsy procedures. 

Assessment of tumour type and histological grade is 
performed on paraffin-embedded, formalin-fixed material 
stained with haematoxylin and eosin. 


Immunohistochemical Analysis 


Immunohistochemical analysis has been extensively used in 
the study of soft tissue tumours and is primarily based on 
enzymatic methods. The avidin- biotin- enzyme complex is 
one of the most commonly used methods and more than 30 
markers are routinely used to evaluate soft tissue tumours, 
mainly for diagnostic purposes. 

Cytokeratins are useful for differentiating soft tissue sar- 
comas from carcinomas. However, cytokeratin expression is 
found in up to 5% of soft tissue sarcomas and is considered 
diagnostic for certain sarcomas. Some well-known examples 
of sarcomas that express cytokeratins are synovial sarcomas 
and epithelioid sarcomas. 

The most common muscle markers used for the diagno- 
sis of soft tissue tumours are desmin, muscle-specific actin 
(MSA HHF35), w-smooth muscle actin (SMA 1A 4), M yoD1, 
myogenin, and h-caldesmon. Desmin is a 52-kDa interme- 
diate filament expressed in tumours of smooth muscle and 
skeletal muscle differentiation. SMA comprises œ- (skeletal, 
smooth, and cardiac) and y-SMA and is expressed in most 
leiomyosarcomas and rhabdomyosarcomas. SM A is also pri- 
marily expressed in smooth muscle neoplasms but is seldom 
expressed in rhabdomyosarcoma (1- 2%). MyoD1 and myo- 
genin are protein members of a group of myogenic regulatory 
nuclear proteins. The latter is highly specific and sensitive for 
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rhabdomyoblastic differentiation. h-Caldesmon is an actin- 
and tropomyosin-binding protein used to identify smooth 
muscle differentiation. 

CD31, factor VIII-related antigen (factor VIIIRa), and 
CD34 are commonly used markers for endothelial differenti- 
ation. CD31 (glycoprotein gplla) is a membrane protein from 
the immunoglobulin supergene family. CD 31 shows the high- 
est sensitivity and specificity for endothelial differentiation 
and is detected in most angiosarcomas. Factor V IIIRa is less 
sensitive than CD 31 but is a useful marker for endothelial dif- 
ferentiation. CD34 (also known as haematopoietic progenitor 
cell antigen) is a transmembrane protein primarily expressed 
by human haematopoietic stem cells and endothelial cells. 
CD34 is sensitive but not specific for endothelial differenti- 
ation. CD34 expression is also of diagnostic importance in 
several non-vascular tumours. 

S-100 protein is a melanocytic marker expressed in 
some soft tissue tumours, including clear cell sarcomas and 
MPNSTs. CD68 is a lysosomal glycoprotein found mainly 
in monocytes and macrophages. In the past, CD68 was 
considered a specific marker of histiocytic differentiation. 
However, more recent studies have shown the lack of 
specificity of this marker for this aim in most instances. 

P30/32 MIC2 or CD99 is a cell membrane glycoprotein 
encoded by the MIC2 gene. MIC2 is expressed in a 
membranous pattern in more than 95% of Ewing’s sarcoma 
but can also be expressed in other neoplasms. 

KIT is a transmembrane glycoprotein expressed in 95% 
of gastrointestinal stromal tumours (GISTs). However, other 
tumours can also express this marker, including Ewing’s 
sarcoma, some carcinomas, and germ cell tumours. 

The use of immunohistochemical techniques for prognos- 
tication in soft tissue tumours has been of very limited value. 


Ultrastructural Analysis 


With the advent of immunohistochemical and molecular 
techniques, the role of ultrastructural analysis has diminished 
substantially. Generally, ultrastructural analysis is required 
when histological, immunohistochemical, and cytogenetic 
and molecular studies are inconclusive, which is an unusual 
situation nowadays. 


Cytogenetics, Molecular Cytogenetics, 
and Molecular Genetics 


Cytogenetic and molecular techniques are important adjuvant 
tools in the diagnosis of soft tissue sarcomas. Traditional 
cytogenetic evaluation has provided fundamental information 
regarding chromosomal abnormalities in soft tissue sarcomas. 
However, this technique depends on the availability of fresh 
viable tumour material and is time and labour intensive. 
Fluorescence in situ hybridization (FISH) was a consid- 
erable technical advance for chromosomal analysis. FISH 
relies on the use of fluorochrome-labelled complementary 
DNA probes that hybridize to specific DNA sequences. FISH 


can be performed not only in fresh tumour material but also 
in frozen and paraffin-embedded tissue, and cytologic speci- 
mens. Both metaphase chromosomal spreads and interphase 
cells can be analysed. In addition, FISH provides direct cell 
visualization, allowing correlation between histologic and 
cytogenetic features. In situ hybridization can also be per- 
formed using enzymatic methods, such as the chromogenic 
in situ hybridization (CISH). 

Another important technique in the diagnosis of soft tis- 
sue sarcomas is the reverse transcriptase- polymerase chain 
reaction (RT-PCR). RT-PCR is used for detecting abnor- 
mal chimaeric mRNA transcripts on frozen and paraffin- 
embedded material. RT-PCR is preferred to standard PCR 
because chimaeric mRNA s have more structural consistency 
than native chimaeric genes owing to splicing of long intronic 
sequences. M ore recently, RT-PCR has been tested to detect 
minimal disease in the peripheral blood in patients with 
Ewing's sarcoma, rhabdomyosarcoma, and myxoid liposar- 
coma (Ladanyi and Bridge, 2000). Because these methods 
have advantages and disadvantages, they should be viewed 
as complementary diagnostic tools. Table 1 lists some chro- 
mosomal and genetic abnormalities that can be investigated 
with the above techniques. 


CLINICOPATHOLOGICAL FEATURES 


In this section, we discuss the clinicopathologic and biologic 
features of specific sarcomas according to the most recent 
WHO classification of soft tissue tumours. M any unusual or 
rare sarcomas were omitted from this discussion. The reader 
is referred to comprehensive references on the subject. 


Tumours of Fibroblastic and Myofibroblastic 
Differentiation 


Fibromatoses 


Fibromatoses are locally aggressive tumours without 
metastatic potential. They are broadly divided into superficial 
and deep (desmoid type). The main types of superficial 
fibromatosis are palmar fibromatosis (Dupuytren disease), 
plantar fibromatosis (Ledderhose disease), and penile 
fibromatosis (Peyronie disease). Superficial fibromatoses 
usually occur in adults and are characterized by a slow 
growing nodular myofibroblastic proliferation associated 
with fasciae and aponeuroses. 

Deep fibromatoses or desmoid tumours are divided 
anatomically into three main types: extra-abdominal, abdom- 
inal, and intra-abdominal. They frequently occur in young 
adults and can be sporadic or familial. Intra-abdominal 
(mesenteric) fibromatosis occurs in up to 15% of patients 
with Gardner syndrome. Abdominal desmoid tumours are 
more common in females and tend to occur during or after 
pregnancy. Desmoid tumours commonly present as large 
tumours, usually exceeding 5cm. They are characterized by 
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a clonal fascicular fibroblastic and myofibroblastic prolifera- 
tion with infiltrative borders. Trisomies 8 and 20 and deletion 
of 5q (region of the APC gene) are common cytogenetic 
abnormalities. Activating mutations of CTNNB1 (£-catenin) 
have also been implicated in the pathogenesis of desmoid 
tumours. Clinically, desmoid tumours are characterized by 
high rates of local recurrence (up to 50%). Surgical exci- 
sion has been considered the therapy of choice. In a series 
including almost 200 patients, the overall 5- and 10-year 
relapse rates were 30 and 33%, respectively. Wide local 
excision with negative surgical margins provided the best 
results (Ballo etal., 1999). However, the need for nega- 
tive surgical margins to prevent recurrence is not univer- 
sally accepted. Because desmoid tumours express oestrogen 
receptors, the use of tamoxifen and anti-inflammatory drugs 
has also been suggested but the efficacy of these treat- 
ments is still questionable. Chemotherapy has been occa- 
sionally attempted in patients with progressive disease and 
a more recent study has suggested that the tyrosine kinase 
inhibitor imatinib mesylate may be useful in the treat- 
ment of advanced desmoid-type fibromatosis based on its 
activity against platelet-derived growth factor receptor beta 
(PDGFRB) (Heinrich etal., 2006). 


Fibrosarcoma (Adult Type) 


Fibrosarcoma was a common sarcoma before the 1980s. 
However, major advances in immunohistochemistry, cytoge- 
netics, and molecular genetics resulted in the reclassification 
of most cases as either monophasic synovial sarcoma or 
MPNST. Currently, fibrosarcoma represents less than 1% 
of soft tissue sarcomas and is considered a diagnosis of 
exclusion. Owing to the reclassification of fibrosarcoma into 
several other types of tumours, its overall epidemiology 
became essentially unknown. Histologically, fibrosarcoma is 
characterized by a fascicular spindle cell proliferation in a 
herringbone pattern, which is characteristic but not specific 
(Figure 5). In addition, no specific cytogenetic or molecular 
abnormality has been found in adult-type fibrosarcoma. A 
study of more than 100 patients from the late 1980s found a 
5-year overall survival rate of 40% but these numbers should 
be viewed with caution presently. 


Congenital Fibrosarcoma 


Congenital or infantile fibrosarcoma (CF) occurs mainly 
during the first 2 years of life, has a male predominance, 
and usually arises in the distal extremities. Histologically, 
it is characterized by a proliferation of oval to round cells 
with prominent mitotic activity. CF is characterized by the 
chromosomal translocation t(12;15)(p13;q25), which leads 
to the fusion of the ETV6 gene to the tyrosine kinase 
gene NTRK3. This same fusion has also been found in 
other tumours, including cellular mesoblastic nephroma, 
secretory carcinoma of the breast, and in rare cases of acute 
myelogenous leukaemia. Clinically, CF is characterized by 
its excellent prognosis (5-year survival rate >80%) and low 
metastatic potential (10%). 





Figure 5 Fascicular spindle cell proliferation in a herringbone pattern is 
characteristic of, but not specific, for fibrosarcoma (haematoxylin and eosin, 
100x). This case, which was diagnosed as fibrosarcoma in the mid-1980s, 
was reclassified into a synovial sarcoma after immunohistochemical and 
molecular studies. 


Myxofibrosarcoma 


M yxofibrosarcoma, previously known as myxoid malignant 
fibrous histiocytoma (MFH), is a common adult soft tissue 
sarcoma that usually arises in dermal or subcutaneous 
tissue of the extremities. Histologically, myxofibrosarcoma is 
characterized by a multinodular myxoid pleomorphic spindle 
cell proliferation associated with curvilinear vessels and 
the presence of the so-called pseudolipoblasts. No specific 
cytogenetic or molecular genetic abnormality has been found. 
The clinical course depends on the histologic grade and 
clinical stage. Low-grade tumours located in superficial 
locations and amenable to complete resection have been 
associated with an excellent prognosis. 


Low-Grade Fibromyxoid Sarcoma 


Low-grade fibromyxoid sarcoma is a relatively newly 
described tumour characterized by a fascicular proliferation 
of bland spindle cells. Occasional giant fibroblastic rosettes 
can be seen. The tumour is cytogenetically characterized by 
the chromosomal translocation t(7;16)(q33;p11), which leads 
to the formation of the fusion gene F U S-CREB3L1 (Storlazzi 
et al., 2003). 


Inflammatory Myofibroblastic Tumour 


Inflammatory myofibroblastic tumour (IMT) predominantly 
occurs during childhood and is commonly associated with 
systemic symptoms. The abdominal cavity, retroperitoneum, 
and lungs are common anatomic locations. Histologically, 
this tumour is characterized by fascicles of deceptively bland 
myofibroblastic cells admixed with a prominent inflamma- 
tory infiltrate rich in plasma cells and lymphocytes. Up to 
50% of IMT show fusion of the ALK tyrosine kinase gene 
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on chromosome 2p23 with several partner genes, including 
TPM3, TPM4, SEC31L1, CARS, ATIC, RANBP2, and CLTC. 
Several of these fusion genes have also been identified in 
anaplastic large cell lymphoma (ALCL). The fusion products 
in both of these tumours lead to the constitutive activation 
of the ALK kinase protein. Clinically, IMT is characterized 
by a local recurrence rate of up to 25% of cases and very 
low metastatic potential. 


Tumours of So-called Fibrohistiocytic Differentiation 


The idea of fibrohistiocytic differentiation was introduced in 
the 1980s and was based on erroneous conclusions drawn 
from morphological, immunohistochemical, and cell culture 
studies of undifferentiated pleomorphic sarcomas. Currently, 
it is largely believed that most of these tumours show some 
degree of fibroblastic or myofibroblastic differentiation. 


Atypical Fibroxanthoma 


Atypical fibroxanthoma (AF) is a superficial fibrohistiocytic 
tumour that typically occurs in the head and neck area of 
older individuals. Clinically, AF presents as small cutaneous 
nodules that sometimes ulcerate. Histologically, AF is char- 
acterized by a lipidized storiform or fascicular proliferation 
of pleomorphic spindle cells exhibiting high mitotic activity. 
The prognosis is excellent if the lesion is completely excised. 


Dermatofibrosarcoma Protuberans and Giant Cell 
Fibroblastoma 


Dermatofibrosarcoma protuberans (DFSP) and giant cell 
fibroblastoma (GCF) are CD 34-positive superficial low-grade 
fibroblastic sarcomas that represent two ends of the same 
spectrum of tumours. DFSP occurs mainly during the third 
and fourth decades of life and predominantly affects the 
trunk and upper extremities. Histologically, it is characterized 
by an infiltrative storiform spindle cell proliferation (resem- 
bling a rush mat) with low mitotic activity (Figure 6). In 
contrast, GCF frequently occurs in male patients during the 
first decade of life. The thorax and lower extremities are 
the most common sites. Histologically, GCF is character- 
ized by an admixture of pseudovascular (angiectoid) spaces 
and solid areas where giant cell fibroblasts similar to floret 
giant cells are found. Areas indistinguishable from DFSP are 
also commonly found. Cytogenetic studies have shown the 
presence of a small supernumerary ring chromosome con- 
taining the fusion gene COL1A1-PDGF £ in 80% or more of 
DFSPs. The same fusion gene is found in GCF but in this 
tumour it is often due to the balanced chromosomal translo- 
cation t(17;22)(q21;q13) (Simon etal., 1997). The biologic 
consequence of this fusion gene is the transcriptional upregu- 
lation of PDGF £ driven by the strong COL1A1 promoter and 
autocrine stimulation of PDGF £ receptor by PDGF (Sir- 
vent et al., 2003). Clinically, DFSP is characterized by high 
recurrence rates and low metastatic potential. The presence of 
high-grade fibrosarcomatous areas has been associated with 





Figure 6 Dermatofibrosarcoma protuberans. The storiform or cartwheel 
pattern is characteristic, but not specific (haematoxylin and eosin, 200x). 


higher metastatic rates. GCF also presents a high recurrence 
rate but apparently no metastatic potential. Primary DFSP 
and GCF are treated with Mohs micrographic surgery or 
surgical resection but the use of the tyrosine kinase inhibitor 
imatinib mesylate has been recently advocated for both local- 
ized and metastatic disease (M cArthur et al., 2005). 


Plexiform Fibrohistiocytic Tumour 


Plexiform fibrohistiocytic tumour (PFT) is a rare superficial 
neoplasm that occurs predominantly in the upper extremities 
of young patients, especially females. Histologically, PFT is 
composed of nodules of histiocyte-like and osteoclast-like 
giant cells separated by fascicles of spindle cells. PFT recurs 
locally in up to one-third of cases and metastasizes in one- 
fifth. Wide local surgical excision seems to be the treatment 
of choice. 


Angiomatoid Fibrous Histiocytoma 


Angiomatoid fibrous histiocytoma (AFH) is a rare subcuta- 
neous tumour that arises predominantly in the extremities of 
young patients. AFH may be associated with systemic symp- 
toms, including fever, weight loss, anaemia, and parapro- 
teinaemia. Histologically, AFH is characterized by a nodular 
proliferation of oval to spindle cells associated with pseu- 
dovascular spaces. A rich lymphoplasmacytic infiltrate often 
surrounds the lesion, which closely simulates a lymph node. 
Immunohistochemical studies suggest a possible myoid phe- 
notype similar to the fibroblastic reticulum cells found in the 
connective tissue of lymph nodes. Two structurally similar 
fusion genes have been identified in AFH: FUS-ATF1 and 
EWS-ATF 1. The latter is also seen in clear cell sarcoma (see 
following text). AFH is characterized by low rates of local 
recurrence and limited metastatic potential. Surgical excision 
is considered the treatment of choice. 
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Undifferentiated Pleomorphic Sarcomas (Malignant 
Fibrous Hystiocytoma) 


MFH comprises a heterogeneous group of spindle cell pleo- 
morphic neoplasms without a recognizable line of differ- 
entiation. In the past, a fibrohistiocytic differentiation was 
attributed to these neoplasms on the basis of morphological, 
immunohistochemical, and functional similarities to fibrob- 
lasts and histiocytes found in cell cultures. With advances 
of immunohistochemical and other ancillary techniques and 
careful tissue sampling, many cases previously diagnosed 
as “MFH” have been reclassified into other high-grade sar- 
comas, sarcomatoid carcinomas, and lymphomas. However, 
there is still a group of pleomorphic tumours that lack spe- 
cific features and thus remain unclassifiable. For these, the 
most recent nomenclature, high-grade undifferentiated pleo- 
morphic sarcoma has been the preferred terminology. 

High-grade undifferentiated pleomorphic sarcomas most 
commonly occur between the fifth and eighth decades 
of life and usually arise in the lower extremities (Weiss 
and Enzinger, 1978). Most retroperitoneal tumours have 
been recently recognized as dedifferentiated liposarco- 
mas. The classic morphology is the presence of highly 
atypical pleomorphic cells growing in a storiform pattern 
(Figure 7). Cytogenetic and molecular studies have shown 
very complex karyotypes and several non-specific abnormal- 
ities. 

The prognosis of these sarcomas is dictated primarily 
by their grade and stage. In a series of 216 patients with 
localized tumours, 5-year disease specific-free, metastasis- 
free, and local recurrence-free survival rates were 70, 
63, and 63%, respectively. The presence of high-grade 
histological features was considered the most important 
prognostic factor for metastasis-free and disease specific-free 
survival (Le et al., 1996) but these numbers should be viewed 
with caution because of the extensive diagnostic reappraisal 
of these tumours. 





Figure 7 High-grade undifferentiated pleomorphic sarcoma. The high- 
grade histology with striking pleomorphism is characteristic, but can also 
be seen in other tumours (haematoxylin and eosin, 200x). 


Giant Cell Tumour of Soft Tissue 


This recently recognized tumour is the soft tissue counterpart 
of giant cell tumour of the bone (Oliveira et al., 2000). The 
tumour tends to occur in superficial locations and is prone to 
local recurrences. M etastases are rare. 


Sarcomas of Adipose Tissue Differentiation 


Sarcomas of adipose tissue differentiation or liposarco- 
mas are the most common soft tissue sarcomas. This 
group comprises four major variants: well-differentiated, de- 
differentiated, myxoid/round cell, and pleomorphic. 


Well-Differentiated Liposarcoma 


Well-differentiated liposarcoma arises most commonly 
in the extremities and retroperitoneum. Histologically, 
well-differentiated liposarcoma is divided into three 
major subvariants: lipoma-like (adipocytic), sclerosing, and 
inflammatory. A spindle cell variant also has been rec- 
ognized. Cytogenetic studies of well-differentiated liposar- 
comas and de-differentiated liposarcomas frequently show 
rings or giant rod chromosomes. These structures con- 
tain amplified genomic sequences derived from chromo- 
some 12q13 ~q15, which include MDM2, SAS, HMGA2, 
and CDK4, among other genes (Figure 8). The clinical 
course of well-differentiated liposarcomas of the extremi- 
ties is usually excellent, with overall 5-year survival rates of 
virtually 100%. Because of this benign clinical behaviour, 
well-differentiated liposarcomas of the extremities are pref- 
erentially named atypical lipomatous tumours. In contrast, a 
much worse prognosis is found in retroperitoneal tumours, 
which show very high rates of local recurrence. 


STAS 


Figure 8 MDM2 amplification in well-differentiated liposarcoma by chro- 
mogenic in situ hybridization (CISH). The clusters of brown signals repre- 
sent multiple copies of MDM2 (400x). 
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De-differentiated Liposarcoma 


De-differentiated liposarcoma is defined as a well- 
differentiated liposarcoma showing an abrupt transition 
to non-lipogenic sarcoma, usually with a high-grade 
histology. De-differentiation is predominantly found in 
retroperitoneal liposarcomas and usually occurs as a de 
novo phenomenon. In a large series of patients with de- 
differentiated liposarcomas, the local recurrence, metastatic, 
and disease-related mortality rates were 41, 17, and 28%, 
respectively. The overall 5-year survival rate is 50- 70%. 


Myxoid and Round Cell Liposarcomas 


Myxoid liposarcoma is the second most common type of 
liposarcoma and occurs mainly during the fourth to fifth 
decades of life; most arise in the lower extremities (K il- 
patrick et al., 1996). Histologically, myxoid liposarcoma is 
composed of spindle and stellated cells immersed in a myx- 
oid matrix with a characteristic vascular pattern (Figure 9). 
Round cell liposarcoma is the cellular and poorly differen- 
tiated form of myxoid liposarcoma. Cytogenetic and molec- 
ular studies have shown that both myxoid and round cell 
liposarcomas share the same genetic abnormalities. They 
exhibit the chromosomal translocation t(12;16)(q13;p11) in 
up to 95% of cases, which results in the fusion of FUS 
to the DDIT3 gene (Figure 10) (Crozat et al., 1993; Rab- 
bitts et al., 1993). FUS encodes for an RNA-binding pro- 
tein that is similar to the EWS protein (Figure 2). DDIT3 
encodes for the DNA -damage-inducible negative transcrip- 
tion regulator involved in adipocyte differentiation. In the 
second most common chromosomal translocation found in 
these tumours - t(12;22)(q13;q12) - the EWS gene is fused 
to CHOP. Both chimaeric proteins FUS-DDIT3 and EWS- 
DDIT3 can transform NIH3T3 fibroblasts, and more recent 
work has shown that a myxoid liposarcoma-like phenotype 
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Figure 9 Myxoid liposarcoma is characterized by a proliferation of small 
ovoid to spindle shaped cells associated with a characteristic vasculature 
(“chicken wire” pattern). Lipoblastic differentiation may not be easily 
recognized. 





is induced by transfecting FUS-DDIT3 in mesenchymal pro- 
genitor cells or HT 1080 sarcoma cells (Engstrom et al., 2006; 
Riggi et al., 2006). 

M yxoid liposarcoma has been associated with a relatively 
good prognosis with a 5-year overall survival rate of 75%, 
but the presence of round cell differentiation is an important 
adverse prognostic factor. 


Pleomorphic Liposarcoma 


Pleomorphic liposarcoma is a high-grade pleomorphic sar- 
coma where scattered multiloculated lipoblasts are identified. 
Pleomorphic liposarcoma comprises <5% of the cases of 
liposarcoma and most frequently occurs in the extremities. 
The prognosis of pleomorphic liposarcoma parallels that of 
other high-grade sarcomas. 


Sarcomas of Smooth Muscle Differentiation 


Leiomyosarcoma is the single example of this group 
and probably represents 10% of soft tissue sarcomas. 
L eiomyosarcomas arising in soft tissues are clinically divided 
into four main types: cutaneous, subcutaneous and intra- 
muscular, vascular, and intra-abdominal. All types are mor- 
phologically and immunohistochemically indistinguishable. 
They are characterized by a fascicular proliferation of 
eosinophilic spindle cells with cigar-shaped nuclei. Immuno- 
histochemical studies show SM A in most cases and desmin in 
50-70% of cases. Cytogenetic studies frequently show com- 
plex karyotypes, but no consistent recurrent chromosomal 
abnormality has been identified. 


Cutaneous Leiomyosarcoma 


Cutaneous leiomyosarcoma occurs most frequently in the 
lower extremities of young adults. Clinically, they are painful 
tumours that recur locally in up to one-third of cases but have 
almost no metastatic potential. 


Subcutaneous and Intramuscular Leiomyosarcomas 


Subcutaneous and intramuscular leiomyosarcomas occur 
more frequently in the thigh but the retroperitoneum is also a 
common site. They frequently metastasize to the lungs. A 5- 
year overall survival rate of 64% was found in a large series 
of cases (Gustafson, 1994). 


Vascular Leiomyosarcoma 


Vascular leiomyosarcoma represents <5% of all cases of 
leiomyosarcoma. It arises most commonly in the inferior 
vena cava and in veins of the lower extremities. There is 
no sex predilection except for those arising in the inferior 
vena cava, where a striking female predilection is observed. 
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Figure 10 The balanced chromosomal translocation t(12;16)(q13;p11.2) is found in most cases and results in the formation of the fusion gene FUS-DDIT3. 


Intra-abdominal Leiomyosarcoma 


Intra-abdominal leiomyosarcoma most commonly occurs in 
the retroperitoneum, omentum, and mesentery and seems 
more common in females. These tumours can reach large 
sizes and often follow an aggressive clinical course. In a 
series of 44 cases, the overall 5-year survival rate was 21%. 
However, with the advent of immunohistochemical analysis, 
most non-retroperitoneal intra-abdominal leiomyosarcomas 
have been reclassified as GISTs (see Upper Gastrointestinal 
Tract and Lower Gastrointestinal Tract). 


Sarcomas of Skeletal Muscle Differentiation 


Rhabdomyosarcoma is the most common paediatric soft 
tissue sarcoma (Qualman etal., 1998) and according to 
the most recent WHO classification, three major histologi- 
cal variants are recognized: embryonal (50-60%), alveolar 
(25-30%), and pleomorphic (5%). 


Embryonal Rhabdomyosarcoma 


Embryonal rhabdomyosarcoma occurs predominantly in the 
head and neck area and the genitourinary tract of young chil- 
dren. It is characterized by a proliferation of small basophilic 


spindle cells associated with a variable number of rhabdomy- 
oblasts (strap or tadpole cells) in a myxoid stroma. Variants 
of embryonal rhabdomyosarcoma include the spindle cell and 
botryoid types. Spindle cell rhabdomyosarcoma occurs pri- 
marily in the paratesticular area and is associated with an 
excellent prognosis. B otryoid rhabdomyosarcoma is typically 
found in the genitourinary tract, has a grapelike macroscopic 
appearance, and is histologically characterized by a conden- 
sation of rhabdomyoblasts underneath the epithelial lining 
(cambium layer). 

Genetic studies on embryonal rhabdomyosarcoma have 
shown loss of heterozygosity on chromosome 11p15 in most 
instances and microcell hybridization transfer experiments 
have indicated at least two tumour-suppressor loci in this 
chromosome band (Loh etal., 1992). More recent work 
in mice suggested that synergistic loss of Ink4a/Arf and 
Met signalling disruption as well as concomitant inactiva- 
tion of p53 and Fos may be important for the pathogene- 
sis of rhabdomyosarcoma (Sharp et al., 2002; Fleischmann 
et al., 2003). 


Alveolar Rhabdomyosarcoma 


Alveolar rhabdomyosarcoma occurs more commonly in 
adolescents and frequently arises in the extremities. It 
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is characterized by nests of round basophilic cells sep- 
arated by fibrous septa, which somewhat simulates the 
pulmonary parenchyma. Cytogenetic and molecular studies 
have shown the chromosomal translocations t(2;13)(q35;q14) 
and t(1;13)(p36;q14) in approximately 70 and 10% of 
cases, respectively. These translocations fuse the paired box 
transcription factors PAX3 and PAX7, respectively, to the 
fork-head transcription factor FKHR. The fusion proteins 
stimulate transcription on PAX-binding sites with higher 
potency than the corresponding wild-type PAX proteins. In 
addition, PAX7-FKHR is often amplified in the form of 
double minutes (Barr, 2001). PAX3 and PAX7 are specifi- 
cally expressed during the development of the dorsal neural 
tube and somites, and PAX3 plays an important role in 
myoblast migration to the limbs. Gene expression anal- 
yses using cDNA microarrays in alveolar rhabdomyosar- 
coma have shown that the PAX3-FKHR fusion transcript 
induces the expression of several genes involved in myogenic 
differentiation. 


Pleomorphic Rhabdomyosarcoma 


Pleomorphic rhabdomyosarcoma arises more commonly in 
the extremities of older individuals, usually after the fourth 
decade of life, and is associated with an aggressive clinical 
course. 


Rhabdomyosarcoma Staging, Treatment, and Prognosis 


Clinical features and the histological subtypes of rhab- 
domyosarcoma seem to be the most important factors in 
predicting the overall prognosis. According to a recent 
report of the Intergroup Rhabdomyosarcoma Study Group, 
favourable prognostic factors include (i) undetectable metas- 
tases at diagnosis, (ii) a primary tumour in the orbit and 
non-parameningeal head and neck and genitourinary regions, 
(iii) ability to surgically excise the primary tumour at the 
time of diagnosis, (iv) embryonal or botryoid histology, 
(v) tumour size less than or equal to 5cm, and (vi) patient's 
age less than 10 years at diagnosis (Raney et al., 2001). 

Treatment of rhabdomyosarcoma commonly entails a com- 
bination of chemotherapy, radiotherapy, and surgical exci- 
sion. Chemotherapy is indicated for unresectable tumours 
to allow subsequent surgical excision, for elimination of 
microscopic disease after primary surgical excision, and for 
metastatic disease. Radiation therapy is used to provide 
local tumour control after surgical excision or for metastatic 
disease. Vincristine, D-actinomycin, and cyclophosphamide 
are commonly used drugs but additional drugs have been 
used in high-risk patients (Raney etal., 2001; Arndt and 
Crist, 1999). 


Sarcomas of Endothelial and Pericytic 
Differentiation 


The three most important sarcomas showing endothe- 
lial differentiation are epithelioid haemangioendothelioma, 
K aposi’s sarcoma, and angiosarcoma. 


Epithelioid Haemangioendothelioma 


Epithelioid haemangioendothelioma is a rare low-grade vas- 
cular sarcoma that commonly occurs in soft tissues, liver, 
and bone. The tumour affects mainly adults and approx- 
imately 60% of cases arise in association with a vessel. 
Histologically, it is characterized by cords and nests of 
round to spindle eosinophilic cells arranged in a myxohya- 
line stroma. Cytogenetic and molecular studies are almost 
non-existent, but the balanced chromosomal translocation 
t(1;3)(p36.3;q25) was found in two cases. Epithelioid hae- 
mangioendothelioma is less aggressive than angiosarcoma, 
but it metastasizes in 20-30% of cases and has a mortality 
rate of 20% when it occurs in soft tissues. Higher mortality 
rates are seen in hepatic and pulmonary tumours. 


Kaposi’s Sarcoma 


Kaposi’s sarcoma is a unique tumour showing features 
of lymphatic endothelial differentiation. The pathogenesis 
of Kaposi's sarcoma is complex and linked with HHV8 
infection (see Epidemiology, Aetiology, and Pathogene- 
sis). A multicentric clonal evolution has been proposed 
to explain the pathogenesis of Kaposi’s sarcoma. In this 
model, Kaposi’s sarcoma arises from independent cells and 
acquires clonal characteristics during tumour progression 
(Gill et al., 1998). 

Traditionally, Kaposi’s sarcoma has been divided into 
four clinical variants: classical, endemic, immunosuppres- 
sion associated, and epidemic or acquired immunodeficiency 
syndrome (AIDS) associated (Antman and Chang, 2000). 
The classical form is prevalent in eastern Europe and 
the Mediterranean and typically presents as indolent pur- 
ple- blue cutaneous nodules on the lower extremities of 
elderly men. The endemic form occurs in HIV -negative indi- 
viduals and commonly manifests as indolent nodular lesions 
associated with lymphadenopathy. A more aggressive form 
is commonly found in children. The immunosuppression- 
associated Kaposi’s sarcoma is an aggressive form that 
occurs months or years after transplantation or the begin- 
ning of immunosuppression. It often is characterized by 
lymphatic or visceral manifestations. The epidemic or 
A|DS-associated Kaposi’s sarcoma is a very aggressive 
form that involves the skin, mucosas, viscera, and lymph 
nodes. It is more commonly seen in homosexual AIDS 
patients. 

All clinical forms K aposi’s sarcoma are histologically sim- 
ilar and characterized by a spindle cell nodular proliferation 
separated by slitlike thin-walled vascular channels. Immuno- 
histochemical analysis shows the presence of HHV 8 in most 
cases. Treatment includes surgical excision, radiation ther- 
apy, and single or multiple agent chemotherapy, including 
interferon-a. 


Angiosarcoma 


Angiosarcoma is a highly malignant neoplasm of endothelial 
differentiation. The term angiosarcoma encompasses blood 
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and lymphatic vascular tumours. A etiological factors associ- 
ated with the development of angiosarcoma are discussed in 
the preceding text (see Epidemiology, Aetiology, and Patho- 
genesis). Clinically, angiosarcomas are divided into four 
groups: cutaneous, soft tissue, post-irradiation, and visceral. 
Cutaneous angiosarcoma that is not associated with lym- 
phoedema shows a predilection for elderly men and most 
frequently occurs in the head and neck region, particularly 
in the scalp. The prognosis is reserved with 5-year over- 
all survival rates <35%. Cutaneous angiosarcoma associated 
with chronic lymphoedema is discussed in the preceding text 
(see Epidemiology, Aetiology, and Pathogenesis). 

Soft tissue angiosarcoma occurs predominantly in the 
retroperitoneum and lower extremities of older men. The 
prognosis is very poor, with more than 50% of patients dying 
within lyear of the diagnosis. Post-irradiation angiosar- 
coma is a highly aggressive tumour that tends to have a 
shorter latent period than other irradiation-induced sarco- 
mas. Post-irradiation angiosarcoma should not be confused 
with the cutaneous angiosarcoma associated with chronic 
lymphoedema. Visceral angiosarcoma often occurs in the 
liver, breast, and spleen and is discussed in the respective 
chapters Liver, Gallbladder, and Extrahepatic Bile Ducts, 
Breast and Lymph Nodes. 

Histologically, all clinical types of angiosarcoma are 
characterized by an infiltrative proliferation of anastomosing 
irregular vascular spaces lined by atypical and pleomorphic 
endothelial cells. Cytogenetic and molecular genetic studies 
have shown several non-specific abnormalities. 


Haemangiopericytoma 


Haemangiopericytoma has been considered a controversial 
entity since it was first described more than 50 years ago. 
Its putative pericytic nature was suggested by its mor- 
phological similarities to normal pericytes. However, this 
analogy has not been confirmed by immunohistochemical 
analysis since most haemangiopericytomas do not express 
SMA, which is normally expressed by pericytes. There- 
fore, most cases diagnosed as haemangiopericytoma have 
been reclassified as entities such as solitary fibrous tumour 
and monophasic synovial sarcoma. Currently, the prevalent 
Opinion is that haemangiopericytoma is more a morphologi- 
cal pattern than a distinct entity. However, some haeman- 
giopericytic tumours have unique and distinctive features 
that still deserve the label haemangiopericytoma, includ- 
ing meningeal haemangiopericytoma (previously known as 
angioblastic meningioma), sinonasal haemangiopericytoma, 
and pericytomatous tumour associated with the ACTB-GLI 
fusion gene. 

Histologically, haemangiopericytomas are composed of 
a vague nodular proliferation of basophilic oval cells 
arranged around dilated thin-walled vessels with a char- 
acteristic staghorn appearance. Clinically, some haeman- 
giopericytomas are associated with hypoglycaemia, which 
seems to be caused by the tumour’s secretion of insulin-like 
growth factor (IGF)-II. Meningeal haemangiopericytomas are 
often associated with an aggressive clinical course, char- 
acterized by local recurrences and metastases. Sinonasal 


haemangiopericytomas tend to recur locally but do not 
metastasize. 


Sarcomas of Peripheral Neuroectodermic 
Differentiation 


Extraskeletal Ewing’s Sarcoma and Peripheral Primitive 
Neuroectodermal Tumour (PNET) 


Extraskeletal and skeletal Ewing’s sarcoma and peripheral 
primitive neuroectodermal tumour (PNET) represent oppo- 
site ends of a continuum of primitive tumours showing 
various degrees of neuroectodermic differentiation. Ewing’s 
sarcoma is the more undifferentiated tumour and PNET the 
more differentiated tumour. In extraskeletal sites, they tend 
to occur in the paravertebral areas, thoracopulmonary region 
(Askin tumour), and lower extremities of adolescents and 
young adults. Histologically, sheets or lobules of small round 
cells separated by strands of fibrous tissue are characteristic 
but not specific. Homer Wright rosettes are frequently found. 
Immunohistochemical studies show the expression of the 
M IC2 protein in most cases. Cytogenetic studies done mostly 
in skeletal tumours have shown the balanced translocations 
t(11;22)(q24;q12) and t(21;22)(q22;q12) in 95 and 4% of 
cases, respectively, but several others have been described 
(see Table 1). In the two most common translocations, EWS 
is fused to either FLI1 or ERG, respectively. The transform- 
ing properties of EWS-FLI1 have been shown in transfection 
assays with NIH3T3 fibroblasts. Among several types of 
EWS-FLI1 transcripts, the fusion of the EWS exon 7 with 
the FLI1 exon 6 is the most common (type 1) (Figure 1) 
and has been associated with a more favourable prognosis 
(de Alava et al., 1998). 

Many prognostic factors have been suggested for Ewing’s 
sarcoma/PNET but detection of distant metastases at presen- 
tation, which occurs in approximately 25% of patients, is the 
most adverse (Terrier et al., 1996). 

Treatment of localized skeletal Ewing’s sarcoma/PNET 
consists of a combination of surgical excision, radiotherapy, 
and chemotherapy. The 5-year overall survival rate can 
reach 70% for patients with localized disease and 20-30% 
for those who presented with distant metastasis (Arndt and 
Crist, 1999). 


Malignant Peripheral Nerve Sheath Tumour 


MPNST is divided into three clinical groups: NF1 asso- 
ciated (40-50%), sporadic (40-50%), and post-irradiation 
(5- 10%). The lifetime risk for the development of MPNST 
in patients with NF1 is estimated to be 2%. The sporadic 
form occurs more often in the lower extremities, shows no 
sex predilection, and peaks during the fifth decade of life. 
The post-irradiation form is the least common and occurs up 
to 3 decades after the radiation therapy. 

Histologically, MPNST is characterized by a fascicular 
spindle cell proliferation with hyper- and hypocellular areas. 
Whorling of tumour cells around vascular spaces is another 
characteristic feature. In 10% of cases, rhabdomyoblastic 
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differentiation is observed (Triton tumour), which possibly 
portends a more aggressive clinical course. MPNST shows 
an epithelioid phenotype in 5% of cases. This variant tends 
to be superficially located and is associated with a more 
favourable outcome. The traditional criteria for the diag- 
nosis of MPNST relied on the presence of a spindle cell 
tumour with ultrastructural evidence of Schwann cell dif- 
ferentiation arising in association with a nerve or a benign 
peripheral nerve tumour (i.e., neurofibroma) in a patient with 
neurofibromatosis. However, better recognition of MPNST’s 
morphological features and the advent of immunohistochem- 
ical analysis has changed this view. M PNST expresses S-100 
protein in approximately 50% of cases. Cytogenetic studies 
usually show complex karyotypes with several structural and 
numeric abnormalities. Accumulation of mutant P53 protein 
was found to be higher in MPNSTs than in neurofibroma, 
suggesting a role for TP53 mutations in the transformation 
of neurofibroma to MPNST. 

The overall 5-year survival rates for patients with M PN ST 
are approximately 50% for those with the sporadic form, 25% 
for those with NF1, and 10% for those with post-irradiation 
M PNST. In two large series of cases, tumour size larger than 
5cm, history of NF1, and incomplete surgical excision were 
associated with a worse prognosis. 


Sarcomas of Osseous or Cartilaginous 
Differentiation 


Extraskeletal Osteosarcoma 


Extraskeletal osteosarcoma (ESO) represents <1% of soft 
tissue sarcomas and occurs mainly after the sixth decade of 
life. The lower extremities are more frequently involved. His- 
tologically, ESO is similar to a high-grade undifferentiated 
pleomorphic sarcoma except for the presence of an iden- 
tifiable osteoid. Cytogenetic and molecular data are almost 
non-existent. Clinically, ESO follows an aggressive clinical 
course characterized by multiple local recurrences and metas- 
tases in >60% of patients. The 5-year overall survival rate 
is approximately 25%. 


Sarcomas of Uncertain Differentiation 


Clear Cell Sarcoma (Malignant Melanoma of Soft Parts) 


Clear cell sarcoma of tendons and aponeuroses, also known 
as malignant melanoma of soft parts, is a rare soft tis- 
sue sarcoma that tends to occur in adolescents and young 
adults. The foot and ankle are the most commonly affected 
sites despite a wider anatomical distribution. Histologically, 
the tumour is characterized by nests of polygonal or spin- 
dle cells separated by delicate fibrous septa. U|trastructural 
studies show the presence of premelanosomes in approxi- 
mately 50% of cases. Immunohistochemical analyses show 
the expression of several melanocytic markers. Cytogeneti- 
cally, clear cell carcinoma is characterized by the chromo- 
somal translocation t(12;22)(q13;q12), in most cases, which 


results in the fusion of EWS to the CREB family tran- 
scription factor gene ATF 1. The fusion protein EWS-ATF1 
was shown to bind to the promoter of the microphthalmia- 
associated transcriptor factor (MITF) and to simulate the 
activity of the melanocyte-stimulating hormone (MSH) - an 
amplified oncogene in melanoma and an important regula- 
tor of melanocytic differentiation (Davis et al., 2006). Clear 
cell sarcoma is characterized by the development of metas- 
tasis in 50% of patients, most commonly to lungs and lymph 
nodes. The overall 5-year survival rate is 67% according to 
the results in one series. Local radiation therapy was asso- 
ciated with prolonged survival by univariate analysis in a 
series of 30 cases. 


Mesenchymal Chondrosarcoma 


Mesenchymal chondrosarcoma is a rare malignancy that 
occurs in both bone (65%) and soft tissues (35%) of ado- 
lescents and young adults. In soft tissues, the most common 
anatomical sites are the head and neck region and the lower 
extremities. Histologically, it has a biphasic appearance in 
which islands of well-developed cartilage are intermixed with 
areas composed of primitive, small ovoid cells. Cytogenetic 
and molecular studies are rare but the same unbalanced chro- 
mosomal translocation der(13;21)(q10;q10) was observed in 
two cases. Investigation of the differential expression of col- 
lagen subtypes has suggested that the tumour has a line of 
differentiation consistent with premesenchymal chondropro- 
genitor cells. Mesenchymal chondrosarcoma is characterized 
by an aggressive clinical course with frequent lung metasta- 
sis. The overall 5-year survival rate is approximately 50%. 


Extraskeletal Myxoid Chondrosarcoma 


Extraskeletal myxoid chondrosarcoma (EM C) is a rare sar- 
coma that occurs predominantly in the lower extremities 
of older individuals. Histologically, EMC is a multilob- 
ular neoplasm composed of cords of small eosinophilic 
cells immersed in a myxoid matrix. Intracisternal bundles 
of parallel microtubules and scattered neurosecretory gran- 
ules are characteristic but not specific ultrastructural findings. 
Immunohistochemical studies show S-100 expression in only 
a minority of cases, which does not support the chondrob- 
lastic nature of EMC. Cytogenetic and molecular studies 
have shown the presence of the chromosomal translocation 
t(9;22)(q22;q12) in 75% of cases. This translocation leads 
to the fusion of EWS to the NR4A3 gene, a member of 
the steroid/thyroid receptor gene superfamily. Several other 
NR4A3 fusion partners in EMC have also been recently 
recognized, including TAF 15, TCF12, and TFG. Clinically, 
EMC is characterized by an indolent clinical course. M etas- 
tases, most commonly to the lungs, occur in up to 50% of 
patients. The 5- and 10-year overall survival rates are 90 and 
70-80%, respectively. 


Synovial Sarcoma 


Synovial sarcoma represents approximately 10-15% of all 
soft tissue sarcomas and particularly affects the lower 
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extremities of adolescents and young adults. Histologically, 
synovial sarcoma is classified into biphasic, monophasic, 
and poorly differentiated variants. The biphasic variant is 
composed of epithelial and spindle cell components. The 
epithelial component has a glandular appearance; the spindle 
cell component comprises fascicles of spindle cells fre- 
quently arranged in a herringbone pattern similar to that in 
fibrosarcoma (Figure 5). Monophasic synovial sarcoma can 
be purely spindle or purely epithelial, which is very rare and 
difficult to recognize. 

Immunohistochemical analysis shows expression of EMA 
and cytokeratins. Cytogenetic and molecular studies show 
the translocation t(X ;18)(p11.2;q11.2) in most cases (>99%), 
including the poorly differentiated variant (Table 1). This 
translocation results in the fusion of the SYT gene with 
members of the SSX family of genes on chromosome 
Xpll.2 (SSX-1, SSX-2, and, more rarely, SSX-4) (Clark 
etal., 1994). Whereas SYT encodes for a ubiquitously 
expressed nuclear protein that seems to function as a 
transcriptional coactivator, SSX encodes for transcription 
repressor proteins. The mechanism of action of the chimaeric 
protein remains unknown, but it has been suggested that it 
works through recruitment of the PcG complex of proteins 
involved in transcriptional repression. Despite initial claims 
that tumours harbouring the SYT/SSX-1 fusion transcript had 
a more aggressive clinical behaviour, more recent studies 
have not confirmed this association (Figure 11) (Guillou 
et al., 2004). 

M any other adverse prognostic factors have been proposed 
for synovial sarcoma but their clinical utility remains to 
be settled. Synovial sarcoma metastasizes in 50% of cases, 
most commonly to lungs and lymph nodes, and 5-year 
overall survival rates between 24 and 64% have been 
reported. Treatment involves surgical excision, radiotherapy, 
and chemotherapy. Synovial sarcoma is particularly sensitive 
to ifosfamide. 
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Figure 11 Disease-specific survival proportions for localized synovial 
sarcoma according to fusion type in 141 patients. Patients with tumours 
harbouring the SYT-SSX1 had a better disease-specific survival, but the 
difference was small and did not reach statistical significance (Guillou 
et al., 2004). 


Epithelioid Sarcoma 


Epithelioid sarcoma is a rare soft tissue sarcoma that occurs 
predominantly in adolescents and young adults. It presents 
most commonly as dermal or subcutaneous nodules in the 
distal portions of the upper extremities, particularly the 
hands and wrists. A proximal-type variant of epithelioid 
sarcoma that occurs around the limb girdle area follows a 
more aggressive clinical course. Histologically, epithelioid 
sarcoma has a multinodular architecture with a granuloma- 
like appearance. N ecrotic areas are common, often assuming 
a maplike pattern. Immunohistochemical studies show the 
expression of cytokeratin in most cases and CD34 in approx- 
imately 50%. Cytogenetic studies show frequent rearrange- 
ments or deletions involving chromosome 22, particularly 
the band 22q11. Interestingly, this chromosomal band often 
is deleted or rearranged in rhabdoid tumour (see Extrarenal 
Malignant Rhabdoid Tumour), an entity that shares some 
degree of morphological overlap with epithelioid sarcoma. 
Epithelioid sarcoma has a high local recurrence rate, up 
to 80% in some series, owing to its extensively infiltra- 
tive margins along tendons and fascia, often well beyond 
the apparent clinical limits of the tumour. Metastases are 
very common, mostly to regional lymph nodes, lungs, and 
scalp. The estimated 5-year survival rate is approximately 
50-70%. 


Alveolar Soft Part Sarcoma 


Alveolar soft part sarcoma (ASPS) represents <1% of 
soft tissue sarcomas and commonly occurs in the lower 
extremities of young patients. In children, the head and 
neck are preferentially involved. Histologically, ASPS is 
characterized by a pseudoalveolar architecture composed 
of richly vascularized fibrous septae lined by polygonal 
cells. PAS-positive intracytoplasmic rodlike inclusions are 
common and have a characteristic crystalline rhomboid 
shape on ultrastructural analysis. These inclusions were 
recently shown to contain monocarboxylate transporter 1 
(MCT1) and its partner CD147. Cytogenetic and molecular 
studies have shown that the non-reciprocal translocation 
t(X ;17)(p11.2;q25) is characteristic of A SPS (100% of cases) 
and results in the fusion of the transcription factor gene TF E3 
with the ASPL gene. Interestingly, several TF E3 fusion genes 
have been identified in subsets of renal cell carcinoma with 
papillary features. ASPS is associated with a poor long- 
term prognosis, with 5- and 10-year overall survival rates 
of 46-67 and 38%, respectively. M etastases to lungs, brain, 
and bone are common. 


Desmoplastic Small Round Cell Tumour 


Desmoplastic small round cell tumour (DSRCT) is a 
highly malignant sarcoma that most commonly occurs in 
the peritoneal cavity of adolescents and young males. 
DSRCT usually forms large intra-abdominal masses that 
are histologically characterized by nests of small round 
cells surrounded by a dense desmoplastic stroma. Immuno- 
histochemical studies show the expression of cytokeratin, 
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neuron-specific enolase, and desmin. The latter has a peculiar 
paranuclear distribution. Cytogenetic analyses show the chro- 
mosomal translocation t(11;22)(p13;q12) in almost all cases. 
This results in the formation of the fusion gene EWS-WT1. In 
contrast to the tumour-suppressor role of WT1, the chimaeric 
product EWS-WT1 is oncogenic and seems to induce the 
promoters of several genes, including PDGFA, IGF1R, and 
BAIAP3 (Lee etal., 1997). The induction of PDGFA expres- 
sion contributes to the formation of the dense desmoplastic 
stroma typically found in these tumours. DSRCT follows a 
highly aggressive clinical course, often characterized by mul- 
tiple local recurrences. Distant metastases are uncommon. 
Despite intensive chemotherapy regimens, radical surgical 
procedures, and radiotherapy, most patients die less than 
3 years after diagnosis. 


Extrarenal Malignant Rhabdoid Tumour 


Malignant rhabdoid tumour (MRT) used to be a highly 
controversial entity because the so-called rhabdoid phenotype 
can be seen in several other tumours. However, recent 
findings have shed some light on this issue. Currently, it 
seems that renal MRT and extrarenal MRT are characterized 
by deletions or mutations of the chromatin-remodelling 
gene SMARCB1 (also known as SNF5/INI1) located on 
chromosome 22q11.2. In addition, germ-line mutations of the 
SMARCB1 gene also have been described, predisposing the 
carriers to renal MRT, extrarenal MRT, and other tumours 
in the so-called rhabdoid predisposition syndrome. In soft 
tissues, MRT tends to occur in young patients and in 
a wide anatomical distribution. MRT is characterized by 
sheets of polygonal cells with hyaline globular cytoplasmic 
inclusions and vesicular nuclei that consistently express 
epithelial markers. Ultrastructural analysis demonstrates that 
the cytoplasmic inclusions are composed of whorls of 
intermediate filaments. Clinically, soft tissue MRTs follow 
a very aggressive clinical course with high metastatic rates. 
Death usually occurs less than 2 years after diagnosis. 


PROGNOSTIC FACTORS 


Several prognostic factors have been proposed for soft tissue 
sarcomas, but only a few are universally accepted and 
routinely used (Oliveira and Nascimento, 2001; Oliveira and 
Fletcher, 2004). The large void between the identification 
and the clinical application of prognostic factors for soft 
tissue sarcoma exists for many reasons. First, the prognostic 
factors proposed so far have been incompletely validated. 
Theoretically, the validation of proposed prognostic factors 
is carried out in three major steps: exploratory studies, 
retrospective clinical studies, and prospective clinical trials. 
The first step is the study of a plausible prognostic factor in 
relation to outcomes and the predictive data available. This 
step is fundamental to hypothesis formulation. The second 
step confirms the initial observations through large studies 
in which multivariate analysis establishes the independence 
of the investigated prognostic factor in relation to known 


predictors. Definition and validation of cutoff points in two or 
more distinct data sets are tasks involved in the second step. 
The third step consists of well-designed multi-institutional 
prospective studies with a large number of patients using pre- 
established cutoff points. Unfortunately, almost all studies 
of prognostic factors in soft tissue sarcomas have not gone 
beyond the second step. 

Other important problems include (i) the uneven repre- 
sentation of specific sarcomas in heterogeneous series; (ii) 
the number and type of variables included in multivariate 
analysis and how they are selected and modelled, includ- 
ing pre-establishment of cutoffs; (iii) the statistical power 
of the study for detecting differences between groups of 
patients; (iv) standardization of specific outcomes (local 
recurrence, metastasis, disease-free and overall survival); and 
(v) appropriateness of the statistical methods. In addition, 
the identification of a prognostic factor does not necessar- 
ily mean that it has clinical utility. A meaningful prog- 
nostic factor should also influence clinical decisions and 
therapy. 

Despite numerous problems associated with histological 
grading systems, histological grade has been considered the 
most powerful prognostic factor in heterogeneous series of 
patients with soft tissue sarcoma (Figure 3) and frequently 
incorporates other factors such as mitotic count, necrosis, and 
degree of differentiation (see Grading and Staging Systems). 
In a retrospective series involving more than 1000 cases of 
soft tissue sarcomas, the presence of high-grade histological 
features was the most powerful independent prognostic 
factor for metastasis-free survival and disease-specific overall 
survival, but not for local recurrence-free survival (Pisters 
et al., 1996). Tumour size has been considered an adverse 
prognostic factor in many but not all series including more 
than 100 patients. Standardization of cutoffs for tumour size 
and other problems already described partially explain these 
divergent results. 

Several other prognostic factors have been evaluated. DNA 
ploidy, S-phase fraction, AgNORs (silver staining for nucle- 
olar organizer regions - segments of DNA containing riboso- 
mal genes whose expression reflects the proliferation activity 
of the tumour), Ki-67, MDM2, P53, RB1, MYC, PDGF£, 
and BCL2 have been correlated with histological grade and 
decreased metastasis-free or overall survival in many but 
not all studies. Overexpression of the transmembrane P- 
glycoprotein, a product of the multidrug resistance gene 1 
(MDR1), has been correlated with decreased sensitivity to 
chemotherapy and survival. Specific chimaeric mRNA tran- 
scripts have been shown to have a prognostic role in synovial 
sarcoma and Ewing's sarcoma but recent studies have ques- 
tioned some of these results (Figure 11). 


TREATMENT 


The treatment of soft tissue sarcomas commonly comprises a 
combination of surgery, radiation therapy, and chemotherapy 
after the determination of whether the patient has localized, 
locally recurrent, or metastatic disease. 
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Overview of Sarcoma Treatment 


Surgical excision is used primarily for the treatment of local- 
ized or locally recurrent sarcoma and is the only potentially 
curative treatment at present. However, surgical excision can 
also be used for the treatment of metastatic disease, partic- 
ularly pulmonary metastasis (metastasectomies). Radiation 
therapy is used primarily as an adjuvant treatment for the 
control of localized or locally recurrent sarcoma. Chemother- 
apy is used for localized and metastatic sarcomas. 

The treatment of Ewing’s sarcoma and alveolar rhab- 
domyosarcoma has been briefly discussed earlier. 


Treatment of Clinical Groups 
Localized Sarcoma 


Local disease is defined when a soft tissue sarcoma is 
confined to a certain anatomical site or compartment without 
clinicoradiological evidence of systemic disease (metastasis). 
In this situation, surgical excision is considered the mainstay 
therapy because it is the only potentially curative modality 
at present. 

The surgical excision can be divided into five basic types: 
intralesional, marginal, wide, radical, and amputation. In an 
intralesional excision (also known as curettage, debulking, 
or incisional biopsy), the tumour is incompletely removed 
and gross disease is left behind. This surgical procedure is 
performed when a broader excision cannot be carried out 
without affecting vital structures. In marginal excisions, the 
tumour is excised through its pseudocapsule or perilesional 
reactive fibroinflammatory zone. Because there is a substan- 
tial risk for microscopic positive margins after this procedure, 
marginal excision is commonly indicated for benign soft tis- 
sue tumours or after successful preoperative radiotherapy 
or chemotherapy for sarcomas. Local recurrence rates of 
60% or more have been reported with this type of resection 
alone. 

Wide excision, which is currently the most common type 
of surgical excision performed, includes a rim of normal 
tissue surrounding the tumour. Wide excision is used for low- 
and high-grade sarcomas with or without adjuvant treatment. 
Local recurrent rates of up to 30% have been reported when 
wide excision is performed alone. Because of this, there is a 
general arbitrary recommendation that a surgical margin of at 
least 2cm around the tumour be achieved. Radical excision 
involves the removal of the entire anatomical compartment, 
that is, all tissues within the natural anatomical boundaries. 
Radical excision is often indicated for recurrent sarcomas 
or when imaging studies were inconclusive for defining the 
tumour’s anatomical limits. Amputation, often used in the 
past, is performed uncommonly now because limb-sparing 
operations followed by post-operative radiotherapy provide 
similar results in most instances (O'Sullivan et al., 1999). 

Currently, radiotherapy is commonly used in combination 
with surgical excision for the management of localized 
soft tissue sarcoma. Radiotherapy can be delivered in the 
form of external-beam radiation or brachytherapy (from 
the Greek brachys - short). In the latter, the source of 


radiation is placed close to or in the tumour bed. Several 
retrospective and few prospective clinical trials have shown 
that the combination of radiotherapy and surgical excision 
provides better results than surgical excision alone in the 
management of localized soft tissue sarcoma. However, 
there is no clear evidence that local control of the disease 
automatically confers prolonged survival. In addition, several 
other types of adjuvant radiotherapy have been used for local 
disease control, including a combination of brachytherapy 
and external-beam radiation, intraoperative radiotherapy, 
hyperfractionation, the use of radiosensitizers, and others. 
However, none has been shown to be superior to external- 
beam radiation. 

The role of adjuvant chemotherapy for localized adult soft 
tissue sarcoma remains controversial (Clark etal., 2005), 
but there is some evidence for its beneficial, nonetheless, 
modest effects. Despite the lack of statistical significance, 
most randomized trials have shown a trend for prolonged 
disease-free survival and overall survival in patients who 
received adjuvant chemotherapy with multiple regimens; and 
meta-analysis of some reported series has confirmed these 
impressions (Figure 12) (Sarcoma M eta-A nalysis Collabora- 
tion, 1997). Reasons for some of the persistent controversies 
include large variation in the criteria for patient enrollment 
(tumour location, histological subtype and grade, size, and 
depth), follow-up periods, and chemotherapy regimens used. 
Neo-adjuvant or preoperative chemotherapy has been advo- 
cated for treating localized soft tissue sarcomas, but its role 
is still controversial. 


Locally Recurrent Sarcoma 


Soft tissue sarcomas recur in up to 90% of cases according to 
the adequacy of the surgical margins. The treatment of locally 
recurrent soft tissue sarcoma should be highly individualized, 
but surgical re-excision of the recurrent tumour should be 
attempted when feasible because good long-term results have 
been obtained with this approach. 


Metastatic Sarcoma 


Metastatic soft tissue sarcomas are primarily managed 
with chemotherapy or surgical excision (metastasectomy). 
Chemotherapy is the main therapeutic modality and is indi- 
cated for non-resectable metastases. The most effective single 
agents are doxorubicin and ifosfamide. Surgical excision of 
metastatic disease has been investigated in several studies 
but the benefits are marginal. However, it seems that com- 
plete metastasectomy is the single most important factor for 
prolonged postmetastasis survival and that careful patient 
selection is critical for achieving good results. 


Novel Treatments (Target Molecular Therapy) 


Novel treatments for soft tissue sarcomas have been investi- 
gated with promising results. Among them, the use of target 
therapy for KIT receptor tyrosine kinase in GIST has become 
the paradigm of sarcoma treatment. These tumours are 
characterized by activating mutations of KIT or PDGFRA 
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Figure 12 Kaplan- M eier curves obtained with a quantitative meta-analysis of data on 1568 patients from 14 clinical trials comparing doxorubicin-based 
adjuvant chemotherapy with control in localized soft tissue sarcoma. Prolonged local recurrence- free (hazard ratio (HR) = 0.73; 95% confidence interval 
(Cl) =0.56-0.94; P = 0.016), metastasis-free (HR = 0.70; 95% CI =0.57-0.85; P = 0.0003), disease-free (HR = 0.75; 95% Cl = 0.64- 0.87; 
P = 0.0001), and overall survival (HR = 0.89; 95% Cl = 0.76- 1.03; P = 0.12) were observed. However, no statistical significance was reached for 
overall survival. RFI - recurrence-free interval. (From Sarcoma M eta-analysis Collaboration. (1999). Adjuvant chemotherapy for localized resectable soft 
tissue sarcoma of adults: meta-analysis of individual data. Lancet, 350, 1647- 1654, by permission of The Lancet, Ltd.) 


that are susceptible to the tyrosine kinase inhibitor ima- 
tinib mesylate (Corless et al., 2004). The response rates vary 
according to the type of mutation, but recent clinical trials 
have confirmed its efficacy (Demetri et al., 2002). Currently, 
imatinib mesylate is considered first-line therapy together 
with surgery for recurrent or metastatic GIST (Blay etal., 
2005). In addition, the drug has also been investigated in 
DFSP. 
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INTRODUCTION 


The majority of cancers involving the pleura and peritoneum 
represent metastases from a non-serosal site. In the thorax 
the most common spread is from a carcinoma of the lung 
followed by the breast and the stomach (Chernow and Sahn, 
1997). In the abdomen the most common metastases spread 
from the female genital tract (especially ovary), followed by 
the large bowel and the pancreas (Sadegji et al., 2000). 

Primary malignancies are rarer and, numerically, diffuse 
malignant mesothelioma is the most frequent. Although these 
tumours are uncommon, they are of considerable interest as 
they have been firmly linked to asbestos exposure. They are 
also continuing to increase in incidence with a peak of 2500 
cases expected in the United Kingdom in 2015 (Hodgson 
et al., 2005). In the United States the peak has already 
been reached although there are still 2000-3000 cases per 
year (Price, 1997). Despite the recognition of the link with 
asbestos and attempts to curb asbestos use in the developed 
world, the cheapness and versatility of asbestos means that it 
is being used widely in developing countries and the increase 
in mesothelioma seen worldwide will continue to rise in those 
countries for some considerable time. A large portion of this 
chapter will be devoted to malignant mesothelioma but brief 
accounts will also be given of the tumours and tumour-like 
conditions that may mimic mesothelioma or may be confused 
with it. In addition, other primary tumours of the serosal 
surfaces will be discussed. Furthermore, normal mesothelial 
structure and function will be described. 

It should be remembered that the descriptions in this 
chapter will relate to the pleura and peritoneum but similar 
tumours can be found in the other serosal surfaces, namely, 
the pericardium and tunica albuginae. 


NORMAL MESOTHELIUM 


Normal Structure 


To appreciate the anatomical structure of the serosae we will 
briefly review the embryological development of the spaces 
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within the trunk, which become the pleural and peritoneal 
cavities. Both are derived from mesoderm although mesothe- 
lial cells express both mesenchymal and epithelial type inter- 
mediate filaments. The original coelomic space is separated 
into thoracic and abdominal portions by the septum transver- 
sum. Pleuroperitoneal folds then partition the pleura, form 
pericardial cavities, and join the septum transversum. A fter 
this, the lung buds (derived from the cephalic endoderm) 
project laterally to develop into the lungs, covered intimately 
by the visceral pleura (derived from somatic mesoderm). 
The splanchnic mesoderm on the inner aspect of the chest 
wall becomes the parietal pleura. A similar process occurs 
in the abdomen where the organs become enclosed in the 
peritoneal space, lined by visceral and parietal membranes. 
The membranes formed consist of a flattened layer of surface 
cells covering a thin mesenchymal layer. Although the cells 
mature in this way they retain plasticity and the ability to 
change their phenotype. 

When fully developed the serous membranes consist of 
a single layer of flattened or low cuboidal mesothelial cells 
that lie on a basal lamina (Figure 1). These cells resemble 
epithelial cells in that they have plenty of cytoplasm with 
a centrally placed nucleus and small nucleolus. There are 
gaps between the cells of the parietal layers where lymph is 
able to move to the underlying lymphatics. The underlying 
connective tissue comprises collagen, elastin, fibroblast-like 
cells, and vessels (both capillaries and lymphatics). 

Ultrastructurally, mesothelial cells are characterized by 
numerous junctional complexes and desmosomes. They typ- 
ically have long, slender microvilli on the surface, which can 
be used as an aid in characterizing mesothelial tumours. 


Functions of Serosa 


The primary function of the mesothelium is to provide 
a smooth, slippery, non-sticky, and protective surface that 
allows the underlying organs to function properly. This is 
aided by the production of hyaluronate-rich fluid, which 
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Figure 1 Normal serosal structure with a layer of bland mesothelial cells 


lying on the surface beneath which lies loose fibrovascular connective tissue. 


coats the surface and fills the 5-10-y~m gap between 
visceral and parietal layers, together with a population of 
macrophages. M esothelial cells also facilitate transport of 
fluid and cells across the serosal cavity and play a role 
in antigen presentation, inflammation, repair, coagulation, 
fibrinolysis, and tumour cell adhesion (M utsaers, 2004). 


TUMOURS INVOLVING THE PLEURA 
AND PERITONEUM 


As stated previously most malignant tumours involving 
the serosal surface are secondary tumours from elsewhere 
(Table 1). Most primary tumours involve the serosa in a 
diffuse manner although rarely they may be localized. The 
most common primary malignant tumour is mesothelioma 
but a wide range of tumours and tumour-like conditions 
can involve the pleura, the peritoneum, or both. Many of 
the non-mesothelial tumours mimic mesotheliomas clinically, 
radiologically, and even pathologically. It is essential for the 
pathologist to have all available information on hand when 
trying to characterize a tumour involving a serosal surface 
especially when faced with a small biopsy. 


Methods of Obtaining Diagnostic Material 


To characterize a tumour in the pleura or peritoneum it 
is important to attempt to make a pathological diagnosis. 
This may be a cytological diagnosis based on sampling 
of effusion fluid or by percutaneous fine needle aspiration 
cytology of a region of serosal thickening. In specialist 
centres, the sensitivity of the former technique for pleural 
mesothelioma can be up to 76% and that of the latter, 
78% (Whitaker, 2000). Immunocytochemistry can be applied 
to the cytological material (including cell blocks) that can 
reliably identify the cellular content (Figure 2). However, 
most prefer to make their pathological diagnosis on a 


Table 1 Malignant and benign conditions of the pleura and peritoneum. 


Tumours and tumour-like conditions of the pleura and peritoneum 





Malignant 

Diffuse malignant mesothelioma 

Localized malignant mesothelioma 
Angiosarcoma/haemangioendothelioma 

Synovial sarcoma 

Sarcomas 

Serous papillary carcinoma 

Thymic carcinoma 

Lymphoma 

Malignant solitary fibrous tumour 

Desmoplastic small round blue cell tumour 

A skin's tumour 

Pleuropulmonary blastoma 

Serous papillary tumours (borderline and carcinoma) 
Epithelioid angiomyolipoma 

M etastatic carcinoma 

M etastatic sarcomas 

Other metastases including pseudomyxoma peritonei 


Benign, uncertain malignant potential or tumour-like 
Solitary fibrous tumour 

Well-differentiated papillary mesothelioma 
Multicystic mesothelioma of the peritoneum 
Adenomatoid tumour 

Calcifying fibrous tumour 

Lipoma 

Schwannoma 
Endometriosis/endosalpingosis 
Leiomyomatosis peritonealis disseminata 
Gliomatosis peritonei 

Omental-mesenteric myxoid hamartoma 


tissue biopsy, partly because of difficulties in distinguishing 
mesothelioma cells from reactive mesothelial cells and other 
serosal malignancies in fluid (Travis et al., 2004). 

Percutaneous core biopsy may provide sufficient material 
on which to confirm a diagnosis of mesothelioma and 
to perform ancillary studies. This is reported to have a 
higher yield (86% sensitivity and 100% specificity) than 
closed Abrams or Cope needle biopsy, which only offers 
a sensitivity of 21- 43% (Adams et al., 2001). Others have 
shown sensitivity for core biopsy of 60% with a single 
attempt and 85% with repeat biopsies (M etinas et al., 1995). 

If the diagnosis is not confirmed by these techniques, then 
biopsies are usually obtained by video-assisted thoracoscopy 
(VATS) or laparoscopy. VATS has a yield of over 90% 
sensitivity with alow complication risk of 10% (Pistolesi and 
Rusthoven, 2004). Open surgery may be necessary although 
even this may not be diagnostic. Occasionally it is only at 
post-mortem that representative tissue can be sampled and 
the diagnosis confirmed. 


MALIGNANT MESOTHELIOMA 


M alignant mesothelioma is a tumour affecting all serosal sur- 
faces. It primarily involves the pleura - parietal or visceral - 
but malignant mesotheliomas of the pericardium, peritoneum, 
and the tunica vaginalis also occur. 
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Figure 2 Mesothelioma in a cytology preparation. (a) Pap, x400. 


(b) EMA, x400. 


Aetiology 


Asbestos 


Exposure to asbestos is the main causation of malignant 
mesothelioma. Asbestos is a mineral whose strength, heat 
and chemical resistance properties, and low cost made it 
a popular material in construction and lagging industries 
(Figure 3). Asbestos fibres are of two main subtypes - 
serpentine (sheet or layer structure) and amphibole (chainlike 
structure). There are three main types of asbestos that were 
mined commercially: the chrysotile (white) asbestos of the 
serpentine subtype presenting with long and curly fibres, 
and the amosite (brown) and crocidolite (blue) asbestos of 
the amphibole subtype. The latter have short, rodlike fibres. 
Today, only chrysotile asbestos is mined and used (see 
Occupational Causes of Cancer). 

Following inhalation, asbestos fibres gather into the pari- 
etal pleura in “black spots” on the mesothelial surface, which 
are near lymphatic vessels (Boutin et al., 1996) (Figure 3). 
From that primary site and through the lymphatics, the fibres 


Figure 3 Asbestos bodies covered by brown iron pigment (“ferruginous 
body”). 


can travel in the abdomen. Ingestion and transportation of 
fibres to the intestinal tract is also possible. 

The asbestos fibres’ potential for malignant transformation 
has been linked with the mineral’s physical and chemical 
properties. Fibres longer than 5 wm have an increased poten- 
tial to cause mesothelioma (Health Effects Institute, 1991). 
The fibres’ durability as a result of their chemical compo- 
sition correlates with carcinogenic potential. It is thought 
that the fibres’ high iron content induces stimulation of 
oxidative stress by catalysis of oxidants (Gulumian etal., 
1993). Overexpression of enzymes associated with oxidative 
stress, like COX-2, has been demonstrated (Edwards et al., 
2002). Oxidative stress produces oxygen and nitrogen species 
that interfere with cell proliferation and apoptosis. Addi- 
tional, more complicated steps in mesothelioma tumouri- 
genesis have been revealed. As an established carcinogen, 
asbestos can induce alterations in the DNA, which involve 
tumour-suppressor genes and oncogenes. Deletions in spe- 
cific regions of 1, 3, 6, 9, 13, 15, and 22q have been observed 
(Murthy and Testa, 1999). Sometimes the pattern of loss 
is associated with a particular type of mesothelioma, such 
as 3p21 deletion in epithelioid tumours. Tumour-suppressor 
genes inactivations or mutations, like P16!%*48 and P14 4RF 
coded by the CDKN2A/ARF locus on chromosome 9p21, 
have been described (Hirao et al., 2002). P16 and NF2 pro- 
teins are also frequently altered (Hirao et al., 2002; Sekido 
et al., 1995). 

There is no minimum asbestos exposure below which there 
is no risk. However, the incidence of mesothelioma increases 
with the dose of asbestos and the time since first exposure 
(Newhouse et al., 1985). There is a latency period between 
first exposure to asbestos and development of mesothelioma, 
which is calculated between 15 and 40 years (Yates et al., 
1997). M ost cases have a latent period of more than 20 years. 


Genetic Factors 


Erionite, an asbestiform rock of the zeolite family, was found 
to cause mesothelioma in animals. That study was conducted 
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Figure 4 Cappadocia, Southeast Turkey, where erionite is a natural 
mineral. 


after an increased incidence in mesothelioma in villages of 
Cappadocia, Turkey, where people used erionite to build 
their houses (Baris et al., 1987) (Figure 4). However, recent 
studies revealed that mesothelioma in villages of that area 
had a genetic rather than environmental causation. The study 
revealed that mesothelioma can possibly be transmitted in an 
autosomal dominant way (Roushdy-Hammady et al., 2001). 


SV40 Hypothesis 


Simian virus 40 (SV 40) contaminated polio vaccines used 
mainly in the United States in 1950s and 1960s, infecting 
humans (Engels, 2005). It has been suggested that SV 40, 
an oncogenic polyoma virus, can induce tumours including 
mesothelioma (Gazdar et al., 2002; Jasani et al., 2001; Car- 
bone et al., 2003). This theory has been demonstrated in vitro 
and in animal experiments, but in human studies the results 
varied considerably (M anfredi et al., 2005; Lopez-Rios et al., 
2004). Notably, whereas SV 40 contamination was frequently 
found in mesothelioma samples from the United States, sam- 
ples from other countries did not reveal the presence of the 
virus (Aoe etal., 2006; Engels etal., 2003). Present stud- 
ies on SV40 and mesothelioma focus on the potential of 
synergistic risk between the virus and asbestos. 


Radiation 


A synergistic relationship between radiation and asbestos 
in development of mesothelioma was reported after animal 
studies (Warren etal., 1981). About 45 cases of patients 
developing mesothelioma following radiotherapy have pre- 
viously been reported. However, those cases had not had the 
radiotherapy administered at the site where mesothelioma 
developed later. Also, most of them had previous primary 
malignancies, including Hodgkin’s disease (Brenner et al., 
1982), breast cancer (Shannon et al., 1995), cervical cancer 
(Beier et al., 1984), and Wilm’s tumour (Austin et al., 1986), 
some of which had been treated with chemotherapy prior to 
irradiation. The above results, together with epidemiological 


data comparing asbestos-related mesothelioma to radiation- 
related mesothelioma, suggest that radiation is not a direct 
cause of mesothelioma, but it could act synergistically with 
other carcinogens. 


Epidemiology 


In the United Kingdom, the potential of asbestos to cause 
disease had been known between the late 1920s and early 
1930s (Greenberg etal., 1994), and as a result asbestos 
regulations to minimize asbestos dust in the work envi- 
ronment were introduced. However, when the link between 
asbestos and mesothelioma was established in 1960 (Wag- 
ner etal., 1960), those regulations were re-examined and 
new regulations prohibiting the production and use of 
some asbestos types were added. Epidemiological data pub- 
lished in 1982 further demonstrated the direct link between 
asbestos and mesothelioma in most of the cases (Craig- 
head and Mossman, 1982), so the regulations on asbestos 
were constantly revised until the European Union passed 
a complete ban on asbestos in 1999, which commenced 
in the United Kingdom in the same year. The ban had 
effect on the whole European Union from January 2005. 
In the United States, a total ban on asbestos was passed 
in 2003. 

Despite the ban on asbestos, it is still mined and used 
in most of the developing world. The only developed 
country still producing asbestos is Canada, the second largest 
producer of chrysotile asbestos in the world (Harris and 
Kahwa, 2003). Other countries, like Brazil and Russia, are 
increasing their asbestos production, which is imported by 
developing countries in Africa and Southeast Asia. These 
countries are inevitably going to have increasing numbers 
of mesothelioma cases in the future, although no statistical 
predictions can be made. 

M any developed countries started collecting epidemiolog- 
ical data on asbestos and mesothelioma deaths since the 
1970s. With that data, incidence of the disease and its rela- 
tionship with asbestos could be demonstrated. Incidence rates 
were found to differ substantially from country to coun- 
try, mostly due to types and amounts of asbestos produced 
and used in each country. In the United States, a large epi- 
demiological study was conducted, which showed that the 
prevalence of the disease was higher in men than in women. 
Additionally, while the rate of women having the disease 
remained the same over the years, men had an increasing 
incidence of mesothelioma, which peaked in 1992 at 1.9 
per 100000 people (Price, 1997). In European countries, 
the incidence of mesothelioma deaths is still on the increase 
(Figure 5). In the United Kingdom, mesothelioma incidence 
was predicted to peak between 2011 and 2015, with up to 
2500 deaths per year (Hodgson et al., 2005) (Figure 6). It 
is expected that 250000 people will die of mesothelioma in 
western Europe alone (Travis et al., 2004). Asbestos expo- 
sure remains a problem the world over and incidence rates 
are impossible to be calculated since exposure is as much 
domestic as it is occupational. 
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Observed (to 1989) and predicted (1990-2029) annual numbers of pleural cancer deaths in men in six Western European countries 


Figure 5 Mesothelioma mortality in different European countries (Peto J, Decarli A, La Vecchia C, et al. (1999). The European mesothelioma epidemic. 


British J ournal of Cancer, 79(3- 4), 666-672). 


Exposure to asbestos has affected mainly people who 
worked in asbestos mines, in insulation, construction, 
and ship building industries. Plumbers, electricians, and 
carpenters were also exposed since asbestos was extensively 
used domestically. Most of these people were not warned 
about the effect of asbestos dust on their health, and no pro- 
tective equipment was provided. Additionally, many women 
and other family members developed mesothelioma after 
workers carried asbestos dust from the workplace to their 
homes on their overalls. Environmental exposure to people 


who lived near asbestos mines is also reported (Zwi et al., 
1989), as well as endemic mesothelioma cases in rural areas 
in Greece and France where a relation to environmental 
geologic sources of asbestos dusts has been established (Sich- 
letidis et al., 1992; Viallat et al., 1991). 

The relationship between asbestos and mesothelioma is 
well established for both pleural and peritoneal mesothe- 
lioma. Pericardial and testicular mesotheliomas are very rare 
so no systematic study can be conducted. Most mesothe- 
liomas occur in the pleura, with a ratio of pleural to peritoneal 
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Figure 6 Mesothelioma mortality in the United Kingdom in relation with 
asbestos production and use (Peto J, Decarli A, La Vecchia C, et al. (1999). 
The European mesothelioma epidemic. British J ournal of Cancer, 79(3- 4), 
666 - 672, reproduced with permission from Nature Publishing Group). 


tumours 9 to 1 in men. The same ratio in women is 2 to 1, 
reflecting the highest occupational exposure among men. 


Clinical Presentation 


M ost mesothelioma cases are men in late adulthood. Presen- 
tation is usually with shortness of breath due to the formation 
of a pleural effusion. Patients often suffer from weight loss, 
anorexia, and night sweats. The tumour spreads within the 
pleural space causing the hemithorax to contract. A dditional 
problems with breathing and chest pain develop; the latter 
can increasingly become worse as the tumour infiltrates chest 
nerves. In the late stages of the disease, the tumour might 
infiltrate the chest wall invading other structures of the tho- 
racic cavity. It may spread to the abdominal cavity or invade 
the pericardium. It may also metastasize to other organs. 
Reported cases include metastasis to the brain (Huncharek 
et al., 2004), skin (Patel et al., 2005), and liver (Cimbaluk 
et al., 2006). However, most mesotheliomas remain con- 
fined to their primary site. The disease is very rarely picked 
up early and it is unclear whether early diagnosis affects 
the long-term outcome. Patients generally die from respira- 
tory failure, pneumonia, or due to pericardial or myocardial 
involvement. 

Primary peritoneal mesothelioma is less common than 
pleural mesothelioma and most cases are women, reflecting 
the greater occupational exposure in the male population. 
The latency period is usually shorter than that of pleural 
mesothelioma (Chahinian et al., 1982) but asbestos exposure 
is usually higher. Clinically, peritoneal mesothelioma may 
take a long time to diagnose since there might be months 
before the patient becomes symptomatic. It usually presents 
with distension of the abdomen and development of ascites. 
Other symptoms include abdominal pain, anorexia, and 
general discomfort. Pericardial mesothelioma accounts for 
about half of all pericardial tumours. It presents with 


pericardial effusion, pericardial constriction, or vascular 
compression. M esothelioma of the tunica vaginalis presents 
with swelling of the testes. 


Pathology 


Macroscopic Features 


M esothelioma is a tumour that grows on serosal membranes 
in a “diffuse” fashion, meaning that it involves multiple 
nodules, or sheets of tumour encasing the lung, abdominal 
viscera, or the heart (Figure 7). 

In the pleural space, the tumour may spread to encase 
the whole lung; it might even extend into the lung and 
mediastinum and spread into the lymphatic vessels (Elmes 
and Simpson, 1976). Sometimes, the tumour can grow in the 
chest wall and subcutaneous tumour nodules may be palpable 
(Thomason et al., 1994). Invasion of the abdomen through 
the diaphragm is also common. 

Peritoneal tumours appear as multiple nodules growing 
on the peritoneum. At later stages of the disease, the 
tumour might spread to other surfaces of the abdominal 
cavity or might invade the pleura through the diaphragm. 
Pericardial mesothelioma might invade the myocardium or 
extend to the pleural cavity or mediastinum (Plas et al., 





Figure 7 Gross appearance of malignant mesothelioma. 
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1998). Mesothelioma of the tunica vaginalis presents with 
haemorrhage, swelling, and wall thickening of the hydrocele 
sac (Cury et al., 2000). 

Rarely, malignant mesotheliomas present as localized 
masses. These tumours, labelled as localized malignant 
mesotheliomas are indistinguishable microscopically from 
the diffuse tumours but their limited extent makes them 
more amenable to complete surgical resection and therefore 
provides a better hope of cure. 


Microscopic Features 


Mesothelioma of all sites presents with similar histological 
features. The three main types of diffuse 
malignant mesothelioma are epithelioid, sarcomatoid, and 
biphasic (or mixed). Within these, there are several subtypes 
(Table 2). 

Epithelioid mesotheliomas account for about 50% of cases 
arising from the pleura and about 75% of peritoneal cases. 
They often appear quite bland in their cell morphology. Cells 
are cuboidal or larger with prominent nucleoli. They are fre- 
quently arranged in a tubulopapillary or glandular fashion, 
mimicking adenocarcinoma, and therefore potentially con- 
fusing the diagnosis (Robinson and Lake, 2005) (Figure 8). 
Histochemistry and immunohistochemistry provide a useful 
tool in differentiating epithelioid mesothelioma from adeno- 
carcinoma (and other mimics) although no single marker has 
proved to be 100% sensitive and specific. It is important 
to rely on a panel of markers including mucin stains and a 
range of positive and negative markers when making a diag- 
nosis. Unfortunately the potential use of mesothelin has not 
been realized as it is also positive in several other cancers, 
most notably pancreatic adenocarcinoma. Table 3 gives a list 
of the more commonly used antibodies with their expected 
results. Electron microscopy can also be used as mesothe- 
lioma can be confirmed by the presence of long, slender 
microvilli. 

Sarcomatoid mesothelioma - so called because of its sim- 
ilarity with other soft tissue sarcomas - accounts for 15% 
of all mesothelioma cases. It usually consists of a pro- 
liferation of spindle cells and, when heavily collagenized 


Table 2 Different possible morphologies of the three main mesothelioma 
histologic types. 


M ain histology types 
Epithelioid 


M orphological subtypes 


Deciduoid 
Tubulopapillary 
Microcystic or 
adenomatoid 
Small cell 

Clear cell 

M ucin positive 
High grade or 
pleomorphic 
Transitional 
Lymphohistiocytoid 
Desmoplastic 
Any of the above 
combinations 


Sarcomatoid 


M ixed or biphasic 





Figure 8 Malignant mesothelioma, epithelioid type. Note the resemblance 
of adenocarcinoma. H&E, x400. 


and hypocellular, are designated desmoplastic mesotheliomas 
(Figures 9 and 10). Immunohistochemical stains for cytoker- 
atins can distinguish between this subtype of mesothelioma 
and sarcoma. 


Table 3 Examples of common immunohistochemical markers used to help 
differential diagnosis of malignant mesothelioma over adenocarcinoma. 


Immunohistochemistry 


markers Malignant mesothelioma Adenocarcinoma 





EMA + (membranous) 

WT1 + 

Calretinin + 

CK 5/6 + — 
+ 


+ (cytoplasmic) 





Figure 9 Malignant mesothelioma, sarcomatoid type. H&E, x400. 
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Figure 10 Malignant mesothelioma, desmoplastic morphology of sarco- 
matoid type. H&E, x 400. 





Malignant mesothelioma, mixed type. H&E, x400. 


Figure 11 


Biphasic or mixed mesotheliomas consist of a mixture of 
cells, some forming papillary structures and others showing 
a spindle-cell appearance (Figure 11). 


Prognostic Factors 


There is no curative treatment for malignant mesothelioma 
at present but many patients are treated with chemotherapy 
with palliation as the goal (Vogelzang, 2005). The difficulty 
is in deciding which patients are likely to benefit from 
chemotherapy. In recent years there has been interest in 
defining clinical prognostic groups. Prognostic factors allow 
clinicians to predict which patients are likely to benefit most 
from treatment (Steele et al., 2005). 

Prognostic factors are especially important in the case of 
malignant mesothelioma, because anatomical staging systems 
are of limited value for most patients. Two of the best-known 
staging systems are the International M esothelioma Interest 
Group (IMIG) (Rusch etal., 1996) (Table 4) and Brigham 


systems (Sugarbaker et al., 1999). For both these systems, 
stage is derived from disease extent at thoracotomy. R adio- 
logical prediction of IMIG or Brigham stage is less accurate 
and of uncertain value. The International Association for the 
Study of Lung Cancer (IASLC) and IMIG are developing 
a new prognostic and staging system, which will include 
clinical and biologic factors as well as radiological and 
anatomical parameters (Van M eerbeeck and Boyer, 2005). 

The European Organization for the Research and Treat- 
ment of Cancer (EORTC) prognostic score is the best 
and most reproducible system currently available (Curran 
et al., 1998). The EORTC system predicts a poor outcome 
for patients with performance status 1 or 2; an elevated 
white blood cell count (>8.3 x 1091-1); a low haemoglobin 
level (<1gdl~! lower than normal); uncertain diagnosis 
of mesothelioma; and sarcomatoid histology. Conversely, 
patients exhibiting excellent performance status, normal 
white blood cell count and haemoglobin, and epithelioid his- 
tology have a more favourable prognosis. 

The Cancer and Leukemia Group B (CALGB) Research 
Group in the United States examined the individual and 
joint effect of various pretreatment clinical characteristics 
on the survival of patients with mesothelioma treated with 
chemotherapy in a series of clinical trials (Herndon et al., 
1998). Over a 10-year period, 337 untreated patients with 
malignant mesothelioma were registered in phase II studies 
of 10 treatment regimens. Median overall survival in the 
10 clinical trials ranged from 3.9 to 9.8 months with 1-year 
survival rates ranging between 14 and 50%. Univariate and 
multivariate analyses were performed. The analyses showed 
that higher patient age; poorer performance status (PS); non- 
epithelial (i.e., sarcomatoid or mixed) histology; the presence 
of chest pain or weight loss; low haemoglobin; high platelet 
count; high white blood cell count; and high serum lactate 
dehydrogenase predicted a poor prognosis. 

Surgical series provide interesting additional prognostic 
data. The Memorial Sloan-K ettering Cancer Center surgical 
dataset currently includes 558 patients. Longer survival in 
this group was associated with epithelioid histology, earlier 
stage, female gender, left-sided primary, non-exposure to 
asbestos, no history of smoking, and a lack of symptoms 
at presentation. 

Positron-emission tomography (PET) is established as an 
important staging modality in many cancers, and PET stan- 
dard uptake value (SUV) is reported as a prognostic indicator 
in several malignancies. The role of PET in prognostica- 
tion of mesothelioma is developing. From 1998 to 2003, 
65 patients with pleural mesothelioma at Memorial Sloan- 
Kettering Cancer Center, New York, underwent PET scans 
(Flores, 2005). M edian survivals were 14 and 24 months for 
the high-SUV and low-SUV groups respectively. High-SUV 
tumours were associated with a 3.3 times greater risk of death 
than low-SUV tumours (p = 0.03). The authors concluded 
that an SUV greater than four was a poor-risk factor in malig- 
nant mesothelioma. 

Gene expression technology is generating important data. 
Numerous genes of significance have been identified and 
many have been shown to correlate with clinical outcome. 
Ultimately molecular data should allow prognostication of 
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Table 4 International TNM staging system for diffuse malignant pleural mesothelioma, developed by the International M esothelioma Interest Group 
(IMIG). 


T = Tumour 
T1 Tla Tumour limited to the ipsilateral parietal pleura including mediastinal and diaphragmatic pleura 
No involvement of the visceral pleura 
T1lb Tumour involving the ipsilateral parietal pleura including mediastinal and diaphragmatic pleura 
Scattered foci of tumour also involving the visceral pleura 
T2 Tumour involving each of the ipsilateral pleural surfaces (parietal, mediastinal, diaphragmatic, and 
visceral pleura) with at least one of the following features: 
e Involvement of “diahragmatic muscle” 
e Confluent visceral pleural tumour (including the fissures), or extension of tumour from visceral 
pleura into the underlying pulmonary parenchyma 
T3 Describes locally advanced but potentially resectable tumour. Tumour involving all of the 
ipsilateral pleural surfaces (parietal, mediastinal, diaphragmatic, and visceral pleura) with at least 
one of the following features: 
e Involvement of the endothoracic fascia 
e Extension into the mediastinal fat 
e Solitary, completely resectable focus of tumour extending into the soft tissues of the chest wall 
e Non-transmural involvement of the pericardium 
T4 Describes locally advanced technically unresectable tumour. Tumour involving all of the ipsilateral 
pleural surfaces (parietal, mediastinal, diaphragmatic, and visceral) with at least one of the 
following features: 
e Diffuse extension or multifocal masses of tumour in the chest wall, with or without associated 
rib destruction 
e Direct transdiaphragmatic extension of tumour to the peritoneum 
e Direct extension of tumour to the contralateral pleura 
e Direct extension of tumour to one or more mediastinal organs 
e 
e 





Direct extension of tumour into the spine 
Tumour extending through to the internal surface of the pericardium with or without a 
pericardial effusion; or tumour involving the myocardium 


N = Lymph nodes 


NX Regional lymph nodes cannot be assessed 

NO No regional lymph node metastases 

N1 Metastases in the ipsilateral bronchopulmonary or hilar lymph nodes 

N2 Metastases in the subcarinal or the ipsilateral mediastinal lymph nodes including the ipsilateral internal thoracic nodes 

N3 Metastases in the contralateral mediastinal, contralateral internal thoracic, ipsilateral, or contralateral supraclavicular lymph nodes 


M = Metastases 

MX Presence of distant metastases cannot be assessed 
MO No distant metastasis 

M1 Distant metastasis present 


Stage | la TlaNOMO 
lb T1lbNOMO 


Stage II T2 NO MO 


Stage Ill Any T3 M0 
Any NIMO 
Any N2 MO 


Any T4 
Any N3 
Any M1 





Stage IV 





(Rusch, V. W., et al. (1996). A proposed new international TNM staging system for malignant pleural mesothelioma from the International M esothelioma Interest Group. Lung 
Cancer, 14(1), 1- 12). 


great accuracy, will provide biological insights, and suggest 
new targets for treatment. 


offered a more proactive approach to their care. Chemother- 
apy, radiotherapy, and surgery can improve symptoms and 
well-being (Robinson et al., 2005). 


Treatment 


Until recently malignant mesothelioma was considered an 
untreatable disease. No treatment was thought to be of ben- 
efit and patients were referred almost directly to terminal 
care facilities. Happily this “therapeutic nihilism” is changing 
with more patients being entered into clinical trials and being 


Chemotherapy 


Recently two randomized phase III trials have shown that 
chemotherapy can improve survival (Vogelzang et al., 2003; 
Bottomley et al., 2006). Prior to the publication of these two 
pivotal studies, most data were from unrandomized phase I| 
trials. Table 5 shows some of the drugs previously tested in 
mesothelioma. Patients were heterogeneous between studies 
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Table 5 Response rates with selected chemotherapy regimens for malig- 
nant mesothelioma. 


Regimen Response Rate 
Doxorubicin + cyclophosphamide 12% 
Doxorubicin + cisplatin 25% 
Gemcitabine + cisplatin 16- 48% 
Pemetrexed + cisplatin 41% 
Pemetrexed + carboplatin 32% 
Raltitrexed + cisplatin 23% 
Oxaliplatin + raltitrexed 30- 35% 
Oxaliplatin + gemcitabine 40% 
Oxaliplatin + vinorelbine 23% 
Vinorelbine (weekly) 24% 
CPT-11 + docetaxel 0% 
CPT-11 + cisplatin 27% 
M ethotrexate + leucovorin + alpha-interferon + 29% 


gamma-interferon 


with regard to stage and prognostic factors. The end point 
in these trials was usually tumour response. Three phase 
Il trials made an assessment of quality of life as well as 
response and showed that symptom control could be achieved 
for some patients (Middleton et al., 1998; Steele and Rudd, 
2000; Edwards et al., 2000). 

The antifolate pemetrexed inhibits several enzymes impor- 
tant in folate metabolism including glycinamide ribonu- 
cleotide formyl transferase (GARFT). A large phase III trial 
compared pemetrexed and cisplatin with cisplatin alone in 
malignant pleural mesothelioma (Vogelzang etal., 2003). 
Four hundred and forty-eight untreated patients with malig- 
nant pleural mesothelioma were treated (226 with peme- 
trexed/cisplatin, 222 with cisplatin). The pemetrexed and 
cisplatin combination treatment was more effective than cis- 
platin alone. The median survival for pemetrexed/cisplatin 
treated patients was 12.1 versus 9.3 months (p = 0.020), and 
the response rate were 41 versus 17% (p < 0.0001). 

Side effects were more common in the peme- 
trexed/cisplatin arm, with neutropenia and leucopenia being 
the most common serious toxicities. Pulmonary function tests 
(PFTs) and clinical benefit measures were also collected in 
this study. Pemetrexed/cisplatin treated patients experienced 
improvement in PFTs, dyspnea, and pain. 

The EORTC and the National Cancer Institute of Canada 
(NCIC), reported results of another phase III trial (Van 
Meerbeeck et al., 2005). Two hundred and fifty patients 
were randomized to cisplatin and raltitrexed 3 mg m~? (the 
experimental arm) or single agent cisplatin (the control 
arm). The patient characteristics were comparable to the 
pemetrexed and cisplatin trial described above. M edian 
overall survival was 11.4months for patients treated with 
raltitrexed/cisplatin compared with 8.8months for those 
treated with cisplatin alone (p = 0.048). Side effects were 
comparable to the pemetrexed/cisplatin trial. The authors 
concluded that the combination of raltitrexed with cisplatin 
is a useful alternative treatment option for patients with 
malignant mesothelioma. 

It is unlikely that there will be any phase III trials in 
mesothelioma including only chemotherapy in the future. 
The likelihood is that subsequent trials will compare novel 


Table 6 Novel therapeutic approaches to malignant mesothelioma. 





Agent Putative biological target 
Pemetrexed Multitargeted antifolate 
Ranpirnase Ribonuclease inhibitor 


SS1(dsF v)-PE38 Pseudomonas exotoxin conjugated 
immunotoxin 


Bevacizumab (rhuMAbVEGF) VEGF targeted monoclonal antibody 


SU5416 Selective VEGF receptor kinase inhibitor 
Thalidomide Multiple mechanisms/V EGF inhibitor 
ZD 1839 EGFR inhibitor 

STI-571 PDGF, c-kit, Bcr-abl inhibitor 


EGFR, epidermal growth factor receptors; VEGF, vascular endothelial growth factor; 
PDGF, platelet-derived growth factor. 


biological agents with one or other of the chemotherapy com- 
binations discussed above. Possible targets include apoptosis- 
related proteins and angiogenesis inhibitors. A list of novel 
agents is presented in Table 6. 


Radiotherapy 


Thoracic irradiation is commonly used to prevent seeding 
of the tumour through previous biopsy and pleural drain 
sites (Boutin et al., 1998). However, according to current 
data radiotherapy cannot improve survival, although there 
is evidence that it can modify the natural history when 
used after extrapleural pneumonectomy (EPP) (Rusch et al., 
2001). Radiotherapy can be helpful in general palliation of 
symptoms (Bissett et al., 1991). 


Surgery 


Controversy still surrounds the EPP operation. The Boston 
group has shown that in a highly selected group of patients 
with excellent performance status, EPP can be associ- 
ated with relatively impressive survival data (Grondin and 
Sugarbaker, 1999). Permanent cures remain elusive. The 
patients who survived longest were those with epithelial his- 
tology, limited clinical stage and negative nodal regions. 
The UK-based randomized trial of chemotherapy followed 
by EPP or observation (called mesothelioma and radical 
surgery), (MARS) will hopefully produce a definitive answer 
to the issue of EPP in the fittest mesothelioma patients 
(http://www.ncrn.org.uk/). This trial presents major logistical 
and, possibly, ethical issues because of the extreme dif- 
ference between the treatments offered in each arm. Other 
operations for mesothelioma include surgical pleurodesis 
(preferably using talc slurry), partial decortication, and radi- 
cal pleurectomy. Unfortunately recent data presented by the 
Boston group suggest there is little clinical benefit from rad- 
ical pleurectomy (Richards et al., 2006). 


Treatment of Peritoneal Mesothelioma 


Treatment of malignant peritoneal mesothelioma follows the 
same principles as pleural mesothelioma, but data are limited 
for all modalities (Hassan etal., 2006). Surgery can be 
attempted in selected cases, especially when the disease 
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is limited in extent. Patients should be exceptionally fit 
and without comorbidities. The usual operation is radical 
debulking by peritonectomy and omentectomy, with limited 
resection of small bowel, uterus, and ovaries as required. 
There are no published phase III chemotherapy trials for 
peritoneal mesothelioma but most clinicians use drugs shown 
to be active in pleural mesothelioma to provide palliation. 
Radiotherapy is not applicable except, occasionally, for the 
palliation of cutaneous metastases. There is no proven role 
for the prophylactic irradiation of biopsy or paracentesis sites. 


Experimental Treatment of Malignant Mesothelioma 


Malignant mesothelioma is an aggressive tumour with poor 
prognosis whose incidence will rise in Europe during the next 
decade. The treatment options currently available have failed 
to improve survival; surgical resection is rarely an option, 
and the tumour is resistant to conventional chemotherapy. 
For these reasons, new therapeutic approaches are urgently 
required. In the past few years, many approaches have been 
attempted including intrapleural techniques, targeted therapy, 
and a number of gene and immune therapies. 


Photodynamic Therapy 


Photodynamic therapy (PDT) induces cancer cell death with 
the use of photosensitizers activated by visible light. Pho- 
tosensitizers are preferentially absorbed by tumour cells 
(Young et al., 1996), and once activated under certain wave- 
lengths, they produce excited species of oxygen capable of 
inducing cell death, cut down the tumour’s blood supply, 
or boost the patient's antitumour immune response (Oleinick 
and Evans, 1998; Fingar, 1996; K orbelik, 1996). A combina- 
tion of surgery and PDT has been attempted in mesothelioma. 
The theory of such a combination therapy is based on the 
resection of bulk of the tumour present as a first step, and then 
the use of PDT to the site for treatment of residual disease, 
which may not be microscopically visible. The two photo- 
sensitizers mostly used in the treatment of mesothelioma are 
Photofrin (di-haematoporphyrin derivate) and Foscan (meta- 
tetrahydroxyphenylchloride). The first clinical studies using 
treatment with surgery and PDT showed good results for 
patients with stage | or II mesothelioma, but the treatment 
had no survival benefit to patients with stage III or stage IV 
disease (Pass et al., 1994; M oskal et al., 1998). The follow- 
ing studies demonstrated that better survival in late stages of 
mesothelioma cannot be achieved (Ris etal., 1996). M ore- 
over, complications during surgery are very common due 
to their complexity, so combination surgery- PDT treatment 
can only be attempted in a very selective number of patients 
depending on good prognostic factors, such as early-stage 
disease, good performance status, lack of invasive growth, 
and minimal residual tumour (Schouwink et al., 2001). 


Targeted Therapy 


Targeting growth factors and growth factor receptors known 
to be important in the development of tumours is the concept 


of targeted therapy. A number of such an attempts have been 
made in malignant mesothelioma. 

Epidermal growth factor receptor (EGFR) is a glycopro- 
tein whose activation is involved in a number of tumour 
growth and development functions, and was found to be over- 
expressed in mesothelioma (Dazzi etal., 1990). Malignant 
mesothelioma cell line results showing antitumour activity of 
anti-EGFR tyrosine kinase inhibitors (TK Is) (M orocz et al., 
1994) provided the background evidence for a clinical trial 
launch involving TKI-derived agents Iressa (AstraZeneca) 
and Tarceva (Roche). However, the phase II trial testing 
Iressa showed that the agent is not active in mesothelioma 
(Govindan etal., 2005). Results from the trial involving 
Tarceva are still awaited. 

A promising protein target is vascular endothelial growth 
factor (VEGF). VEGF and its receptors are involved in 
tumour angiogenesis, lymphagiogenesis, and in tumour 
growth, and are overexpressed in several solid tumours 
including mesothelioma (K umar-Singh et al., 1999). Target- 
ing VEGF pathway proteins focuses on depriving the tumour 
from its blood supply and, hopefully, stopping its growth. A 
couple of anti-angiogenesis agents, including bevacizumab 
and thalidomide, are being investigated within clinical tri- 
als. Other signalling pathways targeted for therapy include 
the platelet-derived growth factor (PDGF) receptor pathway, 
the hepatocyte growth factor (HGF) signalling pathway, the 
downstream signalling pathway involving kinases, and the 
apoptosis pathway. 

Finally, mesothelin might also be a potential candidate 
for targeted therapy given its overexpression in malignant 
mesothelioma tissues. On the basis of the preclinical studies 
showing antitumour activity of antimesothelin immunotoxin 
SS1P against mesothelin-expressing tumours (Hassan et al., 
2002a), two institutional review board- approved phase | 
studies of SS1P are currently under progress (Hassan et al., 
2002b; Kreitman et al., 2002). 


Gene Therapy 


Gene therapy has been a potential possibility in the treat- 
ment of mesothelioma. Although still in its early days, 
recent phase | clinical trials showed promising results (Treat 
et al., 1996; Sterman et al., 1998). It involves the transfer of 
genetic material, termed a vector, providing normal copies 
of defective genes into cancer cells. Stage | trial of aden- 
oviral mediated intrapleural herpes simplex virus thymidine 
kinase/ganciclovir using suicide gene therapy demonstrated 
low toxicity and successful gene transfer, but limitation 
in the penetration of the gene therapy into the tumour 
(Sterman etal., 1998). Many combination studies includ- 
ing surgery plus gene therapy or gene immunotherapy have 
been employed. Combination gene therapy with interferon- 
p before surgical debulking improved tumour-free long-term 
survival as compared with surgery alone in a murine model 
of malignant mesothelioma (Kruklitis et al., 2004). Other 
gene therapy approaches include gene replacement therapy, 
cytokine gene therapy, suicide gene vaccines, and the use of 
replicating viruses. 
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Immunotherapy and Vaccination Approaches 


Immunotherapy aims at stimulating immune responses 
in tumours. In malignant mesothelioma, the relationship 
between tumour infiltrating lymphocytes and prognosis sug- 
gests improvement in patient outcome if the immune sys- 
tem is improved (Leigh and Webster, 1982). A multi- 
centre stage II trial using infusion of autologous activated 
macrophages and y-interferon showed good tolerance but 
no effect on tumour growth (Monnet etal., 2002). Cell 
gene transfection with immunomodulatory cytokine inter- 
leukin (IL)-12 produced immunity against the tumour cells 
both locally and at a distant site in a murine model of malig- 
nant mesothelioma without side effects (Caminschi et al., 
1999). Other immunotherapy clinical trials include pleural 
administration of IL-2 and systemic a-interferon alone or in 
combination with chemotherapy (A stouli et al., 1998; Upham 
et al., 1993). 

Tumour vaccines have been shown to induce tumour- 
Specific immunity and tumour regression in animal mod- 
els. In malignant mesothelioma, spontaneous regression has 
been reported (Robinson et al., 2001), thus suggesting the 
response of the immune system to the disease. In a recent 
study, 16 patients completed a trial involving vaccina- 
tion with granulocyte macrophage-colony stimulating factor 
(GM-CSF) shown previously to induce antitumour immune 
responses in murine malignant mesothelioma models (Powell 
et al., 2006). Following vaccination, 78% of patients under- 
went surgery, and another 10 patients had chemotherapy. 
Results showed induction of antitumour activity by GM-CSF, 
with good survival response; however, they need to be jus- 
tified with a randomized trial. The combination of vaccine 
administration and surgery or chemotherapy may be useful 
in the treatment of a proportion of patients, especially those 
with early-stage disease. 


NON-MESOTHELIOMATOUS TUMOURS 


Serous Papillary Carcinoma of the Peritoneum 


Serous papillary tumours of the peritoneum, identical to 
those more frequently found in the ovary, can occur in 
the peritoneum and may resemble mesotheliomas grossly. 
Microscopically they are distinguished by a complex papil- 
lary growth pattern with cellular stratification and psammoma 
bodies. The differentiation with mesothelioma is aided by 
immunohistochemistry, particularly BerEP4 and calretinin 
(positive and negative respectively for the serous tumour and 
the reverse for mesothelioma). Cases with definite invasion 
are designated carcinomas in contrast to borderline tumours 
where invasion is absent. 


Angiosarcoma/Haemongioendothelioma 


These tumours can grow as a rind around the pleura 
and mimic malignant mesothelioma. Some follow local 
radiotherapy. Haemangioendothelioma is more frequently 


encountered than angiosarcoma with the former being a low 
to intermediate grade vascular tumour and the latter of high 
grade. The epithelioid variants, in particular, can be mistaken 
for mesothelioma microscopically (Figure 12a,b). Men are 
more frequently affected than women, and effusion, serosal 
thickening, or local pain are the most frequent symptoms. 

Microscopically, tumour cells are arranged in cords with 
prominent cytoplasmic vacuoles. Their endothelial nature can 
be confirmed by positive immunohistochemical results for 
CD31, CD34, Fli-1, and factor VIII-related antigen. They 
are usually negative or only weakly positive for cytoker- 
atins. Despite the separation of tumours into the differing 
morphological grades, all have an aggressive clinical course 
and there is no effective treatment. 


Synovial Sarcoma 


This is a rare soft tissue tumour that most frequently occurs 
around joints but which may be found in the pleura and 
peritoneum. M ost tumours are seen in younger patients (less 








(b) 


Figure 12 Epithelioid haemoagioendothelioma. (a) H&E, x400. (b) 
CD31, x400. 
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than 50) and they often present with local pain. They may be 
either localized or diffuse. They are usually large and can be 
of any of the recognized morphological patterns seen in soft 
tissues elsewhere, namely, a monophasic spindle cell pattern 
(often with a haemangiopericytomatous pattern) or biphasic 
epithelial spindle cell configuration. The latter can clearly 
be a potential problem, as it may look identical to either 
mesotheliomas or spindle cell carcinomas. 

Histochemistry and immunostains can help differentiate 
as mucin can be demonstrated in some synovial sarcomas 
and the epithelial component is often B erEP4 positive (most 
mesotheliomas are negative with BerEP4). Furthermore, the 
glandular component is usually CEA positive and most 
tumours are positive for a variety of cytokeratins, BCL-2, 
and CD99. Unfortunately calretinin, which is used gener- 
ally as a mesothelial marker, is sometimes focally positive. 
For confirmation the characteristic t(X ;18)(p11;q11) translo- 
cation can be demonstrated by molecular means (FISH or 
PCR). This usually fuses the SYT gene on chromosome 18 
to either SSX1 or SSX2 on the X chromosome. Localized 
tumours have a better outcome than diffuse tumours although 
all may recur and frequently metastasize. 


Other Sarcomas 


Liposarcoma, malignant peripheral nerve sheath tumours, 
and other malignant soft tissue tumours can arise from the 
pleura or peritoneum and their appearance and treatment are 
similar to those seen elsewhere in their more frequent sites. 


Desmoplastic Small Round Cell Tumour 


These tumours are almost exclusively found in the abdomen 
but a handful of cases have been described in the pleura 
(Adams etal., 2001). It usually occurs in young men 
although it can be seen in the elderly and in women. Grossly 
the tumour forms multiple firm nodules that may coalesce to 
resemble a diffuse malignant mesothelioma. M icroscopically 
the typical appearance is of sheets of small dark cells 
separated by abundant desmoplastic stroma. The tumours 
coexpress cytokeratins, EMA (epithelial membrane antigen), 
desmin, NSE (neurospecific enolase), and WT1. Molecular 
assessment shows a t(11;22)(p13;q12) translocation with a 
WT1-EWS gene fusion. The tumour is extremely aggressive 
although multimodal therapy may prolong survival. 

Two other rare tumours that are seen in the pleura in child- 
hood are A skin's tumour and pleuropulmonary blastoma. The 
former is a member of the Ewing’s sarcoma family and the 
latter is often associated with cystic dysplastic disease of 
the lung. Both are characterized by small dark tumour cells 
with primitive appearance. B oth tumours tend to have a poor 
prognosis. 


Lymphoma 


Any systemic lymphoma can involve the serosal surfaces but 
occasionally primary serosa-based tumours are encountered. 


Primary effusion lymphoma (body cavity-based lymphoma) 
primarily occurs in HIV-positive individuals. It may occur 
in any of the cavities but is usually restricted to one. 
These lymphomas are of high grade, morphologically being 
composed of large blasts. The vast majority have the 
phenotype of late B cells and HHV8 is consistently found 
within the nuclei of tumour cells, often with coexistent EBV. 
The tumour is highly aggressive although recent reports of 
response to antivirals and combination chemotherapy have 
been described. 

Pyothorax-associated lymphoma is another high-grade 
lymphoma with a generally poor prognosis but recent promis- 
ing results following chemotherapy. Most cases have been 
reported in Japan in patients with a long-standing pyothorax 
following treatment for tuberculosis or tuberculous pleuritis. 
It presents with symptoms related to a pleural mass and vir- 
tually all are B-cell tumours. There is a strong association 
with EBV (Fukayama et al., 1993). 


Metastatic Tumours — Carcinomas, Sarcomas, and 
Others 


This area is often one of the most difficult differentials 
to establish pathologically, particularly the separation of 
mesothelioma and metastatic adenocarcinoma, especially 
pleural mesothelioma and adenocarcinoma of the lung (see 
the preceding text). Tumours from any site in the body 
may metastasize to serosal surfaces including carcinomas, 
sarcomas, and melanoma. K nowledge of the previous tumour 
greatly helps in reaching a correct diagnosis and full clinical 
and radiological information is essential in avoiding a 
misdiagnosis. 

Pseudomyxoma peritonei can be diagnosed when tumour 
implants in the peritoneum are accompanied by large 
amounts of mucinous material. M acroscopically there is a 
jelly-like appearance. M icroscopically the cells admixed with 
the mucin can either be bland (so-called adenomucinosis) 
or atypical (so-called mucinous carcinomatosis). A ggressive 
surgical removal is most frequently employed with most 
patients requiring multiple procedures. The outlook is vari- 
able (see Unknown Primary). 


OTHER TUMOURS OR TUMOUR-LIKE 
CONDITIONS CONFUSED WITH MESOTHELIOMA 
BECAUSE OF THEIR NAME OR APPEARANCE 


Well-differentiated Papillary Mesothelioma 


This tumour is characterized by a superficial growth pattern 
whereby small papillary structures line the serosal surface 
and are covered by a single layer of bland mesothelial cells. 
They are considerably more common in the peritoneum but 
can also be found in the pleura. Women are more frequently 
affected by the former, whereas both sexes develop pleural 
lesions equally. Lesions are usually found incidentally and 
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are usually single and are not related to asbestos exposure. 
Surgery is curative. When multifocal or multiple lesions 
are found, however, or when there is definite underlying 
stromal invasion, the outcome is less optimistic and some 
of these actually represent diffuse malignant mesotheliomas. 
Thorough sampling is therefore essential with these tumours, 
and small biopsies may be misleading. 


Multicystic Mesothelial Lesion (Multicystic 
Mesothelioma) 


These nearly always occur in the pelvis of young women 
and present with abdominal pain although cases have been 
described everywhere in the peritoneum in men and in 
the pleura. Many occur after a history of pelvic surgery, 
endometriosis, or pelvic inflammatory disease, leading some 
to assume that the lesion is reactive in nature. Others believe 
it to be a benign neoplasm (mesothelioma) since it has a 
tendency to recur. M acroscopically these multicystic lesions 
may measure up to 15cm or more. The cysts contain clear 





Figure 13 Solitary fibrous tumour. (a) H&E, x250. (b) CD34, x250. 


serous fluid. Microscopically the cysts are lined by flattened 
or cuboidal mesothelial cells with foci of adenomatoid 
proliferation or squamous metaplasia seen in some. These 
lesions always behave in a benign fashion. 


Solitary Fibrous Tumour (Also Known as Localized 
Fibrous Mesothelioma) 


Solitary fibrous tumours can occur anywhere in the body but 
the most common site is the pleura. M ost patients are either 
asymptomatic or present with symptoms related to pressure 
effects or hypoglycaemia associated with the production of 
an insulin-like growth factor. Men and women are equally 
affected and most patients are in their fifties. The visceral 
pleura is the most frequent location and most tumours are 
sharply demarcated on radiological examination. 

Grossly, they are well circumscribed and sometimes 
pedunculated. The characteristic microscopic appearance is 
a bland spindle proliferation with a “patternless” architec- 
ture (Figure 13a,b). M any have a haemangiopericytoma-like 
appearance. Cytokeratins are almost invariably negative but 
CD34 and BCL-2 positivity clinch the diagnosis. Most of 
these tumours are benign and are cured by local resection. 
However, malignant solitary fibrous tumours do occur and 
these are more often recurrent, larger with an infiltrative 
growth pattern, and have greater cellularity, cellular atypia, 
necrosis, and high mitotic activity (>4 per 10hpf). 
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NORMAL DEVELOPMENT AND STRUCTURE 


The heart forms as a tube that loops between 24 and 26 days 
post-ovulation. Ventricular and atrial septation occur by 39 
and 43 days post-ovulation, respectively; at the latter time, 
the heart structure is generally complete. There is little 
information relating cardiac development and neoplasia of 
the heart, as cardiac embryology is studied primarily in the 
context of congenital cardiac malformations (Burke et al., 
2004a). Recent molecular studies of cardiac tumours suggest 
that some, especially cardiac myxoma, may express cardiac 
development factors, such as NKX2.5/CSX and eHAND 
(K odama et al., 2002). Cardiac masses that develop in utero 
include rare lesions such as rhabdomyomas (frequently seen 
in conjunction with extracardiac hamartomas as part of 
the tuberous sclerosis syndrome), cardiac fibromas, benign 
rests of endodermal tissues (primarily benign AV nodal 
tumours), and potentially malignant tumours derived from 
developmentally misplaced germ cells (cardiac teratomas and 
related lesions). Rhabdomyomas and fibromas are generally 
considered to be hamartomas, that is, they are benign 
growths, usually developmental, that are composed of cells 
native to the organ of origin. AV nodal tumour is not 
strictly a tumour, in that it represents a cluster of misplaced 
cells that migrated incorrectly within the foetus. These three 
lesions (rhabdomyoma, fibroma, and AV nodal tumour) are 
not, then, strictly tumours, and result in potentially lethal 
symptoms only because of their delicate location, often near 
the conduction system of the heart, and not because of their 
capability to grow and metastasize, which is absent. Germ- 
cell tumours of the heart and pericardial space occur as a 
neoplastic growth of germ-cell rests that remained in the 
mediastinum owing to arrested migration from the yolk sac 
to the gonads. M ediastinal germ-cell tumours in themselves 
are quite rare; nevertheless, they outnumber intrapericardial 
germ-cell tumours by a large margin. 

The cell of origin of the commoner heart tumours in 
adults, namely, myxomas and sarcomas, is controversial, 
as is any potential relationship between these two entities. 
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Cardiac myxoma arises almost exclusively in the endo- 
cardium of the atrial septum. This rare neoplasm is made 
of undifferentiated mesenchymal cells (derived from con- 
nective tissue) that elaborate a matrix rich in proteoglycans 
and inflammatory cells, which release a variety of growth 
factors and thrombogenic substances. The embryological ori- 
gin of cells that become cardiac myxoma is unknown, but 
because of the location and myxoid appearance, it has been 
suggested that myxomas are derived from cells that make 
up the endocardial cushion. Cardiac sarcomas are a hetero- 
geneous group of tumours with presumably various cells 
of origin. The most common group appear to arise from 
the endocardial lining of the atria, often elaborate myxoid 
ground substance similar to cardiac myxomas, and gener- 
ally demonstrate myofibroblastic differentiation. There is no 
evidence that they derive from the same cell as myxomas, 
however, in that they do not arise in benign myxomas, 
tend to originate in sites in the atrium away from the sep- 
tum, and are histologically similar to sarcomas that arise 
in the intima of great arteries (a site in which myxomas 
do not arise). The other common group of cardiac sar- 
comas is angiosarcomas, which are histologically identical 
to angiosarcomas that arise in extracardiac sites, and arise 
from endothelial cells usually in the right atrium or peri- 
cardium. Despite the fact that the heart is composed mostly 
of muscle, only a small fraction of cardiac sarcomas show 
characteristics of striated muscle (i.e., rhabdomyosarcoma- 
tous differentiation). 


TUMOUR PATHOLOGY (CLINICAL, GROSS, AND 
HISTOLOGIC FEATURES) 


In the paediatric population, most tumours of the heart, 
including rhabdomyoma and fibroma, are not considered 
as true neoplasms. Neoplasms arising in the heart are 
generally one of two types: cardiac myxoma (about 75% 
or more) and cardiac sarcomas (less than 25%) (Table 1). 
Other neoplasms, such as paragangliomas and teratomas, 
are extremely rare. Cardiac sarcomas are heterogeneous, 
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Table 1 Classification of primary cardiac neoplasms.® 
Tumour type Site in heart Biological behaviour Associations 
M yxoma Endocardium Benign, may cause severe Myxoma syndrome (2%) 
symptoms if embolic 
Left atrium (most common) 
Right atrium 
Other endocardial sites 
(uncommon, suggests 
myxoma syndrome) 
Sarcoma Highly malignant None 
M yofibroblastic Endocardium of atria (left > right) 
Angiosarcoma Right atrium, pericardium 
Other Various 
Lymphoma Atria, epicardium, ventricles, often Malignant Immunosuppression (<50%) 
involving epicardium and base of 
heart 
M esothelioma Pericardium Highly malignant Asbestos (20- 30%) 


Lesions that are considered to be hamartomas, such as rhabdomyoma, fibroma, haemangioma, and papillary fibroelastoma, are not included. Likewise, primary neoplasms that 


are extremely rare, such as paraganglioma, are also not included. 


but are best grouped into endocardial-based sarcomas, or 
myofibroblastic intimal sarcomas, which usually arise in the 
left atrium; angiosarcomas, which generally arise in the right 
atrium and pericardium; and miscellaneous sarcomas. 

Two additional malignancies that arise in or near the 
heart need brief mention here. Malignant mesotheliomas 
of the pericardium, or the serosal lining of the heart, are 
rare neoplasms that share many clinical and pathologic 
features with the much more common mesothelioma of 
the pleura. Pericardial mesotheliomas are often extensions 
of pleural mesotheliomas and share the same pathological 
and epidemiologic features of pleural mesotheliomas. The 
second rare malignancy of the heart, cardiac lymphoma, has 
recently increased to some extent, because of the increased 
prevalence of immune deficiency due to infection with 
human immunodeficiency virus or because of iatrogenic 
immunosuppression in patients with allografts. 


Cardiac myxoma 





Left atrial 
Number 106 (71%) 
Mean age (years) 53 +17 
Age range (years) 7-83 
Syndrome 1 (1%) 
M:F 52:54 


Figure 1 


Myxoma 


Cardiac myxoma is a benign endocardial-based neoplasm 
that usually arises in the left atrium (>70%) at the region of 
the oval fossa (Figure 1). About 20% of myxomas arisein the 
right atrium, also usually in the region of the atrial septum, or, 
less commonly, in ventricular sites. M yxomas that originate 
on the valve surfaces are exceptionally rare. A relatively 
common valve growth, papillary fibroelastoma, is considered 
a form of hamartoma instead of a true neoplasm, and is often 
mistaken for myxoma clinically and pathologically. 

The mean age for patients diagnosed with cardiac myx- 
oma is 50 years in cases of sporadic myxoma (Burke et al., 
2004b). Cardiac myxoma arises from the endocardial surface 
by astalk, which may be either broad-based or pedunculated. 
There are two gross appearances that characterize the surface 
of cardiac myxoma. Approximately 70% of tumours have 





Right atrial Multiple or ventricular 
28 (19%) 16 (10%) 

54 +18 35 +16 

13-77 16-68 

1 (4%) 5 (31%) 

16:12 6:10 


Sites of occurrence of cardiac myxoma (150 tumours seen by the authors). Multiple and ventricular cardiac myxomas demonstrate a clinically 


distinct clinical profile. They arise in younger patients and are more likely to be associated with extracardiac lesions (myxoma syndrome). 
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Figure 2 Clinical symptoms of cardiac myxoma at presentation. The 
most common single presentation relates to embolization. However, these 
tumours account for only 25% of cases. Sudden death may occur from 
cardiac myxoma by embolization to coronary vessels. 


an intact, smooth, endothelialized surface, with no surface 
thrombus; these lesions appear to be quiescent, with little 
possibility for further growth. Such tumours cause symp- 
toms generally by chronic obstruction of the mitral valve, 
often resulting in pulmonary hypertension and symptoms 
of congestive heart failure (Figure 2). Occasional tumours 
cause symptoms as a result of interleukins that stimulate the 
immune system, causing fever, weight loss, and other con- 
stitutional symptoms. Because cardiac imaging is becoming 
more sophisticated and commonplace, an increasing percent- 
age of cardiac myxomas are being detected as incidental 
findings in asymptomatic patients. Although a routine chest 
X ray is unlikely to detect a cardiac myxoma in the major- 
ity of cases, about 5% of left-sided myxomas and up to 
50% of right-sided tumours will be detected on the basis 
of tumour calcification. M ore non-specific findings, such as 
cardiomegaly or evidence of mitral valve obstruction, are 
common in left-sided myxomas. 

The majority of cardiac myxomas have a smooth surface 
(Figure 3). A small but significant proportion of cardiac 
myxomas (about 30%) have a rough, papillated surface partly 
covered by thrombus (Figure 4). These tumours often cause 
symptoms because of embolization, that is, a portion of 
tumour or attached clot will break off and lodge somewhere 
in the patient's circulation. In most cases, the embolic site 
will be in the systemic circulation, as most cardiac myxomas 
are left-sided. Typical embolic sites are the brain, kidneys, 
and arteries of the extremities. Emboli to the brain may be 
asymptomatic, or cause minor or even major strokes; if the 
retinal artery is involved, temporary blindness (amaurosis 
fugax) may ensue. Dislodged tumour is not synonymous with 
metastasis, as the myxoma does not seed organs and lymph 
nodes, forming new growths (metastatic deposits). However, 





Figure 3 Gross appearance of a typical smooth-surfaced cardiac myxoma. 
The heart is seen from above, with the atrial cavities exposed. The myxoma 
is attached at the level of the oval fossa. Symptoms may occur because of 
obstruction of blood flow into the left ventricle (similar to mitral stenosis); 
some myxomas prolapse into the ventricle during diastole. Chronically, this 
obstruction of blood flow can result in chronic pulmonary hypertension (A 0: 
Aorta; PA: pulmonary artery; RA: right atrium; LA: left atrium). 





Figure 4 A surgically excised specimen of cardiac myxoma. This tumour 
had an irregular surface. It was removed from a patient who experi- 
enced neurological symptoms of cerebral embolization (transient ischaemic 
attacks). 


embolic myxoma may occasionally cause weakness and 
aneurysm of the involved artery, especially in the cerebral 
circulation (Altundag et al., 2005). These aneurysms may be 
detected by angiography, but their relationship to patient’ s 
symptoms is often unclear, and, after removal of the primary 
tumour, they tend to regress. If cardiac myxoma dislodges 
into the arteries of the arm or legs, ischaemic symptoms 
may result, including muscle cramping and pain, and even, 
rarely, gangrene. 

Other symptoms that can be precipitated by cardiac myx- 
oma include palpitations, syncope, and chest pain. Right- 
sided tumours may cause pulmonary embolism, if they 
possess an irregular surface. Approximately 2% of car- 
diac myxomas occur in families, and are associated with 
non-cardiac diseases, including skin lesions and tumours 
and endocrine abnormalities (Wilkes et al., 2005). In these 
patients, tumours tend to cause symptoms at an early age 
(childhood to young adulthood), by embolization. 
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Figure 5 Histological appearance of cardiac myxoma. In the centre of 
the photomicrograph there is an island of myxoma cells forming an 
elongated, vessel-like structure. The acellular “empty” areas of the tumour 
are composed of myxoid ground substance (proteoglycans), inflammatory 
cells, including haemosiderin-laden macrophages, and isolated spindle and 
dendritic cells. 


The microscopic features of cardiac myxoma are quite 
heterogeneous, often within a single tumour, explaining 
the diversity of imaging findings, especially with contrast 
media. The name “myxoma” derives from the abundant myx- 
oid ground substance that is produced by the tumour cells 
(Figure 5). Unlike most neoplasms, the tumour cells them- 
selves are often a minority of the total cells of the tumour, 
which include reactive vessels, inflammatory cells, and reac- 
tive stromal cells. Unlike sarcomas, myxomas never infiltrate 
the cardiac muscle, and respect the borders of the endo- 
cardium. The tumour cells are primitive, undifferentiated 
cells that form syncytia shaped as cords and rings, and have 
a variety of cytologic features. In general, the nuclei are 
round to ovoid without prominent nucleoli, although in some 
tumours, large nucleoli may be present. The cytoplasm is 
abundant and eosinophilic. In many areas, especially away 
from the attachment to the myocardium, the tumour cells 
are intimately related to endothelial cells and capillaries, 
and appear to give rise to vascular structures. In 2% of 
cardiac myxomas, the tumour cells exhibit glandular differ- 
entiation, similar to the lining of the gastrointestinal tract. 
The interstitium of the tumour often contains dendritic cells, 
macrophages, lymphocytes, haemorrhage, and breakdown 
blood products in the form of haemosiderin. In about 10% of 
myxomas, large deposits of haemosiderin may precipitate in 
elastic tissue of the interstitium, forming calcified structures 
that may be seen on radiographs (Gamna- Gandy bodies). 
In general, however, the majority of the haemosiderin is 
found engulfed within foamy macrophages. Ossification is 


also occasionally present in cardiac myxoma, often those 
arising on the right side; approximately 10% of myxomas 
demonstrate radiographically detectable calcification (B asso 
et al., 1997). 


Myofibroblastic (Intimal) Sarcoma 


M yofibroblastic sarcomas are among the most common car- 
diac sarcomas, followed by angiosarcomas and undifferenti- 
ated sarcomas (Figure 6). Malignant neoplasms that occur in 
the atrial cavities are generally highly malignant myofibrob- 
lastic sarcomas grossly, and clinically they closely mimic the 
benign myxoma (Burke et al., 2004c). The initial symptoms 
may be similar to those of myxoma, and include shortness 
of breath, chest pain, signs, and symptoms of mitral valve 
or tricuspid valve obstruction, and symptoms resulting from 
tumour embolism. Cardiac sarcomas tend to embolize less 
frequently than myxoma, however. Like myxoma, atrial sar- 
comas are often pedunculated, but are more likely to arise 
in the wall of the atria, and not the atrial septum, and often 
invade the wall of the atrium, epicardium, or mitral valve. 
Those sarcomas that demonstrate infiltrative characteristics 
are easily distinguished from myxomas, which always respect 
the endocardial boundaries of the heart. | maging studies may 
not be able to differentiate myxoma from sarcoma, although 
certain features suggest a malignancy: attachment site in the 
wall of the atrium and infiltration of the atrial wall. Contrast 
techniques that take advantage of the heterogeneous vascu- 
larity of cardiac myxomas and imaging studies that detect 
the large amount of haemorrhage within myxomas may also 
prove to be helpful adjuncts in the differential diagnosis of 
atrial myxoma and sarcoma. A small proportion (less than 
20%) of intimal sarcomas of the heart arise in the cardiac 
ventricles, where they occur as endocardial-based tumours 
that obstruct blood flow. 

The histologic features of intimal sarcoma are quite hetero- 
geneous and include sarcoma subtypes that would by roughly 
synonymous with fibrosarcoma, malignant fibrous histiocy- 
toma, osteosarcoma, and chondrosarcoma. The degree of 
osteo- or chondrosarcomatous differentiation is usually small, 
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Figure 6 Histological types of cardiac sarcoma. In the authors’ files, the 
majority of cardiac sarcomas include myofibroblastic, leiomyosarcomatous, 
and undifferentiated tumours. L eiomyosarcomas are similar to myofibrob- 
lastic sarcomas, but are more purely smooth muscle cell in origin. 
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and it is rare to have a diffusely calcified sarcoma arising in 
the atrium. It must be kept in mind that ossifying tumours 
of the left atrium are usually malignant; small foci of ossi- 
fication are not rare, however, in right atrial myxomas. The 
histologic appearance of cardiac sarcomas is similar to sar- 
comas that arise in soft tissue, and, overall, the full histologic 
spectrum of soft tissue sarcomas may be encountered in 
the heart. However, those that arise within the atrium are 
primarily intracavitary. Because of their predominantly endo- 
luminal growth, and because they are histologically very 
similar to sarcomas that arise within the great arteries (pul- 
monary artery and aorta), it is convenient for descriptive 
and taxonomic purposes to assume that they derive from the 
endocardium. Like the intima of arteries, the endocardium is 
composed of a layer of endothelial cells overlying an elas- 
tic layer, with a variable number of smooth muscle cells 
(or myofibroblastic cells) that occur sandwiched within. It is 
presumably these myofibroblastic cells, which are prone to 
proliferate, that undergo malignant transformation and result 
in the formation of sarcomas of the atria. 


Angiosarcoma 


Angiosarcoma is the most common distinct subtype of 
cardiac sarcomas. The mean age at presentation for these 
sarcomas is 40 years (Figure 7). Angiosarcomas of the heart 
are one of the more common cardiac sarcomas, and for 
unknown reasons, usually arise in the right atrium (Burke 
et al., 2004c). There may be a slight bias for males over 
females (Figure 8). Unlike myofibroblastic sarcomas, they 
do not form pedunculated intracavitary masses, but invade 
early into the atrial wall and pericardium (Figure 9). A few 
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Figure 7 Mean age at presentation (years), by type, of cardiac sarcoma. 
Rhabdomyosarcomas are tumours of adolescents and young adults. The 
overall mean age at presentation of cardiac sarcoma is 40 years. 


cardiac angiosarcomas are entirely confined to the pericardial 
space. The presenting symptoms of cardiac angiosarcomas, 
therefore, are typically related to pericardial disease, espe- 
cially recurrent pericardial effusions or haemopericardium. A 
minority of cardiac angiosarcomas present with symptoms of 
obstruction of cardiac blood flow. Because cardiac angiosar- 
comas are typically right-sided, pulmonary metastases occur 
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Figure 8 Gender distribution in cardiac sarcomas. There is no particular gender bias in cardiac sarcomas. In our experience, however, myofibroblastic 


sarcomas are slightly more common in women, and angiosarcomas in men. 
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Figure 9 Right atrium in cardiac angiosarcoma. The right atrium (RA) 
is massively dilated by a haemorrhagic tumour. The right ventricle (RV) 
is opened and is free of tumour. The aorta (Ao) is seen posterior to the 
pulmonary valve. 


very early in the course of disease. In some patients, it is 
the presence of these lung lesions that causes the initial 
symptoms. The histologic appearance of cardiac angiosar- 
coma is similar to soft tissue sarcomas. Rare examples 
of low-grade angiosarcomas (epithelioid haemangioendothe- 
lioma) have been described in the heart. However, epithelioid 
angiosarcomas, which are as lethal as histologically typical 
angiosarcomas, have not yet been reported to occur within 
the pericardium. 


Miscellaneous Sarcomas 


R habdomyosarcomas of the heart are rare tumours, and make 
up less than 10% of all heart malignancies (Burke et al., 
2004c). As one would expect, the majority of these tumours 
occur in the walls of the heart, and they do not usually project 
into the lumen like intimal sarcomas and rarely infiltrate 
the pericardium like angiosarcomas. Rhabdomyosarcomas 
of the heart are almost always of the embryonal type, 
and tend to occur in children and adolescents (Burke 
et al., 1992). Histologically, they are similar to embryonal 
rhabdomyosarcomas of soft tissue, although the so-called 
alveolar subtype of rhabdomyosarcoma is infrequently seen 
in the myocardium. 

Another variety of sarcoma that makes up about 5% of 
heart sarcomas is the synovial sarcoma, which is amisnomer, 
as there is no relationship to synovial origin. The cell of 
origin of synovial sarcomas is unknown. These tumours 
typically demonstrate a biphasic histologic growth pattern of 
spindles and glandular cells. In the heart, synovial sarcomas 
have a predilection for the pericardial space but may occur 
in any cardiac site. 

Sarcomas that are extremely rare in the cardiac location 
include liposarcomas, malignant localized fibrous tumours, 
malignant peripheral nerve sheath tumours, and Ewing’s sar- 
coma (primitive neuroectodermal tumour). A fairly large 


proportion (up to 25%) of cardiac sarcomas defy classifica- 
tion, and represent a variety of undifferentiated spindle cell 
or small cell sarcomas. 


Malignant Mesothelioma 


Mesotheliomas of the pericardium are rare (Burke etal., 
2004d). For reasons probably related to causation, they are 
most common in the pleura, which is at a higher risk of 
exposure to inhaled asbestos than the other serosal sites. 
Pericardial mesotheliomas cause symptoms of chronic peri- 
carditis, including pericardial pain, jugular venous distension, 
shortness of breath, and eventually heart failure (Eren and 
Akar, 2002). The typical patient with pericardial mesothe- 
lioma may experience several episodes of pericarditis and 
pericardial effusion before a definitive diagnosis is made. 
The diagnosis may be confirmed only by biopsy sampling of 
pericardial tissue, and may be suggested by cytologic analysis 
of pericardial fluid. Pericardial mesotheliomas, like angiosar- 
comas, often result in chronic effusion, but are much more 
likely to encase the heart in an unresectable constricting mass 
(Figure 10). In early stages of disease, the primary differen- 
tial diagnosis is chronic constrictive pericarditis, which is 
usually idiopathic, but may be related to autoimmune and 
other disorders. 

Pathologically, malignant mesotheliomas of the peri- 
cardium are identical to those of other sites. There is a 
bimodal appearance to these tumours microscopically, as 
there is for synovial sarcoma. However, the antigenic profile 
of mesothelioma is somewhat different from synovial sar- 
coma, and the latter tumour produces mucins not found in 
mesothelioma. 





Figure 10 Pericardial mesothelioma. The heart is nearly encased in a firm, 
white mass that obliterates the pericardial space. 
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Malignant Lymphoma 


Although secondary involvement of the heart in patients with 
disseminated lymphoma is not rare, lymphomas that appear 
to arise within the pericardium are distinctly rare (Rolla 
and Calligaris-Cappio, 2004). Primary cardiac lymphomas 
are all virtually of B-cell lineage, and may represent one of 
many histologic subtypes, including low-grade, intermediate- 
grade, and high-grade tumours (K han et al., 2004). As is the 
case with other extranodal lymphomas, T-cell lymphomas 
and Hodgkin’s disease are rare as primary lesions within the 
heart or pericardium. The symptoms that cause lymphomas 
of the heart are varied and depend on the site of origin within 
the myocardium. Typically, cardiac lymphomas arise within 
the walls of the organ, often in the atria with prominent 
epicardial involvement. There may be depressed cardiac 
function, obstruction to blood flow, or pericardial effusions 
that produce the initial symptoms in patients with cardiac 
lymphoma. 


Miscellaneous Neoplasms 


Besides myxomas and sarcomas, primary neoplasms of 
the myocardium are rare. These include paragangliomas 
(phaeochromocytomas), neurofibromas, and granular cell 
tumours. Cardiac paragangliomas generally occur in the 
atrium and atrial septum, where there are paraganglial tis- 
sues as a result of autonomic innervation of the heart. 
Cardiac paragangliomas may cause symptoms of hyperten- 
sion. Rarely, cardiac paragangliomas may be malignant, and 
demonstrate the capability to develop distant metastases. 
However, in most patients, excision of the lesion is curative. 
The pathologic and biologic features of cardiac paragan- 
glioma are similar to those that arise in paraganglial tissues 
elsewhere in the body, such as the adrenal gland and carotid 
bodies. 


EPIDEMIOLOGY 


It has been estimated that the incidence of cardiac neoplasms 
is approximately 0.01%, or one in 10000 persons (Burke 
et al., 2004a). Of these, the majority of adult tumours are 
myxomas and sarcomas, at a ratio of between 2:1 and 
8:1. The incidence of surgically excised cardiac tumours 
is estimated at more than 3 per million population per 
year (Reyen etal., 1998). There is no strong sex or racial 
predilection among primary heart tumours. In our experience, 
women are more likely to develop myofibroblastic sarcomas, 
and men are likely to develop angiosarcomas (Figure 8). 
Epidemiologic studies demonstrate that there are varieties 
of environmental factors and hereditary conditions that 
predispose to extracardiac soft tissue sarcomas. In the 
case of mesothelioma, it has become clear that there is 
a strong association with pericardial mesothelioma and 
asbestos exposure, as had been demonstrated for pleural 


and abdominal mesotheliomas. Pericardial mesotheliomas are 
rare, and account for 1% of all mesotheliomas. 


AETIOLOGY 


Cardiac Myxoma 


The aetiology of cardiac myxoma is unknown, as is the cell 
of origin. M yxomas are believed to arise for pluripotent mes- 
enchymal cells that are capable of divergent differentiation, 
including epithelial structures. However, there has been no 
consensus or significant developments in the elucidation of 
the true nature of these enigmatic neoplasms, since the initial 
description of vasoformative structures near the fossa ovalis, 
as possible myxoma precursors, in 1951 by Prichard (A cebo 
et al., 2001). 


Cardiac Sarcoma 


The aetiology of cardiac sarcoma is unknown and is likely 
similar to that of soft tissue sarcomas. Angiosarcoma may be 
induced by ionizing radiation, especially those of the liver 
in patients who have received injections of radiated contrast 
material. There is a case report of a primary cardiac (pericar- 
dial) angiosarcoma in a patient with prior radiation therapy 
for mediastinal seminoma (K illion et al., 1996). In the major- 
ity of patients with cardiac angiosarcoma, however, there is 
no such prior history. Chromosomal and genetic defects have 
been described in soft tissue sarcomas but an extensive study 
of such defects in cardiac sarcomas has not been undertaken. 
It has been estimated that 7- 33% of soft tissue sarcomas 
may have a genetic component (Hartley etal., 1993). A 
variety of exposures have been associated with extracardiac 
sarcomas, including arsenical pesticides and medications, 
phenoxyherbicides, dioxin, vinyl chloride, immunosuppres- 
sive drugs, alkylating agents, androgen-anabolic steroids, 
human immunodeficiency virus, and human herpesvirus type 
8 (HHV-8) (Zahm and Fraumeni, 1997). 


Pericardial Mesothelioma 


The most common site of malignant mesothelioma is the 
pleura. A majority of patients with pleural mesothelioma 
have a history of asbestos exposure. There is increasing 
evidence that at least a large minority of patients with pericar- 
dial mesotheliomas also have a history of asbestos exposure, 
and pericardial mesothelioma may be experimentally induced 
by topical asbestos application (Burke and Virmani, 1996a). 
The mechanism by which asbestos causes mesothelioma is 
uncertain, but it is known that certain forms of the inhaled 
element are more likely to result in malignancies than others. 
One percent of asbestos-related mesotheliomas are pericar- 
dial, and the rest pleural or occurring at other sites. There are 
undoubtedly other stimuli for the development of mesothe- 
lioma, as some animals develop malignant mesothelioma of 
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pericardium without any apparent asbestos exposure. Simian 
virus induces pericardial mesotheliomas in hamsters, but a 
viral aetiology for human mesothelioma has not been demon- 
strated (Cicala et al., 1993). 


Cardiac Lymphoma 


Less than 50% of primary lymphomas of the heart arise in 
patients with acquired immunodeficiency, either iatrogenic 
(in cases of allograft recipients) or viral (in cases of AIDS) 
(Burke and Virmani, 1996b; Ikeda et al., 2004). However, 
the heart is not a common site for the development of lym- 
phomas in patients with AIDS or allografts. The aetiology 
of immunosuppression-related lymphomas is believed to be 
related to infection caused by Epstein-Barr virus, which has 
the ability to transform B-cells in vitro. In immunocompetent 
patients, Epstein- Barr virus is also associated with nasopha- 
ryngeal carcinomas and Burkitt’s lymphoma. Another virus 
that may have an aetiologic role in immunosuppression- 
related lymphomas is another herpesvirus, HHV-8, also 
known has K aposi’s sarcoma- associated herpesvirus. HHV - 
8-related lymphomas are often confined to serosal spaces 
without an identifiable contiguous tumour mass. The usual 
location for these lesions, however, is the peritoneum or 
pleura, with only rare examples occurring in the peri- 
cardium. 

The remaining 50% of primary cardiac lymphomas are 
not related to immunosuppression or herpesviruses. These 
tumours are quite rare, and aetiologic agents have not been 
identified. 


SCREENING AND PREVENTION 


Because of the rarity of primary cardiac neoplasms, there is 
little, if any, role for screening or attempts at prevention. 
The only possible exception to this rule would be in 
easily identifying individuals at greatly increased risk for 
the development of a primary cardiac myxoma. In cases 
of myxoma syndrome, relatives should be aggressively 
evaluated for the presence of cardiac myxoma, as these can 
present with embolization and even sudden death. We are 
aware of a case of a young boy with cutaneous features 
of the myxoma syndrome, whose father had a cardiac 
myxoma removed at a young age. The boy was not evaluated 
medically, and died suddenly owing to coronary embolism 
from cardiac myxoma at a young age. 


IMMUNOHISTOCHEMISTRY 


Cardiac Myxoma 


The immunohistochemical features of cardiac myxoma indi- 
cate a pluripotent myxoma cell capable of divergent differen- 
tiation (Burke and Virmani, 1993; Burke et al., 2004b). The 


most consistent antigenic type of cellular antigen expressed 
in myxomas is that of endothelial differentiation. Other anti- 
gens found on myxoma cells included smooth muscle cell 
antigens, neural antigens, and epithelial antigens. The use of 
immunohistochemical techniques in the diagnosis of cardiac 
myxoma is limited. 


Cardiac Sarcoma 


Immunohistochemical studies are useful to distinguish car- 
diac sarcomas from other processes, but are not particularly 
useful in subtyping the lesions (Burke et al., 1992; Tazelaar 
et al., 1992). An exception to this rule includes the diagnosis 
of rare types of sarcoma, such as malignant localized fibrous 
tumour (CD 34 positivity) and synovial sarcoma. Immunohis- 
tochemistry is currently of little use in providing prognostic 
data for cardiac sarcomas, which are uniformly lethal. In 
general, the immunohistochemical findings of cardiac sar- 
comas are similar to those of soft tissue sarcomas, and the 
reader may refer relevant chapters in this volume (see Soft 
Tissues). 


Cardiac Lymphoma and Pericardial Mesothelioma 


The immunohistochemical and ultrastructural features of 
these neoplasms vary according to the nature of origin, 
that is, cardiac or non-cardiac. The reader is referred 
to other sections of this volume for immunohistochemi- 
cal and ultrastructural characterization of lymphomas and 
mesotheliomas (see Lymph Nodes and Pleura and Peri- 
toneum). 


MOLECULAR GENETIC FINDINGS 


Myxoma 


Approximately 2% of patients with cardiac myxoma have 
a genetic predisposition to cardiac myxomas at an early age 
and the development of extracardiac tumours. The autosomal 
dominant syndrome is currently called the myxoma com- 
plex, and consists of cardiac myxoma, lentigines and blue 
naevi, calcifying Sertoli- Leydig testicular tumours, cuta- 
neous myxomas, myxoid breast fibroadenomas, pigmented 
adrenal cortical hyperplasia, pituitary hyperactivity, psammo- 
matous melanotic schwannoma, and thyroid tumours (Wilkes 
et al., 2005). Three chromosomal loci have been linked to 
myxoma syndrome: 2p16, 17q2, and 17q24 (Veugelers et al., 
2004). A potential gene candidate, PRKAR1A, represents a 
putative tumour suppressor gene, and is located at 17q24. 
PRKARIA codes for the type 1 œ regulatory subunit of 
protein kinase A. To date, neither mutations of PRKAR1A 
nor loss of heterozygosity of markers at 17q2 and 2p16 have 
been found in sporadic cardiac myxomas. 
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Cardiac Sarcoma 


Molecular genetic and chromosomal abnormalities are help- 
ful in the classification of soft tissue sarcomas (Singer, 1999; 
Mohamed et al., 1997; Pollock, 1994). With respect to the 
heart, molecular diagnosis has been helpful in the classifica- 
tion of cardiac synovial sarcomas (K arn et al., 1994; Iyengar 
et al., 1995), specifically the X ;18 translocation. The molec- 
ular aetiology of extracardiac soft tissue sarcoma involves 
growth factors and their receptors, nuclear and cytoplasmic 
oncogenes, and tumour suppressor genes (Pollock, 1994). 
M utations of TP53 and KRAS have been identified in cardiac 
sarcomas (Garcia etal., 2000). Cytogenetic abnormalities 
and mutations in P53 have been demonstrated in cardiac 
angiosarcoma (Zu et al., 2001). 


Cardiac Lymphoma 


The vast majority of cardiac neoplasms are of B-cell origin. 
Those that arise in immunocompromised patients are often 
associated with Epstein-Barr virus. The molecular genetics 
of nodal lymphomas has been extensively studied and 
is covered in other areas of this volume (see Lymph 
Nodes). 


Pericardial Mesothelioma 


The karyotypes of malignant mesotheliomas are complex 
and often preclude the identification of primary chromo- 
some abnormalities. Recently, peritoneal mesothelioma with 
a balanced t(3;3)(p14;q29) translocation has been described. 
Molecular genetic abnormalities of pericardial mesothe- 
liomas have not been described. 


PROGNOSTIC FACTORS 


Cardiac Myxoma 


The prognosis for cardiac myxoma is excellent. With ade- 
quate surgical excision, the recurrence rate is vanishingly 
small. Patients with recurrent myxoma should be considered 
possible myxoma syndrome victims, especially if they are 
younger than 40 years. Alternatively, an incorrect diagnosis 
should be considered, as many recurrent cardiac sarcomas 
are initially misdiagnosed as myxomas. In the majority of 
series of cardiac myxomas, surgical treatment is curative 
in virtually all cases (Gawdzinski and Sypula, 1996; Jelic 
et al., 1996; Lukacs et al., 1997; Bjessmo and Ivert, 1997). 
Reports of malignant myxoma should be regarded with sus- 
picion. Rare well-documented examples of myxomas with 
embolization (“metastasis”) to the cerebral vessels and skin 
have been reported (Scarpelli et al., 1997). 


Cardiac Sarcoma 


In stark contrast to cardiac myxoma, the prognosis of 
cardiac sarcoma is dismal and generally measured in months. 


Although surgery is indicated for accurate diagnosis and 
palliation, and incurs a low mortality risk, the outcome is 
death within 2 or 3years (Endo etal., 1997). The most 
important histopathologic prognostic indicators are increased 
mitotic rate and the presence of necrosis (Burke etal., 
1992). In addition, patients with right-sided tumours and 
those presenting with metastatic disease have an especially 
poor prognosis. Even in patients with completely resectable 
tumours, most recur at a median time of 10 months. The 
median time to progression, in one series, was shorter in 
patients presenting with a cardiac angiosarcoma than in those 
with other histologic types (3 vs 14months, P < 0.01), with 
an overall 2-year survival rate of 26% (Llombart-C ussac 
et al., 1998). 


Cardiac Lymphoma 


The prognosis of primary cardiac lymphoma is difficult to 
ascertain because of the extreme rarity of the lesion and 
concomitant diseases in patients who are immunosuppressed. 
As with nodal lymphomas, the prognosis, as well as the 
treatment, would vary by the grading of the lymphoma. As 
low-, intermediate-, and high-grade lymphomas have all been 
described as arising in the heart, the prognosis would likely 
vary with the histologic subtype. 


Pericardial Mesothelioma 


The prognosis of pericardial mesothelioma is poor. Fifty per 
cent of patients are dead at 6months, and an exceptional 
patient may live as long as 48 months. The mean survival 
period of patients with pericardial mesothelioma is shorter 
than that of patients with pleural and peritoneal mesothe- 
liomas (Hillerdal, 1983). 


OVERVIEW OF PRESENT CLINICAL MANAGEMENT 


The clinical management of cardiac myxoma consists of 
surgical excision, which is curative (Ipek et al., 2005). The 
recurrence rate is below 2% for patients with sporadic 
myxomas, but near 10% in syndromic cases (Burke et al., 
2004b; Yuda etal., 2002). Occasionally, a patch repair of 
the atrial septum is required, and, rarely, valve reconstruction 
or repair may be necessary. Immediate surgical resection is 
advised when the diagnosis of cardiac myxoma is suspected, 
because of the risk of embolism. As the majority of left 
atrial myxomas arise from the interatrial septum, the tumours 
can be removed en bloc with a 5-mm margin of normal 
tissue. The fossa ovalis, where the pre-tumour cells of 
myxomas are thought to exist, should also be excised if 
possible. Surgical resection typically includes removal of the 
attachment site and 5 mm of surrounding endocardium and 
atrial myocardium. However, it has not been demonstrated 
that the presence of myxoma at the surgical margin is 
associated with increased risk of recurrence. 
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The initial treatment for cardiac sarcoma also consists 
of surgical excision. However, complete excision is often 
difficult, and occasionally requires ex situ resection with 
autotransplantation (Hoffmeier et al., 2003). With precise 
preoperative localization of the tumour and attempts at 
complete excision, occasional long-term survival is possible 
(Hoffmeier et al., 2004). Chemotherapy and radiation therapy 
are occasionally used for the multi-modality treatment of 
cardiac sarcoma (Mery etal., 2003) in addition to heart or 
heart- lung transplantation (Talbot et al., 2002). 
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NORMAL DEVELOPMENT AND STRUCTURE 


The nervous system and skeletal muscular system are both 
electrically active and have an intimate functional relation- 
ship. Whereas primary tumours of neuroepithelial differ- 
entiation arising from the central nervous system (CNS) 
and peripheral nervous system (PNS) are common, primary 
tumours of skeletal muscular differentiation that arise from 
skeletal muscle are extremely rare. In contrast, most primary 
tumours in skeletal muscles have mesenchymal differentia- 
tion of other lineages, presumably arising from nonmuscular 
tissue adjacent to or within the muscle. Interestingly, primary 
tumours with muscular differentiation (e.g., rhabdomyosar- 
coma) usually arise in soft tissue rather than skeletal muscle. 
Therefore, it is most appropriate to consider these tumours 
with other soft tissue tumours. The reader should refer to Soft 
Tissues for further details. 

Tumours of the nervous system display morphological, 
immunohistochemical, and molecular features that recapit- 
ulate their normal developing and mature counterparts. The 
mature nervous system is composed of neurons and their 
supporting cells. In the CNS, neurons and axons are sup- 
ported by glial cells, namely, astrocytes, oligodendrocytes, 
and ependymal cells, which are of neuroepithelial origin. 
Choroid plexus is a neuroepithelial tissue specialized in the 
production of cerebral spinal fluid and also has the full phe- 
notype of epithelial cells. Neurons and axons in the PNS 
are supported by Schwann cells that are of neuroepithelial 
(neural crest) origin and other mesenchymal cells. 

Formation of the CNS and PNS is a highly orchestrated 
process that involves induction, cell division, differentiation, 
migration, and apoptotic cell death. During early develop- 
ment, the ectoderm undergoes neural induction by the under- 
lying chordamesoderm and becomes the neuroectoderm. The 
neuroectoderm becomes a thickened layer of epithelial cells 
and forms the neural plate that in turn folds into a tube (the 
neural tube) that will eventually develop into the brain and 
spinal cord. Part of the neural plate will give rise to the 
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neural crest cells, which give rise to Schwann cells, adrenal 
medulla, ganglion cells in the PNS, and other cell types 
including melanocytes, odontoblasts, and many mesenchy- 
mal and musculoskeletal components of the head. 

At the dawn of development, the neural tube is composed 
of a thick, pseudostratified, columnar neuroepithelium that is 
composed of primitive neuroepithelial cells (neuroectoderm). 
Then, these cells segregate into a highly cellular ventricular 
zone and the paucicellular marginal zone. The ventricular 
zone gives rise to all neurons and glial cells with the excep- 
tion of microglial cells, which belong to the mononuclear 
phagocytic cell lineage. 


TUMOUR PATHOLOGY 


Modern tumour classifications schemes aim at providing a 
clinically meaningful correlation between pathological fea- 
tures and their prognostic implications and are based on a 
compare and contrast study of the neoplastic tissue and its 
normal mature or developing counterparts. Tumours are typi- 
cally named after the normal cell type that they resemble. For 
example, an astrocytoma morphologically resembles astro- 
cytes. In the recent years, comparison of the molecular phe- 
notypes, achieved by the utilization of immunohistochemical 
techniques and molecular biology techniques, have greatly 
expanded our understanding at the molecular level (Zhang 
and Fuller, 2003). Pathology of tumours is a vast and ever- 
changing subject. New entities such as chordoid glioma of 
the third ventricle, papillary glioneuronal tumour, pilomyxoid 
astrocytoma, and monomorphic angiocentric glioma continue 
to be recognized. 

The World Health Organization (WHO) Classification of 
Tumours of the Nervous System (Kleihues and Cavenee, 
2000) is one of the most widely accepted systems (Table 1). 
Tumours are classified into four histological grades (grade 


Table 1 2000 WHO classification of tumours of the nervous system. 


Tumours of neuroepithelial tissue 
Astrocytic tumours 
Diffuse astrocytoma 
Fibrillary astrocytoma 
Protoplasmic astrocytoma 
Gemistocytic astrocytoma 
Anaplastic astrocytoma 
Glioblastoma 
Giant cell glioblastoma 
Gliosarcoma 
Pilocytic astrocytoma 
Pleomorphic xanthoastrocytoma 
Subependymal giant cell astrocytoma 
Oligodendroglial tumours 
Oligodendroglioma 
Anaplastic oligodendroglioma 
Mixed gliomas 
Oligoastrocytoma 
Anaplastic oligoastrocytoma 
Ependymal tumours 
Ependymoma 
Cellular 
Papillary 
Clear cell 
Tanycytic 
Anaplastic ependymoma 
M yxopapillary ependymoma 
Subependymoma 
Choroid plexus tumours 
Choroid plexus papilloma 
Choroid plexus carcinoma 
Glial tumours of uncertain origin 
Astroblastoma 
Gliomatosis cerebri 
Chordoid glioma of the third ventricle 
Neuronal and mixed neuronal- glial tumours 
Gangliocytoma 
Dysplastic gangliocytoma of cerebellum (Lhermitte- Duclos) 
Desmoplastic infantile astrocytoma/ganglioglioma 
Dysembryoplastic neuroepithelial tumour 
Ganglioma 
Anaplastic ganglioglioma 
Central neurocytoma 
Cerebellar liponeurocytoma 
Paraganglioma of the filum terminale 
Neuroblastic tumours 
Olfactory neuroblastoma (aesthesioneuroblastoma) 
Olfactory neuroepithelioma 





Neuroblastomas of the adrenal gland and sympathetic nervous system 


Pineal parenchymal tumours 
Pineocytoma 
Pineoblastoma 
Pineal parenchymal tumour of intermediate differentiation 
Embryonal tumours 
M edulloepithelioma 
E pendymoblastoma 
M edulloblastoma 
Desmoplastic medulloblastoma 
Large cell medulloblastoma 
M edullomyoblastoma 
M elanotic medulloblastoma 
Supratentorial primitive neuroectodermal tumour (PNET) 
Neuroblastoma 
Ganglioneuroblastoma 
Atypical teratoid/rhabdoid tumour 
Tumours of peripheral nerves 
Schwannoma (neurilemmoma, neurinoma) 
Cellular 
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Plexiform 

M elanotic 
Neurofibroma 
Plexiform 
Perineurioma 
ntraneural perineurioma 
Soft tissue perineurioma 


Epithelioid 


M elanotic 
M elanotic psammomatous 
Tumours of the meninges 
Tumours of meningothelial cells 
M eningioma 
M eningothelial 
Fibrous (fibroblastic) 
Transitional (mixed) 
Psammomatous 
Angiomatous 
M icrocystic 
Secretory 
Lymphoplasmacyte-rich 
M etaplastic 
Clear cell 
Chordoid 
Atypical 
Papillary 
Rhabdoid 
Anaplastic meningioma 
Mesenchymal, non-meningothelial tumours 
Lipoma 
Angiolipoma 
Hibernoma 
Liposarcoma (intracranial) 
Solitary fibrous tumour 
Fibrosarcoma 
Malignant fibrous histiocytoma 
Leiomyoma 
Leiomyosarcoma 
Rhabdomyoma 
Rhabdomyosarcoma 
Chondroma 
Chondrosarcoma 
Osteoma 
Osteochondroma 
Osteosarcoma 
Haemanagioma 
Epithelioid haemangioendothelioma 
Haemangiopericytoma 
Angiosarcoma 
K aposi sarcoma 
Primary melanocytic lesions 
Diffuse melanocytosis 
Melanocytoma 
Malignant melanoma 
Meningeal melanomatosis 
Tumours of uncertain histiogenesis 
Haemangioblastoma 
Lymphomas and haematopoietic neoplasms 
Malignant lymphomas 
Plasmacytoma 
Granulocytic sarcoma 
Germ cell tumours 
Germinoma 
Embryonal carcinoma 
Yolk sac tumour 
Choriocarcinoma 








Malignant peripheral nerve sheath tumour (MPSNST) 


MPSNST with divergent mesenchymal and/or epithelial differentiation 


(continued overleaf ) 
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Table 1 (continued). 


Teratoma 
M ature 
Immature 
Teratoma with malignant transformation 
Mixed germ cell tumours 
Tumours of the sellar region 
Craniopharyngioma 
Adamantinomatous 
Papillary 
Granular cell tumour 
M etastatic tumours 


(Source: Kleihues, P. and Cavenee, W. K. (2000). World Health Organization 
Classification of Tumours - Pathology and Genetics, Tumours of the Nervous System. 
International Agency for Research on Cancer, Lyon, France.) 


| to IV). Grade | tumours are associated with an excellent 
prognosis and are essentially benign tumours. Grade II, III, 
and IV tumours are classified in the order of increasing level 
of aggressiveness and malignancy. M alignant tumours of the 
CNS rarely metastasize outside the brain and spinal cord. 


Tumours of the Central Nervous System 


For practical purposes, tumours of the CNS can be 
separated into five major categories (Table 2). 

The first category includes primary tumours with morpho- 
logical and molecular resemblance to embryonal neural tissue 
(primitive neuroectodermal tissue), with medulloepithelioma 
and medulloblastoma as the classic examples. 

The second category includes tumours with features of 
mature glial cells, neurons, and choroid plexus. This group 
includes a subcategory of tumours with features of glial 
cells, the supporting elements of the CNS. They are col- 
lectively Known as gliomas and are fairly common. A 
second subcategory contains neoplastic neuronal compo- 
nent or mixed glial-neuronal component. Ganglioglioma and 
neurocytoma are the classic examples. The third subcate- 
gory consists of choroid plexus tumours. Unlike glial and 
glial-neuronal tumours, choroid plexus tumours behave like 
epithelial tumours rather than glial or neuronal-glial tumours 
even though the choroid plexus shares the same origin as 
glial cells. 


Table 2 Major biological categories of tumours of the nervous system. 


Central nervous system (CNS) 

Category 1: Primary tumours with features of embryonal neural tissue 
Category 2: Primary tumours with features of mature glial cells, neurons, 
and choroid plexus 
Category 3: Primary tumours with features of meninges and mesenchyme 
Category 4: Primary tumours with features of tissue that are normally 
found outside the CNS 
Category 5: Secondary (metastatic) tumour 
Peripheral nervous system (PNS) 
Category 1: Primary tumours with features of neuroblasts/mature neurons 
Category 2: Primary tumours with features of mature supporting elements 
of the peripheral nervous system 

Category 3: Primary tumours of paraganglia 

Category 4: Secondary tumours 








The third category consists of tumours with features of 
meninges and mesenchymal tissue around the CNS, with 
meningiomas as the best example. 

The fourth category includes tumours that resemble tissue 
that are not normally present in the cranial cavity in 
significant amount, with primary lymphoma as the best 
example. 

The fifth category is secondary (metastatic) tumours. They 
are extremely common and occur predominantly in adults 


Tumours of the Peripheral Nervous System 


Tumours of the PNS can also be separated into several major 
categories (Table 2). Similar to CNS tumours, there are PNS 
tumours that recapitulate features of primitive neuroepithelial 
cells or neuroblasts and some of them also contain mature 
neuronal elements. These tumours are classified under neu- 
roblastic tumours in the WHO Classification. 

The second major category consists of tumours that have 
features of the mature supporting elements of the PNS, such 
as schwannoma, neurofibroma, perineurioma, and malignant 
peripheral nerve sheath tumours (M PNSTs). 

The third major category has features of paraganglia. Para- 
ganglia are widely dispersed collections of specialized neural 
crest cells that arise in association with the segmental or col- 
lateral autonomic ganglia throughout the body. Phaeochro- 
mocytomas and paragangliomas fall into this category. 

Owing to the small size of the PNS, metastatic tumours 
limited strictly to the PNS are extremely rare and difficult 
to be confirmed. Direct invasion of peripheral nerve and 
spreading along the nerve by malignant tumour is particularly 
common in some entities such as prostate adenocarcinoma 
and adenoid cystic carcinoma. 


EPIDEMIOLOGY 


The overall incidence of primary brain tumours is around 
11.8 per 100000 persons per year. With the exception 
of meningioma that affects women twice as often as it 
affects men, they are more prevalent in men. In the United 
States, the incidence of brain tumours, with the exception of 
meningioma and craniopharyngioma, has been consistently 
higher in whites than in blacks. The overall incidence of 
brain tumours has a bimodal pattern. The first peak occurs in 
infants and children and the second peak occurs in the sixth 
to the seventh decade. 

Each individual tumour, however, has its own pattern 
of age distribution (Table 3). The incidence is strongly 
influenced by age. The common tumours in patients 
under 20 years include medulloblastoma, ependymoma, pilo- 
cytic astrocytoma, dysembryoplastic neuroepithelial tumour 
(DNET), ganglioglioma, germ cell tumour, craniopharyn- 
gioma, and choroid plexus tumour. In the third and fourth 
decades, meningiomas and low-grade gliomas make up 
the bulk. In the sixth to the seventh decade, the more 
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Table 3 Incidence of some CNS tumours. 


Tumour 
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Incidence/age 





M edulloblastoma 


Diffuse astrocytoma 


Anaplastic astrocytoma 


Glioblastoma 


Pilocytic astrocytoma 


Pleomorphic xanthoastrocytoma 


Oligodendroglioma 


Ependymoma 


Choroid plexus tumour 


Ganglioglioma and gangliocytoma 


M eningioma 


M alignant lymphoma 


Germ cell tumours 


Craniopharyngioma 


Schwannoma 


Neuroblastic tumours of adrenal gland and sympathetic system 


Incidence About 0.5 per 100000 persons per year 

Age Peak incidence during the first decade of life, a small number of them are seen in 
adults 

Incidence A bout 0.2 per 100000 persons per year 

Age Mean age of onset is 34 years. Peak incidence between 20 and 45 years of age. 
About 15% of them are seen in children under 10 years 

Incidence About 0.5 per 100000 persons per year 

Age Peak incidence in the fourth to fifth decade. Uncommon in children 

Incidence Most common malignant astrocytic tumour and the incidence is about 2.0 - 3.2 
per 100 000 persons per year 

Age Peak incidence in the fifth to seventh decades. They also comprise about 8.8% of 
all brain tumours in children 

Incidence Most common glioma in children and 85% of them occur in the cerebellum. 
The incidence is about 0.3 per 100 000 persons per year 

Age Peak incidence in the first two decades 

Incidence Exact incidence is not known. They account for less than 1% of all astrocytic 
tumours 
Age Usually seen in young adults with peak incidence in the second decade 

Incidence Usually seen in adults, although children are also affected. Peak incidence in 
the fifth to sixth decades. The incidence is about 0.3 per 100000 persons per year 

Age The peak incidence is in the fourth to sixth decades 

Incidence They account for about 3- 9% of all neuroepithelial tumours and are 
frequently seen in the spinal cord. The incidence is about 0.2- 0.3 per 100 000 persons 
per year 

Age The first peak incidence is in the first decade and the second peak of incidence is in 
the fourth decade 

Incidence They account for about 0.4- 0.6% of all brain tumours, and about 2- 4% of 
all brain tumours in children 

Age Peak incidence is in the first decade 

Incidence They represent about 0.4% of all CNS tumours and 1.3% of all brain tumours 
Age They can be seen in all ages but are most common in children and young adults 
Incidence The annual incidence is about 2.8- 6.0 per 100000 persons per year. They 
account for 13- 26% of primary intracranial tumours 

Age Most common in middle-aged and elderly patients, peak incidence is in the sixth 
decade 

Incidence Relatively uncommon in the general population, marked increase in incidence 
in immunocompromised patients 

Age For immunocompetent patients, the peak incidence is in the seventh decade. Occur 
in young patients who are immunocompromised 

Incidence The incidence is less than 0.1 per 100000 population per year. They account 
for about 0.3- 2% of all primary intracranial tumours. The incidence is lower in the 
West and higher in Asia 

Age Most common in the first two decades 

Incidence 0.05- 0.25 per 100000 persons per year 

Age Most common in children and a second peak in the sixth decade 

Incidence They are most commonly seen in peripheral nerves. A bout 8% of all 
intracranial tumours and 29% of all spinal tumours are schwannomas 

Age Peak incidence in the fourth to sixth decades 

Incidence 0.7- 1.0 per 100000 persons per year 

Age 85% occur before the age of 5 





(Source: Kleihues, P. and Cavenee, W. K. (2000). World Health Organization Classification of Tumours - Pathology and Genetics, Tumours of the Nervous System. International 


Agency for Research on Cancer, Lyon, France.) 


common tumours are meningioma, high-grade gliomas, pri- 
mary CNS lymphoma in immunocompetent host, schwan- 
noma, metastatic carcinoma, and metastatic malignant 
melanoma. 

Patients affected by hereditary cancer syndromes may 
develop neoplasms at an earlier age compared to sporadic 
cases. There is an apparent increase in the incidence of brain 
tumours both in the United States and in other countries. 
Increase in the incidence of primary CNS lymphomas is 
dramatically correlated with the large population of patients 
with compromised immune system secondary to immune 


suppression, particularly after solid organ transplantation and 
human immunodeficiency virus (HIV ) infection. The overall 
survival rate for primary brain tumours varies significantly 
among the different histological types. 


AETIOLOGY 


Numerous epidemiological studies have been conducted in 
the search for risk factors and aetiological agents for brain 
tumours. Mutations of specific genes have been strongly 
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associated with the development of brain tumours and will 
be discussed later in this chapter. 

Virus or viruslike particles have been observed in human 
cerebral tumours or tumour cell lines. Between 1955 and 
1962, poliomyelitis vaccines were contaminated with Simian 
virus 40 (SV 40), a member of the polyoma virus family. 
However, there is no epidemiological evidence that the 
contaminated poliomyelitis vaccine is associated with any 
increase in incidence of primary brain tumours. JC and 
BK viruses are the other two suspected polyoma viruses 
but there is also no proof for their association with human 
brain tumours. The association of HIV infection and primary 
CNS lymphoma primarily rests on the destruction of immune 
tumour surveillance by HIV. 

A variety of physical and chemical agents have been 
studied but ionizing radiation is the only proven risk factor 
for glial tumours and meningiomas. The tumourigenic effects 
of electromagnetic fields on brain tumours have been shown 
in industrial settings, but the relationship with weaker 
electromagnetic fields has not been well established and 
the results of different studies are inconsistent. Numerous 
other aetiological agents and risk factors, including N-nitroso 
compounds, diet, tobacco and alcohol use, and occupational 
factors, have also been studied. No conclusive evidence has 
been identified. 


SCREENING AND PREVENTION 


The only reliable method for detecting an asymptomatic 
or presymptomatic brain or spinal cord tumour is a high- 
resolution imaging technique such as MRI, which is not 
cost-effective, time consuming, or complicated to be used 
as a mass screening tool. The anatomatical complexity and 
bony encasement of the CNS preclude cell- and tissue-based 
screening. M ost tumours of the CNS do not secrete a serum 
tumour marker. Therefore screening for early CNS tumours 
is difficult and not performed in routine medical practice. 


Early Recognition of Brain Tumours 


Early recognition of brain tumours relies on astute clinical 
evaluation since there are no specific symptoms or signs in 
brain tumours. Headache, new-onset seizures, hemiparesis, 
and change in mental status are among the most common 
symptoms. Diagnosis is largely dependent on imaging tech- 
niques such as MRI or CT scan. 

Intracranial and intraspinal space-occupying lesions gener- 
ate two major issues. The first is increased intracranial pres- 
sure because of oedema and mass effect caused by the tumour 
or obstruction of the flow of cerebrospinal fluid (CSF). 
Increased intracranial pressure produces headache, vomiting, 
and papilloedema. Fundoscopic recognition of papilloedema 
is important for early recognition. Brain herniation is a life- 
threatening complication of increased intracranial pressure. 

The second issue is local effects of the tumour. Clinical 
manifestations of the local effects are dictated by its anatom- 
ical location. For example, cortical lesions are prone to cause 


seizures. Tumours of and adjacent to the optic nerve often 
produce visual symptoms because of compression of the 
optic nerves and chiasma. Tumour masses compressing the 
cervical cord often cause paralysis. 


High-Risk Patients 


Three major groups of patients have increased risk of devel- 
oping brain tumours. Patients with an underlying malig- 
nancy in other parts of the body are prone to develop 
metastatic (secondary) tumours of the nervous system. 
Immune-compromised patients have an increased risk of 
developing primary CNS lymphoma. Patients with heredi- 
tary syndromes that predispose them to develop tumours of 
the CNS comprise the third group (Table 4 and see subse- 
quent text). Well-structured periodic screening programmes 
have been invaluable in detecting and treating tumours in 
early stages. (see Genetic Susceptibility to C ancer) 


GROSS/HISTOPATHOLOGY/PREINVASIVE 
LESIONS/ULTRASTRUCTURE/ 
IMMUNOHISTOCHEMISTRY 


Tumours of the CNS 


M odern imaging techniques such as M RI provide invaluable 
information on the macroscopic features in vivo. Microscopic 
examination starts with morphological examination with 
haematoxylin- eosin stain. Immunohistochemistry allows 
recognition of specific protein molecules and is an important 
tool. The more commonly used markers include (Table 5) 
Ki-67, synaptophysin, neurofilament proteins (NFPs), glial 
fibrillary acidic proteins (GFAPs), vimentin, S-antigen, and 
epithelial membrane antigen (EMA). Electron microscopy 
and molecular pathology are important adjuncts. 


Primary Tumours with Features of Embryonal Neural 
Tissue 


Histologically, these tumours are often composed of undiffer- 
entiated, primitive-appearing cells that resemble the embry- 
onal CNS (primitive neuroectodermal tissue). They are 
highly malignant and occur most commonly in infants and 
children, and occasionally as congenital tumours. Very often, 
these tumours are associated with characteristic genetic alter- 
ations (see subsequent text). 


Medulloepithelioma M edulloepithelioma recapitulates the 
neural tube stage, which is a very early developmental 
stage of the CNS. Medulloepitheliomas are rare, highly 
malignant infantile tumours that tend to disseminate through 
the CSF. Prognosis is grave. M acroscopically, they are well- 
defined, very soft, typically massive tumours with extensive 
haemorrhage and necrosis. The microscopic appearance is 
highly distinctive and composed of tubular or papillary 
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Table 4 Hereditary tumour syndromes. 


Syndrome 


Pathology 


Genetics 


Reference 





Tuberous sclerosis 


Neurofibromatosis type 
1 (NF1) 


Neurofibromatosis type 2 
(NF 2) 


von Hippel- Lindau disease 


Naevoid basal cell 
carcinoma syndrome 
(Gorlin syndrome) 


Cowden’s disease 


Turcot syndrome (type 1) 


Nervous system Cortical hamartomas 
(tubers), subependymal hamartoma, and 
subependymal giant cell tumour 
Extraneural Adenoma sebaceum and 
other manifestations of skin, retinal 
astrocytoma, renal angiolipoma, cardiac 
rhabdomyoma, and other systemic 
manifestations 


Nervous system Neurofibromas and 
malignant peripheral nerve sheath tumour 
of the peripheral nerve, gliomas of the 
brain 

Extraneural Multiple café-au-lait spots, 
rhabdomyosarcoma, phaeochromocytoma, 
carcinoid tumour, juvenile chronic 
myeloid leukaemia, bone lesions, and 
other manifestations 


Nervous system Bilateral vestibular 
schwannomas, peripheral schwannomas, 
meningiomas and meningioangiomatosis, 
ependymomas, astrocytomas, glial 
hamartoma, and cerebral calcifications 
Extraneural Posterior lens opacity 


Nervous system Haemangioblastoma of 
the retina and CNS 

Extraneural Renal cysts and renal cell 
carcinoma, pancreatic cysts, islet cell 
tumours, phaeochromocytoma, and other 
manifestations 


Nervous system M edulloblastoma 


Extraneural Multiple basal cell carcinoma 
and keratocyst of the jaw. Abnormal ribs 
and other skeletal abnormalities, epidermal 
cysts, ovarian cysts, and other features 


Nervous system Dysplastic gangliocytoma 
of the cerebellum (Lhermitte- Duclos 
disease). Other pathological changes 
include megalencephaly and heterotopic 
grey matter. M eningiomas and 
medulloblastomas have also been 
described 

Extraneural Verrucous skin changes, 
papules and fibromas of oral mucosa, 
multiple facial trichilemmomas, 
hamartomatous polyps of the colon, 
thyroid tumour, and breast cancer 


Nervous system Usually glioblastoma 


Extraneural Café-au-lait spots. Small 
number of large colorectal polyps and 
high incidence of colorectal carcinoma. In 
some patients it is associated with 
hereditary non-polyposis colorectal 
carcinoma syndrome (HNPCC) 


Inheritance Autosomal dominant 


Prevalence Between 1 in 5000 and 
100 000 

Gene TSC1 gene (tuberin) on 
chromosome 9q34 and TSC2 gene on 
chromosome 16p13.3 


Inheritance Autosomal dominant 


Prevalence 1 in 3000- 4000 of the general 
population 

Gene NF1 gene (neurofibromin) on 
chromosome 17q2 


Inheritance Autosomal dominant 


Prevalence 1 in 50000 of the general 
population 

Gene NF2 gene (merlin) on chromosome 
22q12 


Inheritance Autosomal dominant 


Prevalence 1 in 36000 to 1 in 45 500 of 
the general population 


Gene VHL gene is located on 
chromosome 3p25.3 


Inheritance Autosomal dominant 


Incidence 1 in 57 000 of the general 
population 


Gene Human homologue of the 
Drosophila segment polarity gene patched 
(PTCH ) on chromosome 9q22.3 


Inheritance Autosomal dominant 


Gene PTEN/MMAC1 gene on 
chromosome 10q23. 


Inheritance Autosomal dominant 


Gene Several genes involved in mismatch 
repair including hMLH1 at chromosome 
3p21, hMLH2 at 2p16, hMSH3 at 
5q11-q13, hM SH 6/GTBP at 2p16, hPMS1 
at 2q32, and hPMS2 at 7p22 


van Slegtenhorst 
et al. (1997) 


Pollack and 
Mulvihill (1997), 
Von Deimling et al. 
(2000) 


Pollack and 
Mulvihill (1997) 


M addock et al. 
(1996) 


Hahn et al. (1996), 
Vorechovsky et al. 
(1999) 


Sutphen et al. 
(1999), Robinson 
and Cohen (2000) 


Cavenee et al. 
(2000) 


(continued overlea ) 


Table 4 (continued). 


Turcot syndrome (type 2) 


Cobbs syndrome (cutaneous 
angiomatosis multiple 
cavernous angiomas) 


Sturge- Weber syndrome 
(encephalofacial 
angiomatosis or 
encephalotrigeminal 
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Nervous system Usually medulloblastoma 


Extraneural Associated with familial 
adenomatous polyposis syndrome (FAP). 
Patient has innumerable adenomatous 
colorectal polyps and high incidence of 
colorectal carcinoma 


Nervous system M ultiple intracranial 
cavernous haemangiomas 


Extraneural Some patients also have 
haemangiomas in the skin and other 
organs 


Nervous system M eningeal haemangioma 
and meningeal hypervascularity, 
calcification in the cortical layer under the 
hypervascular meninges 


angiomatosis) 
Extraneural Choroid haemangioma, 
angiomatosis of the skin, and mucosa of 
face and neck 


Nervous system Atypical rhabdoid tumour, 
choroid plexus carcinoma 


Rhabdoid predisposition 
syndrome 


Extraneural Renal and extra-renal 
malignant rhabdoid tumour 


Nervous system Retinoblastoma in the 
retina with or without PNET in the pineal 
gland (pineoblastoma) 

Extraneural Increased incidence of 
second malignancy, multiple congenital 
abnormalities, and mental retardation 


Nervous system A strocytic tumour, 
oligodendroglioma, medulloblastoma, 
supratentorial PNET, and choroid plexus 
tumour 

Extraneural Tumour in various organs 
including the breast, lung, stomach, colon, 
pancreas, skin, and others 


Retinoblastoma (RB) gene 
deletion syndrome 


Li-Fraumeni syndrome 


Hamilton et al. 
(1995), Cavenee 
et al. (2000) 


Inheritance Autosomal dominant 


Gene APC gene on chromosome 5q21 that is 
associated with familial adenomatous 
polyposis syndrome (FA P) 


Inheritance Autosomal dominant transmission 
has been shown in many cases 


Laberge-le Couteulx 
et al. (1999) 


Gene The gene has not been identified but 
appears to be present on chromosome 7q11, 
7p, and 3q 


Inheritance and gene Unknown 


Sevenet et al. (1999), 
Taylor et al. (2000) 


Inheritance The pattern of inheritance has not 
been confirmed as the number of reported 
pedigrees are limited 

Gene Mutation or deletion of the hSN5/INI1 
gene on chromosome 22q11.2 


Inheritance Autosomal dominant Sopta et al. (1992), 


Pratt et al. (1994) 


Gene RB1 gene on chromosome 13q14.2 


Tachibana et al. 
(2000) 


Inheritance Autosomal dominant 


Gene TP53 on chromosome 17p13 and 
checkpoint kinase 2 (nCKh2) gene on 
chromosome 22q12 


(Modified from Kleihues, P. and Cavenee, W. K. (2000). World Health Organization Classification of Tumours - Pathology and Genetics, Tumours of the Nervous System. 


International Agency for Research on Cancer, Lyon, France.) 


structures formed by epithelial cells supported by basement 
membrane material (Figure 1). This architecture closely 
mimics the primitive neuroepithelium that forms the neural 
tube. 


Medulloblastoma/Primitive Neuroectodermal Tumours 
(PNETs) This is a family of small blue cell tumours that 
phenotypically resembles the primitive neuroectoderm of the 
embryonal CNS. These tumours are known as medulloblas- 
toma when they arise in the posterior fossa and as PNETs 
when they arise outside the posterior fossa. M edulloblas- 
tomas are mostly seen in infants and children. Although 
medulloblastomas and PNETs are similar in morphology and 
immunohistochemistry, their age of distribution and anatom- 
ical location are very different. On the basis of DNA tech- 
nology, they also appear to be different tumours (Pomeroy 
et al., 2002). Although some neuropathologists propose that 
medulloblastomas and PNETs are the same tumour occur- 
ring in different sites, the current molecular evidence does 
not support this notion. 





Figure 1 Medulloepitheliomas are characterized by small blue cells that 
arrange in glandular or tubular structures reminiscent of the primitive 
neuroepithelium. Formation of solid sheets of tumour is present in the upper 
part of the photograph. 
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Table 5 Diagnostic immunohistochemical markers for brain tumours. 


Protein 


Properties 


A pplication 





Ki-67 


Glial fibrillary acidic protein (GFAP) 


Synaptophysin 


Chromogranin A 


Neurofilament proteins (NF Ps) 


Neu-N 
S-antigen, rhodopsin 


S-100 protein 


Vimentin 


Cytokeratins 


Epithelial membrane antigen (EMA) 


Haematopoietic markers (LCA, CD20, CD3, 
CD79a, CD 30, etc.) 


Placenta alkaline phosphatase (PLAP), 
CD117, and OCT4 


BAF47 


HM B45 


CD10 


Inhibin 


Non-histone proteins that are present in all 
phases of the cell cycle, except GO and the 
early GO- G1 transitional phase 

This is a class III intermediate filament of 
55 kDa. GFAP is expressed in mature 
astrocytes. It may co-express with other 
intermediate filaments in developing CNS 
Synaptophysin is an acidic, N-glycosylated 
integral membrane glycoprotein of 

38- 42 kDa that is expressed in the CNS 
This is a 70- 80-kDa protein that is found in 
neurosecretory granules. It is expressed in 
neuroendocrine cells outside the CNS 
Neurofilament proteins are class IV 
intermediate filaments that exist in three 
different isoforms (low, medium, and high 
molecular mass) and different 
phosphorylation states 


Expressed in mature neurons 


S-antigen and rhodopsin are proteins 
expressed by photoreceptor cells in the retina 
S-100 protein is an acidic protein that is 
widely expressed in the CNS, PNS, anda 
variety of cells outside the nervous system 
This is class II] intermediate filament of 

56 kDa. It is widely expressed in the 
developing nervous system. It is not 
expressed in most mature neurons. It is 
co-expressed with GFAP in mature and 
developing astrocytes 

Cytokeratins are proteins of class | and || 
intermediate filaments. They are 
predominantly expressed by epithelial cells 
This is a group of high molecular mass 
molecules with a high carbohydrate content. 
They are widely expressed by many epithelial 
cells. 

These antibodies can recognize a family of 
antigens that are found in cells of 
lymphocytic lineage 

Molecules expressed by germ cells 


This antibody is specific for the gene product 
of hSNF5/INI1 (SMARCB1) gene 


Expressed in malignant melanoma 
Expressed in the conventional (clear cell) 


type of renal cell carcinoma 


Expressed in haemangioblastoma 


Immunohistochemical recognition of Ki-67 is 
used to estimate the proportion of 
proliferating cells in brain tumours 
Expression of GFAP in a brain tumour is 
highly suggestive but not an absolute 
indicator of astrocytic differentiation 


Detection of neuroendocrine differentiation 


Detection of neuroendocrine differentiation 


Expression of neurofilament proteins is highly 
suggestive but not an absolute indicator of 
neuronal differentiation 


This is a useful marker for the recognition of 
tumour cells with neuronal differentiation 
Detection of photoreceptor differentiation in 
PNETs, retinoblastomas, and pineal tumours 
It is used in the diagnosis of tumours of the 
PNS and soft tissue 


Vimentin is strongly and extensively 
expressed by many tumours 


Used in the diagnosis of tumours with 
epithelial differentiation such as metastatic 
carcinomas and craniopharyngioma 

Used in the diagnosis of metastatic 
carcinomas. Some CNS tumours such as 
meningiomas, ependymomas, and atypical 
teratoid/rhabdoid tumours also express EMA 
These antibodies are useful for the 
recognition and classification of 
haematopoietic neoplasms such as lymphoma 


Useful in the diagnosis of germinoma 


Useful in the diagnosis of tumours associated 
with deletion or mutation of hSNF5/INI1 
(SMARCB1) gene such as atypical 
teratoid/rhabdoid tumour 

Useful in the distinction of malignant 
melanoma from metastatic carcinoma and 
other poorly differentiated tumours 

Useful in the differentiation of metastatic 
renal cell carcinoma and haemangioblastoma 
as each may mimic the other histologically 
Useful in the differentiation of metastatic 
renal cell carcinoma and haemangioblastoma 
as each may mimic the other histologically 





Note: Many of these markers are also expressed by normal tissue and tumours outside the CNS and PNS. The discussion here is limited to their application in the CNS and PNS. 


M edulloblastoma is the most common malignant child- 
hood brain tumour with rare occurrence in young adults. With 
adequate treatment, the 5-year survival rate is about 60- 80%. 
Congenital cases are uncommon and invariably fatal. M edul- 
loblastomas usually occur in the midline of the cerebellum 


with protrusion into the fourth ventricle, which leads to 
hydrocephalus (i.e., pathological expansion of the ventricles) 
(Figure 2). Macroscopically, medulloblastoma occurs as a 
soft to firm mass with well-demarcated margins and pale 
pink to tan cut surface with haemorrhage. Microscopically, 
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Figure 2 The fourth ventricle (arrow) is filled and expanded by a 
medulloblastoma. Such obstruction leads to hydrocephalus of the third and 
lateral ventricles (not shown here). The tumour has a creamy, fish-flesh-like 
cut surface. There is extensive |eptomeningeal spread in this case and some 
of these areas are associated with haemorrhage (arrowhead). 
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Figure 3 Medulloblastomas are composed of small cells with small 
hyperchromatic nuclei and high nuclear-to-cytoplasmic ratio. Homer Wright 
rosettes (H) are formed by radially arranged medulloblastoma cells and a 
central island of neuropils. 


medulloblastomas contain solid sheets of small cells with 
an extremely high nuclear-to-cytoplasmic ratio and small 
hyperchromatic nuclei. Homer Wright rosette (neuroblas- 
tic rosettes) is an inconstant feature (Figure 3). Necrosis is 
usually small and rarely extensive. M edulloblastoma has a 
sinister tendency to disseminate through CSF. 

One of the salient features of the embryonal CNS is 
an extremely high rate of cell proliferation and apoptosis. 
These features are reflected by medulloblastomas, and the 
proliferation rate based on Ki-67 labelling may range from 
5 to 80%. Such a high proliferation rate has been confirmed 
by other labelling methods such as iododeoxyuridine, which 
discloses a range of 3.9- 38.2% (Onda et al., 1996). 

Immunohistochemistry often detects synaptophysin, a neu- 
roendocrine marker, and nestin, a marker of primitive neu- 
roepithelial cells. Although histologic evidence of maturation 


is usually absent, the tumour cells may express different 
developmentally regulated antigens such as NFPs and/or 
GFAP that recapitulate different stages of the develop- 
ing CNS. Ependymal differentiation can also be seen in 
some cases. Photoreceptor-specific proteins such as retinal 
S-antigen and rhodopsin, skeletal muscle differentiation, and 
melanocytic differentiation have also been observed. It is 
obvious that medulloblastomas have the potential to differ- 
entiate along different lineages. 

Ultrastructurally, tumour cells may contain few, if any, 
specific ultrastructural features. Neurosecretory granules 
(dense core granules), synapses, and intermediate filaments 
are common. 

The molecular pathology of medulloblastoma will be 
discussed in the latter part of this chapter. 


Atypical Teratoid/Rhabdoid Tumour (ATRT) This is a 
highly malignant embryonal CNS tumour that contains 
rhabdoid cells (Figure 4) and, often, non-rhabdoid elements. 
They are predominantly seen in infants. The survival rate for 
patients under 2 years is only 17% but for patients older than 
3years it is 89% (Tekautz etal., 2005). This difference is 
probably because craniospinal radiation therapy is possible 
only in patients over 3 years. 

Atypical teratoid/rhabdoid tumours (ATRTs) occur in both 
infratentorial and supratentorial locations. M acroscopically, 
they are well demarcated. Rhabdoid tumour cells are large, 
round to oval cells with medium to large, eccentrically 
located, highly pleomorphic nuclei, with large and dis- 
tinct nucleoli. An eosinophilic intracytoplasmic inclusion 
body is typically present. These cells superficially resemble 
rhabdomyosarcoma but lack the ultrastructural and molec- 
ular evidence of skeletal muscle differentiation (hence the 
term rhabdoid). About two-thirds of ATRTs also have non- 
rhabdoid elements. The tumour cells are polyphenotypic. The 
molecular pathology of ATRT will be discussed in the latter 
part of this chapter. 





Figure 4 Rhabdoid cells in atypical teratoid/rhabdoid tumours are large 
round to oval cells with eccentrically located, large, highly pleomorphic 
nuclei and prominent nucleoli. Binucleated and multinucleated cells are 
not uncommon. A characteristic intracytoplasmic eosinophilic inclusion is 
typically present (arrow). These inclusions are strongly positive for vimentin. 
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Primary Tumours with Features of Mature Glial Cells, 
Neurons, and Choroid Plexus 


These are very common primary tumours of the CNS. They 
display features of mature neuroepithelial cells and probably 
arise from these cells. Three major categories will be 
considered here: glial tumours (gliomas), neuronal tumours 
and glial-neuronal tumours, and tumours of the choroid 
plexus. The molecular pathology of glioma is discussed in 
the latter part of this chapter. 


Glial Tumours Glial tumours or gliomas display features 
of mature astrocytes, oligodendrogliocytes, and ependymal 
cells, collectively known as glial cells. Glial tumours display 
a spectrum of biological aggressiveness spanning from 
benign to highly malignant (Ohgaki and Kleihues, 2005). 
Low-grade gliomas are more common in younger patients 
and high-grade gliomas are more common in older patients. 


Diffuse Astrocytoma, Anaplastic Astrocytoma, and 
Glioblastoma Astrocytic tumours possess the phenotypic 
features of astrocytes. They are the most common of the 
glial tumours, comprising about one-third of all the gliomas, 
and are most common in the cerebral hemispheres. 

The degree of anaplasia spans from low to high as 
the histologic grade moves from WHO grade II (diffuse 
or low-grade astrocytoma) to WHO grade III (anaplastic 
astrocytoma) and WHO grade IV (glioblastoma). WHO grade 
II astrocytoma has a far better prognosis compared to WHO 
grade III or IV tumours. The median survival times for 
WHO grade II tumour (low-grade astrocytoma), WHO grade 
III tumour (anaplastic astrocytoma), and WHO grade IV 
tumour (glioblastoma) are 5.6 years, 1.6 years, and 0.4 years, 
respectively (Ohgaki and Kleihues, 2005). Recurrences are 
common. 

Diffuse or low-grade astrocytoma (WHO grade II) occurs 
in young adults with the peak incidence occurring in the 
fourth decade. Onset at a young age and resectability are two 
favourable prognostic indicators. M acroscopically, they are 
poorly demarcated, soft, grey, expansile masses that involve 
mainly the white matter (Figure 5). On MRI, they are poorly 
defined, non-enhancing, infiltrative masses associated with a 
variable amount of oedema. 

Histologically, the neoplastic cells are morphologically 
similar to mature astrocytes. The tumour cells display a low 
level of cytologic atypia featured by clumpy, hyperchromatic, 
and slightly enlarged nuclei, which are the key features 
to distinguish them from normal astrocytes (Figure 6). The 
tumour cells arrange in streaming bundles of fibrillary cells 
to a meshworklike arrangement. Microcyst formation and 
mucoid changes are common. Some low-grade astrocytomas 
are composed of fibrillary astrocytes or polygonal to stellate 
neoplastic cells that arrange themselves into a fine cobweb 
resembling protoplasmic astrocytes. Features indicative of 
aggressive behaviour such as necrosis and mitoses are 
not present. Similar to normal astrocytes, the neoplastic 
astrocytes strongly express GFAP. 

Anaplastic astrocytomas (WHO grade III) are aggressive 
tumours with a peak age of occurrence about 10 years later 





Figure 5 The left side of the brain is expanded by a diffusely infiltrating 
astrocytoma that also compresses the ventricle. The cut surface of the 
tumour is similar to normal white matter with no delineation between the 
tumour and normal tissue. Attenuation of the gyral architecture, however, 
is obvious. 





Figure 6 The nuclei of neoplastic astrocytes (arrow) are much larger than 
entrapped non-neoplastic astrocytes. 


than that of low-grade astrocytomas. They enhance on MRI, 
which enable their separation from low-grade astrocytomas. 
M acroscopically, the tumours have poorly defined borders 
and are friable, greyish, and occasionally haemorrhagic. 
These tumours are densely cellular, mitotically active, and 
display moderate to high levels of nuclear pleomorphism 
(Figure 7). 

Glioblastoma (WHO grade IV) is a highly malignant, but 
unfortunately the most common, glial tumour in adults and is 
more common in men. The peak incidence is around the sixth 
and seventh decades. About one-tenth of all glioblastomas 
occur in infants and children. Glioblastoma may be primary 
or de novo (primary glioblastoma), or evolves from a low- 
grade glial tumour (secondary glioblastoma). The frontal half 
of the brain is more affected. On MRI, the tumours appear as 
irregular to multinodular mass with a heterogeneous signal, 
enhancement, and oedema. M acroscopically, glioblastomas 
are typically large, haemorrhagic, necrotic cerebral tumours 
that often extend across the midline (Figure 8). The salient 
histological features of glioblastoma include endothelial pro- 
liferation (Figure 9), pseudopalisading necrosis (Figure 10), 
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Figure 7 When compared to the cells in astrocytomas (Figure 6), the cells 
in anaplastic astrocytomas are larger, more pleomorphic, and mitotically 
active (arrow). 





Figure 8 Coronal section of the cerebrum showing a large, poorly demar- 
cated, and necrotic glioblastoma. The tumour has also infiltrated the corpus 
callosum (arrow) and extends to the contralateral hemisphere, which leads 
to the so-called butterfly tumour. 


markedly anaplastic cells, giant tumour cells, prominent 
mitotic activity, and atypical mitosis. Ki-67 labelling may 
vary significantly in different areas of the same tumour and 
mean values of 15-20% have been reported. 


Astrocytoma with Special Features Pilocytic astrocy- 
toma, pleomorphic xanthoastrocytoma, desmoplastic infan- 
tile astrocytoma, and subependymal giant cell astrocytomas 
are astrocytic tumours that exhibit distinct clinical and patho- 
logical features. 

Pilocytic astrocytoma is a WHO grade | tumour with a 
10-year survival rate of 96% (Ohgaki and Kleihues, 2005). 
M ost of these tumours present in the first two decades of life. 
Although uncommon, recurrence may occur. It is extremely 
unusual for them to progress to high-grade gliomas such 
as anaplastic astrocytomas (Ohgaki and Kleihues, 2005). In 
contrast to other low-grade gliomas, pilocytic astrocytomas 
enhance strongly and homogeneously. Pilocytic astrocy- 
tomas occur most commonly in the cerebellum as a discrete, 
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Figure 9 Note the glomeruloid architecture of the blood vessels (endothe- 
lial proliferation) with large, tombstonelike endothelial cells projecting 
into the lumen. Endothelial proliferation is a hallmark of glioblastoma 
multiforme. 
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Figure 10 Pseudopalisading necrosis refers to necrosis (N) that is rimmed 
by viable tumour cells with a palisaded arrangement. This arrangement, 
however, is a result of the necrotic process rather than a true palisading 
arrangement of tumour growth, and hence the term pseudopalisading. 


slow-growing mass with or without cystic change. Tumours 
that occur in a surgically accessible location can be totally 
resected and have an excellent prognosis. Histologically, 
they are characterized by alternating densely packed and 
loosely packed areas (Figure 11). Tumour cells often have 
an elongated, hairlike (piloid cells) cytoplasmic processes 
and express GFAP strongly. They are highly vascular and 
contain glomeruloid thin-walled blood vessels, which must 
be distinguished from endothelial proliferation in glioblas- 
tomas. Rosenthal material and eosinophilic granular bodies 
are common. 

Pleomorphic xanthoastrocytoma (WHO grade II) is most 
common in children and young adults. They typically 
occur as supratentorial, superficial, cystic tumours that are 
attached to the leptomeninges. Histologically, they are com- 
posed of cells that show extreme variation in the size 
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Figure 11 Pilocytic astrocytomas have alternating densely packed (arrow) 
and loosely packed areas. Tumour cells in the densely packed areas 
are reminiscent of bundles of hair admixed with Rosenthal material 
(inset). Many thin-walled and dilated blood vessels are typically present 
(arrowhead). 


and shape of both nuclei and cytoplasm (hence pleomor- 
phic) and many cells may have foamy cytoplasm that 
contains lipid droplets (hence xanthomatous). M ost pleo- 
morphic xanthoastrocytomas carry a favourable prognosis 
but a small proportion of them may progress to high-grade 
tumours. 

Desmoplastic infantile astrocytoma and subependymal 
giant cell astrocytoma will be discussed in the following 
text. 


Oligodendroglioma and Anaplastic Oligodendroglioma 
Oligodendrogliomas (WHO grade II) are low-grade gliomas 
that are composed of neoplastic cells morphologically resem- 
bling oligodendrocytes. They are less common than astro- 
cytic tumours but are still fairly common. They occur most 
commonly in the cerebral hemispheres and in the fourth to 
sixth decades of life. Macroscopically, they are relatively 
well-demarcated, soft, greyish pink tumours often with a 
translucent, gel-like consistency. The tumour cells are round 
to polygonal, with a well-defined cytoplasmic membrane, 
clear cytoplasm, isomorphic round, small nuclei, which give 
rise to the so-called fried-egg appearance (Figure 12). The 
proliferation rate is low and mitotic figures are rare. The 
mean survival time for oligodendrogliomas varies from 3.3 
to 7.1 years and the 5-year survival rate varies from 38 to 
54% (Dehghani et al., 1998). 

Anaplastic oligodendrogliomas (WHO grade III) occur in 
a slightly older age-group. These tumours have increased 
cellularity, a higher nuclear-to-cytoplasmic ratio and vari- 
ation in size and shape of nuclei, and amphophilic, rather 
than clear, cytoplasm. Endothelial proliferation and necrosis 
may be present and mitotic figures are readily identified. The 
prognosis (median survival time 0.87- 3.9 years) is worse 
than that for WHO grade II oligodendroglioma (Dehghani 
et al., 1998). 


Ependymal Tumours Ependymal cells are modified glial 
cells that line the ventricles. Ependymal tumours have 





Figure 12 Oligodendrogliomas are characteristically composed of round 
to polygonal cells with clear cytoplasm and centrally located round nuclei. 
A rich, delicate vascular network (arrow) is also a salient feature. 


features of ependymal cells and are segregated into several 
distinct groups. 

Ependymomas (WHO grade II) are seen in all age-groups, 
but are most common in children. They comprise 6- 12% of 
all intracranial tumours in children and about 30% of them 
occur before the age of 3. Ependymomas may occur at any 
site along the ventricular system and in the spinal canal. The 
clinical behaviour does not correlate well with histological 
features. Complete resection remains an important positive 
prognostic parameter. 

Ependymomas are usually well demarcated. Hydro- 
cephalus is common. Classical ependymomas are composed 
of densely packed isomorphic cells that have a small to 
moderate amount of cytoplasm with a perivascular dis- 
tribution of cells (Figure 13). The cytoplasmic processes 
of ependymoma typically taper towards a blood vessel to 
form a pseudorossette. Occasional small canals formed by 
ependymal cells (also known as ependymal rosettes) may 
occur. 





Figure 13 Ependymomas often appear as isomorphic cellular tumours 
with a rich vascular supply and pseudorosette formation (inset). 


NEUROMUSCULAR SYSTEM 13 


Ependymomas express GFAP and EMA. The ultrastruc- 
tural characteristics of normal ependymal cells are well 
maintained by the tumour cells. 

Anaplastic ependymoma (WHO II!) has features of aggres- 
sive behaviour and malignancy such as increased pleomor- 
phism, high mitotic activity, and necrosis. 

M yxopapillary ependymomas (WHO grade I) have a 
distinctive histology and carry an excellent prognosis if 
completely resected. They can be seen in all age-groups but 
are most common in the fourth decade. They occur almost 
exclusively at the caudal end of the spinal cord. 

Subependymoma (WHO grade I) is an uncommon, slow- 
growing, benign periventricular tumour that is often found 
as an incidental finding during autopsy. 


Mixed Gliomas Some gliomas contain more than one neo- 
plastic component. Oligoastrocytoma (WHO grade II), the 
prototype of mixed glioma, is composed of a substantial 
mixture of distinct components of astrocytoma and oligoden- 
droglioma. When features indicative of malignant behaviour 
are present, they are termed anaplastic oligoastrocytoma 
(WHO grade III). Monomorphic angiocentric glioma is a 
recently described entity with both ependymal and astrocytic 
features (Wang et al., 2005). 


Neuronal and Mixed Glial-Neuronal Tumours Primary 
neuroepithelial tumours that contain neoplastic neuronal 
elements are most common in children and young adults. 


Ganglioglioma and Gangliocytoma_ Ganglioglioma (WHO 
grade |) contains neoplastic ganglion (neuronal) cells and 
neoplastic glial cells. Intractable epilepsy is the most com- 
mon manifestation and the temporal lobe is the preferred 
site. Total resolution or significant improvement for control 
of epilepsy is often achieved following surgical excision. 

Macroscopically, gangliogliomas and gangliocytomas 
often consist of a well-circumscribed solid mass or cyst 
with a mural nodule; they are not usually associated with 
significant mass effect or oedema. 

Ganglioglioma (WHO grade I) is composed of neoplastic 
ganglion cells admixed with a neoplastic glial component, 
usually of astrocytic differentiation (Figure 14). Calcification 
is often present and may be substantial. Mitosis, necrosis, 
and other histologic indications of aggressive behaviour are 
absent. Neoplastic ganglion cells, the quintessential feature 
of these tumours, are moderate to large dysmorphic cells 
that resemble neurons. Neoplastic ganglion cells express 
NFPs, synaptophysin, and other neuronal markers such as 
Neu-N in the neoplastic ganglionic cells, whereas the glial 
component expresses GFAP. At the ultrastructural level, 
neurosecretory granules are often seen in the neoplastic 
neurons; synaptic junctions may or may not be present. 
Gangliocytomas are exclusively composed of neoplastic 
ganglion cells. Papillary glioneuronal tumour is a newly 
recognized variant of ganglioglioma. 

Rare anaplastic gangliogliomas (WHO grade II and III) 
have been reported and the glial component in these tumours 
resembles anaplastic astrocytoma or glioblastoma. 





Figure 14 Gangliogliomas have a neuronal (ganglionic) component 
(arrow) and an astrocytic component (arrowhead). Ganglionic cells (inset) 
are usually bizanne in shape and much larger than astrocytic cells. 


Dysplastic Gangliocytomas of the Cerebellum (Lher- 
mitte—Duclos Disease) This interesting benign cerebellar 
lesion combines features of hypertrophy, congenital malfor- 
mation, and neoplasm. It is benign, often associated with 
Cowden’s disease (see subsequent text), and is restricted to 
the cerebellum. 

These tumours display an “inverted arrangement” with an 
outer layer of well-developed superficially parallel myeli- 
nated nerve fibres and a middle layer of radially arranged 
myelinated fibres followed by an inner layer of neurons that 
contains both small hyperchromatic neurons and large polyg- 
onal and bizarre neurons with prominent nucleoli resembling 
Purkinje cells. 


Dysembryoplastic Neuroepithelial Tumour (DNET) 
DNETs (WHO grade I) are benign glial-neuronal neoplasms 
that are mostly seen in children and young adults and often 
associated with intractable seizures. M any occur as superfi- 
cially located tumours in the mesial temporal lobes. M acro- 
scopically, they contain a central viscous mass associated 
with firmer nodules in the periphery. Classical DNETs con- 
tain a mucoid component composed of columns of axons 
perpendicularly oriented to the pial surface and lined by small 
oligodendroglia-like cells. 


Central Neurocytoma Central neurocytomas (WHO grade 
I1) constitute less then 1% of all intracranial tumours. They 
typically occur in young adults with peak incidence in the 
third decade. The lateral ventricles or the third ventricle 
is the preferred site. Hydrocephalus is common. Histolog- 
ically, neurocytomas are composed of solid sheets of round 
to polygonal cells with a distinct cytoplasmic membrane, 
amphophilic granular to clear cytoplasm, and small round 
nuclei with a strong resemblance to oligodendrogliomas. 
They can be distinguished by immunohistochemistry and 
electron microscopy. 


Choroid Plexus Tumour Choroid plexus is of neuroecto- 
dermal origin and has all features of epithelial cells includ- 
ing tight junctions and basement membrane. Over 90% of 
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Figure 15 Choroid plexus papillomas show branching papillary structures 
covered by a single layer of epithelium. 


choroid plexus tumours arise from the lateral and fourth ven- 
tricles, while about 5% are found in the third ventricle. M ost 
of them occur before the age of 2 and 80% of the tumours are 
seen in patients younger than 20 years; congenital tumours 
have been described. Hydrocephalus is often caused by 
obstruction and, far less commonly, overproduction of CSF. 
Clinical manifestations are those of hydrocephalus and com- 
pression of the cerebellum and cranial nerves. 

Choroid plexus papilloma (WHO grade |) appears as a 
cauliflower-like mass that is adherent to the ventricular wall 
but well demarcated from the brain parenchyma. Histologi- 
cally, it recapitulates normal choroid plexus and is composed 
of delicate, often oedematous, fibrovascular connective tis- 
sue fronds covered by single-layered, columnar to cuboidal 
epithelium with basally located nuclei (Figure 15). A base- 
ment membrane is present. 

Choroid plexus carcinoma is one of the very few carci- 
nomas that occur almost exclusively in infants and children, 
rather than in adults. Choroid plexus carcinomas show par- 
tial loss of the papillary pattern with tumour cells arranged in 
solid sheets, increased mitosis, increased anaplasia, necrosis, 
and brain invasion. Proliferative activity of the carcinoma 
(mean 13.8%, range 7.3- 60%) is significantly higher than 
that found in papillomas (mean 1.9%, range 0.2- 6.0%) 
(Vajtai et al., 1996). 

The overall 5-year survival rate for choroid plexus papil- 
loma is 100% and for choroid plexus carcinoma it is 40%. 


Primary Tumours of Meninges and Mesenchyme 


This family of tumours arises within intracranial and 
intraspinal locations and recapitulates features of the lep- 
tomeninges and the surrounding supporting connective tissue, 
bone, and cartilage. 


Tumours with Meningothelial Differentiation 
Meningioma Meningioma and its aggressive variants dis- 


play features of mature meningothelial cells and histolog- 
ically resemble the arachnoid (meningothelial) cells of the 


leptomeninges. The vast majority (80-90%) are menin- 
giomas of WHO grade |. Meningiomas are very common 
tumours and comprise 13-26% of all primary intracranial 
mass lesions. The peak incidence of meningioma is in the 
fifth and sixth decades. They are uncommon in children and 
almost unknown in infants. M eningioma is one of the very 
few primary brain tumours that are more common in women 
(twice as common) than in men. They are slow-growing 
tumours and the neurological manifestations are typically 
caused by compression of adjacent structures. The specific 
neurologic deficits depend on the location of the tumour. The 
smaller tumours, however, can remain clinically silent and 
present as an incidental finding at autopsy. Surgical resec- 
tion is usually the treatment of choice and recurrence is fairly 
common. The molecular biology of meningioma is discussed 
in the latter part of this chapter. 

M eningiomas are most commonly seen in the areas where 
arachnoid villi are most abundant. They are preferentially 
found over the cerebral convexity, olfactory groove, sphenoid 
ridge, parasagittal and parasellar regions, petrous ridge, 
and tentorium cerebelli. Meningiomas that arise in the 
cranial base have a tendency to invade into the surrounding 
bone, connective tissue, and sinuses, which would lead 
to atypical clinical presentation such as nasal obstruction, 
sinus symptoms, and toothache. Unusual tumours may arise 
entirely within bone and may be associated with osteoblastic 
activity. A bout one-tenth of the cases occur in the spinal cord. 
Rare cases are found as exophytic, intraventricular tumours. 

Multiple tumours are not infrequent, particularly in 
patients with neurofibromatosis type 2 (NF2) (see subse- 
quent text). On MRI, meningiomas typically appear as well- 
demarcated masses that enhance homogeneously and are 
associated with a variable amount of oedema in the sur- 
rounding brain. Grossly, they are well-demarcated, round 
to lobulated, rubbery to firm masses (Figure 16), which 
are separate from the brain parenchyma. The cut surface 
is homogeneous, tan, and, sometimes, calcified. Intracranial 
meningiomas are often attached to the dura, whereas those in 
the vertebral canal are usually adherent to the leptomeninges. 

The common features of meningiomas of WHO grade! are 
the small, round to oval nuclei, nuclear pseudoinclusions, and 
minimal nuclear pleomorphism. M itosis, necrosis, and brain 
invasion are absent. 

Histologically, the meningothelial type, a very common 
subtype, is composed of tumour cells that are arranged into 
sheets and lobules that are separated by thin collagenous 
septae (Figure 17). Many of these cells arrange themselves 
into small whorls of cells resembling arachnoid granulations. 
Cytologically, they lack anaplastic features and resemble 
normal arachnoid cells (Figure 18). Psammoma bodies are 
round, laminated calcified bodies that are often found at the 
centre of these whorls. Fibrous (fibroblastic) meningioma 
is composed of spindle-shaped cells (Figure 19). Other 
histological patterns are well described. 


Atypical and Anaplastic Meningiomas Atypical menin- 
giomas (WHO grade II) display features that suggest aggres- 
sive biological behaviour, including four mitotic figures per 
10 high-power fields, uninterrupted patternless or sheetlike 
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Figure 16 Parasagittal meningioma, which has compressed, but not 
invaded, the surrounding gyri producing atrophy (arrow). 





Figure 17 Whorl formation in meningioma (arrow). A psammoma body 
(P) is also present. 


cell growth, increased pleomorphism, and necrosis. Invasion 
of the brain is often, but not always, present. 

Brain invasion by meningioma is an indication of aggres- 
sive behaviour but invasion of the soft tissue and bone 
by a meningioma is not an indication of biological malig- 
nancy. 

Anaplastic (malignant) meningiomas (WHO grade III) are 
frankly anaplastic. In addition to the histologic features 
of atypical meningioma, these tumours can have a high 
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Figure 18 Nuclei of meningioma resemble those of the arachnoid cells 
and are round to oval and have a speckled chromatin pattern. There is 
almost no pleomorphism in this field. 
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Figure 19 Fibroblastic meningiomas are composed of spindle cells remi- 
niscent of fibroblasts arranged in fascicles. 


mitotic count, high K i-67 labelling index, and necrosis. Brain 
invasion is almost always present. 


Immunohistochemistry and Ultrastructure of Menin- 
giomas |mmunohistochemically, meningiomas express 
EMA and S-100 protein. Expression is less consistent in 
atypical and anaplastic meningiomas. Meningiomas do not 
express GFAP. 

Characteristic ultrastructural features of meningiomas 
include interdigitations of the cytoplasmic membrane, 
hemidesmosomes, intermediate filaments, and desmosomes. 


Mesenchymal Tumours Mesenchymal tumours (also 
known as soft tissue tumours) arise within the intracranial 
and/or intraspinal cavity with rare incidences. They exhibit 
mesenchymal differentiation of various types including 
fat, fibrous tissue, muscle, bone, endothelial cells, and 
others. This heterogeneous family includes benign tumours 
such as lipomas and highly malignant lesions such as 
mesenchymal chondrosarcomas. Some tumours, such as 
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rhabdomyosarcoma, are preferentially seen in children, 
whereas other tumours such as chondrosarcoma are often 
seen in adults; no age-group is spared. As this is a quite 
diversified group, only a few will be discussed here. 


Vascular Tumours Vascular lesions of the brain often form 
a mass, and these lesions fall into three major groups. The 
most frequent type is malformative, rather than neoplastic, in 
nature and includes arteriovenous malformations, cavernous 
angiomas, venous angiomas, and capillary telangiectases. 
Some of these vascular malformations are associated with 
familial syndromes that involve malformations of the CNS 
and blood vessels. Angiographic studies in addition to MRI 
could provide valuable help. 

The second type includes true neoplasms with histo- 
logical and immunohistochemical features of endothelial 
cells. The tumour cells express factor-V II] and CD31 and 
can also be identified with Ulex europeus lectin. Haeman- 
giomas are benign tumours. Epithelioid haemangioendothe- 
liomas are rare vascular tumours of intermediate malig- 
nancy, which arise from the skull base, dura, or brain 
parenchyma. Angiosarcomas are rare but highly malignant 
vascular tumours. Kaposi sarcomas are only exceptionally 
encountered and almost always associated with acquired 
immune deficiency syndrome (AIDS). 

In the third type, the tumours have such a rich vasculature 
so as to suggest a vascular tumour but the neoplastic cells 
do not exhibit features of endothelial cells. Examples include 
haemangiopericytoma and haemangioblastoma. 


Haemangioblastoma Although histologically highly sug- 
gestive of a vascular tumour, haemangioblastomas do not 
express molecular features of endothelial differentiation. In 
fact, their cell of origin is poorly understood but, for prac- 
tical purposes, they are discussed along with other vascular 
tumours. 

Haemangioblastomas are relatively common and about 
25% of them are associated with von Hippel- Lindau disease 
(see subsequent text). This is a biologically benign tumour 
and occurs most commonly in young and middle-aged adults; 
the cerebellum is the preferred site. While the sporadic 
cases are solitary, haemangioblastomas associated with von 
Hippel- Lindau disease tend to occur in younger adults or 
sometimes children and are often multiple. 

Macroscopically, haemangioblastomas are often well- 
circumscribed cystic tumours, and the strategic position in the 
posterior fossa often obstructs CSF flow, leading to hydro- 
cephalus. Histologically, they are highly vascular (Figure 20) 
and composed of sheets and lobules of vacuolated large 
stromal cells. Immunohistochemically, they do not express 
markers of endothelial cells. Inhibin (Jung and Kuo, 2005), 
but not cytokeratin, can be detected in haemangioblastomas, 
which helps to distinguish them from metastatic renal cell 
carcinoma, a close mimicker. 


Chordoma_ Chordomas are infiltrative tumours with fea- 
tures of notochordal tissues that arise mainly at either end of 
the vertebral column probably arising from notochord rem- 
nants. M ost cases are seen after the age of 50, occasionally 





Figure 20 Haemangioblastomas are richly vascular, with dilated blood 
vessels, and clear tumor cells. 





Figure 21 Chordoma is composed of bubbly physaliferous cells (arrow) 
and metachromatic chondroid, acellular material (C). 


in younger adults, and rarely in children. Although locally 
invasive, these tumours have little anaplastic features. M acro- 
scopically, they are grey, bulky, soft to gelatinous masses. 
The histological hallmark is large and bubbly physaliferous 
cell (Figure 21) in a metachromatic myxoid or chondroid 
background. 


Primary Tumours with Features of Tissue outside the CNS 


These interesting primary tumours have no normal counter- 
parts in the mature CNS. Three families of tumours comprise 
this group: tumours of the haematopoietic system, germ cell 
tumours and teratomas, and craniopharyngioma. 


Primary Tumours of the Haematopoietic System The 
CNS may be involved by both primary and secondary 
tumours of the haematopoietic system. Over 98% of all pri- 
mary CNS lymphomas are B -cell lymphomas, predominantly 
diffuse large B-cell lymphomas. The prognosis is poor. 
Primary B-cell lymphoma of the CNS was a rare disease 
until the beginning of the epidemic of HIV infection and 


NEUROMUSCULAR SYSTEM 17 


the wide application of immunosuppression for solid organ 
transplantation. In immunocompetent patients, primary CNS 
lymphoma is seen mainly in elderly patients. In immunocom- 
promised patients, the age of onset is related to the time of 
onset of the immunodeficiency or immunosuppression and 
the type of immunosuppression. Epstein-Barr virus plays 
an important role in tumourigenesis in immunocompromised 
patients. 

Primary CNS lymphomas are preferentially found in deep- 
seated brain tissue such as the basal ganglia and periventric- 
ular areas and may be solitary or multiple. Demarcation from 
the surrounding tissue can be variable and they are usually 
soft. 

Histologically, lymphomas are characterized by a perivas- 
cular and concentric infiltration by large, atypical, and 
monotonous lymphocytes with extensive invasion into the 
surrounding brain parenchyma (Figure 22) with associated 
gliosis. Immunohistochemically, B-cell lymphomas express 
B-cell markers and often demonstrate immunoglobin light 
chain restriction. 


Germ Cell Tumours Germ cells are not normal residents 
of the CNS in any significant amount. However, it is thought 
that a small number of primordial germ cells are disseminated 
along the migration trail from the yolk sac to the gonads 
during embryogenesis. These cells are the putative origin 
of germ cell tumours in the CNS. Germ cell tumours are 
primarily seen in children and are more common in males 
than in females. Germ cell tumours typically occur along the 
midline, with the pineal gland being the most common site, 
followed by the suprasellar region. 

Like other gonadal and extragonadal germ cell tumours, 
those arising in the CNS display a spectrum of differentiation. 
Pure germinoma and teratoma are, however, the most com- 
mon types. Their pathology is identical to the similar type 
of tumours that occur in gonads. Germinomas are generally 
soft and friable. Histologically, they are composed of large, 
uniform cells with large vesicular nuclei containing a promi- 
nent nucleolus that resemble primitive germ cells. These 





Figure 22 Neoplastic lymphocytes demonstrating characteristic concentric 
perivascular arrangements in a primary diffuse large B-cell lymphoma of 
the brain. 





Figure 23 In germinoma, the neoplastic cells have large nuclei, prominent 
nucleoli, and a small amount of cytoplasm (arrow). A variable number of 
lymphocytes are always present (arrowhead). 


large, atypical cells are mixed with a variable density of 
mature, non-neoplastic lymphocytes (Figure 23). Extensive 
granulamatous changes can occur and may lead to diagnos- 
tic pitfalls. Immunohistochemical demonstration of placental 
alkaline phosphatase (PLAP), CD 117 (c-kit), and OCT4 are 
useful diagnostic aids. 

Teratomas, in contrast to the aforementioned germ cell 
tumours, differentiate along ectodermal, endodermal, and 
mesodermal lineages. Derivatives from all three germ layers 
such as neural tissue, respiratory epithelium, cartilage, bone, 
secretory glands, and others are typically present. 

Secretion of PLAP, a-fetal protein (AFP), and -human 
chorionic gonadotrophin to peripheral blood allows early 
detection of recurrence in these tumours, a unique feature 
among other primary brain tumours. 


Craniopharyngioma_ Craniopharyngiomas are biologically 
benign but locally invasive tumours. They have a bimodal 
distribution; the bulk of them are seen in children and 
young adults and the second peak occurs around the sixth 
decade. They occur in the suprasellar region, often with 
an intrasellar component and are presumably derived from 
Rathke’s pouch. They vary from solid to predominantly 
cystic. The cystic lesions often contain a cholesterol-rich, 
thick, brownish yellow fluid that looks like machine oil. 
These tumours are typically walled by densely gliotic tissue. 
Their proximity to the optic chiasma and pituitary gland 
make visual disturbance, endocrine abnormalities of the 
anterior pituitary, and diabetes insipidus the most frequent 
clinical presentations. Compression of the third ventricle 
often causes hydrocephalus. Craniopharyngiomas are well- 
demarcated tumours that vary greatly in size and extent. 
Histologically, the most common type (adamantinomatous 
type) have histologic features of both ameloblastoma and 
calcifying odontogenic tumour of the jaw (Figure 24). They 
are characterized by anastomosing trabeculae of stratified 
squamous epithelium with peripheral palisading of nuclei. 
Enclosed within these islands are loosely arranged stellate- 
shaped epithelial cells and often calcified masses of “wet 
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Figure 24 Photomicrograph of an adamantinomatous craniopharyngioma 
invading into the adjacent brain (B). The tumour has a complex pattern 
composed of anastomosing trabeculae of epithelial cells supported by 
stroma of stellate cells. Islands of “wet keratin” (arrow) are present and 
calcification in these nests is common (C). 


keratin”. Substantial calcification can occur. Their expression 
of enamel proteins and LEF1 protein (Sekine et al., 2004) 
confirms the odontogenic phenotype. 


Secondary Tumours 


Secondary neoplastic involvement of the CNS falls into two 
major groups, namely, metastatic tumours and secondary 
involvement of the CNS by haematopoietic tumours such 
as lymphomas and leukaemias; both involve haematogenous 
spread. They may present as a single lesion or multiple 
lesions in the brain. 

Carcinoma, malignant melanoma, and germ cell tumours 
often produce metastases to the CNS. In contrast, metastatic 
sarcomas, with the exception of alveolar soft part sarcoma, 
are far less common. Over 50% of all metastatic carcinomas 
originate from the lung. Other common origins include car- 
cinoma of the breast and malignant melanoma (Figure 25). 





Figure 25 Multiple metastases from a malignant melanoma. M etastatic 
tumours are often multifocal. Note the carbon black colour of the tumour. 


In most cases, the histopathology of the metastatic tumour is 
similar to the original tumour. 


Tumours of the PNS 


Similar to the CNS, tumours of the PNS can also display 
features of embryonal and mature features of the PNS. 


Peripheral Neuroblastic Tumours of the Adrenal Gland 
and Sympathetic Nervous System 


Peripheral neuroblastic tumours are childhood tumours with 
the phenotypic features of immature neuroectodermal cells 
derived from the neural crest with or without associated 
mature ganglionic elements. These tumours contain one, 
two, or more of the following components: undifferentiated 
neuroblasts, neuropil, differentiating neuroblasts in various 
stages of maturation, ganglion cells, mature neuritic pro- 
cesses, Schwann cells, and fibrous tissue (J oshi, 2000). With 
advancing level of differentiation, these tumours are known 
as neuroblastomas, ganglioneuroblastomas, and ganglioneu- 
romas. Components at different levels of differentiation can 
coexist in the same tumour. Spontaneous regression and 
maturation induced by chemotherapy have both been well 
documented in neuroblastomas. 

Neuroblastic tumours are the most common extracranial, 
solid, malignant tumours during the first 2 years of life and 
they tend to metastasize widely. About half of the cases 
arise from the adrenal medulla, whereas the remainder are 
associated with ganglia along the sympathetic chain. They 
typically present clinically as a palpable abdominal mass, 
hepatomegaly, or a thoracic mass. They may compress 
the spinal cord and/or adjacent nerve roots and present 
with neurological symptoms. A small number may secrete 
vasoactive intestinal polypeptide and cause diarrhoea. 

The Pathologic Classification Based on Recommendations 
of International Neuroblastoma Pathology Committee (M odi- 
fication of Shimada Classification) provides a comprehensive 
approach in correlating the histopathology and clinical out- 
come of neuroblastic tumours (Joshi, 2000). 

Grossly, neuroblastic tumours are encapsulated, soft, 
grey-tan tumours. Ganglioneuromas are firmer than neu- 
roblastomas. Histologically, neuroblastoma is composed 
exclusively of neuroblastomatous components. These cells 
recapitulate features of the embryonal nervous system at a 
very early stage of differentiation. The neuroblastomatous 
components have small, hyperchromatic nuclei and minimal 
cytoplasm. Some of them may display features of differen- 
tiating neural cells with neuropil and Homer Wright rosettes 
(Figure 26). The schwannian stroma expresses S-100 pro- 
tein. Ganglioneuroblastoma is composed of nests and islands 
of neuroblastomatous component with ganglioneuroma- 
tous component (component with advanced differentiation), 
which contains mature ganglion cells, neuritic processes 
accompanied by Schwann cells (schwannian stroma), and 
mature fibrous tissue with evidence of organization (par- 
allel arrangement of neuritic processes, fascicles of neu- 
ritic processes). Component with intermediate differentiation 
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Figure 26 Neuroblastoma arising within the adrenal gland showing a 
Homer Wright (neuroblastic) rosette (H). Note that the tumour is composed 
exclusively of neuroblastomatous components. 





Figure 27 Ganglioneuroma displaying advanced neuronal differentiation 
with ganglion cells (large cells) in a schwannian background. 


(intermediate components) can also be found. Ganglioneu- 
roma is composed predominantly of ganglioneuromatous 
component, although a small number of differentiating neu- 
roblasts can be present (Figure 27). 

The neuroblastomatous component has a high tendency to 
metastasize widely especially to bone marrow (Figure 28). 
The overall prognosis correlates with clinical staging, the 
histological grade (maturity) of tumour, N-MYC amplifica- 
tion, and DNA ploidy. In general, infants under one year of 
age have better overall prognosis for the same clinical stage, 
histologic grade, and status of N-MYC amplification. 


Neurofibroma 


Neurofibroma is a benign tumour that may occur in all age- 
groups. The exact incidence of neurofibroma is unclear and 
some of them are associated with neurofibromatosis type 
1 (NF1) (see subsequent text). They are most frequently 


Figure 28 The bone marrow space is replaced entirely by metastatic 
neuroblastoma. Residual bone trabeculae (B) are largely preserved. Note 
also the small and undifferentiated morphology of the tumour cells (inset). 


found in the part of the PNS that is most distant from 
the spinal cord and brain. Neurofibroma typically diffusely 
infiltrates and expands a nerve. They may be confined by 
the perineurium when they arise from medium-sized nerves 
but they tend to infiltrate into the surrounding soft tis- 
sue. Neurofibromas usually present as cutaneous nodules 
(localized cutaneous neurofibroma) and less commonly as 
isolated, well-circumscribed masses (isolated intraneural neu- 
rofibroma) within nerves. In patients with NF1, they often 
present as plexiform neurofibromas that appear as diffuse 
enlargement of major nerve trunks and their branches; mul- 
tiple tumours and malignant transformation is also common 
in patients with NF1. Macroscopically, they are firm and 
grey-tan tumours. Cells composing the tumour have fea- 
tures of fibroblasts, Schwann cells, and perineural cells 
that are embedded within a collagenous and mucoid matrix 
(Figure 29). M ost tumour nuclei are small and bland; mitotic 
figures are rare. S-100 is invariably expressed in these 
lesions. 


Schwannoma 


Schwannomas are common benign tumours that are most 
frequently seen in the fourth to sixth decades but they 
can occur in all age-groups. Unless associated with NF2 
(see subsequent text), they are usually solitary. They 
arise most frequently from sensory branches of periph- 
eral nerves of the head and neck region and extensor 
aspects of the extremities. The cochlear- vestibular nerve 
is another common site, resulting in tinnitis and hearing 
loss. 

The majority are well-circumscribed, oval, solid to cystic, 
tan, rubbery tumours. In contrast to neurofibromas, which 
diffusely infiltrate the nerve, schwannomas compress, but 
do not excessively infiltrate, the nerve. Thus, the nerve 
may be salvaged during surgical excision of schwannomas. 
Histologically, schwannomas are composed of elongated 
spindle-shaped cells with elongated nuclei. The tumour cells 
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Figure 29 Neurofibromas usually have a low-to-moderate cellularity. The 


tumour cells are spindle shaped and are admixed with fine collagen bundles 
embedded in a myxoid background. 
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Figure 30 This photomicrograph shows the Antoni A areas formed by 
alternating densely packed, palisading bands of nuclei alternating between 
bands of paucinuclear tumour tissue. 


often arrange into so-called densely packed palisading Antoni 
A pattern (Figure 30) and loosely packed Antoni B patterns 
(Figure 31). 


Malignant Peripheral Nerve Sheath Tumour (MPNST) 


M PNSTs are uncommon. Over half of them occur in patients 
with NF1 and result from malignant transformation of pre- 
existing neuorfibromas, particularly plexiform neurofibro- 
mas. M any M PNSTs have both the features of neurofibroma 
and schwannoma but the distinction is not clear-cut. The 
diagnostic term, MPNST reflects the lack of distinct pheno- 
typic features of neurofibromatous or schwannian or other 
distinctive phenotypes. 


Aa A it ay 
pe tae, 
i SB gg Bye b : 
| à f; "A r ô j 
P 4 a? / Bee s$ 
oe’ 4 ae tere, 

té é | Ps R 
ie Say € eee inca 


Figure 31 In Antoni B areas, the tumour cells are loosely packed and do 
not grow in a palisading pattern. 


MOLECULAR GENETICS 


Cytogenetics, Fluorescent In Situ Hybridization 
(FISH), and Polymerase Chain Reaction (PCR) 


A large number of molecular biology techniques have 
been available in the past few years for the study of 
brain tumours in the research arena. Three techniques, 
cytogenetics, fluorescent in situ hybridization (FISH), and 
polymerase chain reaction (PCR), are widely used for both 
diagnosis and screening. 

Cytogenetics refers to the morphological characteriza- 
tion of the entire karyotype in normal or neoplastic 
tissue. It allows detection of structural changes of chromo- 
somes, namely, deletion, inversion, translocation, trisomy, 
polysomy, and double minutes. Since all chromosomes are 
visualized at the same time, it is a good screening test 
for chromosomal abnormalities. A variety of chromosomal 
abnormalities have been identified in human brain tumours 
using cytogenetics, with the deletion of chromosome 22q in 
ATRT serving as an example. Successful culture of tumour 
cells is required and is not always possible. In addition, they 
cannot detect microdeletions that are beyond resolution by 
banding techniques. 

FISH can be used in paraffin-embedded tissue and in 
cultured cells. By using an appropriate fluorescent probe, a 
particular chromosome can be visualized or the visualization 
can be limited to a small region that allows the detection of 
microdeletions, fusion, and double minutes in amplification. 
FISH, however, cannot visualize all chromosomes at the 
same time and is more appropriate for confirmation rather 
than screening purposes. 

W hile cytogenetics and FISH rely on morphological stud- 
ies, mutations, deletions, and amplification can also be 
detected by PCR when appropriate probes (primers) are used. 
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Familial Tumour Syndromes Involving the Nervous 
System 


This is a consortium of syndromes characterized by a com- 
bination of malformations, hamartomas, and tumours of the 
nervous system with systemic neoplastic and non-neoplastic 
conditions. Many are associated with other conditions that 
facilitate early clinical recognition (Table 4). Some have 
characteristic skin lesions and are known as neurocutaneous 
syndromes, phakomatoses, or ectomesodermal syndromes. In 
some of these syndromes, more than one type of neoplasm 
can occur in the same patient (see also G enetic Susceptibil- 
ity to Cancer). 


Tuberous Sclerosis 


Tuberous sclerosis involves multiple organs but the brain 
is most frequently affected. It is relatively common, the 
incidence being 1 in 6000-10000. Multiple hamartomas 
or slowly growing tumours involve the CNS, retina, skin, 
heart, and kidney. This is an autosomal dominant condition 
with high penetrance. It is unusual to observe affected 
siblings of apparently normal parents. The TSC1 gene on 
chromosome 9q34 that encodes hamartin and TSC2 gene 
on chromosome 16p13.3 that encodes tuberin have been 
identified. Hamartin is strongly expressed in organs that are 
affected by tuberous sclerosis such as the brain, kidney, and 
heart. Tuberin is also widely expressed and its pattern of 
expression overlaps that of hamartin. Although mutations 
of both TSC1 and TSC2 have been described in patients 
with tuberous sclerosis, genotype- phenotype correlation has 
not been well established. The hamartomas of the CNS are 
believed to be caused by a failure of cell migration and 
differentiation at an early stage of embryogenesis. 

Clinical manifestations are mostly related to the slowly 
growing tumours or hamartomas, and are highly variable. 
Severity is related to the extent of involvement and age of 
onset. In classical cases, patients have seizures, are often 
mentally retarded, and have adenoma sebaceum (the classic 
triad); however, clinical manifestations can be extremely 
variable. Tuberous sclerosis can be separated into definitive, 
provisional, and suspect categories on the basis of specific 
clinical criteria. The pathology of tuberous sclerosis is 
diverse (Table 6), and only features pertinent to the CNS 
will be discussed. 

Cortical tubers consist of pale, firm, cortical nodules that 
expand the gyri and blur the margin between grey and white 
matter. Calcification is common and can transform the tuber 
into a stony-hard structure. The number and location of 
tubers varies. They are scattered throughout the brain and 
often act as epileptic foci. Histologically, the normal cortical 
architecture is effaced by collections of large bizarre cells 
that are haphazardly arranged within a gliotic background. 
These bizarre-looking cells have an amphophilic to slightly 
eosinophilic homogeneous cytoplasm and well-defined cyto- 
plasmic borders. They also have stout processes, peripheral 
vacuolation, eccentric nuclei, and prominent nucleoli. It is 
often difficult to determine whether they are glial cells or 


Table 6 Manifestations of tuberous sclerosis. 


Brain Cortical tuber 
Subependymal nodule 
Subependymal giant cell tumour 
Heterotopic grey matter 
Skin Adenoma sebacum (facial angiofibroma) 
Hypomelanotic macule 
Peri- or subungal fibroma 
Shagreen patches (fibrous hamartomas of dorsal 
surfaces, rarely seen before puberty), poliosis, 
and leucotrichia 
Eye Retinal giant cell astrocytoma 
Hypopigmented iris spot 
White eyelashes 
Hamartomata of eyelids and conjunctivae 
Angiolipoma 
Single or multiple rhabdomyoma 
Bone, lung, liver, adrenals, gonads, thyroid, teeth, 
and gingival tissue 





Kidney 
Heart 
Other organs affected 


neurons by routine histological criteria. These cells often 
express tuberin, vimentin, and nestin, and some may express 
GFAP and NFPs. 

Subependymal nodules are often described macroscopi- 
cally as “candle-gutterings” that consist of variably sized 
nodules that protrude into the ventricle, most often the lateral 
ventricle. Histologically, they are composed of large, bizarre 
cells with pale amphophilic cytoplasm and large nuclei, often 
more than one in each cell. Scattered clusters of primitive 
neural cells may be seen in neonates. Subependymal nodules 
are often calcified. Vimentin is usually strongly expressed 
and, since both GFAP and NFP are also expressed in an 
irregular manner, it is difficult to define these cells as glial 
cells or neuronal cells. In contrast to the bizarre cells in 
cortical tubers, cells in the white matter and subependymal 
nodules express tuberin only weakly or not at all. In some 
cases, these nodules continue to expand and give rise to a 
true neoplasm called subependymal giant cell astrocytoma 
(Figure 32). Although this tumour is classified as an astro- 
cytoma, it displays both glial and neuronal phenotypes. 





Figure 32 Large atypical cells characteristic of subependymal giant cell 
tumour. Note the fibrillary component and large cells with a resemblance 
to ganglion cells. 
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Neurofibromatosis Type 1 (NF1) 


NF1, also known as von Recklinghausen disease or periph- 
eral neurofibromatosis, is a pleiotropic congenital multiple 
dysplasia syndrome characterized by multifocal hyperplasia 
and neoplasia in the supportive tissue throughout the entire 
nervous system. It is not a homogeneous syndrome and many 
clinical variants exist. The NF1 gene is located on 17q11.2 
and encodes neurofibromin, a classical tumour-suppressor 
gene. Whole-gene deletion, single- and multiple-exon dele- 
tions, and insertions comprise about 50% of all the mutations. 

The syndrome is defined by clinical criteria (Table 7). 
Clinical manifestations of NF1 are diverse (Table 8) and only 
features that are pertinent to the nervous system will be dis- 
cussed. The cardinal sign of NF1 is the presence of multiple 
neurofibromas. Some unusual variants of neurofibroma such 
as the dermal neurofibroma and the plexiform neurofibroma 
are characteristically seen in NF1 patients. These neurofi- 
bromas tend to occur in a younger age and, in contrast to 
the sporadic cases, some of the tumours tend to occur in a 
location that is close to the brain and spinal cord. M alig- 
nant transformation of neurofibromas in NF1 patients most 
frequently occurs in a pre-existing plexiform neurofibroma 
and does not usually occur until middle or late adulthood. 
The transformation may occur as a progression in anaplasia 
over a period of years and the resultant malignant tumour is 
typically a MPNST. 

NF1 patients are also prone to develop gliomas, typically 
in the optic nerve, hypothalamic region, and brainstem. They 
are usually pilocytic astrocytomas that either progress very 
slowly or remain static for many years. Astrocytomas that 
arise in the cerebral and cerebellar hemispheres, however, 
may progress to anaplastic astrocytoma and glioblastomas. 


Table 7 Diagnostic criteria for neurofibromatosis. 


Neurofibromatosis type 1 

The criteria for making a diagnosis of NF1 are met if a patient 

has two or more of the following: 

1. Six or more café-au-lait macules that have a maximum 
diameter over 5mm in prepubertal patients and over 15 mm 
in postpubertal patients 

. Two or more neurofibromas of any type or one plexiform 
neurofibroma 

. Freckling in the axillary or inguinal regions 

. Optic nerve glioma 

. Two or more Lisch nodules (iris hamartomas) 

. A characteristic osseous lesion, such as sphenoid wing 
dysplasia or thinning of the long bone cortex with or without 
pseudoarthrosis and deformity of long bone 

7. A first-degree relative (i.e, parent, sibling, or offspring) with 

NF1 by the above criteria 

Neurofibromatosis type 2 

The criteria for making a diagnosis of NF2 are met if a patient 

has one of the following: 

1. Bilateral vestibular schwannomas 

2. A first-degree relative with NF2 and either 

e unilateral vestibular schwannoma or 
e two of the following: neurofibroma, meningioma, 
schwannoma, glioma, juvenile posterior lenticular opacity 


N 
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(A dapted from the National Institutes of Health Consensus Development Conference. 
1988. N eurofibromatosis. Archives of Neurology, 45, 575- 578.) 


Table 8 Manifestations of neurofibromatosis type 1 (NF 1). 


Skin Café-au-lait macules 

N eurofibromas Plexiform 
Dermal 
Nodular 

Sarcomas Malignant peripheral nerve sheath tumour 
Rhabdomyosarcoma 


Triton tumour 
Neoplastic CNS Optic tract/hypothalamic glioma 
lesions 
Brainstem glioma 
Astrocytoma 
Anaplastic astrocytoma 
Glioblastoma 
Non-neoplastic Unidentified bright objects (UBO) on MRI 
CNS conditions 
Learning problem 
Epilepsy 
Neuropathy 
Hydrocephalus 
Hamartomatous glial proliferation 
Sphenoid wing dysplasia 
Pseudoarthrosis 
M acrocephaly 


Osseous lesions 


Scoliosis 

Ocular Lisch nodules 

Other tumours Phaeochromocytoma 
Carcinoid 


Juvenile chronic myeloid leukaemia 


Neurofibromatosis Type 2 (NF2) 


Similarly to NF1, the cardinal changes of NF2 are multifocal 
hyperplasia and neoplasia in the supportive tissue throughout 
the entire nervous system. The affected elements, however, 
are different. 

NF2 is also an autosomal dominant disorder but its preva- 
lence is only one-tenth that of NF1. The diagnosis is also 
defined by clinical criteria (Table 7). The gene is on chromo- 
some 22q12 and encodes the protein merlin or schwannomin, 
which is most likely a tumour-suppressor gene. Nonsense 
and frame shift mutations are often associated with a more 
severe phenotype, while missense mutations that preserve the 
carboxyl terminus of the protein result in milder phenotypes. 

Schwannoma, particularly arising in the eighth cranial 
nerve, is the most frequent manifestation but malignant trans- 
formation is rare. Schwannomatosis, essentially pathological 
proliferation of Schwann cells, is often found in the dor- 
sal spinal nerve roots and also in the perivascular space 
of the spinal cord. M eningiomas are seen in about half of 
NF2 patients and are often multiple. Interestingly, they have 
a tendency to arise from the stroma of choroid plexus, an 
otherwise unusual site. M eningioangiomatosis, a rare hamar- 
tomatous lesion of the leptomeninges, is seen far more 
commonly in NF2 patients than in the general population. 

NF2 patients also have an increased incidence of glial 
tumours. Over 80% of them are in the spinal cord and 10% 
are in the medulla. Ependymomas are common and often 
occur as multiple intramedullary masses. Ependymal ectopias 
have also been described in NF2 patients and may represent 
the cell of origin of the ependymomas. 
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von Hippel-Lindau Syndrome 


von Hippel-Lindau syndrome is an autosomal dominant 
hereditary syndrome characterized by multiple cysts and 
benign and malignant neoplasms involving the brain, retina, 
kidney, pancreas, adrenal glands, inner ear, and other organs. 
The incidence is about 1 in 36000-45000 in the general 
population. This results from germ-line mutations of the 
VHL tumour-suppressor gene that is located on chromosome 
3p25.3; a missense mutation is the most common. The VHL 
gene is involved in cell cycle regulation and angiogenesis. 

Haemangioblastomas associated with von Hippel- Lindau 
syndrome occur in younger age-groups including children, 
often as multiple tumours and sometimes in unusual loca- 
tions. Other manifestations of von Hippel- Lindau syndrome 
include renal cysts and renal cell carcinoma, pancreatic cysts 
and islet cell tumours, phaeochromocytoma, and endolym- 
phatic sac tumour of the inner ear. Other organs may also 
be affected. The occurrence of phaeochromocytoma and renal 
cell carcinoma, interestingly, is correlated with specific muta- 
tions. 


Basal Cell Naevus Syndrome 


Basal cell naevus syndrome, also known as naevoid basal 
cell carcinoma syndrome or Gorlin syndrome, is transmit- 
ted in an autosomal dominant pattern and is typically caused 
by a germ-line mutation of the PTCH gene on chromosome 
9q22.3. This gene is involved in the Sonic hedgehog sig- 
nalling pathway. Mutations of the PTCH gene and Sonic 
hedgehog signal pathway are also related to holoprosen- 
cephaly. 

Basal cell naevus syndrome is characterized by multiple 
basal cell carcinomas of the skin, odontogenic kerato- 
cysts, palmar and plantar dyskeratotic pits, and CNS abnor- 
malities including intracranial calcifications, macrocephaly, 
and medulloblastoma, particularly desmoplastic medulloblas- 
toma. Other less common clinical manifestations such as 
ophthalmic abnormalities, cardiac fibromas, and cleft palate 
may also be present. 


Cowden’s Disease 


One of the major manifestations of Cowden’s disease is dys- 
plastic gangliocytoma of the cerebellum (Lhermitte- Duclos 
disease). It is associated with a variety of mucocutaneous 
lesions that include verrucous skin changes, fibroma of the 
oral mucosa, multiple facial trichilemmomas, hamartoma- 
tous polyps and cancer of the colon, and tumours of the 
breast and thyroid. It is an autosomal dominant disorder 
and is frequently caused by a germ-line mutation of the 
PTEN/MMCAI1 gene on chromosome 10q23. In addition to 
dysplastic gangliocytoma of the cerebellum, Cowden’s dis- 
ease can also be associated with heterotopic grey matter, 
hydrocephalus, mental retardation, and seizures. 


Retinoblastoma Gene Deletion Syndrome, Li-Fraumeni 
Syndrome, and Rhabdoid Predisposition Syndrome 


These three syndromes share the characteristics of occurrence 
of multiple types of primary tumours within and outside the 
CNS and the retina. Retinoblastoma is a tumour that dis- 
plays features of the photoreceptor cells and other cells of 
the retina (see Eye and Ocular Adnexa). Deletion of RB1 
gene on chromosome 13q14.2 (retinoblastoma gene dele- 
tion syndrome) (Sopta et al., 1992), hSN5/INI1 (SMARCB1) 
gene on chromosome 22q11.2 (rhabdoid predisposition syn- 
drome) (Sevenet et al., 1999), and TP53 on chromosome 
17p13 (Li-Fraumeni syndrome) (Tachibana et al., 2000) are 
involved and these genes are all tumour-suppressor genes. 
In contrast to the familial cancer syndromes that we have 
just discussed, these three syndromes are not associated with 
major non-neoplastic manifestations. A tumour in the brain or 
the retina is the most common initial presentation (Table 4). 


Molecular Genetics, Pathogenesis, and Progression 
of Brain Tumours 


Numerous genetic alterations have been detected in many 
brain tumours. An accumulative mechanism of multiple 
genetic alternations seems to be involved. 


Pathogenesis of Medulloblastoma 


Isochromosome 17p (Figure 33) remains the most consistent 
genetic finding. The gene that is inactivated has not been 
identified but is believed to be distal to the TP53 as less 
than 10% of medulloblastomas have mutated TP53. Other 
abnormalities include loss of chromosome 6q, 9p, 11p, and 
16q but these losses are quite inconsistent. c-MYC gene 
amplification is also a common genetic alteration that can 
be detected by FISH (Figure 34) and as double minutes in 
karyotypes. 

Syndromic medulloblastomas occur in Gorlin syndrome 
and Turcot syndrome. Gorlin syndrome (Table 4) is linked 
to mutation of the PTCH gene on chromosome 9q22.3. These 
mutations have also been demonstrated in sporadic medul- 
loblastomas. M utations of other molecules that are involved 
in the SHH protein pathway, namely, the smoothened 
(SMOH) gene, have been demonstrated in sporadic medul- 
loblastomas (Marino, 2005). A transgenic mouse model 
of medulloblastoma has been produced by inactivating the 
Patched (ptc) gene in mice (Goodrich et al., 1997). 

The APC gene on chromosome 5q21 is mutated in Turcot 
syndrome (Table 4) but mutations of APC gene are rare in 
sporadic medulloblastomas. However, the APC protein is 
involved in molecular pathways that include the #-catenin 
gene, and mutations of the -catenin gene have been 
demonstrated in sporadic medulloblastomas. 

On the basis of DNA array technology, a gene expres- 
sion profile can be used for prognosis in medulloblastomas 
(Pomeroy etal., 2002). Tumours with better prognosis are 
associated with expression of groups of genes that influ- 
ence cerebellar differentiation (including the TRKC and 
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(a) 


(b) 


Figure 33 (a) c-MYC amplification is demonstrated by FISH. (b) Isochromosome 17q in cells of a medulloblastoma is demonstrated here by FISH. Each 
chromosome 17 is labelled by a green probe (on 17p) and a red probe (on 17q). The green dot and one of the red dots belong to one chromosome 17 that 
has no deletion. The other chromosome is an isochromosome 17q (i.e., deletion of both 17p and fusion of 17q) and therefore has two red dots. (Courtesy 


of Dr Jaclyn Biegel, Children’s Hospital of Philadelphia.) 


sodium channel gene) and extracellular matrix genes (includ- 
ing elastin and collagen type V gene). M edulloblastomas with 
bad prognosis are associated with expression of cell prolif- 
eration and gene metabolism (including MYBL2 and LDH). 


Pathogenesis of Atypical Teratoid/Rhabdoid Tumour 


Homozygous or heterozygous, complete or partial deletion 
of chromosome 22q (Figure 34), which contains the 
hSNF 5/INI1 (SMARCB1) gene (Biegel et al., 2000), has been 
demonstrated in over 95% of ATRTs. For many cases that 
have intact chromosome 22, mutations of the hSNF5/INI1 
gene have been demonstrated. Abolished expression of 
hSNF5/INI1 (SMARCB1) gene product due to deletion or 
mutation in ATRT can be shown by immunohistochemistry, 
allowing prompt differentiation of ATRT from its mimickers. 

Interestingly, deletion and mutation of the hSNF5/INI1 
(SMARCB1) gene have also been described in paediatric 
rhabdoid tumour of the kidney and soft tissue. These 
observations suggest that these rhabdoid tumours probably 
share a similar pathogenetic pathway. A transgenic mouse 
model based on the SNF 5 gene has become recently available 
as a model of ATRT (Roberts et al., 2002). 


Pathogenesis and Progression of Astrocytic Tumours 


Mutations of TP53 gene and overexpression of platelet 
derived growth factor (PDGF) and its receptor (PDGFR) 


appear to constitute important early genetic events associated 
with the initiation of low-grade astrocytoma (WHO grade ll). 
Progression to anaplastic astrocytoma (WHO grade III) is 
often associated with LOH of chromosome 19q (50%) and 
mutation of RB1 gene (25%). Mutation of RB1 gene has 
been recently associated with a poor outcome in anaplastic 
astrocytomas (Backlund, 2005). 

About 95% of glioblastomas occur without a precur- 
sor lesion and these tumours are collectively known as 
primary or de novo glioblastomas. About 5% of glioblas- 
tomas, however, appear to arise from a pre-existing low- 
grade astrocytic tumour and these tumours are collectively 
known as the secondary glioblastomas. The mean age of 
presentation for primary and secondary glioblastoma is 62 
and 45 years, respectively. Primary and secondary glioblas- 
tomas are equally malignant from the clinical and biological 
perspective but have different genetic features. In primary 
glioblastomas, LOH of chromosome 10q is present in about 
70% of the tumours. Other common genetic alterations 
include epidermal growth factor receptor (EGFR) amplifi- 
cation (36%), p16'“** gene deletion (31%), mutation of 
TP53 gene (28%), and PTEN mutation (25%). In contrast, 
mutation of TP53 gene appears to be the most common 
mutation in low-grade astrocytomas (59%), anaplastic astro- 
cytoma (53%), and secondary glioblastoma (65%). LOH 10q 
(63%), EGFR amplication (8%), mutations of p16!*4# gene 
(19%), and mutations of PTEN gene (4%) are also seen in 
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Figure 34 (a) Heterozygous deletion of chromosome 22q in ATRT. The two chromosomes 22 are labelled by a green probe (labelling EWS gene) and 
a red probe (labelling INI1 gene). EWS gene is located closer to the telomere than the INI1 gene. Normal karyotype should show two green dots and 
two red dots. Heterozygous deletion of the distal arm deletes one INI1 gene (red dots) but preserves both EWS genes (green dots). (b) In homozygous 
deletion, both chromosomes 22q (red dots) are deleted but the EWS genes (green dots) are preserved. Therefore, there are only two green dots. (Courtesy 


of Dr Jaclyn Biegel, Children’s Hospital of Philadelphia.) 


secondary glioblastomas (Ohgaki and Kleihues, 2005). M ul- 
tiple transgenic mouse models based on mutated TP53 gene, 
EGFR gene, and other genes are available for the studies of 
these tumours. 


Pathogenesis and Progression of Oligodendroglial 
Tumours 


The most common genetic changes in oligodendrogliomas 
are losses of chromosome 1p and 19q (80% of the cases). 
Oligodendrogliomas with deletion of chromosome 1p and 
19q are more responsive to chemotherapy (Reifenberger 
and Louis, 2003). These genetic alterations may be heavily 
involved in the initiation of oligodendrogliomas. Other com- 
mon findings include promoter methylation of the p144%” 
gene, CDKN2A gene, and/or CDKN2B gene. Overexpression 
of EGFR, PDGF, and PDGFR are also common (Reifen- 
berger and Louis, 2003). While mutation of the TP53 gene is 
uncommon in oligodendroglioma (13%), it is fairly common 
in oligoastrocytoma (44%) (Ohgaki and Kleihues, 2005). 
Genetic alterations involving the cell cycling control genes 
such as CDKN2A, CDKN2B, CDKN2C, and RB1 genes 
are often involved in the progression of WHO grade II to 
grade III tumours. Overexpression of vascular endothelial 
growth factor (VEGF ) is also common in anaplastic oligoden- 
drogliomas. In contrast to the progression of glioblastoma, 


mutations of TP53 gene, loss of chromosome 10q, and 
EGFR and PDGFR amplifications are relatively uncommon 
in tumour progression for oligodendrogliomas (R eifenberger 
and Louis, 2003). 


Pathogenesis and Progression of Meningiomas 


A wide variety of genetic alterations have been observed 
in meningiomas, atypical meningiomas, and anaplastic 
meningiomas. The initiation (neoplastic transformation) of 
meningothelial (arachnoidal) cells to meningiomas (WHO 
grade |) appears to be related to the inactivation of the NF 2 
gene that codes for merlin/schwannomin, and loss of proteins 
4.1B (DAL-1) and 4.1R. These proteins are all members of 
the highly conserved protein 4.1 superfamily. A variety of 
genetic alterations have been observed in the progression to 
atypical meningiomas (WHO grade II). The more common 
changes include losses of chromosome 1p, 6q, 10q, 14q, and 
18q. In addition, there are also gains of chromosome 1q, 9q, 
12q, 15g, and 20q. The relevant genes have not been iden- 
tified. Another set of genetic alterations are identified in the 
pathogenesis of anaplastic meningiomas (WHO grade III) 
and include losses of chromosome 9p21, which involve the 
CDKN2A, p144*", and CDKN2B tumour-suppressor genes, 
gene amplication of chromosome 17q23, and further losses 
on chromosome 1p, 6q, 14g, and 18q (Perry etal., 2004; 
Lamszus, 2004). 
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PROGNOSTIC FACTORS 


It cannot be overemphasized that tumours of the CNS 
are heterogeneous in clinical and biological behaviour. In 
general, the type of the tumour and its biological grade dictate 
the clinical outcome. In the WHO Classification (K leihues 
and Cavenee, 2000), CNS tumours are separated into four 
grades. WHO grade | tumours typically behave in a benign 
fashion and can be cured by resection. WHO grade II tumours 
are low-grade tumours and behave in a slow and indolent 
fashion; prolonged survival is possible. Progression of grade 
Il gliomas to higher-grade gliomas, particularly astrocytic 
tumours, occurs in a significant frequency. Grades III and 
IV are high-grade tumours, behave aggressively (Table 9), 
and are associated with short survival. 

Location of a tumour in an inaccessible site such as 
the deeper parts of the cerebrum (such as basal ganglia 


Table 9 WHO grades of some brain tumours. 


Grade | 

Pilocytic astrocytoma 

Subependymoma 

Choroid plexus papilloma 

Ganglioglioma 

Desmoplastic ganglioglioma/astrocytoma (DIG/DIA) 
Dysembryoplastic neuroepithelial tumour (DNET) 
Paraganglioma 

Schwannoma 

Neurofibroma 

Perineurioma 

M eningioma (variant dependent) 

Grade II 


Diffuse astrocytoma 
Pleomorphic xanthoastrocytoma 
Oligodendroglioma 
Oligoastrocytoma 
Ependymoma 

Ganglioglioma 

Central neurocytoma 
Pineocytoma 

Atypical meningioma and some meningioma (clear cell and chordoid 
meningioma) 

Grade III 


Anaplastic astrocytoma 

Anaplastic oligodendroglioma 

Anaplastic oligodendroglioma 

Anaplastic ependymoma 

Choroid plexus carcinoma 

Anaplastic ganglioglioma 

Malignant peripheral nerve sheath tumour (M PNST) 

Anaplastic meningioma and some meningioma (papillary and rhabdoid 
meningioma) 

Grade IV 


Glioblastoma 

Giant cell glioblastoma 

Gliosarcoma 

M edulloepithelioma 

M edulloblastoma and supratentorial primitive neuroectodermal tumour 
(PNET) 

Atypical teratoid/rhabdoid tumour (ATRT) 

Malignant peripheral nerve sheath tumour (M PNST) 





(Source: Kleihues, P. and Cavenee, W. K. (2000). World Health Organization 
Classification of Tumours - Pathology and Genetics, Tumours of the Nervous System. 
International Agency for Research on Cancer, Lyon, France.) 


and thalamus) or brainstem often precludes benefits of 
surgical resection. The general condition of a patient also 
affects the clinical outcome. Younger patients with high- 
grade astrocytic tumours, in general, have a better survival 
than older patients. Other favourable prognostic factors for 
prolonged survival for patients with glioblastoma include 
long preoperative duration of symptoms, high K arnofsky 
Performance Status score, macroscopically complete surgical 
(gross total) resection, use of postoperative radiation therapy, 
and use of adjuvant chemotherapy. 

Multiple prognostic indices are often present for one par- 
ticular type of tumour, with medulloblastomas and peripheral 
neuroblastic tumours serving as the best examples. Diagno- 
sis at over 4years of age is a favourable prognostic sign 
in medulloblastomas. Presentation at an older age is also a 
better prognostic index for ATRT. On the contrary, infants 
with peripheral neuroblastic tumours carry a better progno- 
sis if they are diagnosed before one year of age. Younger 
patients also have better prognosis in cases of high-grade 
astrocytoma. The limited extent of local disease, extensive 
surgical resection, and lack of dissemination within the CNS 
are also good prognostic signs. The large cell variant of 
medulloblastomas has a worse prognosis; c-MYC amplifi- 
cation and expression of GFAP are unfavourable. On the 
other hand, expression of the TRKC receptor, a high-affinity 
neurotrophin receptor, is associated with improved survival. 


OVERVIEW OF PRESENT CLINICAL MANAGEMENT 


Surgery, radiation therapy, and chemotherapy are the three 
cornerstones of treatment. Several clinical pathological 
parameters must be considered before a treatment plan is 
formulated for an individual patient. The age of the patient, 
preoperative medical condition, presence of other systemic 
disease, and location of the tumour must all be consid- 
ered. The type of tumour, as determined by pathological 
examination of biopsy material, dictates the direction of fur- 
ther treatment. Biologically benign CNS and PNS tumours 
are treated surgically, unless they are located in an inop- 
erable location. Malignant tumours are often treated with 
chemotherapy and radiation therapy in addition to surgery. 

Maximum tumour resection and optimum preservation of 
neurological function are the most important treatment con- 
siderations. Tumours located around or within the brainstem, 
diencephalon, and motor cortex are particularly troublesome 
because damage to these areas will lead to neurological catas- 
trophe. For these tumours, stereotactic biopsy is the diagnos- 
tic procedure of choice for the determination of the nature 
of the lesion. It is a computer-assisted technique that allows 
three-dimensional coordinated localization of an intracranial 
lesion. On the basis of these coordinates, a needle is inserted 
to obtain a small amount of tissue for pathological exam- 
ination without producing excessive damage to the critical 
surrounding brain structures. Tumours located in these dif- 
ficult locations are generally treated with radiation therapy 
and chemotherapy without surgery. 
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Since the general principles of radiation therapy are dis- 
cussed elsewhere (M odern Approaches to Radiation T her- 
apy), the discussion here is limited to issues specific for 
the CNS. In general, toxic effects produced by irradiating 
the human brain are categorized temporally and pathologi- 
cally into three major types. The first type is acute reactions 
that occur during radiation therapy. They are uncommon 
in patients receiving conventional daily dose fractionation 
(1.8-2 Gy per day) but are common in patients treated with 
10 Gy or above as a single fraction. Subacute reactions (early 
delayed reactions) are related to radiation injury sustained 
by oligodendrocytes and alterations in capillary permeability 
and present as transient demyelination. The subacute reac- 
tions are characterized by a transient syndrome that includes 
somnolence, anorexia, and irritability. The late-delayed reac- 
tions occur within several months or up to many years 
following treatment. They comprise a spectrum of clinical 
and pathological conditions involving multiple mechanisms. 
Clinical manifestations include asymptomatic changes of the 
white matter and vasculature, change in cognition, hypothala- 
mic- pituitary dysfunction, cranial neuropathy, disseminated 
necrotizing leucoencephalopathy, radiation necrosis, and sec- 
ond malignancy due to radiation. 
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Many tumours that involve the eye and adnexal tissues are 
variants of tumours that present elsewhere in the body. The 
sections in this chapter are arranged according to the anatomy 
of the eye and the ocular adnexa. The eyelid has much in 
common with the skin elsewhere. However, it has unique 
structures (meibomian glands, glands of Zeis and Moll) and, 
therefore, sebaceous, eccrine, and apocrine tumours are more 
frequently observed in these particular sites. The conjunctiva 
is similar to mucosa elsewhere. However, it receives a high 
level of sun exposure and consequently actinical tumours are 
common in this location. The orbit is a site for lymphomas 
and soft tissue lesions. Epithelial tumours of the lacrimal 
gland have the same classification as the salivary gland 
tumours. The optic nerve shares tumours such as gliomas and 
meningiomas with the rest of the central nervous system. 

However, some tumours are unique, especially the intraoc- 
ular ones. In cases of intraocular tumour, transillumination of 
the globe, before opening it, is crucial for precise localization 
and correct management during gross examination. 

The eye is also a site for metastatic disease. The choroid 
and the orbit are the most common ocular sites for metas- 
tases. Intraocular metastasis sparing the choroid is extremely 
rare. Moreover, metastasis is the most common intraocular 
malignancy. 


EYELID 


The eyelid is composed of skin externally and mucosa (the 
conjunctiva) on the inner surface apposed to the eye. Eccrine, 
apocrine glands (glands of M oll), and sebaceous glands (Zeis 
glands associated with the eyelash and the M eibomian glands 
embedded within the eyelid fibrous tarsus) populate the 
eyelid (Kumar et al., 2005). The most common malignancy 
of the eyelid is basal cell carcinoma (BCC) followed by 
sebaceous carcinoma (SC) (Pereira et al., 2005b). Squamous 
cell carcinoma, contrary to skin elsewhere, is only the third 
most common malignant lesion. Melanoma is rare in the 
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eyelid (Cook and Bartley, 1999). We will address here the 
most important eyelid lesions. The others are discussed in 
the chapter on skin (see Skin). 


Tumours of the Surface Epithelium 


Benign tumours of the eyelid surface epithelium are similar 
to skin neoplasms. Squamous cell papilloma, seborrheic 
keratosis, and epithelial inclusion cysts are the most common 
benign tumours (Chang et al., 2003), and are discussed in 
the chapter on skin. Other common epithelial lesions include 
inverted follicular keratosis and keratoacanthoma. 


Squamous Cell Carcinoma 


Unlike skin elsewhere, this is the third most common 
malignant neoplasm of the eyelid, after BCC and SC, and 
is also discussed in the chapter on skin. 


Melanocytic Tumours 


Congenital Oculodermal Melanocytosis (Naevus of Ota) 


It is a benign lesion that consists of dermal melanocytes 
and is congenital or acquired during adolescence (Turnbull 
et al., 2004). It affects the skin innervated by the first or 
the second branch of the trigeminal nerve, hence, can be 
considered a type of blue naevus (see Skin) of the skin 
around the orbit, lids, and brow, usually associated with 
an ipsilateral blue naevus of the conjunctiva and a diffuse 
naevus of the uvea. It is common in Blacks and Orientals 
(incidence of 0.2-1% in the Japanese population) and is 
rare in Caucasians (Turnbull etal., 2004). Although rare, 
this lesion can be the source for a melanoma (Odashiro 
et al., 2005a; Hartmann et al., 1989). Of the reported cases 
of oculodermal melanocytosis, 4.6% underwent malignant 
transformation (Baroody and Holds, 2004). 
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Malignant Melanoma 


It may arise from a junctional, compound, or cellular blue 
naevus or may arise de novo. However, itis a rare neoplasm 
in the eyelid. The histopathological features are similar to 
melanoma of the skin. 


Tumours of the Eyelid Skin Adnexa 


There are several benign tumours that occur in the eyelid 
that will not be discussed in this chapter (see Skin). T hese 
include pilar and dermoid cysts, pilomatricoma, hydrocys- 
toma, trichoepithelioma, trichofolliculoma, syringoma, and 
SO on. 

Lesions that affect the facial region characterize some syn- 
dromes. In Cowden’s syndrome, there are multiple trichilem- 
momas, follicular infundibular hyperplasias, and keratoses 
(Ruhoy etal., 2004), which can all be found in the eye- 
lids. Gorlin- Goltz syndrome (basal cell naevus) affects 1 
in 60000 people in the first to third decade of life, and is 
characterized by multiple odontogenic keratocysts, basal cell 
naevi and BCCs, sebaceous cysts, and skeletal abnormalities 
(Manfredi et al., 2004). 


Basal Cell Carcinoma 


BCC is the most common malignant neoplasm of the eyelid 
(90%) (Loeffler and Hornblass, 1990), and is discussed in the 
chapter on skin. The most important differential diagnosis is 
SC, which can mimic BCC clinically and histopathologically 
(see subsequent text). 


Sebaceous Adenoma 


Itis a rare benign neoplasm. It appears as a single, firm, yel- 
lowish nodule with a predilection for the eyebrow and eyelid. 
This neoplasm is associated with Muir-Torre syndrome, 
which is characterized by multiple sebaceous neoplasms, 
keratoacanthoma, and visceral carcinoma, especially of the 
colon (Rishi and Font, 2004). Histopathologically, lobules 
of sebaceous glands vary in size and shape and are com- 
posed of mature and immature sebocytes. It is reported that 
Muir-Torre syndrome is associated with the expression of 
DNA mismatch repair genes MSH2 and MLH1. The use of 
immunohistochemical and in situ hybridization techniques 
to diagnose these genes in M uir- Torre syndrome has been 
reported. The results are very encouraging but further eval- 
uation is needed (M athiak et al., 2002; Ponti et al., 2005). 


Sebaceous Carcinoma 


SC is the most important malignant neoplasm of the eye- 
lid and the second most common eyelid malignant tumour 
(Pereira etal., 2005b). SC is very rare in the skin else- 
where. SC affects old people and can also affect immuno- 
suppressed individuals (Stockl et al., 1995). It is a notorious 
masquerader that exhibits several clinical presentations and 
histological growth patterns, often delaying diagnosis for 
months to years (Pereira et al., 2005b). 


Clinical Features \|t is more common in the upper lid and 
may simulate a chalazion or a cutaneous horn. Also, it may 
present as unilateral conjunctivitis, blepharitis, meibomitis, or 
blepharoconjunctivitis - masquerade syndrome. Out of 1060 
patients with clinical diagnosis of chalazion, there were 17 
cases of malignant neoplasms, 14 of which were SC (Ozdal 
et al., 2004). Some cases of SC occurring in Muir- Torre 
syndrome have been reported. 


Histopathological Findings M ost tumours are undifferenti- 
ated lesions, simulating BCCs or squamous cell carcinomas 
(Figure 1). Pereira et al. (2005b) reported the histopatholog- 
ical features of 44 cases of SC. Only 18% of the cases had 
a prominent sebaceous differentiation. Seventy-five percent 
of the tumours could be misdiagnosed as a squamous carci- 
noma, and 15% had features similar to BCC. Thirty-two per- 
cent of the tumours presented comedocarcinoma pattern of 
necrosis, similar to breast tumours. However, cytoplasmatic 
vacuoles were seen in 100% of the lesions, at least focally. 
Well-differentiated tumours are characterized by bizarre cells 
with vacuolated cytoplasm, showing invasiveness. 


Types of Spread Another characteristic of this tumour is 
that the malignant epithelial cells may invade the epidermis, 
producing an overlying change that resembles Paget's dis- 
ease - the intraepithelial mode of spread. It is necessary to 
obtain multiple biopsy specimens from the lid margin, as 
well as the palpebral and bulbar conjunctivas to determine 
the extent of intraepithelial involvement. Also, SC can spread 
as carcinoma in situ, simulating squamous carcinoma in situ. 
In such cases, bizarre cells with atypical mitosis, as well as 
vacuolated cells, are helpful in making the correct diagnosis. 
Frozen sections stained with Oil Red O (lipid stain) are very 
helpful. However, in most cases, SC is only suspected after 
a preliminary histopathological examination, where Oil Red 
O is difficult to use. 





Figure 1 Sebaceous carcinoma of the eyelid. The tumour is composed of 
undifferentiated atypical cells resembling squamous carcinoma. Note the 
intracytoplasmic vacuoles, indicative of sebaceous differentiation and high 
pleomorphism. These features support the correct diagnosis of sebaceous 
carcinoma (H&E, 100x). 
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Immunohistochemistry —|mmunohistochemistry can help in 
the diagnosis of SC, especially in the poorly differentiated 
lesions. Most SCs are characteristically positive for BRST- 
1, CAM 5.2, and EMA. BCC is negative for EMA, while 
squamous carcinoma is negative for CAM 5.2 (Sinard, 1999). 
BRST-2 is also positive in SC (Rodrigues and Burnier, 1999). 
Proliferative markers, such as PCNA and Ki-67, are also 
helpful as SC is a highly proliferative lesion. 


Prognosis A worse prognosis is observed with a duration 
of symptoms of more than 6 months, tumours in the upper 
eyelid, and a maximal diameter of 10mm or more. Others 
factors include origin from the meibomian glands, infiltrative 
growth pattern, moderate to poor sebaceous differentiation, 
and invasion of lymphatic channels, vascular structures, and 
the orbit (Rao etal., 1982). The mortality rate associated 
with this tumour is about 14%. 

In summary, regarding SC, biopsies from elderly patients 
with upper eyelid lesions and/or recurrent chalazion should 
be carefully interpreted to rule out SC; SC should be consid- 
ered in cases of non-classical BCC or squamous carcinoma in 
situ of the eyelid; immunohistochemical markers including 
BRST-1, EMA, and CAM 5.2 are helpful in the differential 
diagnosis. 


Mesenchymal Tumours 


Neurofibromas 


Cutaneous neurofibromas can occur in the eyelid, orbit, and 
adjacent structures as a manifestation of neurofibromatosis 
(NF) (see Skin). Neurofibromas arise from the peripheral 
nerve sheaths and are composed of Schwann cells, endoneu- 
ral fibroblasts, neurons, mast cells, and vascular elements 
(Sippel, 2001). 


Capillary Haemangioma 


They are the most common soft tissue tumours of infancy 
and those involving the eyelid and orbit are a distinct clini- 
cal entity. The incidence in the general newborn population is 
between 1.0 and 2.6% (O’K eefe et al., 2003). Histopathol og- 
ical findings are similar to those found in the skin elsewhere 
(see Skin and Soft Tissues). For large tumours, new thera- 
peutic options include laser, and intralesional and systemic 
corticosteroids. On the other hand, cavernous haemangioma 
occurs in adults. 


Kaposi’s Sarcoma (KS) 


KS is the most common malignancy seen in HIV-infected 
patients. Ocular involvement is common and may be seen 
in up to 1 in 5 patients with KS (Brun and J akobiec, 1997). 
Ophthalmic lesions may be the initial clinical manifestation 
of KS. It can affect the eyelid or the conjunctiva. Clinically, 
KS of the eyelid may mimic a hordeolum unresponsive to 
conventional therapy (Shuler et al., 1989). The histopatho- 
logical findings are similar to KS in the skin elsewhere. 


Myxoma 


It is a tumour rarely found on the eyelid, and, when multiple 
myxomas are present on the eyelid, clinicians should raise 
the possibility of Carney’s complex, a rare autosomal domi- 
nant disorder characterized by multiple cutaneous myxomas, 
mammary myxoma, cardiac myxoma, lentigines, endocrine 
overactivity, and psammomatous melanotic schwannomas 
(Yuen et al., 2005). 


CONJUNCTIVA 


Anatomy and Histology 


The conjunctiva is composed of a non-keratinized stratified 
squamous epithelium with goblet cells and a stroma rich in 
vessels and lymphatic channels. Palpebral conjunctiva lines 
the interior of the eyelid, namely the inner tarsal surface, and 
adheres directly to the tarsus. It is predominantly composed 
of a low cuboidal epithelium without a substantia propria, 
with abundant goblet cells. Fornical conjunctiva covers the 
cul de sac region where the conjunctiva is reflected from the 
eyelid onto the globe surface. The fornix has an increased 
number of goblet cells and contains lacrimal tissue and a 
population of lymphoid cells. Bulbar conjunctiva covers the 
surface of the eye. The plica semilunaris is a crescent- 
shaped fold of bulbar conjunctiva that disappears during 
abduction. It is the region with the greatest concentration 
of goblet cells. The junction between the conjunctiva and 
sclera is called the limbus. The epithelium of the limbus 
contains stem cells that are capable of differentiating into 
conjunctival and corneal (without goblet cells) epithelium. 
Caruncle is believed to be an undescended lower eyelid 
remnant. Beneath the non-keratinizing squamous epithelium, 
there are epidermal appendages (hair follicles and sebaceous 
and sweat glands) within a collagenous stroma. It is the 
only place within the conjunctiva where tumours of the hair 
follicle, such as BCC, can occur. 


Epithelial and Stromal Conjunctival Tumours 


Pterygium 


Pterygium is a benign, thickened mass of vascularized 
conjunctival and peripheral corneal tissue that appears as 
an elevation of the submucosa. It typically arises near the 
limbus and grows onto the cornea. Histopathologically, there 
is marked accumulation of actinically damaged subepithelial 
connective tissue (solar elastosis - elastotic degeneration) 
that appears as acellular and faintly basophilic material. 
Pingueculae can be considered a pterygium that spares 
the cornea. It is more yellow in colour (pinguecula comes 
from the Greek word meaning fat); however, there is no 
accumulation of lipids. 

Pterygium and pingueculae are the most common surgi- 
cally excised conjunctival lesions in adults. All pterygia and 
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pingueculae should be submitted for pathologic examination 
to identify actinic epithelial changes that range from atrophy 
to invasive squamous cell carcinoma. 


Conjunctival Intraepithelial Neoplasia (CIN) 


CIN is characterized by the presence of epithelial dysplasia 
due to long-term sun exposure. It is classified as mild 
dysplasia (<15% of total epithelium thickness involved), 
moderate (<50%), and severe (>50%). Besides sun damage, 
human papillomavirus, in particular the high-risk types (16 
and 18), has been hypothesized as one common aetiology of 
CIN, similar to skin neoplasia (M oubayed et al., 2004). 


Conjunctival Squamous Carcinoma 


By definition, this is the dysplastic conjunctival epithelium 
that penetrates the basement membrane. The morphologic 
characteristics are similar to the skin squamous carcinoma 
(see Skin). Usually, it is a well-differentiated carcinoma with 
individual cell keratinization (Cervantes et al., 2002). The 
aetiology is the same as CIN. 


Spindle Cell Carcinoma Spindle cell carcinoma is a 
rare variant of a squamous cell carcinoma. It has a more 
aggressive course and is characteristically composed of 
spindle cells that resemble a sarcoma histopathologically. 
However, the cells show a transition between squamous to 
spindle shape, and small foci of individual Keratinization 
are usually found within the neoplastic cells (McLean et al., 
1994). Immunohistochemistry for cytokeratin can confirm the 
epithelial origin of this neoplasm. 


Mucoepidermoid Carcinoma This is another special type 
of squamous cell carcinoma found in the conjunctiva. It 
resembles squamous carcinoma clinically and histopatholog- 
ically (Carrau et al., 1994). The neoplastic cells are com- 
posed of intermixed mucus-secreting cells and squamous 
cells (Figure 2). In some cases, the mucus-secreting cells 
are very scanty and pathologists should carefully search for 
them. Special stains for mucus-secreting cells are essential 
in such cases. The correct diagnosis is important because it 
has a worse prognosis compared to conventional squamous 
carcinoma (McLean et al., 1994). 


Melanocytic Tumours of the Conjunctiva 


The melanocytic conjunctival tumours comprise naevi, 
melanoma, and primary acquired melanosis (PAM ). The first 
two are quite similar to the corresponding skin lesions, while 
the latter is a unique conjunctival lesion. 


Naevus 


Junctional Naevus This is analogous to the intraepithelial 
naevus of the skin. Nearly always present at birth or early 





Figure 2 Mucoepidermoid carcinoma of the conjunctiva. The tumour is 
composed of squamous carcinoma (centre) surrounded by neoplastic cells 
showing a glandular configuration. The glandular component produces 
mucus, and can be highlighted by the PAS stain (H&E, 160x). 


infancy, it is completely intraepithelial. Histopathologically, 
it is situated predominantly at the basal epithelial layer (the 
junction of the epithelial and subepithelial layers), although 
clusters of naevus cells extend vertically towards the surface. 
Most are immature naevus cells and pose the greatest risk 
(albeit low risk) for malignant transformation. 


Compound Naevus This represents the next stage of matu- 
ration with naevus cells present both within the epithelium as 
well as beneath the subepithelial space. This lesion may char- 
acteristically darken and enlarge with the onset of puberty 
and numerous cysts can be seen within the pigmented patch. 


Subepithelial Naevus This is the conjunctival counterpart 
of the cutaneous intradermal naevus. The cells have finished 
the maturation process and have completely abandoned the 
conjunctival epithelium. 


Conjunctival Melanosis 


Conjunctival melanosis can be congenital or acquired. 


Congenital Racial melanosis is a relatively common bilat- 
eral bulbar conjunctival pigmentation found in darkly pig- 
mented individuals. Histopathologically, it is characterized 
by proliferation of benign-appearing melanocytes in the 
basal layer of the epithelium. Malignant transformation is 
extremely rare, and periodic observation is recommended 
(Duane et al., 2004). Congenital oculodermal melanocytosis 
is described in the section on the eyelid. 


Acquired PAM is a benign lesion, but is the most frequent 
precursor for the development of conjunctival malignant 
melanoma. It is always unilateral and flat. PAM arises from 
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dendritic melanocytes and not from naevoid melanocytes. 
The onset of PAM usually occurs in Caucasian patients in the 
fourth or fifth decade. The clinical course can last years, or 
even decades, which leads to a delay in diagnosis. In contrast 
to conjunctival naevus, it is acquired in middle age and 
appears diffuse, patchy, flat, and non-cystic. In contrast to 
ocular melanocytosis, the pigment is acquired, located within 
the conjunctiva, and appears brown, as opposed to grey. The 
pigmentation can wax and wane over time. In contrast to 
racial melanosis, PAM is generally found in fair-skinned 
individuals as a unilateral patchy condition (Shields and 
Shields, 2004). All PAMs may present with a slight growth, 
especially during puberty or pregnancy. M ost authorities in 
ocular oncology advocate that it is safe to biopsy all PAM 
lesions showing any notable growth. Conjunctival biopsy 
is the only accurate method to categorize PAM. It can be 
classified as PAM without or with atypia. The classification is 
histopathological (cannot be assessed clinically) and is based 
on the nuclear features of the melanocytes. 


Low Risk to Malignant Transformation: PAM without 
atypia Histopathologically, there is proliferation of gener- 
ally uniform dendritic normal appearing melanocytes con- 
fined to the basal epithelial layer (Figure 3). It does not 
progress to malignant melanoma (McLean, 1998). 


High Risk to Malignant Transformation: PAM with 
Atypia This, however, presents with proliferating atypical 
melanocytes that assume a variety of cellular forms: poly- 
hedral, spindle, large dendritic, and epithelioid cells. The 
cells percolate towards the conjunctival surface (Figure 4). 
The epithelial basement membrane remains intact. PAM with 
atypia carries a nearly 50% risk for ultimate evolution into 
malignant melanoma (Duane et al., 2004). 


Treatment: Briefly, the involved conjunctiva should be 
excised or treated with cryotherapy. Topical mitomycin C 





Figure 3 Primary acquired melanosis without atypia of the conjunctiva. 
There is proliferation of typical melanocytes in the basal layer of the 
epidermis (H&E, 400x). 





Figure 4 Primary acquired melanosis with atypia of the conjunctiva. In 
this case, the melanocytes are atypical exhibiting pleomorphism, hyperchro- 
masia, conspicuous nucleoli (arrow), and are located in the upper layers of 
the epidermis (H&E, 400x). 


chemotherapy is a good alternative to surgical excision and 
cryotherapy in treating conjunctival PAM with atypia (Pe'er 
and Frucht-Pery, 2005). If the lesion is too extensive to be 
excised, map biopsies are recommended: one biopsy at the 
transition between normal conjunctiva and PAM, one biopsy 
in the thickness area, and one biopsy elsewhere. A ny area that 
seems suspicious for melanoma should be excised. Periodic 
surveillance with conjunctival biopsies has been advocated 
as a preventive measure. 


Malignant Melanoma 


Malignant melanoma of the conjunctiva is a rare tumour 
(0.2-0.8 per million in white population) that can arise from 
pre-existing PAM (75% of the cases), de novo without any 
apparent pre-existing lesion, or from pre-existing conjunc- 
tival naevi (Folberg et al., 1985). Malignant tumour cells 
penetrate the epithelial basement membrane and extend into 
the subepithelial layers, thus creating an enlarging painless 
nodule. Mortality due to metastatic spread of conjunctival 
malignant melanoma exceeds 25%. Factors that correlate 
with a poorer prognosis include palpebral or fornical loca- 
tion, pre-existent PAM with atypia featuring pagetoid exten- 
sion, predominance of epithelioid cells, and tumour invasion 
deeper than 0.8mm. 


Treatment This includes surgical excision with or with- 
out cryotherapy, radiotherapy, and exenteration. Adjuvant 
treatment with topical chemotherapeutic agents such as mit- 
omycin C has been used successfully. 


Prognosis Recurrence is very common, and distant metas- 
tases are more frequent to ipsilateral facial lymph nodes, 
brain, lungs, and liver (Shields et al., 2000). 
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Lymphoproliferative Disorders 


The conjunctiva can be a source of benign and malignant 
lesions. Both can be isolated conjunctival lesions or be 
associated with systemic lymphoma. Clinically, it is usu- 
ally impossible to categorize them; therefore, a biopsy is 
always necessary to make the correct diagnosis. Like in 
lymph nodes, the benign spectrum is called reactive lymphoid 
hyperplasia, whereas the malignant counterpart is called lym- 
phoma. There are ancillary histopathological techniques such 
as immunohistochemistry and flow cytometry to make the 
correct diagnosis. It is beyond the scope of this chapter to dis- 
cuss all the different types of lymphoma (see Lymph Nodes). 
The most common type of primary conjunctival lymphoma is 
the marginal-zone B-cell lymphoma (mucosa-associated lym- 
phoid tissue, MALT), which has a relatively good prognosis. 
Systemic lymphoma can develop concurrently with lymphoid 
hyperplasia (25% of the cases) or lymphoma (50- 75% of the 
cases) (Knowles et al., 1990). The histopathological features 
are discussed in the chapter on lymph nodes (Lymph Nodes). 


CORNEA 


Primary tumours of the cornea are extremely rare. M ost of 
them arise in the limbal area and grow towards the cornea. 
Benign and malignant epithelial conjunctival tumours (see 
preceding text) are the most common ones to develop a 
secondary corneal tumour. 


ORBIT 


The orbit is a compartment that is closed medially, laterally, 
and posteriorly. Any disease process that increases orbital 
contents results in the forward displacement of the eye, 
proptosis. Some cardinal features of orbital disease are 
proptosis, globe displacement, lid asymmetry, conjunctival 
and lid congestion, changes in ocular motility, and later 
decreased visual acuity. Some useful diagnostic information 
can help the clinician to decide whether the disease is benign 
or malignant. Most likely benign: small, present for years, 
painless, bilateral, soft, rubbery, mobile, no bony changes, 
or simply bone moulding (with exception for lymphomas). 
M ost likely malignant: large, present less than 1 year, painful 
or anaesthetic, unilateral, hard, fixed, and causing bone 
destruction. 


Neoplasias of the Orbit 


The orbit is composed of adipose, muscular, fibrous, and 
osseous tissue. Therefore, virtually all the soft tissue neo- 
plasms (see Soft Tissues) can occur in this location. M ore- 
over, orbit is the site of metastases from a variety of tumours. 
In general, the most common tumours are vasculogenic 


(17%), secondary orbital tumours (11%), lymphoma and 
leukaemia (10%), lacrimal gland lesions (9%), optic nerve 
and meningeal tumours (8%), metastatic tumours (7%), and 
cystic lesions (6%) (Shields et al., 2004). In general, the most 
common metastatic tumours are from breast, lung, gastroin- 
testinal, kidney, prostate, and cutaneous melanoma (Shields 
et al., 2001). In Japan, liver and stomach are also common 
primary sites for orbital metastases (A memiya et al., 2002). 


Haemangioma 


Haemangioma (see Soft Tissues) is the most common pri- 
mary orbital tumour in general. Capillary haemangioma, as 
previously described in the section on the eyelid, is a com- 
mon lesion in children. However, cavernous haemangioma 
affects adults. 


Lymphangioma (Venous Lymphatic Malformation) 


Lymphangioma is a non-encapsulated benign tumour that 
is usually diagnosed during infancy. Characteristically, the 
tumour increases during a common cold and decreases 
in size with corticosteroids. Imaging findings include a 
mass with multiple cysts. Histopathologically, the tumour 
consists of multiple cysts. The cyst wall is composed of a 
thick collagenous tissue; has a varied degree of lymphoid 
inflammatory infiltrate and small venous and lymphatic 
channels; and may have smooth muscle present (Selva et al., 
2001). The treatment is mostly conservative, and surgery 
is reserved for cases with compressive optic neuropathy, 
strabismus, or significant cosmetic deformity, since the 
tumour has a high index of recurrences. 

Other common benign lesions include dermoid cyst, 
meningioma and neurilemmoma (schwannoma) (see Neu- 
romuscular System). 


Kimura’s Disease (KD) 


KD is a rare disease that presents as a deep, subcutaneous 
mass in the head and neck region and is frequently associated 
with regional lymphadenopathy or salivary gland involve- 
ment. Itis more prevalent in young Asian males, and patients 
invariably demonstrate a peripheral eosinophilia and elevated 
serum IgE levels (Chen et al., 2004). The histopathological 
findings are presented in Table 1. Recurrence in KD usually 
follows incomplete excision (Buggage et al., 1999). 


Table 1 Histopathological findings in Kimura's Disease and ALHE. 


Histopathological features Kimura's disease ALHE 





N eoangiogenesis Prominent Less prominent 
Histiocytoid endothelial cells Present Absent 
Lymphoid follicles Rare Common 
Eosinophilic abscess Not seen Present 

IgE deposits in germinal centre Absent Present 
Fibrosis Absent Present 
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Figure 5 Angiolymphoid hyperplasia with eosinophilia of the orbit. L obu- 
lar aggregates of tortuous vessels lined by plump endothelial cells combined 
with chronic follicular inflammation (H&E, 200x). There are small ves- 
sels lined by epithelioid-appearing endothelial cells, surrounded by typical 
lymphocytes and eosinophils (bottom right inset; H&E, 400x). 


Angiolymphoid Hyperplasia with Eosinophilia (ALHE) 


ALHE occurs in all racial groups with a slight female pre- 
dominance (Figure 5). Patients present with small, superficial 
dermal papulonodules, frequently erythematous, accompa- 
nied by bleeding, pruritis, and tumour growth. Regional 
lymphadenopathy, serum eosinophilia, and elevated IgE lev- 
els are rare. 

Histopathological findings in both conditions are presented 
in Table 1. The prognosis is quite good, and surgical excision 
is the treatment of choice. However, up to 33% of recurrences 
have been reported (Olsen and Helwig, 1985). 


Lymphoid Proliferations 


Lymphoid proliferations are uncommon lesions in orbital 
tissue and are categorized as lymphoma (malignant) or 
reactive lymphoid hyperplasia (benign). 


Lymphoma 


The orbit is considered as an extranodal site for lymphomas. 
M ost of them are non-H odgkin’s lymphomas, and they con- 
stitute less than 1% of all cases of nodal and extranodal non- 
Hodgkin's lymphomas (Coupland, 2004). It is reported that 
40- 60% of all orbital lymphomas are extranodal marginal- 
zone B-cell lymphomas of the MALT type. However, the 
percentage varies between different regions of the world. 
The classification of orbital (extranodal) lymphomas is the 
same as the nodal lymphoma (see Lymph Nodes). Distinc- 
tion between MALT and non-M ALT lymphoma is important. 
MALT lymphomas have a good prognosis and a tendency to 
remain confined to the orbit. It is potentially curable with 
local therapy (Lauer, 2000). However, some studies reported 


that 18% of the patients with MALT lymphoma of ocu- 
lar adnexa had previous or concurrent systemic disease at 
the time of diagnosis (Jenkins et al., 2000). Most of the 
reports show more than 90% overall survival over 5 years 
(Lee etal., 2005). However, some studies reported a rel- 
atively high index of local or systemic failure after local 
control with radiotherapy (Jenkins et al., 2000). 


Idiopathic Orbital Inflammation (Orbital Inflammatory 
Pseudotumour) 


This is a benign intraorbital non-specific inflammatory pro- 
cess of unknown aetiology and is a diagnosis of exclusion 
(Jacobs and Galetta, 2002). It is characterized by chronic 
inflammation and variable degrees of fibrosis. The inflam- 
matory infiltrate is polymorphous and typically includes 
lymphocytes and plasma cells and possibly eosinophils, with 
varying degrees of fibrosis. Germinal centres can occur. 
Immunohistochemistry is helpful in excluding lymphoma 
showing the polyclonal nature of the lesion. 


Rhabdomyosarcoma (RMS) 


RMS (see Soft Tissues) is the most common primary malig- 
nant orbital tumour of childhood. It usually presents as a 
Space-occupying lesion in the orbit during the first decade 
and may mimic other neoplastic or inflammatory masses 
(K arcioglu et al., 2004). 


Clinical Features RMS has a rather rapid onset. Proptosis 
and displacement of the globe is a common manifestation. 
Eyelid oedema and conjunctival chemosis can also occur. 
Biopsy is always necessary to establish the diagnosis. 


Histopathology The tumour is composed of poorly dif- 
ferentiated rhabdomyoblasts. Characteristic strap cells with 
cross striations can be seen in only a minor set of tumours. 
RMS can be histopathologically classified as embryonal, 
alveolar, botryoid, and pleomorphic (see Soft Tissues). The 
embryonal form is the most common, and the alveolar form is 
considered more malignant. Immunohistochemistry can help 
establish the diagnosis showing expression of muscle anti- 
gens. 


Management This includes the following: (i) a biopsy to 
establish the diagnosis; (ii) removal of as much tissue as 
possible without damaging vital structures; (iii) removal 
of the entire lesion if it is small and well circumscribed; 
(iv) a systemic evaluation; and (v) combined irradiation and 
chemotherapy. Patient must have a close ocular and systemic 
follow-up. 


Epithelial Lacrimal Gland Tumours 


All epithelial tumours of the lacrimal gland have the same 
classification as salivary gland tumours (see Oral Cavity 
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and Major and Minor Salivary Glands). As in salivary 
glands, pleomorphic adenoma and adenoid cystic carcinoma 
are the most common benign and malignant tumours of the 
lacrimal gland, respectively. The histopathological findings 
are similar to the counterparts of the salivary glands. 


Fine-Needle Aspiration Biopsy in Orbital Tumours 


There are two significant advantages of orbital needle aspi- 
ration for the primary diagnosis of lacrimal and adnexal 
gland lesions. First, if a suspected tumour can be treated 
or followed without surgical intervention, then an accurate 
fine-needle biopsy may spare the patient further (unneces- 
sary) surgical intervention. Second, preoperative fine-needle 
aspiration diagnoses may help the ophthalmologic or oculo- 
plastic surgeon to better plan his surgical approach (Glasgow 
and Foos, 1993). 

In our experience, the best indications for a fine-needle 
biopsy in orbital tumours are the following: 


A lacrimal gland mass in a patient with a prior diagnosis 
of malignant tumour elsewhere (is it a metastasis?). 

A recurrent tumour in the lacrimal gland (is it a recurrence 
of the same tumour?). 

When the fine-needle biopsy is the only way to obtain 
tumour tissue for analysis. 


Optic Nerve Tumours 


The most common tumour of the optic nerve is the optic 
nerve glioma (see Neuromuscular System), usually seen 
in patients with NF type 1. Most of the tumours are 
benign but malignant gliomas of the optic nerve occur, as 
do other tumours, including gangliogliomas, medulloepithe- 
liomas, and vascular tumours, such as haemangioblastomas 
and haemangiopericytomas (M iller, 2004). 

The most common tumour of the optic nerve sheath is 
the meningioma (see Neuromuscular System); however, a 
few rare tumours of the sheath have also been described, 
including one case of an haemangiopericytoma and several 
cases of schwannomas (M iller, 2004). 


UVEAL TRACT 


The iris, the ciliary body, and the choroid compose the uveal 
tract. It is the vascular coat, containing a network of blood 
vessels, connective tissue, muscle, nerves, and melanocytes. 
Theiris is situated in front of the crystalline, and separates the 
anterior from the posterior chamber. The ciliary body extends 
from the base of the iris to the anterior choroid at the ora 
serrata. It contains the ciliary muscle. The choroid extends 
from the ora serrata to the optic nerve, between the retina 
and the sclera. It varies from 0.1 to 0.22 mm in thickness 
and is responsible for supplying nutrients to the outer retina 
and anterior ocular structures. 


Neoplasias 


Metastases 


These are the most common intraocular malignancies. The 
uveal tract is certainly the most common site of intraocular 
metastases, and the choroid is involved in more than 85% of 
cases. The presence of more than one lesion is very common, 
especially in the choroid, and bilateralism can also occur. 
Choroidal metastases are generally flat and associated with 
subretinal fluid (Shields et al., 1997). Breast and lung cancers 
represent more than two-thirds of primary tumour sites, 
followed by gastrointestinal tract, kidney, skin, and prostate. 
One-third of the patients have no history of a primary cancer 
at the time of the intraocular tumour diagnosis. In about 
15% of the cases, no primary site is found despite clinical- 
radiological investigation (see Unknown Primary). 

The most difficult differential diagnosis of a metastatic 
tumour, when solitary, is primary uveal melanoma (UM) 
(see subsequent text), as both conditions are more common 
in adults and older patients. If the lesion is multiple (favour 
metastasis) or pigmented (favour UM, unless patients have 
a history of cutaneous melanoma), the diagnosis is usually 
straightforward. 


Uveal Melanoma 


UM is the most common primary intraocular malignancy. 
The incidence is about 7-10 cases/million/year. The patho- 
genesis of UM is not as well understood as cutaneous 
melanoma. Risk factors are age (mean age of diagnosis: 55- 
year-old); race: Caucasians and light iris colour; and some 
conditions such as ocular melanocytosis, naevus of Ota, and 
choroidal naevi. 


Clinical Features A uveal tumour, pigmented or not, usu- 
ally displays a discoid, collar button, or mushroom-shaped 
growth pattern (Figure 6). Choroidal tumours are more than 
2mm in height (<2mm in height and 5mm in diameter 
is considered a naevus) (McLean et al., 2004). The clinical 
accuracy in diagnosing choroidal melanoma is very high, and 
only selected cases are need histological/cytological confir- 
mation. Ultrasound is an important tool for diagnosis and to 
establish prognosis (measurement of the size) in this tumour. 


Histology Cell type is the most reliable and classical 
histopathological prognosticator (McLean et al., 2004). Cal- 
lendar proposed the UM histological classification in 1934. 
This classification was modified by M cL ean et al. (1983) and 
was shown to better correlate with prognosis and is therefore 
favoured (see Table 2). 

The spindle A cells (naevus) are fusiform shaped with a 
nuclear fold, resembling a coffee bean. The spindle B cells 
(spindle melanoma) are similar to the spindle A cells, with 
bigger nuclei and a visible nucleoli (Figure 7). The cells 
of the spindle melanoma and naevus are cohesive to each 
other, forming a syncytium. The epithelioid cells (epithe- 
lioid melanoma) are characterized by a big nucleus, a round 
eosinophilic nucleolus, large eosinophilic cytoplasm, and 





Figure 6 Uveal melanoma gross pathology. Pupil- optic nerve section 
of the eye showing a pigmented choroidal melanoma breaking Bruch’s 
membrane, hence acquiring a mushroom shape. 


Table 2 Classification of uveal melanoma and melanocytic tumours. 


Six types of melanoma Four types of melanocytic 





(Callendar) tumours (M cLean) 
Spindle A cells Choroidal naevi 
Spindle B cells Spindle cell melanoma 


Epithelioid cells Epithelioid cell melanoma 
Mixed (spindle B and epithelioid) Mixed cell melanoma 
Fascicular = 

Necrotic = 





Figure 7 Uveal melanoma, spindle cell type. The cells are fusiform 
with hyperchromatic nuclei and conspicuous nucleoli. Mitotic figures are 
observed (arrow). (H&E, 400x). 
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Figure 8 Uveal melanoma, epithelioid cell type. Large, round, pleomor- 
phic, and hyperchromatic cells with conspicuous eosinophilic nucleoli can 
be observed. Some of the neoplastic cells are binucleated. Note the lack 
of cohesiveness with the adjacent cells characteristic of the epithelioid 
melanoma cells. 


lack of cohesiveness to other cells (Figure 8). Mixed type 
melanomas are composed of spindle and epithelioid cells 
in varying proportions (McLean et al., 2004). The 15-year 
mortality for spindle cell melanoma is 20%, that for mixed 
melanoma is 60%, and for epithelioid melanoma is 75%. 
Size is another prognostic factor, as large melanoma has the 
worst prognosis. They can be divided into small, medium 
and large. Small melanoma: <3mm in height and <10 mm 
in large diameter. M edium melanoma: 3- 5mm in height and 
<15mm in diameter. Large melanoma: >5mm in height 
and >15mm in diameter (McLean etal., 1997). Tumour 
infiltrating lymphocytes (TIL) are also a prognostic factor. 
T-lymphocytic infiltration within UM cells occurs because 
of systemic circulating malignant cells. More than 100 TIL 
in 20 high-power fields (400x) is related to worse prog- 
nosis (Whelchel et al., 1993). Vascular loops, characterized 
by periodic acid-Schiff (PA S)-positive channels surrounding 
malignant cells, correlates with worse prognosis (McLean 
et al., 1997). Other important histopathological prognostic 
factors are mitotic count, extraocular extension, and vortex 
vein invasion. Cytomorphometry (mean size of the largest 
nucleus and nucleolus of the melanoma) is a prognostic 
factor not only for UM but also for cutaneous melanoma 
(Burnier Pereira et al., 2001). Tumours positive for immuno- 
histochemical markers such as phosphoAKT (Saraiva et al., 
2005) and cyclooxygenase-2 (COX-2) (Figueiredo etal., 
2003) have also been shown to have a worse prognosis. 


Local Treatment Intraocular tumours can be treated 
by radiotherapy (most cases) and/or surgery. M etastases: 
Despite local treatment, a high number of patients will 
develop metastatic disease. There are no lymphatics inside 
the eye; therefore, the spread is exclusively haematogenous 
(exception is when the tumour invades the conjunctiva, 
gaining access to conjunctival lymphatics). The liver is the 
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most common site of metastases (involved in 90% of the 
cases), followed by lung, bone, and skin. Metastases can 
appear up to 35years after the diagnosis of intraocular 
tumours. 


Survival Rates The prognosis and mortality rates of 
UM patients have remained unchanged throughout several 
decades despite impressive progress in the diagnosis and 
local treatment of this particular tumour. Today, 45% of the 
patients with UM will die within 15 years following initial 
clinical diagnosis (K ujala et al., 2003). 


Research Lots of efforts have been made to achieve new 
therapeutic methods to improve survival. COX-2 and ima- 
tinib mesylate (c-kit inhibitor) could be the source of new 
adjuvant therapy (Pereira et al., 2005a). 


Differential Diagnosis The most common differential diag- 
noses of posterior UM are choroidal naevus, peripheral 
exudative haemorrhagic chorioretinopathy, congenital hyper- 
trophy of the retinal pigment epithelium (RPE), haemorrhagic 
detachment of the retina or pigment epithelium, circum- 
scribed choroidal haemangioma, and age-related macular 
degeneration (Shields et al., 2005). 


Other Tumours of the Uveal Tract 


Other rare tumours of the uveal tract include haemangioma, 
leiomyoma, and neurofibroma. 


RETINA 


The retina has two functions. The first, performed by the 
rod and cone photoreceptors, is to transduce information 
from an optical image into electrical signals. The second, 
performed by the neural circuits of the retina, is to process 
certain features of the visual world from the photoreceptor 
signals and relay this information to the brain via the optic 
nerve (Rodieck, 1973). 

The sensory retina is composed of the following layers: 
(i) layer of the photoreceptors of the rods and cones, (ii) 
external limiting membrane, (iii) outer nuclear layer, (iv) 
outer plexiform layer, (v) inner nuclear layer, (vi) inner 
plexiform layer, (vii) ganglion cell layer, (viii) nerve fibre 
layer, and (ix) internal limiting membrane. 

It is beyond the scope of this chapter to describe the 
functional role of the retina. 

The RPE is a monolayer of cells extending from the 
optic disc to the ora serrata, where it is continuous with 
the pigmented epithelium of the ciliary body. The RPE cells 
are essential for photoreceptor health and have several other 
functions, including vitamin A metabolism, phagocytosis, 
light absorption, heat exchange, and active transport of 
materials between the choriocapillary and the subretinal 
space (Duane et al. 2003). 


Neoplasia 


Retinoblastoma (RB) 


RB is the most common intraocular malignancy of childhood, 
and the incidence is about 1:15 000 to 1:30000 live births. 
There are no differences in incidence by sex, race, or right 
versus left eye. The mean age of diagnosis is 18 months. RB 
in adults is extremely rare (Odashiro et al., 2005b). 


Genetics Knudson (1971) proposed the two-hit model after 
noting the differences in tumour development in patients 
with unilateral versus bilateral disease (see Table 3). RB 
requires two complementary tumour-inducing genetic events. 
The first event for familial RB is a germinal or inherited 
mutation; therefore, genetic-induced RB requires only one 
more tumour-inducing event. It represents one-third of the 
cases, is transmitted as an autosomal dominant trait, and 
the tumour is frequently bilateral. Sporadic RB, however, 
requires two tumour-inducing events, represents two-third 
of the cases, is caused by somatic mutations, and is not 
transmissible. 


Retinoblastoma Gene The well-known RB gene is a 
tumour-suppressor gene, located on the region q14 of chro- 
mosome 13. The gene also encodes esterase D, an enzyme 
responsible for radiation repair. 


Clinical Features Initially, RB presents as a small and 
transparent mass that gradually becomes more opaque. M ore 
advanced tumours present as an elevated dome-shaped white 
retinal mass. Leukocoria can occur early or late and is a 
clinical characteristic of the tumour (Figure 9). 


Growth Patterns The endophytic growth pattern can sim- 
ulate endophthalmitis; the exophytic growth pattern can 
simulate Coat’s disease, and there is the diffuse-infiltrating 
pattern. Some cases of spontaneous regression have been 
documented, and it is believed that it occurs more fre- 
quently in RB than in other malignant neoplasms. U Itrasound 
is very helpful in diagnosis and characteristically shows 
calcifications. 


Histopathological Findings The tumour is composed of 
small, round, blue, neuroblastic cells. Rosettes are character- 
istic features; the F lexner - Wintersteiner rosettes, observed in 
well-differentiated tumours, are lined by tall cuboidal cells 
that circumscribe an apical lumen (Figure 10a). In the H omer 


Table 3 Differences between familial and sporadic RB. 


Hereditary Non-hereditary 


Diagnosed earlier 

Bilateral or unilateral 
Chromosomal abnormality from 
germinal mutation or inherited 
Offspring affected 

Risk of other malignancies 


Diagnosed later 

Unilateral 

Chromosomal abnormality from 
somatic mutation 

Offspring normal 

No increased risk of other 
malignancies 
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Figure 9 Clinical picture of retinoblastoma. Leukocoria in a young child 
is one feature of this tumour. 


Wright rosettes, which are less specific for RB, cells are not 
arranged around a lumen but instead send out cytoplasmic 
process that form a tangle within the centre of the rosette 
(Figure 10b). Some cells show photoreceptor differentiation 
(fleurettes) usually seen in well-differentiated tumours. A reas 
of necrosis and calcifications are commonly observed. Vas- 
cular cuffs are spheroid aggregates of viable tumour cells 
around vessels, with peripheral necrosis (Burnier et al., 1990) 
(Figure 11). 


Prognostic Factors Tumour extension through the optic 
nerve is the most important histopathological prognostic 
factor, when enucleation is performed. The optic nerve is 
the main route for retinoblastoma to produce extraocular 
extension and metastasize. Massive choroidal extension is 
also a prognostic factor. Lungs, bones, and brain are the 
main sites of metastases. M etastases usually occur 1- 2 years 


Figure 11 Retinoblastoma. Vascular cuffs are very characteristic of this 
tumour. Calcifications (bottom) are also frequently seen in this tumour 
(H&E, 100x). 


after the treatment. Later metastases are so rare that it should 
raise the possibility of a new independent primary tumour. 
Trilateral retinoblastoma is represented by a bilateral 
retinoblastoma plus pinealoblastoma or parasellar tumour. It 
occurs in the first 3 years of life and is often a fatal tumour. 


Treatment The treatment for RB has changed in the past 
few years. Enucleation is reserved for selected cases and 
conservative forms of treatment have gained popularity. 
Such measures include external-beam irradiation, episcleral 
plaque brachytherapy, cryotherapy, laser photocoagulation, 
and chemotherapy. Overall, the 3-year follow-up, survival in 
the United States is about 90% (Filho et al., 2005). Genetic 
counselling for families of RB patients is complex and 
challenging. 

Secondary tumours can develop in patients with familial 
RB, owing to the esterase D defect. The most common 





Figure 10 Retinoblastoma. The tumour is composed of round, small, undifferentiated, hyperchromatic cells. The cells are sometimes arranged in rosettes: 
(a) Flexner- Wintersteiner rosette, and (b) Homer Wright rosettes (white arrows) (H&E, 400x). 


12 SYSTEMATIC ONCOLOGY 


are osteogenic sarcomas of the skull and long bones, soft 
tissue sarcomas, pinealoblastomas, cutaneous melanomas, 
brain tumours, Hodgkin’s disease, lung, and breast cancer. 


Differential Diagnosis The clinical differential diagnosis 
includes other causes of leukocoria such as toxocariasis, 
Coats disease, persistent hyperplastic primary vitreous, and 
retinopathy of prematurity. 


Tumours of the Ciliary Epithelium 


Primary tumours of the pigmented or non-pigmented cil- 
iary epithelium are rare. Zimmerman proposed dividing 
these tumours into two classes - congenital (embryonic) and 
acquired (non-embryonic). Congenital tumours arise in the 
embryonic or early post-natal period, and include medul- 
loepithelioma and glioneuromas. The acquired tumours are 
seen in adulthood and include Fuch’s adenoma, adenoma, 
and adenocarcinoma (M cLean et al., 1994). 


Medulloepithelioma 


Intraocular medulloepithelioma is a rare embryonal neoplasm 
that occurs predominantly in children and arises from the 
primitive medullary epithelium of the optic cup. M edul- 
loepitheliomas that contain heterotopic elements or tissues 
such as brain, cartilage, or rhabdomyoblasts are classified 
as teratoid, and tumours lacking these elements are clas- 
sified as nonteratoid medulloepitheliomas. Both nonteratoid 
and teratoid medulloepitheliomas may be benign or malig- 
nant. Clinically and histopathologically the tumour shows 
cystic areas intermixed with solid areas (Figure 12). The 
histopathological criteria for malignancy includes the pres- 
ence of poorly differentiated neuroblastic cells, numerous 
mitoses, pronounced pleomorphism, sarcomatous areas, or 
invasion of other ocular structures with or without extraocu- 
lar extension (Font and Rishi, 2005). 


Adenoma and Carcinoma of the Ciliary Epithelium 


These are rare tumours. As medulloepitheliomas, they are 
also tumours of the ciliary epithelium and can be benign 
(adenoma) or malignant (adenocarcinoma). However, they 
are acquired lesions that occur after embryonic development. 


Other Retinal Tumours 


Primary Retinal Lymphoma (PRL) 


PRL is anon-Hodgkin’s large B-cell lymphoma (high grade) 
(see Lymph Nodes) also called non-Hodgkin’s lymphoma 
of the central nervous system (Whitcup etal., 1993). It 
represents 1% of all lymphomas and may involve the retina, 
vitreous, optic nerve, and the central nervous system. It 
occurs in elderly patients who may have a misdiagnosis 
of chronic uveitis for a long period. Immunocompromised 





Figure 12 Benign medulloepithelioma. This tumour is composed of cords 
and sheets of medullary epithelium. The cords vary from a single layer 
of columnar cells to a stratified multilayered structure. The cells produce 
a basement membrane. The cystic spaces contain hyaluronic acid (H&E, 
100x). 


patients, especially patients with AIDS, have a high-risk 
predisposition for this tumour. Vitreous aspiration biopsy and 
cytological examination can establish the diagnosis (Lopez 
et al., 1991). Prognosis is generally poor. 

Other retinal tumours include astrocytic tumours like 
astrocytomas and vascular tumours. 

Vascular tumours: the retinal capillary haemangioma can 
be present in the von Hippel-Lindau syndrome; the cav- 
ernous haemangioma is a rare congenital malformation. 
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NORMAL DEVELOPMENT AND STRUCTURE 


The ear is represented by three distinct compartments, the 
external ear, the middle ear and temporal bone, and the inner 
ear. The external ear develops from the first branchial groove. 
The external auricle (pinna) forms from the fusion of the 
auricular hillocks or tubercles, a group of mesenchymal tis- 
sue swellings from the first and second branchial arches, that 
lie around the external portion of the first branchial groove 
(M oore, 1988). The external auditory canal is considered a 
normal remnant of the first branchial groove. The tympanic 
membrane forms from the first and second branchial pouches 
and the first branchial groove (M oore, 1988). The ectoderm 
of the first branchial groove gives rise to the epithelium on 
the external side, the endoderm from the first branchial pouch 
gives rise to the epithelium on the internal side, and the meso- 
derm of the first and second branchial pouches gives rise to 
the connective tissue lying between the external and inter- 
nal epithelia (M oore, 1988). The middle ear space develops 
from invagination of the first branchial pouch (pharyngo- 
tympanic tube) from the primitive pharynx. The eustachian 
tube and tympanic cavity develop from the endoderm of the 
first branchial pouch; the malleus and incus develop from 
the mesoderm of the first branchial arch (Meckel’s carti- 
lage), while the incus develops from the mesoderm of the 
second branchial arch (Reichert’s cartilage) (M oore, 1988). 
The first division of the ear to develop is the inner ear 
that appears towards the end of the first month of gesta- 
tion (Dayal etal., 1973; Moore, 1988). The membranous 
labyrinth, including the utricle, saccule, semicircular ducts, 
and cochlear duct, arises from the otic vesicle (otocyst). The 
otic vesicle forms from the invagination of the surface ecto- 
derm, located on either side of the neural plate, into the 
mesenchyme. This invagination eventually loses its connec- 
tion with the surface ectoderm. The bony labyrinth, including 
the vestibule, semicircular canals, and cochlea arises from 
the mesenchyme around the otic vesicle (Dayal et al., 1973; 
M oore, 1988). 

The outer portion of the external ear includes the auricle or 
pinna leading into the external auditory canal with its medial 
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limit being the external aspect of the tympanic membrane. 
Histologically, the auricle is essentially a cutaneous structure 
composed of a keratinizing, stratified squamous epithelium 
with associated dermal adnexal structures that include hair 
follicles, sebaceous glands, and eccrine sweat glands. The 
subcutaneous tissue is composed of fibroconnective tissue, 
fat, and elastic-type fibrocartilage, which give the auricle its 
structural support. In addition to the dermal adnexal struc- 
tures, the outer third of the external canal is noteworthy 
for the presence of modified apocrine glands called ceru- 
minal glands that replace the eccrine glands seen in the 
auricular dermis. Ceruminal glands produce cerumen and 
are arranged in clusters composed of cuboidal cells with 
eosinophilic cytoplasm often containing a granular, golden 
yellow pigment. These cells have secretory droplets along 
their luminal border. In the inner portion of the external audi- 
tory canal, ceruminal glands and other adnexal structures are 
absent. Similar to the auricle, the external auditory canal is 
lined by a keratinizing, squamous epithelium that extends 
to include the entire canal and covers the external aspect of 
the tympanic membrane. The inner two-thirds of the external 
auditory canal contains bone rather than cartilage. 

The middle ear or tympanic cavity contents include 
the ossicles (malleus, incus, and stapes), eustachian tube, 
tympanic cavity proper, epitympanic recess, mastoid cavity, 
and the chorda tympani of the facial (VII) nerve. The middle 
ear and the external ear function as conduits for sound 
conduction for the auditory part of the internal ear. The 
anatomic limits of the middle ear include (i) the lateral or 
internal aspect made up by the tympanic membrane and 
squamous portion of the temporal bone, (ii) the medial aspect 
bordered by the petrous portion of the temporal bone, (iii) 
the superior (roof) delimited by the tegmen tympani, a thin 
plate of bone that separates the middle ear space from the 
cranial cavity, (iv) the inferior (floor) aspect bordered by a 
thin plate of bone separating the tympanic cavity from the 
superior bulb of the internal jugular vein, (v) the anterior 
aspect delimited by a thin plate of bone separating the 
tympanic cavity from the carotid canal housing the internal 
carotid artery, and (vi) the posterior aspect delimited by the 
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petrous portion of the temporal bone containing the mastoid 
antrum and mastoid air cells. Histologically, the lining of the 
middle ear is a respiratory epithelium varying from ciliated 
epithelium in the eustachian tube to a flat, single, cuboidal 
epithelium in the tympanic cavity and mastoid. The epithelial 
lining the eustachian tube becomes pseudostratified as it 
approaches the pharyngeal end. Under normal conditions, 
there are no glandular elements within the middle ear. The 
eustachian tubes contain a lymphoid component, particularly 
in children, which is referred to as the Gerlach’s tubal tonsil. 
The ossicular articulations are typical synovial joints. 

The internal ear is embedded within the petrous portion 
of the temporal bone and consists of the structures of the 
membranous and osseous labyrinth, and the internal auditory 
canal in which the vestibulocochlear (VIII) nerve runs. The 
internal ear is the sense organ for hearing and balance. The 
anatomy and histology of this region is complex and beyond 
the scope of this chapter, and the reader is referred to specific 
texts detailing the inner ear anatomy and histology. 


NEOPLASMS OF THE EAR AND TEMPORAL BONE 


The classification of neoplastic lesions of the ear and tem- 
poral bone are listed in Table 1. Owing to limitations of 
space, this chapter details those lesions that are unique 
to the ear. The most common lesions of the external ear 
are of cutaneous origin. The reader is referred to the 
chapter on dermatopathology for a more complete dis- 
cussion on cutaneous pathology. Numerous non-neoplastic 
lesions occur in the ear and temporal bone. Although this 
chapter is limited to neoplasms, for completion, the clas- 
sification of non-neoplastic lesions of the ear and tempo- 
ral bone are listed in Table 2. Along this line, no chap- 
ter dealing with lesions of the ear would be complete 
without a discussion on cholesteatomas. The section on 
cholesteatoma precedes the discussion on the neoplasms of 
this region. 


Cholesteatoma (Keratoma) 


Cholesteatoma is a pseudoneoplastic lesion of the mid- 
dle ear characterized by invasive growth and the presence 
of stratified squamous epithelium that forms a sac-like 
accumulation of keratin within the middle ear space. 
Despite their invasive growth, cholesteatomas are not con- 
sidered to be true neoplasms. The term cholesteatoma 
is a misnomer in that it is not a neoplasm and it 
does not contain cholesterol (Ferlito etal., 1997). Per- 
haps the designation of keratoma would be more accurate, 
but the term cholesteatoma is entrenched in the litera- 
ture. 

Cholesteatomas tend to be more common in men than in 
women and are most common in the third and fourth decades 
of life. The middle ear space is the most common site of 
occurrence. Initially, cholesteatomas may remain clinically 
silent until extensive invasion of the middle ear space and 


Table 1 Classification of neoplasms of the ear. 


|. External ear 
A. Benign 
E pithelial/neuroectodermal/mesenchymal 
K eratoacanthoma 
Ceruminal gland neoplasms 
Seborrheic keratoses 
Squamous papilloma 
M elanocytic naevi 
Dermal adnexal neoplasms 
Pilomatrixoma (calcifying epithelioma of M alherbe) 
Neurilemmoma/neurofibroma 
Osteoma, chondroma 
Haemangioma 
Others 
B. Malignant 
E pithelial/neuroectodermal/mesenchymal 
Basal cell carcinoma 
Squamous cell carcinoma and variants 
(verrucous carcinoma, spindle cell squamous carcinoma, adenoid 
squamous cell carcinoma) 
Ceruminal gland adenocarcinomas 
Malignant melanoma 
Merkel cell carcinoma 
Atypical fibroxanthoma (superficial malignant fibrous histiocytoma) 
||. Middle and inner ear 
A. Benign 
Epithelial 
Middle ear adenoma 
M iddle ear papilloma 
Others 
Neuroectodermal/mesenchymal 
J ugulotympanic paraganglioma 
Meningioma 
Acoustic neuroma 
Others 
B. Indeterminant 
Endolymphatic sac papillary tumour 
C. Malignant 
Epithelial 
M iddle ear adenocarcinoma 
Primary squamous cell carcinoma 
Mesenchymal 
Rhabdomyosarcoma 
Vascular (angiosarcoma, K aposi’s sarcoma) 
Lymphoproliferative (malignant lymphoma, plasmacytoma) 
Metastatic neoplasms 
Squamous cell carcinoma from other head and neck sites, breast 
carcinoma; pulmonary adenocarcinoma, malignant melanoma, renal 
cell carcinoma, prostatic adenocarcinoma 
Others 


mastoid occurs. Symptoms include hearing loss, malodorous 
discharge, and pain and may be associated with a polyp 
arising in the attic of the middle ear or perforation of the 
tympanic membrane. Otoscopic examination may reveal the 
presence of white debris within the middle ear, which is 
considered diagnostic. 

The majority of cholesteatomas are acquired and either 
arise de novo without a prior history of middle ear dis- 
ease or arise following a middle ear infection; a small 
percentage of cases are congenital. The latter have also 
been referred to as epidermoid cysts (Schuknecht, 1993a). 
The pathogenesis is thought to occur via migration of 
squamous epithelium from the external auditory canal or 
from the external surface of the tympanic membrane into 


Table 2 Classification of non-neoplastic lesions of the ear. 


External ear 
Developmental (accessory tragi, first branchial cleft anomalies, others) 
Infectious and inflammatory 
Keloid 
Epidermal and sebaceous cysts 
Idiopathic cystic chondromalacia 
Chondrodermatitis nodularis helicis chronicus 
Angiolymphoid hyperplasia with eosinophilia/K imura’s disease 
Autoimmune systemic diseases 
Relapsing polychondritis 
Gout 
Wegener's granulomatosis 
Others 
Exostosis 
Synovial chondromatosis 
Middle and inner ear including temporal bone 
Developmental and congenital anomalies 
Infectious (otitis media) and inflammatory 
Otic or aural polyp 
Cholesteatoma 
Langerhans cell histiocytosis (eosinophilic granuloma) 
Heterotopias (central nervous system tissue, salivary gland) 
Otosclerosis 
Paget's disease 
Meniere’s disease 
Others 


the middle ear. The mechanism by which the epithelium 
may enter the middle ear probably is by a combination 
of events, including perforation of the tympanic membrane 
(particularly in its superior aspect referred to as the pars 
flaccida or Shrapnell’s membrane following an infection) 
coupled with invagination or retraction of the tympanic 
membrane into the middle ear as a result of long-standing 
negative pressure on the membrane secondary to blockage 
or obstruction of the eustachian tube. Other theories by 
which cholesteatomas are thought to occur include traumatic 
implantation, squamous metaplasia of the middle ear epithe- 
lium, or congenital. 

Congenital cholesteatoma is a cholesteatoma of the mid- 
dle ear that exists in the presence of an intact tym- 
panic membrane presumably occurring in the absence of 
chronic otitis media (COM) that may result in perfora- 
tion or retraction of the tympanic membrane. Congenital 
cholesteatomas are found in infants and young children. 
Small colonies of epidermoid cells referred to as epider- 
moid formations are found on the lateral anterior supe- 
rior surface of the middle ear in temporal bones after 
15 weeks gestation (Nager, 1994). During the first post- 
partum year, the epidermoid colonies disappear; however, 
if the epidermoid cells do not disappear but continue to 
grow they become congenital cholesteatoma. The latter have 
also been referred to as epidermoid cysts (Schuknecht, 
1993a). In the majority of cases, congenital choleast- 
eatomas are found in the antero-superior part of the mid- 
dle ear. In early lesions, there are no symptoms and they 
are discovered by otoscopic examination. In later lesions, 
the signs and symptoms may be the same as acquired 
cholesteatoma. 

Cholesteatoma of the petrous apex is an epidermoid cyst 
of this location and bears no relation to cholesteatoma of 
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Figure 1 The histological diagnosis of cholesteatoma is primarily based 
on the presence of a stratified keratinizing squamous epithelium. 


the middle ear. It is likely of congenital origin but no cell 
rests have been discovered that may explain the origin of 
these lesions. Symptoms usually relate to involvement of the 
VIIth and VIIIth cranial nerves in the cerebellopontine angle 
(de Souza, et al., 1989). 

Cholesteatomas appear as a cystic, white to pearly appear- 
ing masses of varying size containing creamy or waxy gran- 
ular material. The histological diagnosis of cholesteatoma 
is made in the presence of a stratified keratinizing squa- 
mous epithelium, subepithelial fibroconnective or granu- 
lation tissue, and keratin debris (Figure 1). The essen- 
tial diagnostic feature is the keratinizing squamous epithe- 
lium, and the presence of keratin debris alone is not 
diagnostic of a cholesteatoma. The keratinizing squamous 
epithelium is cytologically bland and shows cellular mat- 
uration without evidence of dysplasia. In spite of its 
benign histology, cholesteatomas are “invasive” and have 
widespread destructive capabilities. The destructive proper- 
ties of cholesteatomas result from a combination of interre- 
lated reasons, including mass effect with pressure erosion of 
surrounding structures from the cholesteatoma, the produc- 
tion of collagenase, which has osteodestructive capabilities 
by its resorption of bony structures, and bone resorption 
(Abramson et al., 1984). Collagenase is produced by both 
the squamous epithelial and the fibrous tissue components of 
the cholesteatoma. 

The histological diagnosis of cholesteatomas is relatively 
straightforward in the presence of a keratinizing squamous 
epithelium. In contrast to cholesteatomas, squamous cell car- 
cinoma shows dysplastic or overtly malignant cytological 
features with a prominent desmoplastic stromal response to 
its infiltrative growth (see T he Biology of Tumour Stroma). 
Cholesteatomas do not transform into squamous cell carci- 
nomas. DNA analysis on human cholesteatomas showed the 
majority of cases analysed to be euploid (Desloge etal., 
1997). As such, owing to a lack of overt genetic insta- 
bility, cholesteatomas cannot be considered to be malig- 
nant neoplasms. Cholesterol granuloma is not synonymous 
with cholesteatoma. These entities are distinctly different 
pathological entities and should not be confused with one 
another. 
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Complete surgical excision of all histological components 
of the cholesteatoma is the treatment of choice. If not 
completely excised, cholesteatomas can have progressive and 
destructive growth, including widespread bone destruction 
that may lead to hearing loss, facial nerve paralysis, labryn- 
thitis, meningitis, epidural, and/or brain abscess. 


Ceruminal Gland Neoplasms 


Ceruminal gland tumours arise from the cerumen-secreting 
modified apocrine glands (ceruminal glands) of the exter- 
nal auditory canal. Ceruminal glands are located in the 
dermis of the cartilaginous (outer) portion of the exter- 
nal auditory canal. In general, ceruminal gland neoplasms 
are uncommon but represent one of the more common 
tumours of the external auditory canal. The generic desig- 
nation of ceruminoma should be avoided. Ceruminal gland 
neoplasms should be specifically diagnosed according to 
tumour type. The classification of ceruminal gland neo- 
plasms includes benign and malignant tumours. The benign 
ceruminal gland tumours include ceruminal gland adenoma 
(ceruminoma), pleomorphic adenoma, and syringocystade- 
noma papilliferum (Hyams etal., 1988a). The malignant 
ceruminal gland tumours include ceruminal gland adeno- 
carcinoma, adenoid cystic carcinoma, and mucoepidermoid 
carcinoma. 

Ceruminal gland neoplasms tend to affect men more than 
women and occur over a wide age range but are most 
frequently seen in the fourth to sixth decades of life. Symp- 
toms include a slow-growing external auditory canal mass 
or blockage, hearing difficulty, and infrequently otic dis- 
charge (Wetli et al., 1972; Pulec, 1977; Hyams et al., 1988a; 
Thompson et al., 2004). The gross appearance of cerumi- 
nal gland neoplasms includes skin-covered, circumscribed, 
polypoid, or rounded mass ranging in size from 1 to 4cm in 
diameter. Ulceration is uncommon and may suggest a malig- 
nant neoplasm. 

Histologically, ceruminal gland adenomas are unencap- 
sulated but well-demarcated glandular proliferations. The 
glands vary in size and may have various combinations of 
growth patterns, including solid, cystic, and papillary. A crib- 
riform or back-to-back glandular pattern is commonly seen. 
The glands are composed of two cell layers, the inner or 
luminal epithelial cell is cuboidal or columnar appearing 
with an eosinophilic cytoplasm and a decapitation-type secre- 
tion (apical “snouts”) characteristic of apocrine-derived cells; 
the outer cellular layer is composed of spindle cells with 
hyperchromatic nuclei and represent myoepithelial deriva- 
tion (Figure 2). A golden yellow - brown granular-appearing 
pigment can be seen in the inner lining cells and repre- 
sents cerumen. Cellular pleomorphism and mitoses can be 
seen but are not prominent. Diastase-resistant, PAS-positive, 
and/or mucicarmine-positive intracytoplasmic and/or intralu- 
minal material may be seen. 

Ceruminal gland pleomorphic adenomas are uncommon 
tumours. The histology is similar to that of pleomorphic ade- 
nomas of salivary gland origin. Syringocystadenoma papil- 
liferum is a benign tumour of apocrine gland origin that 





Figure 2 Ceruminal gland adenoma is characterized by well-formed 
glandular spaces lined by an inner layer of cuboidal to columnar cells and 
an outer layer of small compressed cells. 


usually occurs on the scalp and face area. Syringocystade- 
noma papilliferum may originate in the external auditory 
canal from ceruminal glands. The histology is similar to that 
of tumours of the more common cutaneous sites. 

The treatment of choice for benign ceruminal gland 
neoplasms is complete surgical excision, which is curative. 
Recurrence of the tumour can occur and relates to inadequate 
surgical excision. 

In contrast to ceruminal gland adenoma, patients with ceru- 
minal gland adenocarcinomas more often have associated 
pain (Wetli et al., 1972; Pulec, 1977; Hyams et al., 1988a). 
Histologically, features that may assist in differentiating ceru- 
minal gland adenocarcinomas from the adenomas include a 
loss of the glandular double cell layer with identification of 
only the inner or luminal epithelial cell, the presence of cel- 
lular pleomorphism with nuclear anaplasia, increased mitotic 
activity, and invasive growth. However, well-differentiated 
ceruminal gland adenocarcinomas may appear similar to their 
benign counterparts and are differentiated only on the basis 
of invasive growth. At the other end of the spectrum, poorly 
differentiated ceruminal adenocarcinomas occur and are rec- 
ognized on the basis of their localization in the external 
auditory canal. Other types of ceruminal gland malignant 
tumours include adenoid cystic carcinoma and mucoepider- 
moid carcinoma. These tumours are morphologically similar 
to their salivary gland counterparts. 

For ceruminal gland adenocarcinoma, en bloc surgical 
resection is the treatment of choice. Middle ear or temporal 
bone involvement necessitates more radical surgery (Hicks, 
1983). Supplemental radiotherapy is recommended (Hicks, 
1983). Metastases are rare and include regional lymph nodes 
and the lung (Pulec, 1977; Hicks, 1983). For ceruminal gland 
adenoid cystic carcinoma and mucoepidermoid carcinoma, 
wide surgical resection is the recommended treatment with or 
without supplemental radiotherapy. The prognosis for ceru- 
minal gland adenoid cystic carcinoma is generally similar to 
that for their salivary gland counterparts, including relatively 
good short-term (i.e, 5years) survival but poor long-term 
(i.e, 10- 20 years) survival (Perzin et al., 1982). 


NEOPLASMS OF THE MIDDLE EAR AND 
TEMPORAL BONE 


Benign Tumours 


Middle Ear Adenomas (MEA) 


MEA are benign glandular neoplasms originating from the 
middle ear mucosa (Hyams et al., 1988b; Batsakis, 1989). 
MEA occur equally in both genders and occur over a 
wide age range but are most common in the third to 
fifth decades of life. MEA are found in any portion of 
the middle ear including the eustachian tube, mastoid air 
spaces, ossicles, and the chorda tympani nerve. The most 
common symptom is unilateral conductive hearing loss, but 
fullness, tinnitus, and dizziness may also occur. Pain, otic 
discharge, and facial nerve paralysis rarely occur and, if 
present, may be indicative of a malignant process. Otoscopic 
examination in the majority of cases identifies an intact 
tympanic membrane with tumour confined to the middle ear 
space with a possible extension to the mastoid. Occasionally, 
the adenoma perforates through the tympanic membrane with 
extension into and presentation as an external auditory canal 
mass. There are no known aetiological factors related to the 
development of MEA. MEA are not associated with a prior 
history of COM. Concurrent cholesteatomas may be seen 
with MEA, but there is no known association between these 
two lesions. 

An MEA is a grey- white to red- brown, rubbery to firm 
mass free of significant bleeding on manipulation. Histolog- 
ically, MEA are unencapsulated lesions with glandular or 
tubule formation, as well as solid, sheet-like, trabecular, cys- 
tic, and cribriform growth patterns (Figure 3). Rarely, MEA 
may show a predominant papillary growth. The neoplastic 
glands occur individually or have back-to-back growth. The 
glands are composed of a single layer of cuboidal to colum- 
nar cells with a varying amount of eosinophilic cytoplasm 
and a round to oval hyperchromatic nucleus. Nucleoli may 
be seen and are generally eccentrically located. The cells may 
have a prominent plasmacytoid appearance, particularly evi- 
dent in the more solid areas of growth but also in the cells 





Figure 3 Middle ear adenoma is composed of a diffuse proliferation of 
gland-forming neoplasm. 
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Figure 4 Middle ear adenoma composed of glands and an adjacent solid 
cellular focus. The neoplastic cells in both the glands and the solid area are 
similar, showing plasmacytoid features. 


forming the glandular structures (Figure 4). A paranuclear 
clear zone is not present. Often, adjacent to or intimately 
admixed with the glands is a more solid or sheet-like growth 
of similar-appearing neoplastic cells. The cells may have a 
more dispersed or stippled nuclear chromatin with the “salt 
and pepper” pattern suggestive of neuroendocrine differenti- 
ation. Cellular pleomorphism may be prominent, but mitoses 
are uncommon. The stromal component is sparse and may 
appear fibrous or myxoid. 

Histochemical stains show the presence of intraluminal but 
not intracytoplasmic mucin-positive material. Periodic acid 
Schiff (PAS)-positive material is not present. By immuno- 
histochemical evaluation, the neoplastic cells are cytokeratin 
positive but do not express chromogranin, synaptophysin, 
S100 protein, desmin, actin, or vimentin. Some MEA may 
have immunoreactivity with one or more neuroendocrine 
markers, including chromogranin and synaptophysin. These 
MEA with neuroendocrine differentiation have been termed 
carcinoid tumours of the middle ear (Latif et al., 1987; Stan- 
ley et al., 1987; Manni etal., 1992; Torske and Thompson, 
2002). However, these “carcinoid tumours” are better viewed 
as part of the histologic spectrum of MEA (El-Naggar et al., 
1994), albeit one with neuroendocrine differentiation, rather 
than representing a distinct middle ear neoplasm separate 
from MEA. 

MEA should be differentiated from glandular metaplasia 
that may occur in the setting of COM. These metaplastic 
glands may be misdiagnosed as neoplastic. In contrast to 
MEA, the glandular proliferation in COM is focal or hap- 
hazardly arrayed and occurs in the presence of histological 
features of COM, including chronic inflammation with fibro- 
sis and calcifications (tympanosclerosis). MEA may perforate 
the tympanic membrane and appear to represent a neoplasm 
of the external auditory canal, such as a ceruminal gland ade- 
noma. The histological features of these two tumour types 
are distinctly different and should allow for easy distinc- 
tion. In contrast to the rare middle ear adenocarcinoma, MEA 
lack marked cellular pleomorphism, increased mitotic activ- 
ity, and necrosis or invasion of bone and other soft tissue 
structures. 
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The treatment for all MEA is complete surgical excision. 
Surgery may be conservative if the lesion is small and con- 
fined to the middle ear or more radical (mastoidectomy) 
for larger lesions associated with more extensive structural 
involvement. Recurrent tumour may occur and is a function 
of inadequate excision. Some MEA may be locally aggres- 
sive and rarely may invade vital structures causing death, 
but metastatic disease does not occur. In general, the clini- 
cal, radiological, and pathological findings are indicative of 
a benign tumour. Nevertheless, the histological appearance 
is not always predictive of the clinical behaviour. 


Jugulotympanic Paragangliomas (JTP) 


JTP are benign neoplasms that arise from the extra-adrenal 
neural crest- derived paraganglia specifically located in the 
middle ear or temporal bone region. Synonyms include 
glomus jugulare tumour and glomus tympanicum tumour. 
J TP are considered the most common tumours of the middle 
ear (Hyams etal., 1988b). JTP affect women more often 
than men and are most common in the fifth to seventh 
decades of life. The majority (85%) of the JTP arise in 
the jugular bulb resulting in a mass lesion in the middle 
ear or the external auditory canal (Hyams etal., 1988b). 
Approximately 12% take origin from Jacobson’s nerve 
(tympanic branch of the glossopharyngeal nerve) and present 
as a middle ear tumour (Hyams et al., 1988b). A pproximately 
3% arise from Arnold's nerve (posterior auricular branch 
of the vagus nerve) and arise in the external auditory 
canal (Hyams et al., 1988b). The most common symptom 
is conductive hearing loss. Other symptoms include tinnitus, 
fullness, otic discharge, pain, haemorrhage, facial nerve 
abnormalities, and vertigo. JTP are often locally invasive 
neoplasms with extension into and destruction of adjacent 
structures including the temporal bone and mastoid. A 
CT scan shows a soft tissue mass often with evidence 
of extensive destruction of adjacent structures. JTP are 
vascularized lesions that are fed by branches of nearby large 
arteries. 

The gross appearance of J TP includes a polypoid, red, fri- 
able mass identified behind an intact tympanic membrane 
or within the external auditory canal, measuring from a few 
millimetres to a large mass completely filling the middle 
ear space. Irrespective of the site of origin, the histological 
appearance of all extra-adrenal paragangliomas is the same. 
The hallmark histological feature is the presence of a cell 
nest or a “zellballen” pattern (Figure 5). The stroma sur- 
rounding and separating the nests is composed of prominent 
fibrovascular tissues. While this pattern is characteristic of 
paragangliomas, it is not unique to paragangliomas and can 
be seen in other tumours, including neuroendocrine carcino- 
mas (carcinoid and atypical carcinoid tumours), melanomas, 
and carcinomas. Paragangliomas are predominantly com- 
posed of chief cells, which are round or oval cells with uni- 
form nuclei, have a dispersed chromatin pattern and abundant 
eosinophilic, granular, or vacuolated cytoplasm. The susten- 
tacular cells, which represent modified Schwann cells, are 
located at the periphery of the cell nests as spindle-shaped, 
basophilic-appearing cells, but are difficult to identify by 





Figure 5 Jugulotympanic paraganglioma showing an organoid or the cell 
nest growth pattern. This tumour lacked gland formation; the chief cells 
were immunoreactive with neuroendocrine cell markers (e.g., chromo- 
granin and synaptophysin), and the peripherally situated sustentacular cells 
expressed S100 protein. 


light microscopy. Cellular and nuclear pleomorphism can be 
seen, but these features are not indicative of malignancy. 
Mitoses and necrosis are infrequently identified. Paragan- 
gliomas lack glandular or alveolar differentiation. 

Paragangliomas are often readily identified by light micro- 
scopic evaluation. However, in certain instances, paragan- 
gliomas may be difficult to differentiate from other tumours 
that have similar histomorphological features. Not infre- 
quently, middle ear and temporal paragangliomas do not 
show the characteristic cell nest appearance that occurs in 
other sites. This “loss” of the organoid growth may be arte- 
factually induced by surgical manipulation (“squeezing”) of 
the tissue during removal. The absence of the typical growth 
pattern may result in diagnostic confusion with other middle 
ear tumours. 

Histochemical stains may be of assistance in the diagnosis 
of paragangliomas. Reticulin staining may better delineate 
the cell nest growth pattern with staining of the fibrovas- 
cular cores surrounding the neoplastic nests. In addition, the 
tumour cells are argyrophilic (Churukian- Schenk). A rgentaf- 
fin (Fontana), mucicarmine, and PAS stains are negative. 
The diagnosis of JTP is facilitated by immunohistochemical 
stains. The immunohistochemical antigenic profile of para- 
gangliomas includes chromogranin and synaptophysin posi- 
tivity in the chief cells and S100 protein staining localized to 
the peripherally located sustentacular cells. Vimentin is vari- 
ably expressed in both the chief cells and sustentacular cells. 
In general, epithelial markers, including cytokeratin, HM B- 
45, and mesenchymal markers (desmin and other markers 
of myogenic differentiation), are negative. An ultrastructural 
evaluation shows the presence of neurosecretory granules 
(Kliewer etal., 1989). DNA ploidy studies by image anal- 
ysis are not predictive of the behaviour of paragangliomas 
(Barnes and Taylor, 1990). 

A complete surgical excision is the treatment of choice, 
but the location and invasive nature of these lesions often 
preclude the ability to resect J TP completely. In such cases, 
radiotherapy is a useful adjunct to surgery. Radiotherapy 


results in a decrease or ablation of vascularity and promotes 
fibrosis. Preoperative embolization is useful in decreasing 
the vascularity of the tumour and facilitating surgical resec- 
tion. Local recurrence of the tumour can be seen in as high 
as 50% of the cases. The histological appearance of para- 
gangliomas does not correlate with the biological behaviour 
of the tumour. JTP are slow-growing tumours, but may 
be locally invasive with extension into and destruction of 
adjacent structures, including the temporal bone and mas- 
toid (Larson et al., 1987). Intracranial extension may occur 
in up to 15% of cases (Spector etal., 1975). Neurologi- 
cal abnormalities, including cranial nerve palsies, cerebellar 
dysfunction, dysphagia, and hoarseness, may be seen and 
correlate with the invasive capabilities of this neoplasm. 
Functioning JTP as evidenced by endocrinopathic manifes- 
tations occur, but are extremely uncommon. Malignant JTP 
occur, are associated with histological criteria of malignancy, 
including increased mitotic activity, necrosis usually seen 
within the centre of the cell nests and vascular invasion, and 
may metastasize to cervical lymph nodes, lungs, and liver. 


Acoustic Neuroma (AN) 


AN is a benign neoplasm that originates from Schwann 
cells specifically from the VIIIth cranial nerve. Synonyms 
include neurilemmoma, acoustic Schwannoma, and benign 
peripheral nerve sheath tumour. AN accounts for up to 10% 
of all intracranial neoplasms and represent up to 90% of all 
cerebellopontine angle tumours (Hyams et al., 1988b). ANs 
are more common in women than in men and may affect any 
age, but are most common in the fourth to seventh decades 
of life. The majority of AN involve the superior or vestibular 
portion of the VIIIth nerve as compared to the involvement 
of the cochlear portion of the VIIIth nerve. Symptoms 
include progressive (sensorineural) hearing loss, tinnitus, and 
loss of equilibrium; with progression, the tumour enlarges 
and may compress adjacent cranial nerves (V, VII, IX, X, 
XI), the cerebellum, and the brainstem leading to facial 
paraesthesia and numbness, headaches, nausea, vomiting, 
diplopia, and ataxia. Up to 8% of ANs may be bilateral 
(Erickson et al., 1965; Kasantikul et al., 1980; M artuza and 
Ojemann, 1982; Anand etal., 1993; Moffat and Irving, 
1995). Bilaterality of ANs may represent a potential indicator 
of neurofibromatosis type 2 (M offat and Irving, 1995; Rietz 
et al., 1983). Symptoms of neurofibromatosis may be seen 
in up to 16% of patients, and those with neurofibromatosis 
who develop AN generally are symptomatic at an earlier 
age (second decade). The radiological appearance of AN 
includes flaring, asymmetric widening, or erosion of the 
internal auditory canal by CT or MRI. Tumours as small 
as 1cm or less are capable of being detected by CT or MRI 
analysis. 

The gross appearance of AN includes a circumscribed, 
tan- white, rubbery to firm mass that may appear yellow 
and have a cystic change. Tumour sizes range from a few 
millimetres up to a maximum diameter of 4-5cm. His- 
tologically, the tumours are unencapsulated and similar in 
appearance to benign Schwannomas of all other locations 
(Figure 6). The cellular component includes elongated and 
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Figure 6 Acoustic neuroma composed of a neoplastic cellular infiltrate 
of elongated and twisted hyperchromatic nuclei and indistinct cytoplasmic 
borders. Vascular hyalinization is present. The neoplastic cells were 
diffusely and intensely reactive with antibodies to $100 protein. 


twisted nuclei with indistinct cytoplasmic borders. The cells 
are arranged in short, interlacing fascicles and whorling or 
palisading of nuclei may be seen. Nuclear palisading with 
nuclear alignment in rows called Verocay bodies can be 
seen. The cellularity may vary and some benign Schwanno- 
mas can be very cellular (so-called cellular Schwannoma). 
Mitoses are usually sparse in number, and cellular pleo- 
morphism with hyperchromasia can be identified, but are 
not features of malignancy. Retrogressive changes, includ- 
ing cystic degeneration, necrosis, hyalinization, calcification, 
and haemorrhage, may be seen. Schwannomas have promi- 
nent vascularity composed of large vessels with thickened 
(hyalinized) walls. 

Immunohistochemistry shows the presence of diffuse and 
intense S100 protein reactivity. There is no immunoreactivity 
with cytokeratin or the neuroendocrine markers chromo- 
granin and synaptophysin. 

Complete surgical excision is the treatment of choice. 
Complete removal usually is curative. AN may result in death 
secondary to herniation of the brainstem in untreated and/or 
large neoplasms. M alignant ANs are exceedingly rare and, if 
present, neurofibromatosis should be suspected. 


Meningiomas 


Meningiomas are benign neoplasms arising from arachnoid 
cells forming the arachnoid villi seen in relation to the dural 
sinuses. M eningiomas represent 13- 18% of all intracranial 
tumours and are the second most common tumour to AN 
of the cerebellopontine angle (Hyams et al., 1988b). M enin- 
giomas are more common in women than in men and are 
most commonly seen in the fifth decade of life. M enin- 
giomas infrequently occur in children. The occurrence of 
a meningioma outside the central nervous system (CNS) 
is considered ectopic and can be divided into those menin- 
giomas with no identifiable CNS connection (primary) and 
those with CNS connection (secondary). The development of 
primary meningiomas in the middle ear and temporal bone 
results either from direct extension or from the presence of 
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Figure 7 This meningioma is of the internal auditory canal, showing a 
cell nest or lobular growth separated by fibrovascular tissue. The cells are 
composed of round to oval or spindle-shaped nuclei with pale-staining 
cytoplasm and indistinct cell borders; the nuclei show a characteristic 
punched-out or empty appearance due to intranuclear cytoplasmic inclu- 
sions. At the lower left is a psammoma body that is a helpful diagnostic 
feature in this tumour. 


arachnoid cells ectopically located. The most common site 
of occurrence of the “ectopically” located meningiomas is 
the head and neck region, specifically the middle ear and 
temporal bone, including the internal auditory canal, jugular 
foramen, geniculate ganglion, roof of the eustachian tube, and 
sulcus of the greater petrosal nerve (Hyams et al., 1988b). 
The clinical presentation of middle ear meningiomas includes 
progressive hearing loss, loss of equilibrium, headaches, 
cerebellar dysfunction, and cranial nerve abnormalities 
(Thompson etal., 2003). Patients with neurofibromatosis 
have an increased incidence of developing a meningioma. 
In addition, patients with neurofibromatosis also experience 
increased incidence of multiple, separately occurring menin- 
giomas in intra- and extracranial sites. Radiological findings 
include a soft tissue mass with a variable vascularity. A 
pathognomonic feature for meningioma in this location is 
the presence of speckled calcification in the soft tissue mass. 

The histological features of middle ear and temporal 
bone meningioma are similar to those of their intracra- 
nial counterparts (Figure 7). The immunohistochemical anti- 
genic profile of meningiomas includes reactivity with the 
epithelial membrane antigen (EMA) and vimentin. In con- 
trast to MEA, meningiomas are generally non-reactive with 
cytokeratin, and, in contrast to JTP, meningiomas are non- 
reactive with neuroendocrine markers (e.g., chromogranin 
and synaptophysin). 

Complete surgical excision is the treatment of choice and 
is curative. Local recurrence relates to inadequate excision. 
A malignant change rarely, if ever, occurs. A diagnosis of 
middle ear meningioma should be made only after clinical 
evaluation is made to exclude secondary extension from an 
intracranial neoplasm (Rietz et al., 1983). 


Endolymphatic Sac Papillary Tumour (ESPT) 


ESPT is an uncommon but distinct neoplasm possibly rep- 
resenting a manifestation of the von Hippel- Lindau (VHL) 


syndrome (M egerian et al., 1995; M anski et al., 1997). ESPT 
has been referred to by a variety of names, including 
adenoma of endolymphatic sac, adenoma/adenocarcinoma 
of temporal bone or mastoid, low-grade adenocarcinoma of 
probable endolymphatic sac origin, papillary adenoma of 
temporal bone, aggressive papillary tumour of temporal bone, 
aggressive papillary middle ear tumour, and, more recently, 
as the Heffner tumour (Batsakis and El-Naggar, 1993; Wenig 
and Heffner, 1996). An endolymphatic sac origin for these 
tumours is supported by a combination of findings, including 
the early clinical manifestations of vestibular disease (e.g., 
sensorineural hearing loss, tinnitus, and episodic vertigo), 
radiographic features showing the tumour to grow in the 
region site where the endolymphatic sac is located (i.e., pos- 
terior- medial petrous ridge), intraoperative identification of 
an in situ tumour originating from within the endolymphatic 
sac and morphological similarities, and shared immunohisto- 
chemical and ultrastructural features of the tumour with the 
normal endolymphatic sac epithelium (Wenig and Heffner, 
1996). The diagnosis of this tumour is based on clinical, 
radiographic, and pathological correlation. A diagnosis of 
ESPT should prompt the clinician to exclude the possibility 
that the patient has VHL syndrome (M egerian et al., 1995; 
M anski et al., 1997). 

The histopathological appearance of ESPT is variable. 
ESPTs are papillary and focally cystic tumours. The papillary 
structures are generally not complex in their growth. The neo- 
plastic cells vary in appearance from flattened or attenuated- 
appearing cells to columnar-appearing cells (Figure 8). M ost 
often, there is only a single row of cells. Occasionally, the 
surface epithelial cells may have the appearance suggest- 
ing a double layer of cells (epithelial and myoepithelial); 
however, the “outer” row of cells, in all probability, repre- 
sents a stromal element as they have not been shown to be 
immunoreactive with epithelial markers (H effner, 1989). The 
epithelial cells have uniform nuclei that are usually situated 
either in the centre of the cells or towards the luminal aspect, 
and have a pale eosinophilic to a clear-appearing cytoplasm. 
The latter may predominate in any given tumour. Cell borders 





Figure 8 An endolymphatic sac papillary tumour, showing a papillary 
growth pattern with a vascularized stroma. The epithelial component along 
the periphery is fairly distinct but at times may not be readily apparent and 
the overall process may be mistaken for granulation tissue. 





Figure 9 This endolymphatic sac papillary tumour has the morphological 
appearance of thyroid papillary carcinoma, including the presence of 
colloid-like material and irregular appearing nuclei. Thyroglobulin staining 
was not present. 


may be seen but, not infrequently, the neoplastic cells lack a 
distinct cell membrane. In some cases, there are hypercellular 
areas with crowded, variably sized cystic glandular spaces 
that contain eosinophilic (colloid-like) material (Figure 9). 
The latter appear remarkably similar to the thyroid tissue. In 
all cases, pleomorphism is minimal, and mitotic activity and 
necrosis are rarely present. 

A granulation tissue reaction is seen in association with 
the neoplastic cells and includes small vascular spaces lying 
in close proximity to the surface epithelium and/or within 
the stroma of the papillary fronds. Owing to the absence 
of a distinct cell membrane around the neoplastic cells, a 
sharp demarcation separating the neoplastic cells from the 
subjacent granulation tissue is not present. This appear- 
ance may create diagnostic confusion so that the neoplastic 
proliferation is not appreciated, and the entire process is 
viewed as reactive. This interpretation is further enhanced 
by the presence in the stroma of a mixed inflammatory 
cell infiltrate, fibrosis, vascular proliferation, fresh haemor- 
rhage, and/or haemosiderin (within the neoplastic cells or 
within macrophages), cholesterol granulomas, and dystrophic 
calcification. The latter does not include laminated calcific 
concretions (psammomatoid bodies). 

Intracytoplasmic diastase-sensitive, PAS-positive material 
can be seen. The colloid-like luminal material stains strongly 
with a PAS reagent with and without diastase digestion. Intra- 
cytoplasmic and intraluminal mucin staining is rarely posi- 
tive. Iron stains are positive. ESPTs are diffusely cytokeratin 
positive and also show variable reactivity with EMA, S100 
protein, vimentin, neuron-specific enolase (NSE), glial fib- 
rillary acidic protein (GFAP), Ber-EP4, synaptophysin, and 
Leu-7. Thyroglobulin immunoreactivity is not seen. Ultra- 
structurally, ESPT shows the presence of intercellular junc- 
tional complexes, microvilli, basement membrane material, 
rough endoplasmic reticulum, and intracytoplasmic glycogen 
and secretory granules (Heffner, 1989). 

The differential diagnosis includes middle ear adenoma. 
However, the clinical, radiographic, and pathological features 
that are unique to ESPT should allow for its distinction 
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from middle ear adenoma. The same applies for the other 
common neoplasms of the middle ear and temporal bone. The 
differential diagnosis also includes choroid plexus papilloma 
and metastatic carcinoma of the thyroid gland or renal 
origin. Choroid plexus papillomas are intracranial (i.e., 
intraventricular) tumours with histological features different 
from those of ESPT (Wenig and Heffner, 1996). The 
absence of thyroglobulin reactivity differentiates ESPT from 
metastatic thyroid papillary carcinoma. M etastatic renal cell 
carcinoma does not have the immunohistochemical antigenic 
features seen in ESPT. 

Radical surgery, including mastoidectomy and tempo- 
ral bone resection that may necessitate sacrifice of cra- 
nial nerves, is the treatment of choice, and is potentially 
curative. Local recurrence results following inadequate sur- 
gical removal; operative morbidity may be high. Despite 
their relatively slow growth, these neoplasms are capable 
of widespread infiltration and destruction, and may be lethal 
(Heffner, 1989). The prognosis is dependent on the extent of 
disease and the adequacy of resection. Earlier detection when 
the tumours are relatively small and confined may decrease 
the operative-associated morbidity and be curative. 


Malignant Neoplasms of the Middle Ear 


Primary malignant neoplasms of the middle ear are extremely 
rare. Table 1 lists some of these malignant neoplasms. The 
discussion of malignant neoplasms of the middle ear is 
limited to epithelial malignancies, including squamous cell 
carcinoma and adenocarcinoma, and a brief discussion on 
rhabdomyosarcoma (RM S) of this region. 


Middle Ear Squamous Cell Carcinoma (ME-SCC) 


Primary malignant neoplasms with squamous differentiation 
originating from the middle ear mucosal epithelium are 
rare (Kenyon etal., 1985; Hyams etal., 1988c). Middle 
ear squamous cell carcinoma (ME-SCC) is most common 
in the sixth and seventh decades of life. The majority 
of patients have a long history of COM, usually greater 
than 20 years in duration. The development of ME-SCC is 
also linked to radiation treatment for intracranial neoplasms 
and, although no longer used, radiotherapy for middle ear 
inflammatory conditions. Concomitant cholesteatomas can be 
seen in up to 25% of cases but there is no correlation between 
cholesteatomas and the development of a ME-SCC (Hyams 
et al., 1988c). ME-SCC should be suspected in patients with 
a long-standing COM who present with sudden onset of pain 
out of proportion to the clinical extent of disease; onset or 
increase in otorrhea, which is often haemorrhagic; and/or 
a lack of clinical resolution following therapeutic doses of 
antibiotics. 

The histology of ME-SCC is similar to that of squamous 
carcinomas of other sites. The tumours vary from well to 
poorly differentiated and include infiltrative malignant cells 
with associated keratinization and/or intercellular bridges. 

The differential diagnosis includes a cholesteatoma and 
metastatic squamous cell carcinoma. Cholesteatomas do not 
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have the dysplastic cytological changes seen in squamous 
carcinoma. Secondary involvement of this area by squa- 
mous cell carcinoma may originate from a distant site and 
metastasize to the middle ear and the temporal bone. A Iterna- 
tively, a cutaneous squamous cell carcinoma from an adjacent 
site (external ear, nasopharynx, parotid gland, or skin) can 
directly invade into the middle ear or the temporal bone. 
Detailed clinical history or physical examination assists in 
identifying a squamous carcinoma that is metastatic to this 
site or extends to the middle ear from an adjacent primary 
tumour. 

Radical surgery with radiotherapy is the treatment of 
choice (Zhang et al., 1999). In advanced disease, chemother- 
apy may be of benefit. Prognosis is poor with 5- and 10-year 
survival rates of 39 and 21% respectively (Hyams et al., 
1988c). M etastases may occur but are considered uncommon. 


Middle Ear Adenocarcinoma 


Middle ear adenocarcinoma is a malignant glandular neo- 
plasm arising from the middle ear mucosa. Middle ear 
adenocarcinomas are rare (Hyams et al., 1988d). In the pres- 
ence of a malignant glandular neoplasm of the middle ear 
and the temporal bone, secondary metastasis to this region 
should be excluded. M iddle ear adenocarcinomas may attain 
large sizes, filling the middle ear space and encasing the 
ossicles. Symptoms are typically present for many years and 
include progressive hearing loss and a unilateral draining ear; 
pain and vestibular manifestations are uncommon. Otoscopic 
examination in the majority of cases identifies an intact tym- 
panic membrane with tumour confined to the middle ear 
space with a possible extension to the mastoid. Occasionally, 
the adenocarcinoma perforates through the tympanic mem- 
brane with extension into and presentation as an external 
auditory canal mass. There is no Known association between 
COM and the development of these adenocarcinomas. 

Histologically, middle ear adenocarcinomas are in many 
respects similar to adenomas. In contrast to adenomas, adeno- 
carcinomas have increased cellular pleomorphism, increased 
mitotic activity, and extensive infiltration of surrounding soft 
tissue structures involving nerves, lymph-vascular spaces, 
and bone. 

Complete surgical excision is the treatment of choice. In 
general, these are slow-growing neoplasms that are locally 
aggressive but do not metastasize. Death may occur as a 
result of direct intracranial extension. Confinement to the 
middle ear space and association with the middle ear mucosa 
are supportive evidence of origin from the middle ear; 
nevertheless, metastatic adenocarcinoma from a separate site 
must be excluded prior to treatment. 


Rhabdomyosarcoma (RMS) 


In the head and neck, RMS is primarily but not exclusively 
a disease of the paediatric population. In children and ado- 
lescents, RMS represents the most common aural-related 
malignant neoplasm. There is no gender predilection. RMS 


Table 3 Cytogenetics of rhabdomyosarcoma. 


Embryonal RMS 
Loss of heterozygosity at chromosome 11p15.5 
Short arm of chromosome 11 abnormalities 
PAX 3/FKHR and PAX 7/FKHR fusion transcripts uncommonly present 


Botryoid variant of embryonal RMS 

Deletion of short arm of chromosome 1 
Trisomies of chromosomes 13 and 18 
Spindle cell RMS 

No data regarding cytogenetic abnormalities 


Alveolar RMS 
t(2;13)(q35;q14) translocation - majority of cases 
t(1;13)(p36;q14) translocation - minority of cases 
PAX 3/FKHR fusion transcript (80- 90% of cases) 
PAX 7/FKHR fusion transcript (10- 20% of cases) 


of the middle ear and mastoid presents as painless unilateral 
otitis media unresponsive to antibiotic therapy. According to 
the WHO classification, RMS is divided into six histological 
subtypes, including embryonal, botryoid, spindle cell, alveo- 
lar, pleomorphic, and RMS with a ganglionic differentiation 
(so-called ectomesenchymoma) (Weiss, 1995). The interna- 
tional classification of RMS proposed four groups based on 
prognosis: |, superior prognosis (botryoid RMS and spindle 
cell RMS); Il, intermediate prognosis (embryonal RMS); III, 
poor prognosis (alveolar RMS and undifferentiated RM S); 
and IV, subtypes whose prognosis is not presently evalu- 
able (RMS with rhabdoid features) (Newton et al., 1995). 
Cytogenetic abnormalities have been identified with certain 
histologic types of RMS, including embryonal RMS that 
shows loss of heterozygosity, and allelic loss in the chro- 
mosomal region 11p15 (Table 3). Specific translocations are 
present in alveolar RMS, including t(2;13) (q35;q14) and to 
a lesser extent t(1;13) (p36;q14) (Parham and Barr, 2002). 
The majority of RMS of the middle ear and mastoid are 
of the embryonal type that includes botryoid RMS. The 
next most common histological type is alveolar RMS. Other 
histological types may occur in the head and neck but are 
considered uncommon. RMS of the middle ear and mastoid 
most often appears as an aural (external or middle ear) 
polypoid lesion similar in appearance to an aural polyp. 
RMS is treated by a combination of surgery, radiation, 
and chemotherapy. This combined therapeutic approach has 
greatly enhanced survival with an overall 5-year survival 
rate of 74% for paediatric head and neck RMS (Kraus 
et al., 1997). A problem with middle ear and mastoid RMS 
is the delay in diagnosis due to misinterpretation of the 
biopsy specimen as inflammatory polyps or as granulation 
tissue. This delay in diagnosis may result in more advanced 
stage disease, placing patients at greater risk of treatment 
failure owing to uncontrollable local disease. Poor prognostic 
findings include meningeal involvement (Raney et al., 1987). 
Regional lymph node metastasis and distant haematogenous 
metastasis to the lungs and bones may also occur. 


Secondary Tumours 


Metastatic tumours secondarily involving the middle ear 
and the temporal bone originate from virtually every site. 


The more common malignant tumours to metastasize to this 
region originate from the breast, lungs, and kidneys (Hill 
and Kohut, 1976; Schuknecht, 1993b). Other tumours that 
may metastasize to this region include malignant melanoma 
and prostatic adenocarcinoma. While metastases to the tem- 
poral bone often occur late in the disease course, metastatic 
involvement of the temporal bone may represent the initial 
presentation of a distant malignant disease. M etastatic dis- 
ease to the temporal bone occurs via haematogenous spread 
but may also occur by direct extension from a nearby primary 
tumour (e.g., Squamous cell carcinoma), meningeal carcino- 
matosis, or leptomeningeal extension from an intracranial 
primary neoplasm (Berlinger et al., 1980). 
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INTRODUCTION TO THE PROBLEM 
OF THE UNKNOWN PRIMARY 


In most cancer patients, the tumour presents at its site of 
origin; that is, it is the primary tumour, where the cancer has 
developed, that causes symptoms in the patients who then 
consult their doctor. However, 10-15% of patients actually 
present with metastatic disease, where the cancer has already 
spread beyond its primary site to solid organs (e.g., liver, 
lung), body cavities, or lymph nodes, causing symptoms 
there. 

The organ distribution, and often clinical features, of 
metastatic disease are different from the common primary 
tumours, which aids in the diagnosis of secondary cancer; 
and metastases usually occur as multiple rather than single 
nodules. The outcome and optimal treatment of metastatic 
disease depends on the cancer type; and, if this is adenocar- 
cinoma, on its site of origin. This is why metastatic disease of 
unknown primary is a problem. The cancer type and primary 
site are therefore sought by clinical history-taking and exam- 
ination, radiology, serum tumour markers, and pathological 
examination of tissue or cell samples. 

Of all patients who first present with metastases, two- 
thirds or more will have a primary site identified through 
these investigations, and will be managed according to that 
primary tumour. The remaining patients, in whom no site of 
origin is found, are regarded as having cancer of unknown 
primary (CUP). 

On pathology, 90% of CUPs are adenocarcinomas, for 
which the seven most common primary sites are breast, 
colon, lung, ovary, pancreas, prostate, and stomach. U nfor- 
tunately, their microscopic appearances on pathology are 
similar and may not assist prediction of the site of origin. 
This challenge is now being addressed using immunohisto- 
chemistry and molecular profiling. 

CUP is a common clinical problem, representing about 
4% of all cancer diagnoses. Its prognosis is poor with 
a median survival time of only 4months. However, so- 
called favourable subsets with better outcomes exist and their 
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identification is a major aim of the investigations described 
in the preceding text. Where possible, CUP patients are 
managed according to the most likely corresponding primary 
site. The remaining majority of CUP patients are treated 
either symptomatically or with combination chemotherapy 
with activity against multiple tumour subtypes. 


TYPES AND PATTERNS OF SPREAD OF CANCER 


Before considering CUP, we need to revise the broad types 
and subtypes of malignant tumours, and their routes and 
patterns of metastatic spread. This will help us understand 
which cancers are likely to present as CUP, and where. 
Since CUP is almost entirely an adult diagnosis, cancers 
occurring only in childhood will not be considered. Further 
reading can be found in standard pathology textbooks (see 
also Cell and Tissue Organization; Invasion and M etas- 
tasis; and Introduction to the Diagnosis of C ancer). 


Broad Types and Subtypes of Cancer 


At any given site in the body, the primary cancers that 
can arise relate to the normal tissue types present. The 
microscopic appearance of a cancer generally resembles its 
normal tissue counterpart; and the naming, or nomenclature, 
of cancers relates to the normal tissue type from which 
they are derived. In turn, these tissues can be related to 
the embryonic layer (ectoderm, endoderm, mesoderm, and 
neuroectoderm) from which they are derived. Interestingly, 
this helps explain certain properties of particular types of 
cancer (Berman, 2004). We can consider the main types 
of cancer to be carcinoma, melanoma, sarcoma, leukaemia 
and lymphoma, neuroglial tumours, and germ cell tumours. 
These are listed in Table 1 and will now be discussed in turn. 
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Table 1 Broad types of cancer and corresponding normal tissues. 


Cancer types Corresponding normal tissue 





Carcinoma Epithelium 
Melanoma M elanocytes 
Sarcoma Connective tissue 


Lymphoma and leukaemia 
Neuroglial cancers, for example, 


Lymphoid and haemopoietic tissue 
Nerves and supporting (glial) 


glioblastoma tissues 
Germ cell tumours, for example, Germ cells 
teratoma 


The classification provided is simplified and exceptions will 
always exist. 

Carcinomas are cancers derived from epithelial tissue. 
Epithelium covers surfaces; lines hollow organs, for example, 
gastrointestinal tract; and forms solid organs, for example, 
liver. Carcinomas are the most common of all cancers 
(Parkin etal., 2005) and almost all are derived from the 
ectoderm or endoderm. Carcinomas may be divided into 
three broad types - squamous (and transitional cell) tumours; 
adenocarcinomas; and carcinomas of solid organs, including 
liver and endocrine glands. 

Squamous carcinoma generally arises from surface skin 
or internally in hollow tubes close to the body’s external 
surface. Common primary sites for squamous carcinoma 
therefore include skin; ear, nose, and throat; oesophagus; 
bronchus (lung); anus; and cervix. These cancers share a 
squamous appearance, with flattened cells lying in sheets 
(Figure la). These cells are joined by desmosomes, which 
are intercellular junctions that may be seen as so-called 
prickles between the cells, a feature specific to squamous 
cancers. Another useful diagnostic feature is due to keratin 
(high molecular weight (MW) cytokeratin (CK)), which is a 
normal product of squamous epithelium. K eratin is normally 
shed from the surface, but in cancers it is retained within the 
tumour, to form laminated acellular pink whorls which are 
called keratin pearls (Figure 1a). 

Squamous carcinomas can generally be identified as such 
on microscopic appearance alone, without the use of ancillary 
techniques such as immunohistochemistry, although suitable 
markers exist if needed. N ote that the features used to define 
a cancer as squamous on histology represent characteristics 
retained from the corresponding normal tissue. As already 
stated, this is how the type of cancer is established in 
pathology. 

Transitional cell carcinoma (TCC) is derived from transi- 
tional epithelium lining the bladder, ureters, and pelvis of the 
kidney, which are therefore the sites where TCC may arise. 
Broadly, TCCs may be grouped with squamous cancers. It 
is very rare for TCC to present as CUP. 

Adenocarcinomas generally arise in hollow tubes and 
organs, for example, breast, gastrointestinal tract includ- 
ing stomach and colon, (ductal) pancreas, lung, prostate, 
and uterus (endometrium). Ovarian adenocarcinomas are an 
exception, arising from the organ surface. A denocarcinomas 
share a glandular morphology, with a central hollow space 
(lumen) surrounded by cuboidal or columnar epithelial cells 
(Figure 1b). Adenocarcinomas are not only the common- 
est cancers overall (Parkin etal., 2005), they also form at 


least 90% of CUPs. Adenocarcinomas and their microscopic 
assessment will therefore be described in more detail later 
(see Adenocarcinomas and Prediction of Primary Site ). 

Carcinomas of solid organs, for example, liver and kidney 
(termed hepatocellular (Figure 1c) and renal cell carcinoma 
respectively) may be considered separately but are sometimes 
grouped with adenocarcinomas in general. Again, their 
appearance to some extent resembles normal liver and kidney 
(tubules). These do enter the differential diagnosis of CUPs, 
but usually in a few particular circumstances, as described 
in Cancer M etastasis: Routes and Patterns. 

Carcinomas with endocrine or neuroendocrine features 
range from the very well-differentiated (closely resembling 
normal tissue) carcinoid tumour through to the poorly dif- 
ferentiated and aggressive small cell carcinoma. N euroen- 
docrine tumours presenting as CUPs are not uncommon but 
their morphology, as with squamous cancer, is often distinc- 
tive. Treatment for neuroendocrine carcinoma is generally 
systemic, that is, chemotherapy. The treatment regimen is 
similar regardless of its site of origin, and relates rather to 
how well differentiated the tumour is. The recognition of 
a cancer as potentially neuroendocrine is important because 
these tumours often respond well to chemotherapy. For this 
reason, immunohistochemistry is generally used to confirm 
the pathological diagnosis (see Subtyping of Carcinomas and 
Cytokeratins). 

Our current clinical “problem of the unknown primary” 
could now be rephrased as the identification of a metastatic 
cancer where knowledge of the primary site will alter patient 
management. In those terms, the problem of CUP is largely 
limited to carcinomas. However, the other main cancer types 
will be considered briefly because they need to be excluded 
early on. 

Neuroglial tumours (e.g., glioblastoma) can be set aside 
almost immediately because they mostly occur within the 
cranial cavity and almost never metastasize. Their importance 
is in terms of the evaluation of a solitary brain tumour 
which requires distinction between a primary and a metastatic 
lesion. 

Lymphoma is regarded as a systematized disease from the 
start. The same is true of leukaemia, although this presents as 
a mass lesion only rarely. Once the diagnosis of lymphoma 
or leukaemia is made, these tumour types are therefore not 
considered as CUP and are managed according to the site(s) 
of presentation, not site of “origin”. They must still be con- 
sidered in the differential diagnosis, however, and excluded, 
since especially lymphoma may present clinically as an 
enlarged lymph node, raising the possibility of CUP. M or- 
phologically, lymphomas generally appear as uniform small 
or large lymphoid cells, which, unlike carcinomas, are not 
cohesive (Figure 1d). Since they arise from haemopoietic, 
including lymphoid, tissue, leukaemia and lymphoma are 
derived from the mesodermal embryonic layer. 

With regard to CUP, the main diagnostic dilemmas lie 
between low-grade lymphoma and small cell carcinoma, 
and between high-grade lymphoma and poorly differentiated 
carcinoma. Difficulty in distinguishing these is often due to 
the tissue biopsy sample being small and traumatized. As 
with neuroendocrine carcinoma, lymphomas are treated with 
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Figure 1 


Microscopic appearance of different types of cancer. (a) Squamous carcinoma: flattened cells lying in sheets with keratin “pearl” formation 


(arrow). (b) Adenocarcinoma: glands and tubules (arrows) in a fibrous stroma. (c) Hepatocellular carcinoma: cuboidal cells in sheets with an appearance 
resembling normal liver (the clear spaces are fat vacuoles). (d) Lymphoma: uniform small round lymphoid cells in a monotonous infiltrate lacking the 
normal architecture of a lymph node. (e) Sarcoma: abnormal spindle-shaped cells. (f) Malignant melanoma: cuboidal cells with large nuclei with prominent 
nucleoli and abundant brown melanin pigment (arrow). (All stained with H&E; all at the same magnification photographed with a x10 objective). 


chemotherapy and often respond well, so their recognition 
is important; specific immunohistochemical markers are 
available (see Tumour Typing, Immunohistochemistry, and 
Exclusion of Non-Carcinoma Cancers in CUP). 

Sarcomas are malignant tumours of mesodermal con- 
nective tissue, arising, for example, from bone (osteosar- 
coma), cartilage, fat, or blood vessels (angiosarcoma). This 
wide variety leads to a range of histological appearances 
but generally the cells in sarcomas are cohesive, like carci- 
nomas, but have an elongated spindled shape, unlike carci- 
nomas (Figure le). Sarcomas may arise anywhere, but are 
most common in the limbs and posterior trunk. Their first 
presentation is almost always with the primary cancer; metas- 
tases do occur, but they usually become evident only after the 
primary tumour is diagnosed and are generally in the lung. 


Malignant melanoma is cancer of melanocytes, which 
are found in the eye (retinal epithelium), skin, and inter- 
nal squamous epithelia close to the body’s external surface, 
for example, oesophagus and anus. M elanomas are the great 
pathological mimic and may comprise large, cohesive cells 
(Figure 1f), resembling carcinoma, or spindled cells, resem- 
bling sarcoma. One useful specific diagnostic pointer is the 
presence of the brown pigment melanin (Figure 1f), and spe- 
cific immunohistochemical markers also exist. M elanomas 
may enter the differential diagnosis of CUPs, but usu- 
ally in a few particular circumstances (essentially lymph 
node metastases especially in groin and axilla), as described 
in the next section. Like neuroglial tumours, malignant 
melanomas are derived from the neuroectodermal embryonic 
layer. 
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Germ cell tumours are rare but important. They arise 
from germ cells in the gonads or midline posterior trunk. 
The main malignant germ cell tumours are teratoma and 
seminoma which arise most commonly in the testis, and are 
thus essentially an exclusively male diagnosis. When faced 
with CUP, teratoma should be considered because it may 
include tissue from all three embryonic layers. Epithelial 
differentiation in teratomas is usual and such malignant 
epithelium obviously mimics carcinoma. It is important 
to make this diagnosis, because teratomas are generally 
highly chemosensitive, and treatment is often curative. Germ 
cell tumours carry specific tumour markers (e.g., alpha- 
foetoprotein (AFP) and/or human chorionic gonadotrophin 
(hCG)) which can be assayed in both serum and tumour 
tissue. 


Cancer Metastasis: Routes and Patterns 


In order to understand the problem of the unknown primary it 
is important to understand the mechanisms and broad patterns 
of cancer spread (see Invasion and Metastasis). Cancers 
are defined by their ability to invade locally, beyond their 
original tissue boundaries. Most cancers may also spread 
to distant sites, that is, metastasize. These properties are 
synonymous with malignancy. 

Spread to distant sites may occur by three routes: 
through blood, lymphatically, or across serous cavities 
(transcoelomic) (Table 2). Initial access of the cancer cells 
to the lumen of the blood vessel or lymphatic channel or to 
the serosal cavity may be facilitated if the physical barrier 
to be crossed is thin. This may explain why the blood ves- 
sels invaded by cancers are almost always thin-walled veins 
rather than thick-walled arteries. We will consider each of 
these routes in turn. 

Lymphatic spread involves tumour entering the small 
lymphatic channels which drain tissue fluid from major 
organs, first to local lymph nodes and then back via the 
thoracic duct and the heart to the systemic blood circulation. 

Blood spread involves tumour entering the veins drain- 
ing deoxygenated blood from a tissue or organ. This venous 
blood returns to the heart and the lungs for oxygenation 
before re-entering the arterial circulation. Venous blood 
draining the gastrointestinal tract, including stomach, pan- 
creas, small intestine, and colon is unusual. This venous 
blood from the gut must first enter the portal vein and 
pass through the liver, before returning to the heart. This 
is because one of the main functions of the liver is to metab- 
olize absorbed nutrients. The distribution of venous blood 
is important for metastasis because cancer cells often tend 
to deposit in the first major capillary bed encountered, for 


Table 2 Types of cancer and their routes of metastasis. 





Cancer types Lymphatic Blood Serosal 
Carcinoma Common, early Common, late Stomach, ovary 
Melanoma Common, early Common, late Rare 
Sarcoma Rare Common, Rare 

early 





Figure 2 Gross picture of adenocarcinoma metastatic to the liver. 


example, lung or liver (Figure 2). The other organs often 
involved with blood-borne metastasis are brain and bone, 
which have a high blood supply. Simple physical flow, how- 
ever, is not the only determinant of metastatic destination. It 
cannot explain why, say, thyroid and breast cancers spread 
more commonly to bone than do other tumour types. Thus, 
the local environment is also important, making some dis- 
tant sites more suitable than others for tumour colonization, 
as outlined in the “seed and soil” hypothesis (see Invasion 
and M etastasis). 

Serosal spread involves metastasis into the serous cavities 
of the abdomen and chest, called peritoneal and pleural 
respectively. These cavities are of mesodermal derivation and 
are lined by mesothelial cells, from which the rare tumour, 
malignant mesothelioma, may arise. Normally, the inner and 
outer linings are closely applied to each other, held by a 
thin layer of serous fluid. In some diseases, including serosal 
metastasis, the amount of fluid increases. In the chest, this is 
called a pleural effusion; in the abdomen, it is called ascites 
and is visible as a swollen abdomen. In addition to fluid 
excess, caused mainly by blocked serosal lymphatic drainage, 
nodules of metastatic tumour may be present on the serosal 
surface. This route of metastasis is fairly common but is used 
only by a subset of adenocarcinomas. 

These are the main routes of distant metastasis. H owever, 
cancers of different types tend to use particular routes 
(Table 2): some of these patterns are shared between tumours 
derived from particular embryonic layers. Carcinomas tend 
to spread first via their draining lymphatic vessels to lymph 
nodes; they also spread by blood, but this tends to be a 
later event. We will look at carcinomas in more detail in 
the following text. 

The same broad pattern is true of melanoma. (Note 
that carcinomas are generally of ectodermal or endodermal 
origin and melanomas likewise derive from neuroectoderm). 
M elanomas also tend to spread first by lymphatic channels. 
The first metastases to be detected clinically are therefore 
usually in the local lymph nodes draining the tumour. Since 
melanomas often arise on the limbs, these are often the 
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inguinal (groin) or axillary (armpit) nodes. Later, melanomas 
may spread also by blood vessels, often to the liver. 

In contrast, sarcomas spread almost exclusively by blood. 
They commonly give rise to metastases in the lungs, mainly 
because this is the first capillary bed encountered by cells 
travelling in venous blood from the primary tumour. These 
sarcoma lung metastases often show a well-demarcated 
“cannon-ball” appearance on radiology. This is also true of 
one carcinoma: kidney (renal cell) carcinoma. Interestingly, 
renal cancer is one of the few carcinomas which is actually 
of mesodermal origin. Perhaps this is why it shares its 
characteristic pattern of spread with other mesodermally 
derived tumours (Berman, 2004). 

As stated in the preceding text, lymphomas and leukaemias 
are regarded as systematized from the start, and therefore lie 
out of this discussion of routes of metastasis. However, it 
is worth bearing in mind that lymphomas and leukaemias 
generally involve lymph nodes, bone marrow, and spleen 
primarily, but may also involve other organs, for example, 
the gut. 

Let us return then to carcinomas and discuss their lym- 
phatic, venous, and serosal spread in more detail. This is 
important because carcinomas of different subtypes and aris- 
ing in different bodily sites have particular patterns of spread, 
which aid both in the treatment of primary tumours and also 
in the prediction of the primary site in those presenting with 
metastatic disease. 

Carcinomas spread first to local lymph nodes. Often, 
these lie deep within the body. For example, lung cancer 
spreads initially to nodes around the bronchi; and cancers 
of the colon, pancreas, and stomach spread to nodes within 
adjacent fatty tissue. The main lymph node groups which 
are visible and therefore palpable on the surface of the 
body are as follows: cervical (neck); supraclavicular (in 
the hollow above the collarbone); axillary (armpit); and 
inguinal (groin). Usually, lymph node spread occurs after the 
primary tumour has already been diagnosed, but sometimes 
a palpable enlarged node (lymphadenopathy) will be the first 
symptom of cancer. Considering lymph node spread from 
carcinomas only, axillary nodes are characteristic of breast 
adenocarcinoma; neck nodes tend to be from cancers of 
the head and neck, usually squamous; and inguinal nodes 
are generally from carcinomas in the pelvis, for example, 
genitourinary or lower gastrointestinal tract, either squamous 
or adenocarcinomas. Supraclavicular node metastasis can 
notoriously arise from many primary sites, including lung, 
breast, stomach, and others. (Note that metastatic germ 
cell tumours often contain areas of carcinoma and often 
involve lymph nodes, generally in the posterior abdomen 
(retroperitoneal) or central/posterior chest (mediastinal)). 

Venous spread by carcinomas leads to tumour deposits 
predominantly in solid organs: lung, liver, brain, and bone. 
To some extent, this reflects the first large capillary bed 
encountered by blood draining the tumour, as discussed 
already. The liver is therefore a frequent site of metastasis for 
cancers from the gut (stomach, pancreas, colon, and rectum). 
Some of the blood draining from the prostate gland passes 
to a venous plexus around the spine, which may be part 
of the reason why bone metastasis is common in prostate 


cancer. Metastasis to solid organs is a rare presentation for 
squamous carcinoma, although solid organ metastases can 
certainly occur as the cancer progresses. Therefore, true CUP 
in solid organs are almost always adenocarcinomas. 

Serosal spread is seen mainly with adenocarcinomas from 
certain primary sites. Peritoneal metastasis is common with 
ovary and stomach, and to a lesser extent colon and pancreas, 
whereas pleural metastasis is seen with breast and lung. 

This fundamental information about cancer types and 
subtypes, and about how and where cancers spread, should 
facilitate understanding of the problem of the metastatic 
CUP, which is discussed next. 


CANCER OF UNKNOWN PRIMARY 


The investigation and treatment of patients with CUP have 
been discussed in a number of recent superb reviews 
(Briasoulis and Pavlidis, 1997; Hillen, 2000; Bugat et al., 
2003; Pavlidis, 2003; Pavlidis etal., 2003; Mintzer etal., 
2004; Varadhachary et al., 2004). 


Definition and Epidemiology of CUP 


What is meant by “the problem of the unknown primary”? 
Among cancer patients, 10- 15% present first with metastatic 
disease but two-thirds of these will have a primary site 
identified on initial investigation. The remaining patients, in 
whom no site of origin is discovered at the time of diagnosis 
or therapy, are regarded as having an unknown primary. 

For this, the most widely accepted comprehensive term is 
cancer of unknown primary (CUP), which is used throughout 
this chapter. A number of other terms are employed syn- 
onymously in the literature: carcinoma or adenocarcinoma 
of unknown primary, metastases of unknown origin, and 
unknown or occult primary tumour (Pavlidis, 2003). The 
exact definition of CUP in clinical studies has varied over 
time, because improvements in pathology and radiology have 
led to better cancer typing and more frequent identification 
of a primary tumour now than 20 or 30 years ago. However, 
pathological confirmation of metastasis has almost always 
been required for entering patients into clinical studies. 

Up to the 1970s, CUP constituted 10- 15% of patients with 
solid tumours in general medical oncology practice (Nystrom 
et al., 1977). Today, CUP remains a significant clinical 
problem and currently constitutes 3-4% of all malignant 
tumours (Pavlidis, 2003). In the Netherlands, CUP was the 
sixth most frequent cancer diagnosis in a population-based 
study (van de Wouw et al., 2002), and almost 2500 new CUP 
patients are diagnosed per year in a population of 16 million. 
The age-standardized incidence rate is 6.7 per 100000 for 
males and 5.3 per 100000 for females. The median age of 
CUP patients is 60 years (Pavlidis, 2003). There is a very 
slight gender bias towards men, with 53% being male and 
47% being female. As already stated, CUP is extremely rare 
in children, in whom it constitutes less than 1% of solid 
tumours. 
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Tumour Subtypes, Metastatic Sites, and Sites 
of Origin in CUP 


M etastatic CUP is obviously a heterogeneous grouping, since 
it potentially includes a range of tumour types, subtypes, and 
anatomical locations. These parameters are used to guide the 
investigations to be performed and also the therapy. 

Firstly, what tumour types and subtypes give rise to CUP? 
For the reasons outlined previously (see Types and Patterns 
of Spread of Cancer), clinical studies of CUP generally 
exclude lymphoma, metastatic melanoma, and metastatic sar- 
coma (Lenzi et al., 1997; Varadhachary et al., 2004). Instead, 
the focus is on carcinomas of all subtypes: adenocarcinoma, 
squamous carcinoma, and others including neuroendocrine 
carcinoma, and Table 3 presents their relative frequencies 
(Lenzi etal., 1997; Ayoub et al., 1998; van de Wouw et al., 
2002; Blaszyk et al., 2003; Pavlidis, 2003). These frequen- 
cies are approximate because they vary according to the 
metastatic site that is being considered; and the category of 
adenocarcinoma includes both well- and poorly differentiated 
tumours, which are sometimes split in older surveys. N ev- 
ertheless, adenocarcinoma is clearly the commonest cancer 
subtype in CUP, constituting about 90% of tumours. 

Secondly, where do the metastases of CUP occur? 
Metastatic disease as a first presentation may be in solid 
organs, lymph nodes, or serous cavities. In the Dutch 
population-based study of CUP, 26% of patients first pre- 
sented with metastases in three or more locations. Thereafter, 
the rankings for individual sites of metastasis were 24% liver, 
12% lung/pleura, 11% lymph nodes, 9% peritoneum, 8% 
bone, 2% brain, and 8% elsewhere (van de Wouw etal., 
2002). Even in a single site, metastases are more commonly 
multiple, rather than single, nodules, aiding the diagnosis of 
metastatic rather than primary cancer (see also Radiology). 

Thirdly, where are the primary sites of carcinomas which 
give rise to CUP? The question refers mainly to adenocarci- 
nomas, not only because these constitute most CU Ps but also 
because squamous carcinomas which present with metastases 
generally do so in lymph nodes near the site of origin which 
are treated on a locoregional basis (see Therapy). This ques- 
tion is intrinsically difficult to answer! Some clues may come 
from patients who present with metastases but in whom a 
primary tumour is found on initial assessment; but clinical 
follow-up and autopsy in patients with a true CUP (no site of 
origin found initially) may be more representative. However, 
even with extensive investigation, the number of patients 
with CUP for whom a site of origin is identified during 
life is low, ranging from below 20 to 25% (Hillen, 2000; 
Pavlidis, 2003). 


Table 3 Frequency of carcinoma subtypes presenting as metastases of 
unknown primary. 





Tumour type % frequency 
Adenocarcinoma Up to 90% 
Squamous carcinoma 5% or more 
Neuroendocrine carcinoma Up to 4% 
“Undifferentiated” cancer Up to 5% 


Later, at autopsy, a primary site is found in somewhere 
between 30 and 80% of patients. The two most common sites 
of origin are lung and pancreas, the figures for each range 
between 16 and 37% (Nystrom et al., 1977; Briasoulis and 
Pavlidis, 1997; Ayoub etal., 1998; Hillen, 2000; Blaszyk 
et al., 2003). The next primary sites include colorectal 
(9- 18%); stomach (6- 8%); ovary (4- 6%); liver (5- 11%); 
kidney (6%); breast (2-5%); and prostate (4%). Those 
adenocarcinomas which commonly give rise to metastatic 
CUP are among the commonest cancers overall (Parkin et al., 
2005); but there is a relative over-representation of those 
primary sites which lie deeply in the body, for example, 
pancreas and lung, rather than superficially, for example, 
breast, in which a tumour nodule may be more easily noticed. 
This may be overly simplistic but is logical. 


Prognosis of CUP Patients and Prognostic Features 


In general, the prognosis of patients with CUP is not good, 
their median survival being 4months (Hillen, 2000). The 
Dutch longitudinal study, which was based on a general 
population rather than using tertiary referral patients (i.e., 
those referred to specialist hospital centres, who tend to do 
better), found that only 15% of 1024 patients studied between 
1984 and 1992 were still alive after 1year (van de Wouw 
et al., 2002). 

Because of this poor survival, CUP has traditionally been 
viewed in a nihilistic way. Indeed, an eminent pathologist 
working in our department used to say 20 years ago, 
“It's metastatic adenocarcinoma: that’s all they need to 
know.” At that time, this was probably true. Over the last 
decade, however, this has changed; and the driving force 
for change has been from oncology, with the development 
and improvement of chemotherapies targeted at specific 
carcinomas especially adenocarcinomas from different sites. 

One major development has been the identification of so- 
called favourable subgroups of CUP patients who have a bet- 
ter prognosis and response to treatment (see also Therapy). 
These favourable subgroups can be defined using individual 
positive and negative clinical parameters: tumour subtype; 
site of metastasis (lymph node presentation is favourable, 
except for supraclavicular); the number of metastatic sites 
involved (one or two is favourable); and the patient’s overall 
performance status (general health) (Briasoulis and Pavlidis, 
1997; Pavlidis, 2003). These individual factors can then be 
used to define subsets of CUP sensitive to either locoregional 
treatment or systemic chemotherapy, often with curative 
intent. This subgroup made up one-third of patients in the 
Dutch population-based study (van de Wouw et al., 2002). 

The remaining majority of CUP patients, however, fall into 
so-called unfavourable subsets, with solid organ or serous 
metastases: liver metastasis in general, except for a soli- 
tary deposit from the colon; multiple metastases in any solid 
organ; ascites with adenocarcinoma which is not of serous 
papillary (ovarian) subtype (see Adenocarcinomas and Pre- 
diction of Primary Site); and malignant pleural effusion 
(Pavlidis, 2003). These patients have shorter survival times 
and are more resistant to systemic therapy, but even in this 
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“unfavourable” group, tailored chemotherapy is making an 
impact. 

Prognostication and therapeutic guidance are not the only 
reasons to hunt the primary site. Patients and their relatives 
are often frustrated and unhappy to find that the source of 
their cancer is unknown. They often wish to learn more 
about their disease, its type and origin, perhaps in order to 
come to terms with their diagnosis (Hammar, 1998). This 
desire should be respected and may be accomplished through 
further investigations as follows. 


CLINICAL WORKUP AND INVESTIGATIONS 
IN CUP 


M ost patients with metastatic CUP present first to their fam- 
ily doctor and are then referred for investigation to a hospital 
specialist. Different sites of metastasis will cause different 
symptoms which will lead, in turn, to referral to different 
clinicians. Enlarged lymph nodes will generally provoke a 
surgical referral: neck nodes to an ear, nose, and throat 
surgeon; axillary nodes to a breast surgeon; and inguinal 
nodes to a urologist, gynaecologist, or lower gastrointesti- 
nal surgeon. Pleural effusion or lung metastases may cause 
breathlessness or other respiratory symptoms, and referral to 
a respiratory physician. Liver or peritoneal metastases (the 
latter usually with ascites) may cause abdominal enlargement 
and discomfort and will generally be referred to a gastroin- 
testinal physician or surgeon (or possibly, in a woman with 
ascites, to a gynaecologist). Bony metastases may cause a 
fracture or pain and present to an orthopaedic surgeon. Brain 
metastases may cause headaches, blurred vision, seizures, 
altered consciousness, or other signs; initial investigation will 
usually be by a physician before neurological referral. 

It is important to note that, in a given organ, the symptoms 
caused by cancer therein will be the same whether the tumour 
is primary or metastatic. As well as the symptoms related to 
the metastatic site, many patients will also have constitutional 
(general) symptoms, including weight loss. 

Initial assessment is directed at establishing a diagnosis, 
whether that be of cancer, inflammatory or other disorder, 
or no disease at all. In patients with symptoms as listed in 
the preceding text, there will often be a strong suspicion of 
metastatic cancer. Investigations are then aimed at confirming 
the diagnosis, typing and staging the tumour, and identifying 
a primary site where possible. At the start, a detailed 
clinical history and physical examination are important, 
including examination of the rectum, pelvis, testes, thyroid, 
and skin. Useful non-invasive tests include full blood count 
(anaemia may indicate blood loss, e.g., from gastrointestinal 
cancer); serum biochemistry (liver function tests will show 
a cholestatic pattern with liver metastases); urine analysis 
(urine may contain blood with a urinary tract tumour); 
and faecal occult blood (FOB) testing (which is usually 
positive with colonic tumours). The results will guide further 
investigations which may include radiology, endoscopy, 
measurement of serum tumour markers, and pathology, as 
follows. 


Radiology 


With radiology, the first aim is to establish a likely diagnosis 
of malignancy, either metastatic or primary, in the organ 
of interest. Metastatic lesions tend to be multiple rather 
than single and the reverse is true for primary tumours. 
Radiological appearances in general are non-specific and it 
is vital to know the clinical context and any diagnosis of 
malignancy must be confirmed with pathology. The next aim 
is to assess the extent (stage) of tumour and, for metastatic 
disease, to identify any possible primary site. 

In establishing the diagnosis, radiology is most useful 
for solid organs and serous cavities. Preliminary investiga- 
tions include a chest X ray for respiratory symptoms and 
liver ultrasound for abdominal symptoms or abnormal liver 
function tests. Then the chest, abdomen, and pelvis, and 
if appropriate head and neck, are scanned by either com- 
puterized tomography (CT, Figure 3) or magnetic resonance 
imaging (MRI), if available. Both provide anatomical slices 
through the body, with different tissues yielding different 
signal intensities, generated in CT by differential density to 
X rays, and in MRI by differential water content. In both 
CT and MRI scans, as well as ultrasound, contrast agents 
are used to improve definition. Orally administered contrast 
outlines the gut. Intravenous contrast may enhance lesions 
in solid organs: after injection, the agent passes through the 
heart, into the arterial circulation, and then the body organs. 
Any differences in the amount of blood circulating in the 
lesion and in the surrounding tissues will add definition to 
the lesion on the final scan. More recently, positron emis- 
sion tomography (PET) scans have become available: these 
yield information based on tissue metabolism, commonly of 
radiolabelled glucose, which is usually increased in tumours. 
Combination of anatomical (CT) and functional (PET) scan- 
ning provides a very powerful tool for cancer diagnosis and 
staging. 

How do we assess potential CUP in solid organs and 
serous cavities? In the liver, multiple nodules may be either 





Figure 3 Computerized tomography (CT) scan of abdomen showing 
metastases in liver (arrow). 
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metastases or abscesses. To separate these, the clinical 
history, for example, fever, is useful as is ultrasound: 
solid nodules are very likely to be tumour, whereas those 
with a liquid centre are more likely to be abscesses, or 
tumours with central necrosis. If there are fewer nodules, 
the differential diagnosis may lie between primary and 
metastatic tumour. CT scanning with contrast is very helpful: 
primary hepatocellular carcinomas tend to be hypervascular 
and therefore appear “brighter” with more contrast than the 
adjacent liver; the reverse is true for metastases which tend 
to be hypovascular. Again, the clinical history is important: 
hepatocellular carcinoma tends to occur in chronic liver 
disease which has progressed to cirrhosis, and is generally 
accompanied by a raised serum AFP (this oncofoetal protein, 
also found in germ cell tumours, is the foetal equivalent 
of albumin, the most abundant plasma protein made by the 
liver). 

Moving to the lungs, again metastases generally form 
multiple rather than single nodules. On both X ray and CT 
scan, primary lung carcinomas tend to have an ill-defined 
and irregular outline, because of lymphatic invasion around 
the tumour, whereas metastases are usually spherical with a 
sharper outline. In the brain, multiple lesions are diagnostic 
of metastases or abscesses. The diagnostic dilemma arises 
when there is a single mass lesion and this will provoke an 
intensive search for a primary tumour elsewhere and only if 
none is found will surgery be considered. In bones, the main 
method of assessment is isotope bone scan, again to find out 
whether the lesion is single or multiple, because this is more 
sensitive than either plain X ray or CT scan. 

Serous cavity metastasis may be accompanied by extensive 
tumour masses, so-called peritoneal or omental cake, or 
by excess fluid or both. In the abdominal cavity, these 
appearances are generally due to metastatic adenocarcinoma. 
In the pleura, the possibility of primary mesothelioma may 
be considered and is more likely if the lesion is single and if 
there is a history of exposure to asbestos, with the associated 
radiological finding of calcified pleural “plaques”. 

In the search for a primary site in potential CUP patients, 
abdominal and pelvic CT scans yield a primary site in 
30-35%, mainly in the pancreas (Hillen, 2000; Pavlidis, 
2003). In women with metastases in axillary lymph nodes, 
the likely primary site is clearly the breast. Mammography 
is usually performed although its sensitivity is only around 
20%; if the mammogram is not diagnostic, then MRI scan 
may be of value (Pavlidis, 2003). 


Endoscopy 


Endoscopy involves putting a fibre-optic tube into a hollow 
organ, enabling direct visualization of its lining. If a tumour 
is seen, a biopsy can be taken. Endoscopy may be used for 
the evaluation of CUP patients with specific clinical presenta- 
tions, for example, endoscopy of the upper aerodigestive tract 
in a patient with cervical lymphadenopathy; or colonoscopy 
for a positive FOB test. However, the procedure is inva- 
sive and is not generally undertaken in CUP patients in the 


absence of localizing symptoms or suggestive radiology or 
serum tumour markers. 


Serum Tumour Markers 


Once the diagnosis of metastatic disease is made, serum 
tumour markers will usually be measured (Hillen, 2000). 
Four markers may be particularly useful in predicting a 
primary site: prostate-specific antigen (PSA) in men with 
bone metastases; CA125 in women with malignant ascites 
(for ovarian adenocarcinoma); and hCG and AFP in young 
men with mediastinal or retroperitoneal lymphadenopathy 
or lung metastases. However, these tests do not usually 
provide a definite diagnosis, and confirmatory pathology is 
still required. If markers are initially elevated, they may also 
be of value during follow-up after treatment (since these are 
“favourable” CUPs) for estimating tumour burden. Perhaps 
surprisingly, studies have shown that the sensitivity and 
specificity of most other epithelial serum tumour markers 
(e.g., carcinoembryonic antigen (CEA) (colon), CA15-3 
(breast), and CA19-9 (pancreas)) are too low to diagnose 
reliably a particular primary site, although clinically they 
are still often used for this purpose and for monitoring 
therapeutic response. 


PATHOLOGY IN CUP 


Histopathology, Cytopathology, and the Diagnosis 
of Malignancy in CUP 


The next and “by far the most important step in the 
diagnostic procedure is biopsy of the most accessible lesion 
for pathological examination” (Hillen, 2000), to confirm 
malignancy and then type and subtype the tumour. If 
investigations have yielded a likely site of origin, then that 
primary tumour will be biopsied. If instead the patient has 
true CUP, then the metastasis will be sampled. In patients 
with metastases and poor performance status, CUP may be 
diagnosed without biopsy on clinical grounds alone and this 
occurs in around 20% of patients (van de Wouw et al., 2002). 
Compared to those with histologically confirmed disease, 
these patients were older, received less cancer therapy and 
had a shorter median survival of 7 weeks: the diagnosis 
of malignancy is clearly supported by the shorter survival 
time. 

Pathology involves examination of cells or tissue using 
a microscope. A sample is taken from the abnormal area. 
The sample is suitably processed and then placed on a 
glass slide and stained. Interpretation is by a medically 
qualified pathologist with at least 4years of postgraduate 
training in the speciality. In the pathology of CUP, the 
first aim is to establish the diagnosis of malignancy. This 
involves identifying an abnormal cell population not nor- 
mally found in that tissue. This is done on the basis of cell 
morphology, both nuclear and cytoplasmic, and tissue archi- 
tecture. 
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Figure 4 Adenocarcinoma with immunohistochemistry. (a) M etastatic colonic adenocarcinoma in the liver. (b) Immunohistochemistry with cytokeratin 
20. (c) Immunohistochemistry with CDX 2. (All at the same magnification photographed with a x20 objective). 


Histology, or histopathology, involves the examination 
of intact tissue samples: in CUP, solid organ metas- 
tases, or serosal nodules. Liver metastases are common 
and easy to biopsy and are therefore the most com- 
mon site sampled, but lung, bone, and, occasionally, brain 
metastases may also be biopsied. The biopsies are gen- 
erally small: for example, a liver biopsy is a core of 
tissue taken using a cutting needle and measuring only 
10-15mm long by 1mm wide. The presence of an 
infiltrating metastatic tumour is generally very obvious, 
enabling the diagnosis of malignancy to be established 
(Figure 4a). 

Cytology involves the examination of disaggregated cells. 
In CUP, cytology has two main roles, in palpable lym- 
phadenopathy and serous effusions. Palpable lymphadenopa- 
thy is generally first investigated with fine-needle aspira- 
tion (FNA) cytology where a needle is inserted into the 
lymph node, moved back and forth and then removed. 
This enables sampling of the cells within the lymph node, 
which will be either lymphoid or non-lymphoid, for example, 
metastatic cancer. Effusion cytology is likewise performed 
early in patients with ascites or pleural effusions. Again, on 
microscopy, carcinoma cells are sought among the normal 
serous fluid population of mesothelial cells, macrophages, 
and other inflammatory cells. This can be difficult because 
mesothelial cells share some characteristics with epithe- 
lial cells but, where there is doubt, immunohistochemistry 
is helpful. For all these presentations, likely tumour types 
and primary sites have been discussed in Cancer M etastasis: 
Routes and Patterns. 


Tumour Typing, Immunohistochemistry, and 
Exclusion of Non-Carcinoma Cancers in CUP 


Once the diagnosis of malignancy is made, then the cancer 
must be typed to exclude lymphoma, melanoma, sarcoma, 
and germ cell tumours. These different tumours have dis- 
tinct appearances (see Broad Types and Subtypes of Cancer 
and Figure 1) and tumour typing is performed using mor- 
phology and the clinical context. If there is any doubt, then 
immunohistochemistry may be useful. 
Immunohistochemistry enables individual cell proteins to 
be demonstrated in situ on a tissue section or cytology sam- 
ple by the application of specific antibodies. This is a very 
powerful technique for tumour typing and is used routinely 
in pathology laboratories. M ost of the proteins used for this 
purpose represent residual differentiation from the normal 
tissues from which the tumour originated. To enable the 
exclusion of non-carcinoma tumours, potential positive mark- 
ers include the lymphoid markers CD45, CD20, CD79a, 
CD3, CD5, and CD30 for lymphoma; S100, HMB45, and 
Melan-A for melanoma; desmin, actin, vimentin, myoD1, 
and sometimes S100 for sarcomas; and hCG, AFP, and pla- 
cental alkaline phosphatase for germ cell tumours. This is 
only a list of examples; many more specific immunohisto- 
chemical markers exist for particular tumour types. 


Subtyping of Carcinomas and Cytokeratins 


Once we know that we are dealing with metastatic carcinoma, 
subtyping of the tumour into squamous, adenocarcinoma, 
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or solid carcinoma is required. Again, these subtypes can 
generally be distinguished on morphology alone (see Broad 
Types and Subtypes of Cancer and Figure 1). 

In cases of difficulty, immunohistochemistry may help, 
especially for CK proteins. CKs are the intermediate fila- 
ments specific to epithelial cells and are therefore the princi- 
pal positive markers of carcinomas (Chu and Weiss, 2002). 
Twenty different CK subunits exist, with different MWs. 
These subunits are split into type | and type II forms: type 
| CKs are low MW and acidic while type II CKs are high 
MW and basic. In cells, functional keratin filaments contain 
at least one type | and one type II subunit, as a pair. Each 
epithelial cell type contains only a subset of CKs. 

To type a tumour as a carcinoma, various mixtures of 
anti-CK antibodies are commonly used. AE1/3 is a cocktail 
recognizing almost all CKs which should therefore stain all 
carcinomas. CAM 5.2 is specific for CK 8 and CK 18, which 
are present in most glandular and solid organ epithelia, and 
therefore stains the corresponding carcinomas. 

CKs are also useful in subtyping of carcinomas; their 
expression patterns in tumours can be predicted from the 
normal tissue counterpart. CK 7 is widely expressed in simple 
glandular epithelium including breast, pancreatic ducts, and 
so on. CK20 is expressed in gastrointestinal epithelium, 
especially colon. CK 5 is found in the basal cells of squamous 
epithelia and in mesothelium, and CK6 is also expressed in 
squamous cells. CK 5/6 is thus generally found in squamous 
carcinomas but not in adenocarcinomas. The reverse is true 
of CK 7/20 which is widely used for detailed subtyping of 
carcinomas as shown in Table 4. Most solid carcinomas, 
including hepatocellular and renal carcinomas are negative 
for CK 7/20, whereas, most TCCs are positive for both. If 
required, additional markers other than CK s are available for 
squamous and solid carcinomas; examples include urothelin 
in TCC and hepar-1 in hepatocellular carcinoma. 

Before we move on to the use of CK 7 and CK 20 in the pre- 
diction of primary site of adenocarcinoma, we must briefly 
mention the last main type of solid carcinoma, neuroen- 
docrine tumours, including small cell carcinoma, which are 
important to recognize for therapeutic purposes. Useful pos- 
itive neuroendocrine markers include CD56, chromogranin, 
synaptophysin, and PGP9.5. 


Adenocarcinomas and Prediction of Primary Site 


Now we know that we are dealing with adenocarcinoma. 
Most adenocarcinomas presenting as metastases are from 
one of seven primary sites: breast, colon, lung, ovary, 
pancreas, prostate, and stomach. For some of these sites 
of origin, the morphology on H&E alone is character- 
istic. Colonic adenocarcinoma comprises glands lined by 
tall columnar epithelium often with so-called dirty necro- 
sis (Figure 5a). Ovarian serous adenocarcinoma is charac- 
terized by delicate papillary structures covered by a pale 
serous epithelium (Figure 5b), sometimes with calcispherites. 
“Signet ring” cell adenocarcinoma contains diffusely infil- 
trating cells with abundant mucus (Figure 5c), and is seen 
mainly with gastric and breast tumours. Through these and 


Table 4 Expression of cytokeratins 7 and 20 in carcinomas. 
CK7 positive 


CK20 positive Gastrointestinal 
adenocarcinomas 
Pancreas and bile ducts 
Stomach 
Ovary (mucinous, of which 
many may be metastatic 


CK7 negative 


Gastrointestinal 
adenocarcinomas 
Colon and rectum 
Stomach (one-third) 





from gut) 
Transitional cell carcinoma 
(two-thirds) 
CK20 negative Many adenocarcinomas Prostatic adenocarcinomas 
Breast Prostate 
Lung Stomach (15%) 


Ovary (serous and 
endometrioid) 

Pancreas and bile ducts 
(one-third) 

Stomach (20%) 
Endometrium 


Hepatocellular carcinoma 


Renal cell carcinoma 
Squamous carcinoma 
Small cell carcinoma 


(two-thirds) 

Thyroid carcinoma Malignant mesothelioma 
(one-third) 

Transitional cell carcinoma 

(one-third) 

Small cell carcinoma 

(one-third) 

Malignant mesothelioma 

(two-thirds) 


other clues, the primary site of metastatic adenocarcinoma 
can be confidently predicted purely from morphology by 
an experienced pathologist in 25-50% of cases (Sheahan 
et al., 1993). 

Although very useful, this is not yet sufficient and markers 
have been developed for the immunohistochemical predic- 
tion of primary site of adenocarcinoma. First, let us return 
to CK7 and CK 20 (Table 4). In adenocarcinomas, CK 20 
generally indicates a tumour arising in the gastrointestinal 
tract, whereas CK7 is widely expressed in simple epithelia. 
Most colon tumours are positive only with CK 20. Gastric 
adenocarcinomas show a range of phenotypes from positive 
to negative. Pancreatic adenocarcinomas are almost always 
CK7 positive and a proportion will also show CK 20 positiv- 
ity. Breast, lung, and ovarian cancers are generally positive 
only with CK7. Prostatic cancers are generally negative for 
both. 

Although these CKs are very helpful in the prediction 
of the primary site, they clearly do not solve the entire 
problem. For this, we need to return to cell-specific proteins, 
generally either proteins produced in abundance and often 
secreted by specific epithelia or nuclear transcription factors. 
Our group has recently profiled a range of such proteins 
in adenocarcinomas. The most useful markers and their 
frequency of expression in each primary site are presented 
in Figure 6a (Dennis et al., 2005). 

Perhaps the first proteins to be used for this purpose 
were oestrogen receptor (ER) and CEA. ER is expressed 
in breast and ovarian adenocarcinomas. CEA is found in 
many adenocarcinomas but has been used especially with 
colonic tumours. More recently, the homeobox transcription 
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Figure 5 Adenocarcinomas with a morphology characteristic of their site of origin. (a) Colonic adenocarcinoma with “dirty necrosis”: gland lined by 
tall columnar epithelium with, in the lumen, central (pink) necrosis with (black, “dirty”) nuclear debris caused by cell death. (b) Ovarian papillary serous 
adenocarcinoma: delicate papillary structures covered by a pale serous epithelium. (c) Gastric “signet ring” cell adenocarcinoma: diffusely infiltrating cells, 
each with abundant cytoplasmic mucus which pushes the nucleus to one side. (All stained with H&E; all at the same magnification photographed with a 


x20 objective). 


factors have become established: these proteins have a 
nuclear location. Thyroid transcription factor 1 (TTF-1) is 
expressed normally in thyroid and lung and is retained in 
the corresponding cancers. Caudal domain protein 2 (CDX 2) 
iS present normally in intestinal epithelium and is seen in 
colon and some stomach cancers. CA125 and mesothelin 
are glycoproteins found in mesothelial and ovarian tumours 
as well as some pancreatic and lung cancers. Gross cystic 
disease fluid protein 15 (GCDFP-15) is produced by breast 
epithelium and other apocrine glands; and PSA is prostate- 
specific antigen. 

Individually, such immunohistochemical markers may not 
be absolutely specific or sensitive, but used together as a 
panel (Figure 6a), they may be very helpful in predicting the 
primary site of adenocarcinomas (Dennis et al., 2005). The 
underlying diagnostic process is illustrated with the decision 
tree (Figure 6b). Many other markers have been and will 
be proposed for this purpose: some of which are known to 
be not sufficiently sensitive or specific, while others await 
incorporation. 

The future holds new markers, new methods, and new 
ways of thinking about tumours. New markers will emerge 
from both traditional candidate gene approaches and from 
large-scale profiling at the genomic, MRNA, and protein lev- 
els. A number of cDNA array and other mRNA expression 
studies have already addressed the clinical question of car- 
cinoma and adenocarcinoma subtyping (Ramaswamy et al., 


2001; Su etal., 2001; Bloom etal., 2004; Tothill etal., 
2005). Whether these will lead to the routine microarray 
analysis of tumours in pathology laboratories or whether indi- 
vidual markers for immunohistochemistry can be whittled 
down from the hundreds highlighted by such studies remains 
to be seen. For the latter, the proof of principle is diffuse 
large B-cell lymphoma which is histologically homogeneous 
but in which new, clinically important tumour subsets were 
identified by microarray analysis (Alizadeh et al., 2000). The 
initial classification used hundreds of genes but these have 
been distilled down to a few diagnostic markers including 
bcl6 and CD10 which can be assayed by standard immuno- 
histochemistry. 


THERAPY 


The aim of investigating patients presenting as CUP is ideally 
to identify a primary site. If this can be achieved, then the 
patients are managed according to cancer of that primary site 
and stage. If no primary site can be determined then the aim 
is to treat patients appropriately, ideally using predictions as 
described previously. 

Firstly, those who fall into “favourable” subgroups are 
identified (see Prognosis of CUP Patients and Prognostic 
Features) and treated as detailed in Table 5, according to 
the likely primary site. 
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Figure 6 Panel of immunohistochemical markers for prediction of primary site in adenocarcinoma: diagnostic table and decision tree. The table (a) presents 
immunohistochemical data for 10 markers by their percentage positivity, with corresponding background shading, in each of the seven main primary sites 
of adenocarcinoma. Pathologists are accustomed to using information in this table format, where entire data is considered simultaneously. The underlying 
diagnostic process is clarified in the decision tree (b). To use this, we start at the top. If the tumour is PSA positive, then it is prostatic; if not, then we move 


down the tree, where if the tumour is TTF-1 positive, then it is from the lung; but if not, then we move down the tree, and so on (Dennis et al., 


Most CUP patients, however, fall into the so-called 
unfavourable subsets: multiple metastases in any single solid 
organ; ascites with adenocarcinoma not of serous papillary 
(ovarian) subtype; and malignant pleural effusion. Patients 
who either are very elderly or have a poor performance status 
are best managed with symptomatic care only. However, 
some may benefit from chemotherapy, which has long been 
the treatment of choice for patients with CUP. Almost all 
cytotoxic drugs have been tried either as single agents or in 


2005). 


combination, usually empirically (Pavlidis, 2003). Currently 
the combination of an anthracycline with cisplatin and 
5-fluorouracil (5-FU) is the regimen most widely used in 
the United Kingdom, with taxane-containing combination 
regimens also frequently used. 

Even in these “unfavourable” CUPs, we are now moving 
towards more tailored therapy. These tumours are generally 
adenocarcinomas from one of seven common primary sites. 
Specific and effective treatments are already established for 
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Table 5 Favourable subsets of CUP and their treatment. 


Favourable subset of CUP 


Treatment as for equivalent stage of: 





Lymph node in neck: squamous 
carcinoma 


Lymph node in groin: squamous 
carcinoma in inguinal LN 


Lymph node in armpit: 
adenocarcinoma (female) 


Lymph node (posterior trunk) or 
lung: germ cell tumour (male) 


Serous cavity (peritoneum): serous 
papillary adenocarcinoma (female) 


Bone: adenocarcinoma with high 
PSA (male) 


Solid organ (liver, lung, brain): 
single small metastasis (squamous 
or adenocarcinoma) 


Any site: neuroendocrine 


Head and neck squamous cancer 


Locoregional therapy: surgery 
and/or irradiation 


Genitourinary or anal cancer 


Locoregional therapy: surgery 
and/or irradiation 


Breast cancer 


Locoregional then systemic therapy 
Germ cell tumour 


Systemic chemotherapy: platinum 
based 


Ovarian cancer 


Systemic chemotherapy: 
taxane/platinum 


Prostate cancer 


Hormonal therapy 


Local treatment with resection 
and/or radiation, and/or systemic 
chemotherapy 


Systemic chemotherapy: 


carcinoma taxane/platinum 


(Based on Pavlidis, 2003.) 


breast, ovary, and prostate adenocarcinomas. Until the past 
decade, 5-FU-based therapy was standard for all gastroin- 
testinal adenocarcinomas, but treatment is now more tai- 
lored, for example, 5-FU/leucovorin with irinotecan or oxali- 
platin for colon, gemcitabine for pancreas, and epirubicin, 
cisplatin, and 5-fluorouracil (ECF) for gastro-oesophageal 
cancers (Ayoub et al., 1998; Mintzer et al., 2004). Further- 
more, biological agents targeted towards specific growth 
factors and their receptors are emerging as useful treat- 
ments in colorectal, and possibly pancreatic, cancers. These 
treatments are outlined in Table 6 (see also Respiratory Sys- 
tem; Upper Gastrointestinal Tract; Lower Gastrointesti- 
nal Tract; Pancreas; Endocrine Organs; Breast; Female 
Reproductive System). 


The chemotherapy regimens currently used in CUP are 
therefore empirically designed to include agents with at least 
some activity against all of the common primary sites of 
adenocarcinoma. However, although systemic therapy is non- 
curative in these patients, prediction of the likely site of 
origin would enable the choice of drugs to be modified 
to those most appropriate for that primary site, thereby 
optimizing symptomatic benefit and survival and minimizing 
the risk of toxicities by omitting inactive agents (Table 6). 
This is particularly relevant in those tumour sites in which 
rechallenge with alternative agents is appropriate at relapse 
after response to initial treatment (eg., breast, ovary, and 
colon), whereas for some common CUP tumours, there is no 
recognized second-line regimen (e.g., pancreas). 

Currently cancer outcome and optimal therapy are best 
predicted by the type and primary site of the tumour, which 
is why we seek to identify or predict the likely site of 
origin in metastatic adenocarcinoma. With the emergence of 
novel biological agents and prognostic and predictive gene 
signatures, the expression of molecular markers in a given 
tumour may become more important than its primary site, for 
example, thymidylate synthase or mismatch repair proteins 
in colon cancers, and this is to be embraced. 


CONCLUSION 


Metastatic CUP is a common clinical problem. Most CUP 
patients have adenocarcinomas and identification of their 
primary site is becoming increasingly important with the 
emergence of more targeted therapies, resulting in improved 
outcome even for previously insensitive tumours. Along- 
side radiology, pathological assessment is important for both 
confirmation of the diagnosis of cancer and for tumour 
subtyping; and, with immunohistochemical profiling, it is 
recognized as more useful and cost-effective than an exhaus- 
tive clinical search. 

The diagnostic and therapeutic nihilism of the past in 
patients with unknown primary is thus disappearing. Contin- 
ued improvement in the outcome for CUP patients depends 
ultimately on the development of novel therapies; new diag- 
nostic, prognostic, and predictive tumour markers will surely 
follow. 


Table 6 Adenocarcinomas from different primary sites and potential therapies ( (shaded in black). 
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INTRODUCTION TO CANCER MODELS 


Since the beginning of studies on the pathogenesis of various 
cancers, it was realized that little progress would be made in 
understanding the molecular and genetic events that define 
the precancerous states, the inception of cancers, sometimes 
called transformation, and their further progression to inva- 
sive and metastatic phenotypes, unless these events could 
be duplicated in some reproducible way. Thus the need for 
cancer models was born. There are many different types of 
cancer models, and our purpose here is not to review them. 
Rather, we will summarize the various scientific and medi- 
cal needs for cancer models and what can be accomplished 
with them. In some chapters of this section, certain tumour 
entities were chosen as examples for better illustration of the 
specific models. M any of the considerations in all of the fol- 
lowing chapters can be generalized for experimental cancer 
research, and the examples should not be overemphasized. 
They simply reflect important needs to understand various 
molecular and genetic aspects of cancers as a leading cause 
of death in the western world. 

As a prerequisite of modelling, one has to define the 
processes that have to be described or mimicked in as 
much detail as possible. At this point, the limitations of 
cancer models are already beginning to be seen. If the 
reader asks cancer specialists from various professions (e.g., 
cell biologists, pathologists, clinicians, epidemiologists, or 
philosophers) for a definition of cancer, quite different 
answers will be given. Cell biologists define cancer as a 
disease of genes, pointing to the fact that cancer is usually 
related to a number of genetic alterations (loss of gene 
function, permanent activation, chromosomal aberrations, 
etc.). Pathologists usually explain cancers as neoplasias with 
certain morphological and functional characteristics, such 
as independence from growth regulatory processes, evasion 
from apoptosis, sustained angiogenesis, limitless replication 
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potential, tissue invasion and metastasis, and self-sufficiency 
of growth signals (Hanahan and Weinberg, 2000). In contrast, 
clinicians have to deal with human beings in their biological, 
ecological, social, and psychological environment, which can 
heavily influence the course and time scale of cancer in 
their patients. These discrepancies reflect different levels of 
system considerations - genetic, cellular, organ, organism, 
and society- but all of them have their specificities if models 
are to describe and investigate properties related to cancer as 
a disease. As a Solution for this dilemma, a definition of 
cancer in the broadest sense considers these system aspects: 

Malignant disease is a disturbance of the bio-psycho-eco- 
social system of human beings that is a consequence of and 
tribute to evolutionary processes. In this regard, cancer is 
one option within the field of possibilities of a human being 
in whom decisions are influenced by fractal and chaotic 
structures. 

Taking these system considerations into account, cancer 
research (experimental, translational, and clinical) is limited 
by the characteristics and borders of partially closed systems. 
When investigating cancer at cellular or organ levels, the 
observer can only visualize information that can pass the 
system border of the cell without disturbing the system. On 
the other hand, if the observer is part of the system (e.g., for 
epidemiological studies), information that leaves the system 
can also not be recognized without influencing the system. As 
a consequence, modelling in cancer research has to find ways 
to visualize system information at any level of interest with 
the lowest possible disturbance of the system. Interpretation 
of experimental data therefore requires permanent reflection 
of system disturbances that are caused by the observer and 
distinguish them from system effects that are related to the 
malignant process (Figure 1). 

Cancer models as described in the following chapters are 
useful for accurately and reproducibly studying a variety of 
pathogenic, biochemical, immunological, pharmacological, 
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Figure 1 View of cancer as the instability of the human system. 
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genetic, and other properties of cancer cells. Although it 
would be useful if we all agreed on using one appropriate 
model system, with the use of only one model it is extremely 
difficult to accurately study all of the above properties. This is 
due to the obvious fact that cancer models are “models” and 
even “real” cancers obtained directly from cancer patients 
cannot provide all information about their malignancy. As 
such, these models are only approximations of reality, and 
they should not be confused with the real world. In addition, 
certain models are particularly useful for certain types of 
experiments but not for others, and it is particularly difficult 
to find one model that can substitute for the number of 
models that are currently in use to study the properties of 
different types of cancer. For hundreds of years, pathologists 
have warned us of the diversity and heterogeneity of clinical 
cancers, and this diversity cannot be easily reflected in one 
or even a few models of clinical cancers (Nicolson and 
Poste, 1983). 

The worth of a cancer model is reflected in how accu- 
rately and reproducibly the model is able to mimic the 
“real world”, with the understanding that it may not accu- 
rately reflect all of the properties of the in situ cancer 
in its natural human host and as a dynamic process over 
time. In addition, one of the commonly found properties 
of malignant cancers is that they tend to be quite hetero- 
geneous at the cellular level, and the known instabilities 
of cancers and cancer cells can result in the continuous 
diversification and evolution of cancers and, in particular, 
the cells that comprise them (Nowell, 1976; Poste, 1982; 
Nicolson, 1986, 1987). Fortunately, or unfortunately, depend- 
ing on the need for exacting reproducibility, most, if not 
all, cancer models share with legitimate clinical cancers the 
properties of cellular instability and diversification into het- 
erogeneous cellular populations during growth, and this is 
even more apparent in malignant cancers that have pro- 
gressed to the metastatic phenotype. This instability, although 
a critical property for any model of human cancers, is also 
the bane of the experimentalist. Thus, some of the most 
important properties of cancers, such as their abilities to 
undergo change, progression, diversification, and evolution, 
are also properties that make the reproducible study of can- 
cers and especially cancer cells so difficult (Poste, 1982; 
Nicolson, 1987). 

Notwithstanding the problems associated with the devel- 
opment and use of cancer models and also the interpretation 


of data obtained using them, they have proved their worth 
over the years. In fact, we would know considerably less 
about the detailed biochemical, immunological and other 
properties of cancers if we were entirely dependent on clini- 
cal biopsies for experimental studies. Thus, cancer models 
have proved to be an essential element in our research 
programmes, and without them our knowledge of human 
cancers, particularly their molecular properties, would be 
significantly less than it is today. But it should be obvi- 
ous even to the casual observer that knowing the limitations 
of cancer models is essential, and cancer models are likely 
to be as heterogeneous and thus problematic in their utility 
and usefulness as the cancers from which they are derived 
(Table 1). 

It has been said that not all cancer models are use- 
ful because they do not closely mimic all of the proper- 
ties of human cancers. On the other hand, even a model 
that does not closely mimic human cancer can be useful 
for some experimental uses, particularly those that are not 
designed to be applied eventually to clinical use (Table 1). 
Thus, the effectiveness of a model depends greatly on 
the use for which the model is to be employed. One 
model may be useful as a cellular repository of certain 
critical molecules or a biochemical platform for certain 
types of experiments but may not be entirely useful for 
other purposes. The trend in recent years, however, has 
been to try to develop and use models that reflect the 
in vivo and in vitro characteristics of human cancers as 


Table 1 Models for cancer and cancer progression: which models are best? 


1. What questions are being asked? Do these involve eventual 

application to the clinic? 

2. Should human cancers or cancer cells be used, or will animal 

tumours or cells suffice? 

3. If human cancers/cells are being used, are these representative of 

the original cancers? 

4. If animal tumours/cells are being used, are they of similar 

histology, natural history, and so on, as the human tumours/cells? 

5. If animal tumours/cells are being used, do they grow and undergo 

progression similar to human tumours/cells? 

6. If animal tumours/cells are being used, do they have similar 

changes in molecular genetics? 

7. If the tumours/cells are to be assayed in vivo, is a syngeneic 

tumour/host system required? 

8. Can human cancers/cells be assayed effectively in 

immune-compromised animal hosts? 

9, Are counterpart normal, preneoplastic, benign, or 

invasive/metastatic tumours/cells necessary for comparison? 

10. Are counterpart tumours/cells of similar genetic background 
necessary for comparison? 

11. Will in vivo or in vitro assays, or both, be used? Is in vitro growth 
required? 

12. Are the cancer/tumour cells relatively stable during growth in vivo 
and/or in vitro? 

13. Are the cancer or tumour cells of similar biological phenotype as 
the original tumour? 

14. Are the cancer or tumour cells of similar biochemistry, 
immunology, drug sensitivity, and other properties as the original 
tumour? 

15. Is the pathogenesis of progression and metastasis similar to the 
original tumour? 

16. Can the model be used to develop relevant new therapies that can 
be applied to the clinic? 
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accurately as possible so that the information gathered 
may at some later date be applied to clinical cancers. The 
use of models is critical for developing new therapeu- 
tic approaches for treating highly malignant tumour cells 
(Frei, 1982). 

Cancer models are especially useful for studying certain 
specific aspects of the individual steps of the cancer pro- 
gression process, and these models for the most part are in 
vitro and animal models. For example, various models have 
been developed to study specific properties of cancer cells 
that are related to progression to the metastatic phenotype. 
For example, malignant cell adhesion, invasion, survival, 
and growth have been successfully studied in vitro and in 
animal models (Table 2). The utility of these in vitro mod- 
els is that detailed biochemical studies can be performed 
that cannot be easily done with in vivo systems. Although 
such models do not exactly mimic the events that occur in 
vivo during the process of metastasis, they are extremely 
useful for obtaining detailed biochemical information on cel- 
lular processes that are related to cancer progression and 
metastasis. 


Table 2 Examples of models to study individual steps of the metastatic 
process. 


1. Tumour growth at a primary site 

A. Cell cultures (single or mixed cell) 

B. Cell aggregates (single or mixed cell) 
mplantation at a primary site (animal) 
2. Primary tumour invasion 
. Invasion of extracellular matrix 
. Invasion of thrombin clot 
. Invasion of tissue fragments 
. Invasion of cell aggregates 
. Implantation at a primary site (animal) 
umour cell intravasation 
. Invasion of isolated blood vessels 
. Invasion of endothelial cell monolayer 
. Intravasation of blood vessels (in vitro) 
ntravasation of blood vessels (animal) 
4. Tumour cell transport 

A. Transport in a flow cell 

B. Transfilter migration in a Boyden chamber 

C. Dynamic stress in a parallel plate chamber 

D. Transport after i.v. injection (animal) 

5. Tumour cell arrest 

A. Adhesion to endothelial cells 

B. Adhesion to endothelial cell monolayers 

C. Adhesion to blood vessels (in vitro) 

D. Arrest after i.v. injection (animal) 

6. Tumour cell extravasation 

A. Invasion of endothelial cell monolayers 

B. Invasion of blood vessels (in vitro) 

C. Invasion of blood vessels (animal) 

7. Tumour cell survival 

A. Survival in depleted medium 

B. Survival in organ-conditioned medium 

C. Survival in immune cell cultures 

D. Survival after i.v. injection (animal) 

8. Tumour cell growth at secondary sites 

. Growth in depleted medium 

. Growth in organ-conditioned medium 

. Growth in immune cell cultures 

. Growth after i.v. injection (animal) 

. Growth after injection at secondary organ site (animal) 


w 
VoOBUrFAMIODyS 








moOWY> 


In vitro and Animal Models for Human Cancer 


M odels for almost all types of cancer have been developed 
on the basis of rodent or human tumour cell lines (Heppner, 
1989). Of course, not all of the properties of these cells will 
be the same, and not all properties of in situ tumours can 
be mimicked by the same tumour cells growing in vitro. 
The reasons for this are probably related to differences in 
the cellular compositions of tumours compared with cell 
populations growing in vitro and differences in environment 
that can affect many of the cellular properties of tumour 
and normal cells (Miller and Heppner, 1990; R udland et al., 
1998). An important consideration is when human cancer 
cells are grown in animals (usually in nude mice) and they are 
implanted into the appropriate site (orthotropic implantation) 
(Fidler etal., 1990). For breast cancer cells or tissue, for 
example, this would usually be the mammary fat pads of 
rodents, but for other cancers arising in other tissues the 
tissue of origin would apply. Unfortunately, in this model, 
human breast cancer cells growing in the mammary fat pads 
of rodents will not find the same microenvironment as in the 
human breast, and differences may ensue (see Models for 
Breast Cancers). 


THE USE OF BREAST CANCER MODELS TO STUDY 
TUMOUR PROGRESSION 


There are many important questions in cancer research that 
can be best answered with the use of tumour models. One 
of most important questions is explaining the process of 
tumour progression or the tendency of tumours to undergo 
gradual change to more malignant phenotypes; the use of 
cancer models to study this process will be summarized in 
some of the chapters. Tumour progression is characterized 
by specific genetic changes, and these can be studied 
using animal tumour models that undergo progression. The 
accumulation of rare qualitative genetic changes is thought 
to drive tumour progression (Nowell, 1976; Nicolson, 1986, 
1991; M oustafa and Nicolson, 1998). These changes include, 
but are not exclusive to, DNA sequence alterations, such 
as gene amplifications, mutations, deletions, translocations, 
and other changes. The accumulation of genetic changes 
or alterations may initiate important events that eventually 
lead to tumour progression, but it is likely that other events 
that do not depend on genomic DNA sequence changes are 
also involved (Nicolson, 1986, 1991; M oustafa and Nicolson, 
1998). One of the uses of cancer models is to be able 
to determine the importance of specific genetic events in 
transformation and progression by replicating these events 
in an experimental setting. In addition, once candidate genes 
have been identified, their role in the pathogenesis of cancer 
can be confirmed using transgenic and gene knockout mice 
to model the changes associated with specific genes (review: 
Viney, 1995). 

The progression of (see Transgenic Technology in the 
Study of Oncogenes and Tumour-Suppressor Genes and 
Genetic Models: A Powerful Technology for the Study 
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of Cancer) cancer cells to malignant phenotypes is mainly 
typified by quantitative changes in gene expression rather 
than many qualitative changes (mutations, translocations, 
truncations, etc.) in gene structures, although the latter 
changes are known to occur with progression (Nicolson, 
1991; Moustafa and Nicolson, 1998). In breast cancer 
models, for example, such qualitative changes have been 
documented, especially in genes associated with hereditary 
breast cancer, such as BRCA1 and BRCA2 (Lynch etal., 
1998). Using appropriate cancer models, parallel studies 
can be used to examine the role of multiple qualitative 
cytogenetic and genetic changes and determine if they are 
important in the process of transformation and progression 
(Pearce et al., 1984). 

Qualitative genomic modifications may occur only rarely 
in tumours, and the rates of appearance of qualitative alter- 
ations may vary widely among different tumours. Hence, 
it is important to determine if there are (multiple) critical 
changes in specific genes that must occur for transforma- 
tion and progression to occur. If qualitative genomic changes 
are critical to tumour transformation, progression, and clonal 
dominance, then it is likely that the most successful cells ina 
tumour that have these changes will overgrow the other cells 
and eventually almost all of the tumour cells within a tumour 
would display similar genomic modifications (Nowell, 1976). 
Probably not all genes that undergo change are obviously 
important in the process of tumour progression, and the 
genes that encode oncogenes, suppressor genes, differen- 
tiation genes, and genes associated with growth, invasion, 
survival, and metastasis are most likely the important types 
(Nicolson, 1991; Moustafa and Nicolson, 1998). These are 
the genes that are also likely to be changed in their expression 
(Volpe, 1988; M oustafa and Nicolson, 1998). Often, impor- 
tant qualitative changes that are associated with early states 
of oncogenesis, such as cellular transformation and tumour 
initiation, are not the same changes that are associated with 
progression to more malignant states (Nicolson, 1986, 1991; 
Volpe, 1988; M oustafa and Nicolson, 1998). However, under 
certain circumstances even small changes in gene expression 
and/or function of their gene products can result in destabi- 
lization of the cellular system, finally leading to malignant 
transformation and tumour formation/progression. 

The changes in gene expression and gene structure that 
occur in cancer cells as they progress are not the only impor- 
tant events that typify tumour progression. There are also 
signals from the host tissue microenvironment (cells, extra- 
cellular matrix, soluble glycoproteins, and other signals) that 
are important in this process (Nicolson, 1986; 1991; Volpe, 
1988; M oustafa and Nicolson, 1998). These signals provide 
tumours with soluble and insoluble mediators that can modu- 
late tumour cell properties and responses to host tissue, cell, 
and extracellular matrix signals (Bissell and Barcellos-Hoff, 
1987). In some tissues, such as breast epithelium, unique 
regulators are also present, such as the ionic and metabolic 
signals that are presented to adjacent cells, either at their 
surfaces or through junctional communication in epithelium. 
There exist both external and cellular signals that elicit both 
positive and negative signals that usually control the normal 
aspects of epithelial tissue differentiation, proliferation, and 


death, and these are important in tumour progression and 
growth (Nicolson, 1989, 1993; Trosko et al., 1993). 

As tumours progress, they are thought to be less respon- 
sive to host microenvironments and cellular controls. The 
end result of this is that they eventually gain autonomy 
from cell and tissue regulation as they progress to the late 
or end stages of their life histories (Nicolson, 1986, 1987, 
1993). An important property of malignant tumours is their 
ability to undergo cellular diversification into heterogeneous 
phenotypes. Heterogeneity in cellular properties is found in 
virtually all malignant tumour cell populations, but in highly 
malignant tumours it is usually more pronounced than in the 
cells of benign or normal tissues. In normal tissues, inter- 
cellular, cellular, and matrix interactions probably combine 
to stabilize cellular phenotypes into more narrow states of 
diversity than that seen in isolated single cells or tumour cells 
derived from the same tissue (Nicolson, 1986, 1987, 1993). 
Once normal cells have been removed from their normal 
interactions, they show increased diversity in their cellu- 
lar properties (Rubin, 1990). Such diversity may be due to 
adoptive changes that individually affect each cell and result 
in individual quantitative differences in gene expression. In 
malignant cell populations, diversification occurs irrespective 
of, or at least less dependent on, the host microenvironment. 
Eventually, heterogeneous cellular phenotypes arise that are 
less regulated by normal host cell, matrix, and other interac- 
tions (Nicolson, 1987, 1993). 

In most tumour cell populations, a single cell or a few 
cells undergo diversification to more heterogeneous pheno- 
types, and as this happens these cell populations also face 
host immune and non-immune selection pressures. Even- 
tually, differences in cellular responses to host mediators, 
growth stimulators, or inhibitors allow certain subpopula- 
tions to become dominant in the tumour cell population, or 
by active processes, such as immune or non-immune host 
responses, certain subpopulations arise in the population to 
become the predominant cellular type (Nowell, 1976; Nicol- 
son, 1987, 1991; K erbel et al., 1988; Frost and Chernajovsky, 
1990). This can result in multiple cycles of diversification 
and subsequent host selection of tumour cells until dominant 
malignant cell subpopulations that display highly malignant 
and autonomous phenotypes emerge. Thus, tumour progres- 
sion probably results in waves of cellular diversification 
and then restriction of diversity (clonal dominance) (K erbel 
et al., 1988; Nicolson, 1991) until malignant cell subpop- 
ulations that contain the essential properties to be highly 
self-sufficient and malignant become dominant (Figure 2). 

The malignant cell progression process, although ominous, 
is not abnormal. Itis probably a normal adaptive process that 
is important in homeostasis. Considering human biology as 
a system, malignant transformation is part of the adaptive 
and evolutionary processes that usually result in homeostasis, 
but become destabilized and autonomous from system regu- 
lation. If these destabilized systems cannot be pushed back 
within the “field of possible regulations”, the system will be 
ultimately destroyed. This view may explain why malignant 
cell characteristics are not restricted to cancer cells and can- 
cer cells frequently use physiological functions. In normal 
tissues, there are some highly motile, invasive normal cells, 
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Figure 2 Interactions of tumour cells with their environment. 


usually embryonic in origin, that are capable of autonomous 
survival and growth in different tissues (A rmstrong, 1984). In 
normal adult tissues, moreover, there is evidence that injury 
can initiate the events necessary for converting sessile, quies- 
cent cells into motile, invasive cells capable of autonomous 
cellular division, for example, during angiogenesis or the 
development of a new vascular system to feed the injured 
tissue (Folkman and Shing, 1992). 

Malignancy results from many physiological processes, 
but 


e not at the right place 
e not at the right time 
e not to the right extent. 


ONCOGENES AND SUPPRESSOR GENES 
IN TUMOUR PROGRESSION 


Qualitative changes in certain oncogenes and suppressor 
genes are often found in tumours. For example, in breast and 
colorectal cancers, the accumulation of multiple, different 


Qualitative 
alterations 






Initial 


Time 


qualitative genetic changes in oncogenes and suppressor 
genes typifies cancer progression (Fearon and Vogelstein, 
1990), but the range of genetic alterations found in each 
state suggests that other changes, among them quantitative 
differences in gene expression, may also be important. This 
is especially apparent in the most progressed malignant states 
(M oustafa and Nicolson, 1998). 

Oncogenes encode proteins that function abnormally, inap- 
propriately, or at improper concentrations, resulting in the 
circumvention of the normal cellular controls that regu- 
late cellular proliferation and the state of differentiation 
(Klein and Klein, 1986; Nicolson, 1987). Although quali- 
tative changes in oncogenes have been found in transformed 
cells, a more common finding is a change in oncogene 
expression due to chromosome translocations, gene amplifi- 
cations, and other changes (Yokota et al., 1986). Such single 
events by themselves are unlikely to be the underlying cause 
of neoplastic transformation, because further cellular changes 
are usually necessary. 

Figure 3 is an example of how qualitative alterations in 
gene sequence and quantitative changes in gene expression 
could be related to tumour cell diversification and progres- 
sion. In this diagram, a single cell is transformed, it prolif- 
erates, and the progeny undergoes diversification owing to 
quantitative changes in gene expression. As the tumour cells 
diversify, particular cell clones begin to dominate the cell 
population owing to growth advantages and host selection. 
At some point in time, in one cell clone a qualitative change 
in a gene occurs that gives this clone an advantage over other 
clones in the population, and it proliferates and diversifies 
until clonal dominance occurs again. After several cycles 
of qualitative genetic changes, proliferation, and extensive 
quantitative changes in gene expression that drive diversifi- 
cation, a tumour cell subpopulation has progressed to a highly 
malignant state (from M oustafa and Nicolson, 1998). 

Specific changes in oncogenes are often important in 
tumour progression. For example, oncogene amplification is 
an important mechanism (Gitelman et al., 1987). Although 
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Figure 3 Diversity and clonal development of tumours. 
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amplification of oncogenes has frequently been seen in vari- 
ous cancers, it is not universally seen in all tumours (Y okota 
et al., 1986). Oncogene amplification may be indicative of 
other, unrecognized genetic changes, or the amplification of 
oncogenes and other genes could contribute more directly 
to cancer progression (Nicolson, 1991; M oustafa and Nicol- 
son, 1998). Since the expression of oncogenes can differ 
between primary cancers and their metastases, it has been 
proposed that oncogene expression is important in tumour 
progression. However, examination of a variety of primary 
and secondary tumours reveals that oncogenes can be overex- 
pressed, underexpressed, or equally expressed in metastases 
compared to primary tumours (Y okota et al., 1986; Nicolson, 
1987). Hence, the qualitative changes seen in oncogenes or 
the quantitative changes in their expression may contribute 
to progression, but they are unlikely to be the universal 
determinants. 

Although oncogenes are important in tumour progression, 
the data are not convincing in support of a universal causative 
role for oncogenes in the progression of tumours to the 
metastatic state. In most studies, metastases were compared 
with advanced primary tumours that may have already 
undergone all of the changes necessary to become metastatic 
(Yokota etal., 1986; Nicolson, 1987). Experimentally, the 
insertion of dominantly acting oncogenes into a suitable 
recipient cell can result in acquisition of the metastatic 
phenotype (Kerbel et al., 1987; Nicolson et al., 1990; Tuck 
et al., 1990). Often such experiments have been performed 
using animal cells that are aneuploid and unstable and 
transform easily and spontaneously, like unstable mouse 
fibroblast cell lines. In some untransformed cells, conversion 
to the metastatic state only occurred when two different 
dominantly acting oncogenes were simultaneously inserted, 
an event rarely seen in spontaneous tumours. These rapid 
qualitative changes are unlike the slow, sequential changes 
that characterize spontaneous transformation and tumour 
progression to the metastatic state in vivo. 

Some normal cells or even benign tumour cells are highly 
resistant to oncogene-mediated conversion to the metastatic 
phenotype (Kerbel et al., 1987; Nicolson et al., 1990; Tuck 
et al., 1990). Even within the same cell type, there appears to 
be heterogeneity in the ability of dominantly acting activated 
oncogenes to cause metastatic conversion. For example, in 
rat mammary cells, there was a considerable difference in 
the ability of an activated ras oncogene to convert benign 
cells to the metastatic phenotype (M uschel and Liotta, 1988; 
Nicolson et al., 1990). M oreover, in some systems, the gene 
transfer techniques themselves may be as important as the 
transferred gene in causing metastatic conversion (K erbel 
et al., 1987; Nicolson etal., 1990). Often multiple gene 
copies are inserted, and the effects of their accompanying 
strong promoter/enhancer elements or epigenetic regulations 
are not considered. It is usually assumed that oncogene con- 
structs are randomly incorporated into the genome, but the 
exact opposite is likely to be the case. In addition, non- 
random cytogenetic changes may occur concomitant with 
gene transfer (Muschel and McKenna, 1989). Hence, it 
is difficult to conclude from experimental studies that the 


insertion of an oncogene is the only event required for con- 
version of benign cells to the invasive, metastatic state. In 
some cases, oncogene-mediated conversion of a cell to the 
invasive, metastatic state may be dependent on the result- 
ing concentration of an oncogene-encoded product (M uschel 
and Liotta, 1988; Greenberg et al., 1989); however, there 
was no obvious correlation between the expression level of 
an oncogene-encoded product and metastatic conversion in 
mammary cells (Nicolson et al., 1990). In addition to onco- 
gene insertion and expression, other changes are probably 
necessary. Some of these changes may involve other onco- 
genes, suppressor genes, chromosomal structural alterations, 
epigenetic phenomena, and eventually cellular or even supra- 
cellular diversification. 

Suppressor genes can affect tumour progression and malig- 
nancy (Muschel and McKenna, 1989; Sobel, 1990). M etas- 
tasis suppressor genes were originally identified on the 
basis of cell fusion experiments that resulted in suppression 
of metastatic properties (Sidebottom and Clark, 1983). By 
examining differences in gene expression in non-metastatic 
and metastatic cell lines, several candidate metastasis sup- 
pressor genes were identified and eventually isolated (Sobel, 
1990; Shevde and Welch, 2003). Identifying molecules or 
gene products, respectively, that are specifically involved in 
metastasis (as opposed to indirect changes in gene expression 
due to tumour progression) presents a daunting challenge as 
well as a significant opportunity for cancer treatment. The 
difficulty relates to discriminating between mere association 
and causality (Shevde and Welch, 2003). 


HOST SURVEILLANCE MECHANISMS 
AND TUMOUR PROGRESSION 


Other differentially expressed genes have been found in 
highly metastatic cells. For the most part, the precise roles 
of most of these differentially expressed genes or their gene 
products in tumour progression are yet to be determined. 
Some differentially expressed genes could be involved in 
tumour progression by acting on intracellular signalling 
in a manner that results in an increase in cell survival 
or an inhibition of apoptosis or programmed cell death. 
Gene products that act on host surveillance of tumour 
cells could also affect tumour progression. As tumour cells 
proliferate and diversify, they are under host surveillance 
pressures that continuously seek to inhibit or kill aberrant 
cells. Components that allow malignant cells to escape 
host surveillance mechanisms could be important in tumour 
progression by allowing more malignant cells to become 
dominant in a tumour cell population. For example, the cells 
that escape macrophage surveillance mechanisms might be 
expected to be more malignant by virtue of their ability 
to grow in the face of host antitumour responses. These 
less host-sensitive cells could then overgrow the more 
host-sensitive tumour cells and become the dominant cell 
population in the tumour. In many cancer models, the most 
malignant cell populations are also apparently those that 
are less susceptible to host surveillance systems, suggesting 
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that in vivo selection occurs during the progression of 
tumour to more malignant states (N orth and Nicolson, 1985). 
Moreover, in contrast to what has been seen in primary 
tumours, as metastases grow there are fewer host effector 
cells that infiltrate into the secondary tumour mass (B ugelski 
et al., 1987). This suggests that metastases may appear to 
be more resistant to host defenses by virtue of the fact 
that fewer host effector cells can apparently penetrate into 
metastases. 


INTERCELLULAR COMMUNICATION AND 
TUMOUR CELL DIVERSIFICATION 


The communication via intercellular junctions is an impor- 
tant cellular controlling mechanism in epithelial cells. These 
structures, in particular, gap junctions, allow adjacent epithe- 
lial cells to be metabolically and electrically coupled, and 
this could be important in their normal maintenance of cel- 
lular proliferation and diversity. Using non-malignant epithe- 
lial cells in culture, we have found that cellular diversi- 
fication and heterogeneity can be stimulated by oncogene 
transfer (Nicolson etal., 1992). These results suggested 
that rapid cellular diversification is an important property 
of highly malignant cells. A qualitative genetic change, 
such as sequence alteration of a dominantly acting onco- 
gene, would be expected to occur at a low rate in vivo; 
however, relationships between qualitative gene changes, 
cellular phenotypic diversification, and malignancy were 
experimentally found, suggesting that stimulation of cel- 
lular diversification could be an important step in tumour 
progression. 

Environmental signals can also regulate cellular diversi- 
fication and heterogeneity. The dynamic regulation of elec- 
trical, ionic, and metabolic coupling between epithelial cells 
is mediated by gap junctions. This form of cellular com- 
munication plays an important role in cell proliferation, 
differentiation, physiological responses, and carcinogenesis 
(Dotto et al., 1989). Overexpression of oncogenes can dis- 
rupt gap junctional communication, and overexpression of 
tumour-suppressor genes is associated with an increase in gap 
junctional communication. This intercellular communication 
and its interference during tumour progression may be impor- 
tant in releasing cells from microenvironmental controls that 
regulate cellular diversification. 


CANCER PROGRESSION AND CELLULAR 
DIVERSIFICATION 


Highly malignant cells in their later phase of progression 
exhibit rapid rates of diversification and phenotypic change, 
mainly due to quantitative differences in gene expression. 
This probably results in tumours that express a diversity of 
different immunological, biochemical, enzymological, struc- 
tural, and other cellular phenotypes. The cellular and extra- 
cellular mechanisms that control tumour and normal cellular 


stability and diversity have not been readily appreciated or 
extensively studied. Hence, it is difficult to ascribe pre- 
cise molecular mechanisms for this process. Volpe (1988) 
proposed that there are certain genes in the genome that 
control cellular stability, and these may be altered during 
tumour progression, resulting in extensive tumour cell diver- 
sity, evolution and eventually acquisition of more malignant 
and metastatic cellular phenotypes. He termed these stabil- 
ity genes, and such genes could be involved in karyokinesis 
and the repair, recombination, and replication of DNA (e.g., 
mismatch repair genes). These genes would be good candi- 
dates as gene controlling mechanisms that regulate cellular 
diversification. In addition to stability and other genes, a 
wide variety of epigenetic factors, such as those that control 
tissue and stromal organization, could also control cellular 
diversification mechanisms (Nicolson, 1987; Moustafa and 
Nicolson, 1998; Miller and Heppner, 1990). The removal of 
cells from their usual microenvironments could also result 
in loss of tissue-specific controls. In this scheme, cells 
are in a constant dynamic flux due to changes in their 
microenvironments. 

There are apparently complex mechanisms that control 
cellular differentiation and the diversity of cells within 
tissues. Both normal cells and tumour cells are exposed to 
variations in the concentrations of various regulatory factors. 
Although normal cells may be more stable than tumour 
cells in their microenvironments, under certain conditions 
normal cells can undergo rapid change and diversification. 
In contrast, malignant cells can be made more stable in 
their cellular phenotypes. Thus, as malignant cells progress, 
they can reach states where they are no longer regulated by 
paracrine growth factors and inhibitors. Once this occurs, 
they can grow in a variety of microenvironments that 
would usually not be permissive for growth (Nicolson, 
1993). 


MODELLING MALIGNANT TRANSFORMATION 
AND CANCER PROGRESSION 


Acknowledging the complex processes and interactions of 
malignant cells, their environmental conditions, genetic and 
epigenetic alterations, and the specificity of a number of 
different tumour entities, the following section, on ‘The 
Treatment of Cancer’, is aimed at describing models that 
are available to investigate different tumour characteristics. 
Special emphasis was given to include not only advantages 
but also limitations of these models. “Cook-book” guidelines 
for experimental procedures were omitted, since these are 
available elsewhere. Although a large number of tumour 
characteristics were included and different tumour entities 
were described with their specifics, the reader will find gaps 
and unanswered questions. As stated at the beginning of this 
introductory chapter, malignancy should be considered as 
a system disturbance, but tumour cell biology is currently 
the major focus in experimental cancer research and in our 
section. M odels for system consideration of cancer are just at 
the beginning of development and usually only regarded as 
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in silico handling of large numbers of data. This is the field 
in which future developments can be expected with great 
impact on research and management strategies for cancer 
patients. 
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BIOLOGICAL BACKGROUND 


The maintenance of tissue or cell viability and function in 
vitro was first performed in the late 1800s. Initial attempts at 
cell culture used crude plasma extracts, chick embryos, and 
ascites fluid as growth media. Most attempts at maintaining 
tissues in vitro were made for using those tissues as a 
growth platform for viruses. The move to a defined media 
supplemented with serum as a growth environment was not 
perfected until the late 1950s (Whitaker, 1972). The basic 
media used today were developed at around that time. The 
use of tissue culture to raise cells strictly for studies of the 
cells themselves then accelerated. It was only natural then 
for those interested in cancer research to take advantage of 
the system so that an unending supply of those cells could 
be grown and harvested to investigate multiple tumour cell 
properties. 


PRINCIPLES OF MODEL ESTABLISHMENT 


This chapter is actually devoted mostly to cell culture, 
which is a subset of tissue culture. For the purposes here, 
the definition of cell culture includes all studies where 
animal or human cells are maintained outside the donor 
in a viable state for long periods of time, encompassing 
many generations of cell life (Murrell, 1979). Tissue culture 
is so routinely used that it is not really thought of as a 
model, but as an established dyed-in-the-wool technique. Cell 
culture is a valuable tool for cancer researchers as it enables 
investigators to tap a renewable source of stable tumour 
cells for various experiments. Tissue culture poses a number 
of drawbacks, such as the inevitable in vitro alteration of 
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certain cellular characteristics. However, itis an irreplaceable 
mechanism for the repeated acquisition of standardized cells 
for study, especially when one is concerned with exploration 
of human cancer cell properties. As an intermediate model, 
three-dimensional cell culture techniques and combinatorial 
cultures of different cell types were established to mimic 
organ- and/or tissue-specific properties. An orientation to 
the use of tissue culture is undertaken by examining the 
properties of the major tools required, the solutions required, 
the techniques needed to merge these two, and finally, 
special considerations needed to be taken into account when 
preparing cultured cancer cells for certain studies. 


TECHNICAL CONSIDERATIONS 
Major Equipment 


The major equipment listed are items that are required for 
tissue and cell culture facilities. 


Biological Safety Cabinet 


The most vital piece of equipment in a tissue culture 
laboratory is the biological safety cabinet (BSC). These 
cabinets are constructed to provide an environment that is 
continuously flushed with sterile, particulate-free air. Thus 
they provide the sterile environment where the bulk of tissue 
culture manipulations occur. These cabinets are equipped 
with high efficiency particulate air (HEPA) filters, which filter 
out any material >0.3 um from an airstream. The type of 
cabinet usually used in tissue culture applications is a type 
Il class A BSC, where the user is protected from biological 
agents arising from the material being manipulated and that 
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Figure 1 


Front 


(a) Schematic of a class II, type A biological safety cabinet (BSC). Non-sterile air is drawn through the front and rear grates to the bottom via 


the blower motor. This air is directed up through the rear plenum, where it is forced through one of two HEPA filters and either exits as sterile air through 
the top or returns into the interior through the bottom filter. (b) Schematic of a class II, type B1 biological safety cabinet. Non-sterile air is drawn through 
the front and rear grates. Air drawn in through the rear grate is pulled up through the rear plenum, through a HEPA filter, and to the outside through a 
hard duct. Air drawn through the front grate passes through a HEPA filter, and is blown up through the side plenums to the top, where it is passed through 


another HEPA filter and down onto the work surface. 


material is protected from similar agents arising from outside 
the cabinet (Richmond and McKinney, 1995). Thus, air 
entering the work area and all air exhausting from the cabinet 
pass through a HEPA filter. A diagram of a type II class A 
BSC is shown in Figure 1(a). With these cabinets, workers 
are not protected from HEPA-passable airborne hazardous 
chemicals being used inside the cabinet. A type II class A 
cabinet can be ducted to the outside to help prevent this, but 
work requiring the use of such hazardous materials is usually 
performed in a class I| type B1 BSC, where all air drawn into 
the rear grille of the cabinet is vented to the outside through a 
hard duct (Richmond and M cKinney, 1995; Figure 1b). Type 
B cabinets also possess a greater airflow and direct a greater 
percentage of cabinet air to the rear. Users must acquaint 
themselves with the requirements and hazards of protocols 
and choose the proper cabinet. There are other types of BSCs 
that provide additional protection, but these are rarely found 
in ordinary tissue culture laboratories. H orizontal and vertical 
laminar flow clean benches also exist; however, these do 
not filter exhaust air and afford no protection to the user 
from the culture material; these are not BSCs and their use 


should be avoided in tissue culture operations (Richmond 
and McKinney, 1995). 

BSCs direct a flow of sterile air vertically straight down- 
ward from the inner top of the cabinet directly onto the 
working surface (Richmond and McKinney, 1995; Freshney, 
2000; Figure 1). At approximately 6 in. above the work sur- 
face, airflow is split and diverted horizontally to the front 
and rear grilles. The split point is typically half way from 
the rear of the cabinet (Richmond and McKinney, 1995). 
Since the flow of sterile air in a BSC is from the top down, 
it is imperative that any non-sterile items be kept away from 
the top of sterile items that are open, that is, open bottles 
of media or open tissue cultures can only be approached 
from overhead by sterile items. Non-sterile entities such as 
hands and pipettes should always be positioned to the side 
of open flasks and bottles. Also, work should be performed 
a respectable distance (at least 4 in.) from the front of the 
cabinet so as to avoid chances of contamination of the air in 
the room. Any object can divert the flow of sterile air, so the 
working surface of the cabinet should have only items that 
are necessary for a particular operation. Care should be taken 
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not to place large objects in front of the rear grille, especially 
not to the rear of where one is working. In a BSC, the use of 
a flame should be avoided. Air currents formed by the flame 
will disrupt the flow of sterile air and create unpredictable 
sterile air directions (Richmond and McKinney, 1995). Like- 
wise, strong air movement outside the cabinet can interfere 
with uniform sterile airflow, so equipment like fans should 
not be operated in the area of a BSC. 

These cabinets usually feature side ports for vacuum and 
gas supply. Vacuum source in a BSC is highly recommended. 
Cabinet vacuum is required for many tasks, such as aspirating 
spent media from cultures and for sterilizing the filter. A filter 
flask placed outside the cabinet and connected between the 
laboratory vacuum source and the hood’s vacuum port is used 
to collect aspirated liquids. This flask usually contains bleach 
or some other strong disinfectant. An additional empty filter 
flask can be plumbed between the first flask and the vacuum 
source, to act as an emergency overflow reservoir. 

To fully protect the people outside the cabinet, an in-line 
HEPA filter can be installed in the vacuum line between 
the vacuum supply and the overflow flask (Richmond and 
McKinney, 1995; Figure 2). 

BSCs should be kept clean and all interior stainless 
steel surfaces wiped down with 70% ethanol (Richmond 
and McKinney, 1995) and/or an additional disinfectant (i.e., 
0.05- 0.1% w/v cetyl pyridinium chloride) on a regular basis. 

The maintenance and handling of BSCs vary with the types 
of living things being handled. Performing routine tissue 
culture in a BSC and handling hazardous pathogens in a BSC 
are two separate issues. With the latter, all surfaces in the air 
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flow prior to the HEPA filters that are impinged upon with air 
that has buffeted off pathogenic material can be considered 
hazardous and should not be approached until the entire unit 
is decontaminated with formaldehyde. So cleaning up under 
the grilles or spelunking underneath the work area is not a 
good idea. If one trusts one’s work materials to be safe, then 
the areas underneath the front and rear intake grates could 
be cleaned as this will diminish the flow of large particulates 
onto the filter. Since airborne particulates impinge upon the 
HEPA filters and do not really come off, the filters eventually 
clog up. Therefore, all hoods should be monitored routinely 
by qualified technicians to verify that there is adequate 
airflow and delivery of sterile air (Freshney, 2000). 


Autoclave 


A second vital piece of equipment is an autoclave (Paul, 
1975; Whitaker, 1972; Freshney, 2000). Autoclaves are 
pressurized heat chambers that are able to kill all known 
living organisms via a combination of heat and pressure. 
Autoclaves utilize steam for this purpose, achieving internal 
pressures of 15-20 PSI and temperatures of 110- 140°C. 
Autoclaves vary in their design and can be fed by an in- 
house steam system or can generate steam from their own 
internal water supply. As such, manufacturer’s instructions 
on operations specific for a given brand of autoclave should 
be adhered to. The steam used must always be from 
deionized water. Most autoclaves feature pre-set cycles 
for the various items to be sterilized. Knowledge of the 
materials being autoclaved and the ability to push the 





BSC 
vacuum 


yw 



























































A d 











Bleach or other 
disinfectant 


Figure 2 Schematic of a typical vacuum flask arrangement in connection with a BSC. The first flask contains some type of solution that can kill almost 
everything. It serves as the primary reservoir of aspirated liquids. The second flask serves as an emergency overflow reservoir to protect the vacuum pump 
in situations such as when graduate students forget about the first flask. The in-line HEPA filter is to prevent pathogenic micro-organisms from being 
distributed throughout the room via the vacuum pump or throughout the building via the building vacuum system. 
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proper button are all that is required to ensure proper 
sterility. A basic cycle consists of a rapid pressure build- 
up, a pre-set high-pressure incubation time, followed by a 
rapid depressurization. Typical additions to basic sterilization 
cycles include a drying step for wrapped or boxed materials, 
and a slow exhaust cycle for the sterilization of liquids. The 
latter allows for depressurization to occur slowly enough so 
that liquid samples do not boil and overflow their container. 
If anew autoclave is being considered, then examine models 
that pump sterile air through the chamber during the drying 
step. This shortens the time for this cycle and ensures a more 
uniform drying. 

Paper, nylon, and polypropylene wrappings and autoclave 
bags that are specifically made for wrapping or enclosing 
items to be autoclaved can be purchased. Items can also be 
autoclaved in stainless steel, polypropylene, or aluminium 
boxes, a number of which are particularly made for this 
purpose. Autoclave tapes that are provided with indicator 
stripes that turn from white to black when sterilization 
conditions and proper autoclaving have been achieved can be 
obtained. Thus, this tape makes for a convenient sealer for 
the aforementioned wrapped or boxed items. The strategy is 
to wrap or enclose articles to be sterilized so that the steam 
in the autoclave has free access to all surfaces (Whitaker, 
1972), but when removed, the wrappings or containers 
will be such that airborne contaminants will not be able 
to enter the sterilized inner sanctum. N on-steam-permeable 
autoclave containers cannot be totally sealed when put in 
the autoclave, since contents in the interior will not be 
exposed to the high pressure. Steam in the autoclave must 
be free to enter all vessels; thus no container placed in 
the autoclave should be airtight. Thus, all rigid autoclave 
boxes or tray/cover combos feature loose-fitting lids. Paper 
allows the passage of steam in the autoclave, but when 
dry, acts as a good microbial barrier; so items wrapped in 
paper can be totally sealed. Glass, stainless steel, aluminium 
foil, paper, rubber, polypropylene, nylon, and polysulphone 
are all autoclavable. Other common laboratory materials 
such as polystyrene and polyethylene are not autoclavable. 
The Nalgene corporation maintains a list of the resistance 
properties (including autoclave resistance) of various plastics 
at: http://nalgenelab.nalgenunc.com/tech.html. 

Any non-standard items to be autoclaved should be 
examined for the presence of materials that will undergo 
significant morphological changes upon undergoing an intra- 
autoclave experience. 

Bottles act as their own autoclave containers and should 
therefore always be autoclaved with the caps loose, especially 
when containing liquids. Tight caps means a sealed system 
and bottles will not only not be sterilized but might implode. 
Some practitioners place a small amount of water in empty 
bottles or vessels to be autoclaved, as this ensures adequate 
steam build-up in the interior of the vessel (Whitaker, 
1972). To ensure post-autoclave sterility, one can place just- 
autoclaved bottles in a BSC, wait for them to cool down, and 
then tighten the caps. 

It seems that no matter how slow the depressurization, 
some liquids can be lost from their containers during 
autoclaving. Hence, these should always be placed in a tray 


when being autoclaved. The initial volume of liquids to be 
autoclaved should be marked on their bottles so that any 
loss can be noticed. Certain liquids such as microbiological 
media tend to foam up in the autoclave; these require more 
headroom: that is, the volume of their container should 
be twice that of the liquid. Many autoclave manufacturers 
recommend that the liquid to be sterilized should occupy no 
more than two-thirds the volume of the container. 


Incubator 


A third high-end item required for tissue culture is an 
incubator. Tissue culture incubators should possess a number 
of features for a successful culture. They should have a CO2 
feed, monitoring, and adjustment system. Ideally, incubators 
heat the interior through a water jacket, a water reservoir 
that surrounds the culture chamber. Water in the jacket is 
heated to 37°C and acts as a heat reservoir and temperature 
stabilizer for the interior. The interior of any incubator should 
be entirely stainless steel with as many rounded surfaces as 
possible, for easy maintenance. M aintenance of a humidified 
atmosphere in the incubator is performed by the simple 
inclusion of a tray of deionized water at the bottom of the 
incubator chamber. Water should not be placed directly on 
the bottom of the incubator’s chamber. 


Inverted Microscope 


A microscope is essential for monitoring of cell cultures and 
the performance of certain tasks such as cloning and manual 
cell counting. An inverted microscope is required to focus in 
on the bottom of cell culture dishes or flasks in such a way 
that the physical same-space intersection of the objective and 
the culture vessel is avoided (Freshney, 2000). 


Frozen Cell Storage Facilities 


Liquid nitrogen is the traditional cooling agent for estab- 
lishing an environment for frozen cells. A number of liquid 
nitrogen containers specifically designed for cell storage are 
commercially available. Any of those with narrow-neck tops 
are far more efficient at conserving liquid nitrogen than those 
with flush diameter tops. Electric freezers that can achieve 
an internal temperature of —135 to —150°C are available. 
These are suitable for cell storage, and many laboratories 
utilize these in place of liquid nitrogen freezers. 


Optional Big-Ticket Items 


Warm Room 


A room or a large walk-in chamber kept at near 37°C 
is necessary for large-scale tissue culture operations. Large 
volume roller bottle or spinner tissue cultures for cell or 
conditioned media harvesting usually cannot be kept in 
incubators. These facilities do not require humidification 
or CO, addition, as large-scale cultures are usually self- 
contained (Freshney, 2000). 
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Cell Counter 


Cell counting can always be accomplished on the microscope 
via the use of a hemocytometer slide. However, this process 
is tedious and cell enumeration of a large number of samples 
in this way is awkward. Automated cell counters such as 
those made by Coulter, Inc. (Luton, England; Freshney, 
2000; Paul, 1975) aid in the accurate counting of cell 
suspensions, provided the cells are relatively well dispersed. 
In addition, the new generations of these instruments can 
also provide information about the morphology and viability 
of the counted cells using their size and granulation. M anual 
inspection of cells to be counted is always recommended. 


Minor Equipment 


A 37°C water bath comes in handy for pre-warming media, 
thawing cells, and so on. Another instrument convenient for 
the immediate tissue culture area is a low-speed centrifuge 
capable of around 3000 x g, and of holding 15- and 50-ml 
centrifuge tubes. This is used for spinning down cells after 
various washings, dissociations, and so on. 

A few types of small-volume hand-operated pipettes are 
required. Many laboratories use pipettes operating in only 
two volume ranges: those capable of delivering 20-200 wl 
and those capable of delivering 200- 1000 wl. On occasion, 
a unit handling 0.5- 10 ul may be necessary. An 8- or 12- 
channel multichannel pipette will be required if culture in 
96-well plates is to be performed. A pump-operated pipetting 
device for aspirating and delivering liquid from conventional 
larger-volume glass or disposable plastic pipettes is also 
required. 

Sterile equipment stocked by tissue culture labs is fairly 
similar and includes large and small pipette tips; 1- (or 
2-), 5-, and 10-ml pipettes (with cotton plugs); Pasteur 
pipettes (with and without cotton plugs); bottles of various 
sizes; cell freezing vials; 15- and 50-ml centrifuge tubes; 
0.22-um filters with holders, or disposable 0.22-um filter 
units; 0.22-um syringe filters, syringes of various sizes; 
centrifuge microfilter units; and so on. All of these can 
be purchased as pre-sterilized disposables. However, one 
can also make use of reusable items that are sterilized 
in-house. This offers certain advantages in terms of long- 
term cost, ease of use, and ability to monitor sterility and 
re-sterilize when necessary. All pipette tips for common 
pipettes are polypropylene and can be packaged into covered 
polypropylene racks and sterilized in any autoclave. The most 
practical glass pipettes for tissue culture use are those of the 
short variety. Tissue culture varieties of these accept cotton 
plugs and are usually sterilized in stainless steel canisters. 
Likewise, glass Pasteur (transfer) pipettes can be placed into 
and sterilized in steel canisters. These can also be plugged 
with cotton, if needed. Bottles commonly used for tissue 
culture are the 45-mm wide mouth variety manufactured by 
a number of companies. These offer a secure well-sealed cap, 
and a drip-proof wide mouth for ease of filling, dispensing, 
and washing. The most affordable reusable filter sterilizing 
units available are from Nalgene (Naperville, IL) and are 


manufactured from polysulphone. These are available as 
stand-alone or bottle top units. They are typically fitted 
with cellulose acetate or nylon 0.22-\.m filters and can be 
repeatedly autoclaved. 

Culture dishes, flasks, and plates in virtually all laborato- 
ries are disposable polystyrene types. Polystyrene is not auto- 
clavable, so the use of these is a one-shot deal. Polystyrene 
is naturally hydrophobic and untreated vessels are only 
suitable for the growth of non-adherent cells. Polystyrene 
is treated under vacuum in the presence of an oxygen- 
rich plasma and an electrical discharge to create charged 
hydroxyl, carbonyl, and carboxyl functional groups on the 
plastic (Vettese-Dadey, 1999). These dishes are now said 
to be “tissue culture treated” and will permit the adhesion 
and spreading of adherence-dependent cells. M any different 
types of treated polystyrene tissue culture flasks and dishes 
are available. A nomenclature that has developed in the cat- 
egorization of flasks is to precede their square centimetre 
surface of the growing area with a ‘T’. So a 75-cm? growth 
area flask is referred to as a T-75. 

The use of petri-type tissue culture treated dishes is some- 
what more awkward than that of screw top flasks. However, 
they are more economical, exchange gases more easily, and 
are being utilized by many laboratories successfully. 

This concludes the equipment section and covers most of 
the basic tools needed for tissue culture. Particular labora- 
tories will possess a number of other items not mentioned 
here, depending on their own field and requirement for “spe- 
cial needs”. We now move on to the liquid part of tissue 
culture laboratory requirements. 


Solutions 


Water 


High-purity water is essential for the final rinsing of glass- 
ware and the making of tissue culture solutions. M ost labora- 
tories have access to water purified by deionization or reverse 
osmosis. This is adequate for glassware rinsing. Typically, 
this water is then further purified using commercially avail- 
able systems, which use additional ion exchange and charcoal 
filtration (Freshney, 2000). More rarely, distillation is used. 
Nomenclatures used for high-purity water vary but usually 
reflect the name of the unit used to do the job. So names 
such as nano-pure, milli-pure, milli-Q, or double-distilled 
(dd) water are added to the vocabulary of various laborato- 
ries. An article by Brush (1998) is a practical Internet-based 
reference that summarizes various water purification systems. 


Liquid Sterilization 


For the most part, all solutions used in tissue culture are 
cold filter sterilized. Filter sterilization is achieved by passing 
the liquid through a sterile membrane that possesses pores 
of 0.22\.m or lesser. The vessel for holding the sterile 
material is first sterilized (autoclaved) as is the filter and 
filter holder assembly. M any facilities use disposable pre- 
assembled sterile filter units for this purpose. Disposable 
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250-ml filter units cost $4.00- $6.00 each. Permanent 250- 
ml autoclavable polysulphone filter holders can be acquired 
for $60.00, and the 47-mm diameter 0.22-j1m membranes to 
fit them are around $0.60 each. In the long run, significant 
savings can be made in purchasing permanent units, if one 
is not afraid of autoclaving. 

A high-purity water system is essential in preparing tissue 
culture solutions as water from these systems is not only 
free of contaminants but has also often been passed through 
a filter during its production. If a large volume of a particular 
solution is to be filtered, then an advantageous preliminary 
(but not necessary) step is to first pass the prepared solution 
through a glass fibre and/or a 1.0-\.m filter on the bench 
top, prior to its entry into the hood for final sterile filtering. 
Certain disposable filter units are equipped with a large- 
pore prefilter that performs the same function. Sterilization 
of liquids in an autoclave is performed for certain tissue 
culture applications. Liquids require some headroom when 
being autoclaved: the container should be 1.2- 1.3 times the 
volume of the solution being sterilized. Still, some water can 
be lost when liquids are autoclaved, and therefore the use 
of a graduated container helps, with the lost water replaced 
up to the original mark with sterile water. Water itself may 
be autoclaved to act as a sterile diluent for sterile 10x 
concentrated stock solutions such as 10x phosphate buffered 
saline (PBS) or 10x liquid media, and so on. Certain types 
of media are autoclavable, but the use of these seems to be 
rather uncommon. 


Salt Solutions 


A reproduction of media and salt solution ingredient tables 
with a listing of all components is not done here. The 
best references for media component listing are the cata- 
logues of companies (i.e., Gibco BRL-Invitrogen, Rockville, 
MD; Sigma Chemical, St. Louis, MO) that sell these. 
The Sigma cell culture catalogue is a convenient refer- 
ence that offers a number of informative tables and meth- 
ods. (www.sigmaaldrich.com/A rea_of_Interest/ L ife_Science/ 
Cell_Culture.html) The Gibco BRL-Invitrogen catalogue 
contains a helpful reference section, which is available on 
line at: http://www.invitrogen.com/content.cfm?pageid=95. 

Balanced or isotonic salt solutions are used as a base 
for media formulation and as a base for other reagents 
such as trypsin/EDTA solution, or used on their own for 
various purposes such as cell washing (Kuchler, 1977; 
Freshney, 2000). 

Dulbeco’s phosphate buffered saline (PBS, DPBS, or 
D-PBS) is the simplest formula. It is buffered with sodium 
and potassium phosphate and can be used in a plain air 
environment. It contains sodium, potassium, calcium, and 
magnesium as anions; and chloride and phosphate as cations. 
Versions containing glucose and pyruvate are available. With 
Earle’s balanced salt solution, the phosphate concentration is 
lowered 10-fold and bicarbonate is added as the buffering 
agent. Sulphate is added to the cation list. This is used pri- 
marily as a media base or for incubator use since it contains 
26mM sodium bicarbonate as a buffering agent and requires 
a 5% CO> environment for pH stabilization. Earle’s always 


contains glucose as an energy source. Hank’s balanced salt 
solution (HBSS) is similar to Earle’s but contains less 
bicarbonate, resulting in an air utilizable solution. M any lab- 
oratories supplement HBSS with 20-25mM HEPES (N-2- 
hydroxyethyl piperazine- V’-2-ethanesulphonic acid; final pH: 
7.4-7.5), to provide additional buffering capacity. All of 
these salt solutions can be obtained free of calcium and mag- 
nesium. Such a version of DPBS is sometimes referred to as 
Dulbeco’s phosphate buffered saline A (PBSA) and is ideal 
as a base for reagents that require a lack of divalent cations 
such as trypsin/EDTA solution (for cell dissociation). 


Media 


Common media: It appears that the simplest media is 
Basal Medium Eagle (BME). Eagle further modified BME, 
including adding higher amounts of amino acids, to make 
Minimum Essential Medium (MEM) Eagle, also known 
as Minimum Essential Medium. Dulbeco modified this by 
adding iron, fourfold more amino acids, and vitamins to 
produce Dulbeco’s modified MEM, or DME. Some DME 
formulations also feature higher glucose concentrations. 


Tissue culture media is a complex mixture of various 
compounds that have been found by various investigators to 
be essential for varied cell types to survive and proliferate. 
A number of different types of media exist with various 
sets of ingredients and uses. Most suppliers classify tissue 
culture media ingredients into four divisions: salts, amino 
acids, vitamins, and “other” components. Kuchler (1977) 
divides media types into four groups. In order from the basic 
to the exotic, the ingredient list increases in number, from 
28 in group | to 50-60 in group IV. A major difference 
in the jump in numbers from | to II is the inclusion 
of non-essential amino acids (Kuchler, 1977). Whitaker 
(1972) divides media components into nine categories: 
inorganic salts, amino acids, vitamins, glucose, non-glucose 
carbohydrate sources, coenzymes, reducing agents, nucleic 
acid derivatives, and lipid sources. The Whitaker system 
gives one a better understanding of media components 
and allows for obvious discrimination of the differences 
between simple and complex media. By and large, the 
addition of more exotic items was performed in an effort 
to develop media that would support cell growth in the 
absence of serum. Such categories and examples of contents 
are described in the following text (Whitaker, 1972): 


Inorganic salts: The basic “core” salts employed in media 
are those found in the aforementioned balanced salt solutions. 
Additional salts are added for various purposes. A major dif- 
ference in the additional salt composition among media is 
the addition of iron. Many media (i.e, BME, MEM) lack an 
iron salt, whereas others (DME, Ham’s F12, medium 199) 
are iron supplemented. Other minor metal salts such as zinc, 
selenium, and copper are found in certain media (Ham’s F 12) 
and others yet are supplemented with more rare salts such as 
molybdenum and vanadium (MCDB 131). 


Amino acids: Certain media contain only the essential amino 
acids (BME, MEM, DME), whereas others contain all 
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amino acids (Ham's F12, IMDM, NCTC 109). Amino acid 
concentrations can vary and tend to increase from lower 
levels in basic media to much higher levels in specialized 
media such as Waymouth’s and NCTC 109 (W hitaker, 1972). 
Close attention should be paid to glutamine concentrations in 
media as it has a half-life of about 3 weeks at 4°C and 1 week 
at 37°C. Many researchers obtain glutamine-free media and 
add glutamine from a 200mM 100x concentrate just prior 
to use. 


Vitamins: A core group of vitamins is present in all media, 
typical of that found in BME. Additional vitamins such as p- 
aminobenzoic acid and vitamins A, D, E, and K are present 
in others, such as NCTC 109. 


Glucose: Glucose is found in nearly all media. M ost media 
contain a minimum of 1000 mg!-?. This rises to 3000 mg 171 
in media such as McCoys 5A, to 4500mg/in IMDM and 
certain formulations of DME, to 5000mg!-? in Waymouth 
medium 752/1. Exceptions to this exist, that is, L-15 media 
contain no glucose and substitute it with galactose. 


Carbohydrate sources other than glucose: These are found 
in specialized media and include compounds such as sodium 
pyruvate, galactose, ribose, and glucoronolactone. 


Coenzymes: This category includes compounds that can act 
as enzyme cofactors and includes adenosine triphosphate 
(ATP), Flavin Adenine Dinucleotide (FAD), coenzyme A, 
and so on, all found in NCTC 109. 


Reducing agents: Ascorbic acid is included under this 
category, although in many tables it is listed as a vitamin. 
Other agents are glutathione and L-cysteine. 


Nucleic acid derivatives: This does not include ribose but 
includes compounds such as hypoxanthine, xanthine, ade- 
nine, guanine, cytosine, uracil, and so on. M edium 199 is an 
example that has additional nucleic acid derivatives. 


Lipid sources: These are just plain fats. This category 
includes cholesterol (medium 199), lipoic acid (Ham’s 
F-12), and Tween 80 (medium 199, NCTC 109). 

The choice of media for a certain cell type should 
be indicated by the supplier and adhered to. Changes in 
media for any reason should be accompanied by rigorous 
examination for any changes in cell behaviour. On occasion, 
we have had the need to switch cells to an iron-deficient 
media, and this dictated a change in basic media type, which 
was kept constant for tests and controls to eliminate the 
media-created changes. 

Tissue culture media is usually buffered with sodium 
bicarbonate. The buffering system is based on physiological 
buffering systems and is only effective when an excess 
of gaseous CQ, is present. Most media contain sodium 
bicarbonate or require its addition upon preparation. Sodium 
bicarbonate readily dissociates in aqueous solution, forming 
Nat and HCO3~ (carbonate) and therefore functions as a 
weak base. Carbonate will complex with H* to form carbonic 
acid: H2CO3, an acid with a pKa of 6.1, which primarily 
remains non-dissociated at pH 7.4, with minimal conversion 
to H+ and HCO3~. Thus, carbonate tends to complex with 


available H+ and raise the pH to some extent. The elevation 
of pH induced by sodium bicarbonate addition further drives 
the unification of H* and HCO3~ to H2CO3, as the pH 
becomes further distant from its pKa (Kuchler, 1977). The 
concentration of carbonic acid is strongly influenced by 
gaseous CO , which readily goes into aqueous solution and 
reacts with water to form carbonic acid. So, the concentration 
of carbonic acid in solution is directly proportional to 
the level of CO2 gas in the surrounding atmosphere, and 
hence, with a high gaseous CO2, a high carbonic acid 
concentration exists. There is enough acid formed to lower 
the pH, even though the dissociation of the acid is a rare 
event. The tendency for sodium bicarbonate to raise the 
pH and for gaseous CO2 to lower it results in a buffering 
system that imitates physiological buffering systems to a 
great extent. This system also neutralizes the propensity of 
CQ > generated by cellular metabolism to form carbonic acid 
and lower the media pH. For this reason, most tissue culture 
incubators are CO2 incubators, with a gaseous CO> feed line 
delivering CO, from a pressurized tank to the interior, an 
internal CO2 monitor, and an automatic gas feed system that 
will continuously maintain the internal CO, at 5-10% (or 
whatever is set). Confluent cultures will produce other acids 
such as lactic acid and will utilize carbonate for carboxylation 
reactions. Therefore, the buffering system will eventually fail 
in crowded cultures, unless the media is frequently changed. 

Additional buffering capacity is provided in many tissue 
cultures by the addition of HEPES to the media. This is a 
non-toxic zwitterionic buffering agent with a pKa of 7.3, 
and thus buffers well at the usual tissue culture pH of 7.4. 
These media still contain carbonate, for buffering as well as 
for synthesis processes. As mentioned, most media contain 
or require the addition of sodium bicarbonate as a buffering 
agent in atmospheres supplemented with 5% CO 2. However, 
certain media are formulated to adequately buffer in air only 
and contain no bicarbonate. An example of this is L-15 (Lei- 
bovitz’s 15) media. Cells growing in this medium would 
require a CO2-free incubator. Other media, such as DMEM, 
may require the addition of sodium bicarbonate if the atmo- 
sphere is supplemented with 10% CO . Care should be taken 
to maintain awareness in regard to the type of media and 
atmosphere required for a particular cell type. 


Serum 


Media alone will not usually support the growth of most 
mammalian cells. Media is supplemented with serum at 
5- 20% v/v, in order to support cell growth. In many cases, 
excess serum can be toxic, and it is rarely used at >20% 
viv. Serum provides a multitude of growth factors, nutrient 
transport factors, hormones, lipids, and other components 
required to maintain cells. The most common serum used 
to supplement media in tissue culture is fetal bovine serum 
(FBS). This is available from many suppliers and is usually 
tested for tissue culture use as well as for the presence 
of many viral and other microbial agents. FBS from most 
suppliers is supplied sterile and is thoroughly tested for 
tissue culture use. Since FBS preparations from different 
lots even from the same supplier could vary significantly the 
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only precautionary note to keep in mind is to have on hand 
enough serum of the same lot number from the same supplier 
to last through an entire experiment. Other sera commonly 
used are calf serum and horse serum. These are also usually 
supplied sterile, and again the only concern is to maintain 
serum consistency throughout an experiment. 

When defined growing conditions are required, or for 
harvesting of secreted cell products, many investigators 
utilize serum-free media. Serum-free media are available in 
two basic types of preparations. The first are those containing 
protein supplements, examples being AIM-V, CHO-A-SFM, 
and endothelial-SFM media (Gibco BRL-Invitrogen). There 
is a restricted list of cells whose growth is supported by 
such medium. Proteins commonly found in these types of 
media are albumin, transferrin, and insulin. The second 
type of pre-made serum-free media are the protein-free 
variety, examples being PFHM -II and CHO III PFM (Gibco 
BRL-Invitrogen) and serum-free and protein-free hybridoma 
medium (Sigma). These are even less universally applicable 
than the protein-containing type. Serum substitutes that can 
be used to custom augment one’s own base media to 
achieve serum-free cell growth are available. The simplest 
of these is ITS, a supplement containing insulin, transferrin, 
and selenium. More complex mixtures such as controlled 
process serum replacements (CPSRs, Sigma) are available 
for custom formulations using one’s own media. The Gibco 
BRL catalogue reference guide contains sections on serum- 
free media and applications, and on the adaptation of cells 
to serum-free conditions. 


Antibiotics/Antimycotics 


Many researchers avoid the use of these as much as pos- 
sible. In these cases, their use is avoided in routine culture 
with established and tested cell lines. Other laboratories place 
antibiotics in the media as a matter of course. In this case, the 
antibiotics of choice are penicillin and streptomycin. Their 
concentrations as preventative bacterial inhibitory agents are 
100000 units per litre and 100 mg!~?, respectively. A com- 
bination of these two is available commercially as a 100x 
stock. The antifungal/antiyeast agent most commonly used 
is amphotericin B. It is also available as a 100x stock solu- 
tion and the final concentration used in media is 2.5mgI-?. 
All three of the above are also available as a combination 
antibiotic/antimycotic solution, which is supplied as a 100 x 
preparation. Penicillin and streptomycin are readily soluble in 
solutions such as PBS or HBSS and in-house sterile filtered 
preparations of these can easily be produced. Amphotericin 
B is difficult to solubilize and requires a detergent such 
as sodium deoxycholate for this purpose. For this reason, 
amphotericin B is best purchased as the ready-to-use deter- 
gent complex fungizone’. Other antibiotics are also useful in 
tissue culture. Gentamycin and kanamycin can be used and 
both exhibit a broader range of activities than do penicillin 
and streptomycin, including activity against mycoplasma. 
The Sigma tissue culture catalogue contains a useful table 
on the actions, activity, and recommended concentrations for 
many tissue culture antibiotics. Antibiotics/antimycotics are 
usually used when primary cultures are established and are 


often placed in media after extensive out-of-hood manipula- 
tion of cells has occurred, such as with flow cytometry based 
cell sorting. Antibiotics can sometimes be used to resolve 
contaminated cultures, in which case the concentrations used 
can be significantly higher than those listed in the previ- 
ous text, that is, the cytotoxic concentration of streptomycin 
is >20000mgI~! (Paul, 1975). We have found kanamycin 
to be particularly non-toxic and have used concentrations 
as high as 5mgml-! to eliminate contamination. The Invit- 
rogen catalogue reference guide contains a section on the 
decontamination of cultures using antibiotics. Elimination of 
fungal or yeast contamination with amphotericin B is more 
problematic as this agent is useful as a preventative but is not 
nearly as effective as a cure. Novel methods to decontaminate 
yeast-ridden cultures have been described, with one method 
(Behrens and Paronetto, 1984) using added macrophages to 
clear up this type of contamination. 


Cell Removal Solutions 


Cells are usually removed from tissue culture plates or flasks 
using 0.25% trypsin and 0.53mM EDTA, made in a basic 
salt solution. Trypsin/EDTA solution can be purchased ready 
to go or as a 10x solution containing 2.5% trypsin and 
5.3mM EDTA. The latter is diluted 1:10 in sterile Ca?*, 
Mg*+ free PBS or Ca*+, Mg?+ free HBSS to produce a 
working solution. Either trypsin or EDTA alone can be used 
to remove certain cells from surfaces. We have found that 
Ca?t, Mg** free HBSS containing 0.5-1.0mM EDTA can 
remove many cell types from culture plates, and with certain 
cells, exposure to 4°C enhances the effect. Other enzymes 
such as collagenase or dispase are used on occasion. For 
simple subculturing and passaging of cells, trypsin/EDTA is 
used in a vast majority of cases. The Gibco BRL catalogue 
reference guide contains a section on various methods and 
reagents for the dissociation of cells from culture vessels. 


Cell Freezing Solutions 


Freezing solutions contain a cryoprotectant, which lowers 
the solution’s freezing point and protects cell membranes 
from freeze-related injury. Cells suspended in these are 
cooled slowly, and when the freezing point is reached, ice 
crystals initially form outside of the cells. This causes the 
osmolarity of the extracellular solution to rise and water to 
diffuse from the cells, resulting in stabilization of the cells 
in a supercooled dehydrated state. H owever, the intracellular 
crystallization of water is prevented. Glycerol or dimethyl- 
sulphoxide (DM SOQ) is the normally used cryoprotectant for 
freezing point depression. The most prevalent formulation 
uses DMSO. These solutions are usually made up of the 
cell’s usual growth media with the addition of the cryop- 
reservative. Thus, a typical freezing solution is 70-80% v/v 
media, 10- 20% v/v FBS, and 10% v/v DMSO. Serum and/or 
DMSO free solutions are available for special needs such 
as the cryopreservation of cells grown in serum-free media. 
Freezing solutions are available pre-made and pre-sterilized 
from many suppliers. 
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Cells 


Various cell lines are usually obtained from colleagues or col- 
laborators. Certain companies, such as Clonetics (Walkerton, 
MD), PromoCell (Heidelberg), and Cytotech (Copenhagen), 
sell a number of cell lines, mostly normal. The most plentiful 
source of low-cost (although their costs have risen dramat- 
ically from 1995 to 2005) normal and tumour cell lines 
from various species is the American Type Culture Col- 
lection (ATCC; Rockville, MD). Cells from this source are 
rigorously checked for contamination and are verified to con- 
firm if they are of the species stated. Also, the history and 
growth conditions of the lines are well documented. Any 
cell line obtained from a private source should be checked 
for mycoplasma contamination, and if possible, tested for 
species verification and the presence of viral agents. Some 
of this can be accomplished by sending out samples to “for 
fee” providers of these services; that is, the ATCC offers a 
mycoplasma testing service. Cross-cellular contamination of 
cultures has been found frequently, with HeLa cell contami- 
nation of numerous cell lines having been reported (Stulberg 
et al., 1976; Ogura et al., 1997). Specific instances of other 
types of cross-species contamination have been noted (M uir 
and Gunz, 1977; Price etal., 1998). If not detected prior 
to the start of an experiment, this will play havoc with the 
intended studies. M ethods for monitoring such contamination 
are cumbersome, but worthwhile, with fluorescence in situ 
hybridization being a currently suggested protocol (M ultani 
and Pathak, 1999), with the indication that the earlier rec- 
ommendation of the use of traditional cytogenetic methods 
(Pathak and Hsu, 1985) may not be foolproof. Certain other 
multiparameter comparisons can be performed (Gignac et al., 
1993), depending on the cell type and available assay tech- 
niques. Other preliminary methods can be devised depend- 
ing on the species being used and the expertise available. 
For instance, we have found that most anti-human transfer- 
rin receptor antibodies will not react with rat (Cavanaugh 
etal., 1999) or mouse transferrin receptors. Simple treat- 
ment of rat, mouse, or other non-human cultured cells with 
a fluorescence-tagged antibody of this nature followed by 
fluorescent microscopy will provide evidence of human cell 
contamination. 


Mycoplasma contamination: Mycoplasmas are cell wall- 
deficient intracellular dwelling parasitic bacteria that can 
infect a cultured cell line without causing any apparent 
morphological changes. Mycoplasmas consist of only a 
plasma membrane, ribosomes, and a genome of approx- 
imately 580kb. Mycoplasmas can exist during their life 
cycle as single cells smaller than 0.2 um in diameter (Raab, 
1999). A number of detection methods for mycoplasma are 
available, with the most recent being polymerase chain reac- 
tion- based detection of mycoplasma DNA in culture media 
(Tang et al., 2000). A number of commercially available ser- 
vices exist to which one can send samples for mycoplasma 
testing (Raab, 1999). M ycoplasma contamination can be con- 
trolled with antibiotics; however, the proper antibiotic must 
be chosen (Freshney, 2000; Drexler et al., 1994). The Sigma 
tissue culture catalogue antibiotic table indicates which of 


these are useful against mycoplasma. K anamycin and gen- 
tamycin are often used for this purpose. Cell cultures should 
be tested for mycoplasma on a routine basis, and any new 
cultures arriving in a particular laboratory should be tested. 
There should not be any undue trust in this regard. 


TECHNIQUES 


Basic Culture 


Initiating cultures from donated or purchased starting cultures 
or frozen cell vials: 


Cell culture as a start: Volumes are based on starting 
with 10ml and using a 10-cm diameter dish. In the BSC, 
aspirate the media from the source cell culture, using a 
sterile transfer pipette. Rinse the cells once with 5-10ml 
Ca*+, Mg*+ free HBSS and aspirate. Add 5- 10 ml of sterile 
trypsin- EDTA and incubate in a tissue culture incubator until 
the cells detach. Pipette the cells into a sterile centrifuge 
tube. Centrifuge at 1000x g for 5 minutes, aspirate out the 
spent trypsin- EDTA solution and suspend the cell pellet in 
2-5ml sterile growth media (media plus serum). Add an 
aliquot of the suspension to sterile fresh tissue culture dishes 
or flasks containing sterile fresh growth media (i.e, 10 ml 
media per 10-cm dish). Place the dishes in a humidified 37 °C 
5% CO2 incubator. 


Frozen cells as a start: Thaw the cell vial rapidly in a 37°C 
water bath. In a BSC, using a sterile pipette, dilute the 
thawed cell suspension in at least 10 volumes of pre-warmed 
sterile growth media and add to a fresh sterile culture dish or 
flask. To reduce the concentration of DM SO, the vial can be 
centrifuged once thawed, the freezing solution aspirated off, 
and the cell pellet resuspended in growth media; however, 
this is not usually necessary. Place the dish in a humidified 
37°C 5% CO; incubator. 


Subculturing 


Attached cells: Subculturing is the act of removing cells 
from a given dish or flask and replating them into additional 
vessels. This iS synonymous with passaging. This is done 
to maintain the cells in a viable state and/or to expand the 
population into additional dishes or flasks for experimental 
purposes. Each time a cell line is subcultured, the cells 
are said to have been passaged. Thus, the passage number 
indicated on a cell culture or vial represents the number of 
times that it has gone through trypsinization and reapplication 
to another dish or flask. The method is essentially the same 
as described above for initiating cultures from cultures. 


Suspension cultures: Many hybridoma cell lines as well as 
leukaemia and lymphoma lines will grow unattached to a 
dish or other substrate. These cells will not require tissue 
culture- treated plastic ware and can be grown in non-treated 
petri dishes. For subculturing, trypsin is not required and 
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an aliquot of cells from an old overgrown culture is ster- 
ilely pipetted into a sterile new dish replete with sterile fresh 
growth media. Since subculturing is merely a dilution of cells 
into a new dish, the concept of passaging is hazy here and 
many investigators do not regard these cells as being pas- 
saged in the conventional sense. On occasion, suspension 
culture cells will be seen that have no passage number. 


Cell Counting and Viability 


Counting relatively monodispersed cells with an automated 
cell counter such as a Coulter Counter is the most convenient 
and accurate method for cell density determination. For this, 
we usually pipette 100 ul of a cell suspension into 10 ml of 
Coulter isoton, and measure 100 ul of that diluted suspension 
in the counter. So, the result provided by the instrument is 
cells per 100 xl of a 1:101 diluted preparation; this value 
is multiplied by 1010 to provide cells per millilitre in the 
original suspension. Most cell counters can be programmed 
to correct for dilution and will present data in terms of 
cells per millilitre directly. One should make sure that the 
correction factor fits in with the current state of dilution. A 
Coulter Counter has to be set up for particular cell counting 
Operations. For most tumour cells, a 100-jzm aperture tube 
is used and a lower threshold that eliminates counts due 
to anything with a diameter of less than 4-5pm is set. 
A counting instrument such as a Coulter Counter detects 
particle numbers and sizes. It cannot discriminate between 
viable and non-viable cells and cannot discriminate like- 
sized debris from cells. However, modern instruments can be 
calibrated for certain cell types and can subsequently provide 
information about suitable particle sizes and prospected 
apoptotic cells with smaller diameters. For examination of 
a cell suspension for viability, debris, and degree of cell 
aggregation, one must visually examine the cells directly 
under a microscope. Examination, counting, and viability 
are all done at once by adding one volume of 0.4% trypan 
blue (in PBS) to one volume of a dilute cell suspension. 
An aliquot of the suspension is placed into a coverslipped 
hemocytometer slide and examined under a microscope. 
Since dye elimination is an active cellular process, non-viable 
cells will take up the dye and appear blue. A hemocytometer 
counting area is divided into nine major squares (Figure 3), 
the corner squares being 1mm per side. With an official 
hemocytometer coverslip in place, the depth of the counting 
area is 0.1 mm. All of the cells counted in one of the corner 
squares represents cells per 0.1 mm?. M ost individuals count 
the live and dead cells in four corner squares to acquire cells 
per 0.4mm?. This is multiplied by 2500 to produce cells per 
millilitre in the dye-treated suspension. The divisions inside 
the major squares are used as guides, and the finer divisions 
in the side and centre squares are not usually needed for 
normal tumour cell examination and counting. 


Cell Freezing 


The process of cell freezing has been made much easier with 
the development of isopropanol-filled freezing chambers, the 
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Figure 3 A schematic of a hemocytometer slide. Each corner square is of 
dimension 1mm per side. The depth throughout the entire counting area 
when the slide is equipped with a hemocytometer cover slip is 0.1 mm. So 
the total cells in one corner square represent the number per 0.1 mm? in the 
suspension that was applied to the slide. Portions of the middle side and 
top and bottom squares can be used to count additional 0.1 mm? volumes. 
These squares have a length of 1.25 mm. 

















interior of which will cool down from room temperature to 
—70°C at the rate of —1°C per minute in a —70°C freezer. 
Cells to be frozen down are first removed from a culture 
dish using sterile trypsin-EDTA as described above, the 
removed cells are centrifuged, and the spent trypsin- EDTA 
solution is sterilely aspirated off the pellet. The cell pellet 
is suspended in sterile freezing solution, at 37°C. Some 
investigators resuspend at no more than 1 x 10° cells per 
ml; however, many practitioners use higher densities with 
no apparent ill effects. The cell suspension is aliquoted 
into sterile screw cap freezer vials and placed into a room 
temperature freezing chamber. The chamber is placed into a 
—70°C freezer overnight. The cell vials are then placed into 
a liquid nitrogen- cooled permanent storage facility. 


Large-scale or High-density Cultures 


A number of methods exist to increase cell culture surface 
area without using a large number of dishes (M eisenholder, 
1999). A common technique is to use roller bottles. This 
requires a roller bottle rolling apparatus, which could be con- 
sidered as major equipment. The roller is placed in a 37°C 
chamber or warm room. Large cell culture equipment of this 
nature are often not located in a CO2 environment; therefore, 
non-CO> buffering systems are used, or the bottle interiors 
are flushed with sterile 5% CO3 prior to placement in the 
incubator. Roller bottles with interior pleats are available, 
which offer yet additional increase in surface area. Roller 
bottle cultures are often used when cell-secreted products 
are collected (Wakabayashi et al., 1995), as the media to cell 
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surface culture area can be reduced significantly. Another 
method for establishing large surface area cultures in a small 
place is to use microcarrier beads (M eisenholder, 1999). A 
number of different beads with various surface functionali- 
ties are available. Cells are subcultured onto or “plated” onto 
the beads in the same way as how they are plated onto dishes 
in subculturing. Procedures for the different beads available 
vary, so the manufacturer’s recommendations should be fol- 
lowed for rehydration, sterilization, and plating techniques. 
These cultures are stirred at a slow rate using specialized 
vessels and stirrers. The stirrers used rotate at extremely low 
speeds and can often be set to rest at certain time inter- 
vals. Once again, the placement of a culture of this nature 
in a CO2-supplemented environment is difficult, so these are 
usually buffered using HEPES or some other agent. 


Primary Cultures 


For this, cells are dissociated from viable tissue, usually a 
surgical explant, and are established as growing populations 
in anormal tissue culture environment (M urrell, 1979). 

Tumour cells will frequently plate out and grow in tissue 
culture from surgical explants. Tumour cells often readily 
dissociate from a tumour mass and their transformed nature 
often results in successful tissue culture growth. For the 
establishment of tumour cell culture from animals, a section 
of tumour surgically removed from an anaesthetized host is 
suspended in the media of choice. Mechanical manipulation 
of the tissue with forceps and scissors will often release 
enough cells to initiate a culture. If necessary, tissue- 
disrupting enzyme preparations such as collagenase/dispase 
can be used to dissociate cells. In either case, cells are 
initially washed two to four times by centrifugation and 
resuspension in fresh media, and then an aliquot is placed 
in growth media in a fresh tissue culture dish or plate and 
placed in the incubator. If contamination with normal cells is 
seen (e.g., fibroblasts), then the tumour cells can be further 
isolated by cloning. In this case, the initial disrupting media, 
dissociation media, and growth media all usually contain 
antibiotics and antimycotics. 


Cloning 


Cloning is essentially establishing a culture from one cell. 
One can dilute a monodispersed cell suspension to exceed- 
ingly low cell densities (i.e, 10 cells per ml) and plate this 
onto a 96-well tissue culture plate at 100 ul per well. Indi- 
vidual cell colonies that arise in given wells can be assumed 
to have grown from one or two cells. These are harvested, 
recultured, and recloned to ensure single cell origin status. 
Dilute cell suspensions can also be plated onto 10-cm tissue 
culture dishes, and the colonies arising can be harvested using 
cloning rings. These are ~3-5-mm diameter open-ended 
glass cylinders that are coated on one rim with sterile silicone 
grease. M edia is aspirated from the dish and a ring is placed 
grease side down over the colony of choice. Trypsin- EDTA 


solution is added inside and the cells removed are aspirated 
out and recultured. A good substitute for cloning rings is the 
sterile 3- 5-mm Whatman #1 filter paper disc that is soaked 
in trypsin- EDTA. A disc of this nature is placed over the 
colony of choice and the released cells are “entrapped” by 
the paper. After the trypsin has done its work, the disc is 
removed and placed with its captive cells into a fresh dish 
with fresh growing media. Many cells do not grow well at 
low density. Minimizing the increase in culture surface area 
and media volume when subculturing harvested colonies can 
help as well as the addition of pyruvate to the media. For 
hybridomas, commercially available hybridoma cloning fac- 
tors or supplements can be added to enhance low-density cell 
survivability. 


GENERAL APPLICATIONS 


Tissue culture- raised tumour cells have a number of appli- 
cations in in vitro and in vivo assays. This chapter is not 
written to discuss the particular assays themselves, but to 
warn new investigators of tissue culture manipulations that 
may have to be performed to make assays work. 

Intact cultured cancer cells are used for in vivo tumourige- 
nesis and metastasis assays, in vitro invasion assays, migra- 
tion assays, transfection studies, drug sensitivity assays, flow 
cytometric analysis, adhesion assays, and so on. Lysates 
made from tissue-cultured cancer cells are used for enzyme 
assays, Western blot analysis, DNA analysis, RNA analysis, 
signal transduction assays, and so on. Any manipulation of 
the culture system must be done (i) so as not to interfere with 
the assay system (ii) and to ensure that all cell lines being 
analysed and compared are treated identically. 

Usually, fellows, post-doctorate, and graduate students are 
attached to a lab and are forced to work on established cancer 
types and their corresponding cell lines as dictated by the 
laboratories’ director and tasks to be accomplished for certain 
grants. In the rare case that one is presented with a wide-open 
prospective research situation, and a cell culture- dependent 
study has not yet been committed to a certain tumour line 
or species, a decision on the models to be used must be 
made. The first of these perhaps is to decide as to whether 
to work with human or animal lines. If one is not going 
to extend the studies into the in vivo arena, then the more 
human disease state-relevant human lines would probably 
be the ideal choice. Raising human and animal tumour 
lines in culture are almost identical processes and no major 
differences in difficulties in propagating either are likely. The 
handling of human tumour lines does not require any special 
barrier devices as they are not recognized to pose a threat to 
researchers manipulating them. If cells are to be eventually 
injected into host animals and assessed for tumourigenicity, 
metastatic capability, drug sensitivity, and so on, then another 
set of decisions must be made. Human lines are usually tested 
in this regard in nude mice or better still in NOD/SCID 
mice with no NK cell activity, immunocompromised hosts 
that require special housing and the donning of protective 
paper pyjamas by the workers. The protective gear needed 
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to work with nude mice do not make any kind of fashion 
statement, result in a physically awkward work situation, 
and make everyone look much more like a science geek than 
they normally do. Animal lines present the advantage of a 
more ideal in vivo testing system, where a tumour line’s in 
vivo behaviour can be assessed in fully immunocompetent 
syngeneic hosts. These latter studies do not require special 
housing, present a more amiable animal/tumour cell/reagent 
manipulation system, do not require the wearing of space 
suits, and are much cheaper. Other considerations must be 
kept in mind, thatis, if one is contemplating the use of certain 
reagents in an upcoming experiment, then the choice of 
species of cell line to be used may be limited by the reagent 
itself. For example, if an analysis of certain cell antigens via 
Western blotting is to be performed, then the antibody to 
be used must be capable of recognizing the antigen in the 
species of the cell line contemplated. 

Many studies require the comparison of tumour cells to 
corresponding normal cells. The culture of certain normal 
cells may require significantly different conditions compared 
with tumour cells. Many normal cells will only go through 
a limited number of cell divisions prior to a final exit from 
known reality, whereas their transformed counterparts will 
keep on ticking. The acquisition and maintenance of normal 
cells has been made easier by the commercial availability 
of many of these cells. Companies such as Clonetics, 
PromoCell, and Cytotech supply normal cell types, although 
these are in many cases restricted to human varieties. 
Clonetics will supply detailed instructions and media specific 
for the various normal cells offered. The downside of these 
sources is that they tend to be rather expensive. 

An example of a system where there are vast differences 
in handling is that with normal mammary epithelial cells. 
These require low concentrations of calcium for optimal 
cell division (McGrath and Soule, 1984), depending on 
the reference (Emerman and Wilkinson, 1990). Certain 
immortalized normal cell types such as normal rat kidney 
cells will grow readily in culture and are handled similar 
to tumour cells. Whether these types of lines constitute 
precise normal cell behaviour is a controversial subject. 
Many normal endothelial cell lines are available or have 
been isolated (Belloni et al., 1992), and these often appear 
to culture and subculture as easily as many of the tumour 
cell lines. When dealing with normal cells, three things are 
to be borne in mind: (i) unusual media requirements such as 
low Ca*+ for normal mammary epithelial cells, (ii) limited 
number of divisions in culture - experiments may have to 
be designed so that any normal cell type does not exceed its 
probable life span, (iii) certain handling characteristics such 
as subculturing at a high density may have to be performed. 
In vitro, tumour cells are usually grown in the presence of 
20% O2, but emerging evidence suggest that growth in 2% 
O2 or less is more akin to the situation in vivo. 


BIOLOGICAL LIMITATIONS 


Procedures and reagents listed in the previous text were 
developed for day-to-day tissue culture cell maintenance. 


However, not all routine practices can be immediately 
transferred to the experimental situation. All reagents and 
procedures must be examined for their ability to affect one’s 
field of study. 


Trypsin-induced Artefacts 


Cell removal from plates must be done so as not to interfere 
with subsequent tumour cell action. Trypsinization of tumour 
cells can inhibit a number of processes. For instance, trypsin 
exposure can inhibit the ability of tumour cells to aggregate 
platelets (Gasic et al., 1977), so if an assay of this nature 
is planned, then EDTA removal would be a preferred 
alternative. Trypsin may cleave cell surface antigens, that 
is, the transferrin receptor is known to have a trypsin- 
sensitive site (Larrick and Cresswell, 1979). Analysis of the 
removed cultured cells for cell surface transferrin receptor 
levels would dictate the avoidance of the use of trypsin. 


Media and Serum Effects 


As mentioned earlier, the FBS used in an experiment should 
be from the same source. The lot number of the FBS used 
should remain the same for the length of the experiment and 
should be the same across all cells being compared. Likewise, 
if two different cell types are being compared in a given 
assay, the effect on the assay of different sera, different sera 
concentrations, and different media types used must be taken 
into account. If possible, all of these should be the same. For 
example, if two different cell types were being analysed for 
internalized transferrin content, then one might want to be 
wary of the media used and consider whether one cell type 
was grown in a media containing iron salts, whereas the other 
was not. 

FBS is great for growing cells, but might present problems 
when it comes to analysing those cells for a particular 
activity. The binding of residual serum proteins onto tumour 
cell surfaces might affect in vivo assays, that is, the remaining 
bovine serum proteins might instigate tumour cell rejection. It 
has been observed that FBS proteins are retained by cultured 
cells for prolonged periods (Johnson et al., 1990) and that 
cell-bound FBS proteins induce immune responses in cell- 
injected animals (Mizushima and Cohen, 1985). One might 
want to substitute the serum of the animal host species into 
cultures for 1-2days prior to harvesting those cells for a 
metastasis assay. On occasion, investigators have avoided 
FBS altogether to circumvent possible artefacts (Emerman 
etal., 1990). Bovine serum might influence cell behaviour 
in ways not necessarily reflective of that shown in vivo. 
If one is analysing human cultured cancer cells for any 
activity, the replacement of FBS with human serum should 
be considered. A move to serum-free conditions for any post- 
culture assay (McKenzie et al., 1990) could preclude FBS- 
induced artefacts. Culture of cells in same-species serum 
for particular assays may be the most appropriate growth 
conditions (Emerman et al., 1987). 
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It is difficult to monitor all media additives and assess their 
possible contribution to artefactual effects. The best practice 
is to keep abreast of recent developments in a particular area 
and be aware of any reports of negative effects of particular 
media components. A good example is the discovery that 
phenol red, a common media ingredient used as a pH 
indicator and which imparts upon media its red colour, 
was found to possess oestrogen-like qualities (Berthois 
et al., 1986; Rajendran etal., 1987). It was determined 
that this produces undesired background effects in certain 
breast cancer studies. This provided greater incentive for the 
marketing of phenol-red-free media by many companies, and 
the avoidance of the use of phenol red by those engaged in 
such types of experiments. 


Passage Number 


A major consideration in the use of tissue-cultured cells in 
cancer research is passage number. A number of studies 
have indicated that certain cultured cancer cells will show a 
drift in certain behaviours as the passage number increases. 
Welch et al. (1984) have found that the drug resistance and 
metastatic capability of certain rat mammary adenocarcinoma 
cells will change with increasing passage number. Investiga- 
tors will usually freeze down large numbers of early passage 
cells or cells at a state known to be stable, and limit the 
scope of experiments to cells that have undergone minimal 
passaging from that state. 

It is well known that the growth rates in vitro of many 
human and animal primary tumours successively ‘speed- 
up’ in the first few passages as the faster cycling cells are 
naturally selected for. 


Monodispersed Cells 


The ability to obtain monodispersed culture cells can be prob- 
lematic. Isolated single cell suspensions or monodispersed 
cells are the best for certain assays such as tail-vein injection 
(experimental) metastasis assays and for certain other tech- 
niques such as FACs analysis or sorting. M any tumour cells 
will grow as sheets and will be released from plates as sheets 
after removal with trypsin/EDTA or EDTA alone. Passage of 
suspensions through sterile nylon meshes of various sizes 
can aid in reducing multicellular aggregates. One method is 
to trypsinize stock cultures and to vigorously pipette up and 
down to disaggregate cells as much as possible. This suspen- 
sion is then passed through a sterile 45-}m nylon mesh and 
all cells replated at approximately 25% of the starting den- 
sity. The next day, these are removed from plates with EDTA 
only, passed through a 45-um filter, and used in assays. 


Logarithmic Phase Growth 


When rapidly growing cells exist in culture with plentiful 
nutrients and growing space, their numbers will increase 


exponentially. Confluency is the degree of coverage of the 
growing vessel that the cells occupy. If cells are covering 
far less than the available growing area, then exponential 
growth can usually be assumed. Cells in this state are said 
to be in logarithmic phase growth (Paul, 1975). When two 
or more cell lines are to be compared in a given assay; e.g., 
for metastatic potential, both should be in logarithmic phase 
growth as this will dictate that the cells are highly viable 
and that both have approximately the same percentage of 
cells in each of the cell cycle phases. M any researchers do 
not perform complicated growth curve assays to ascertain 
log phase growth and ensure that a given culture is in this 
state. Instead, care is taken to only harvest cells for an 
experiment when the dish or flask they are growing on is 
40-60% confluent. The cells should therefore exhibit an 
identical size, DNA content range, and so on. When dealing 
with cells growing in suspension, it is best to be familiar 
with the maximum density (in cells per millilitre) that a 
particular culture will normally reach, and to harvest these 
for a procedure when the cell count is no more than 60% of 
maximum. 


Cell Cycle Synchronization 


A number of agents are available for synchronizing cells at 
a particular stage of the cell cycle without inducing toxicity 
(Spadari et al., 1985). Synchronizing cells is one method 
of eliminating cell size and other cell cycle variations in 
a population. Tumour cells have been shown to display 
varied behaviours depending on the cell cycle (Iwasaki et al., 
1995). This might be considered important when performing 
experiments such as tail-vein injection metastasis assays, as 
cell size will change with cell cycle along with the propensity 
of a certain percentage of the cells to divide and in effect 
increase the injected cell number. Synchronizing cells for 
procedures is not usually performed but is a method that can 
be considered to render cells more uniform (M errill, 1998). 


PERSPECTIVES 


Cell culture is the foundation upon which many cancer 
research operations rest. Visiting the tissue culture facility 
to obtain the cells needed for a particular experiment is 
a routine trip in many laboratories. Learning the basics of 
the properties of the equipment, the solutions, the cells, and 
procedures involved is perhaps the most valuable background 
information that a researcher can have, whether involved 
in the actual performance of the tasks or engaged in a 
supervisory role. This chapter was written to acquaint those 
entirely inexperienced with tissue culture with the terms and 
materials used. The pitfalls associated with the use of routine 
tissue culture reagents in certain experiments were pointed 
out in an effort to convince new researchers to continuously 
monitor all procedures for reagents and practices that will 
adversely affect their own experiments. 
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This chapter provides a brief review of tissue culture 
methods, equipment, solutions, and experimental pitfalls. It 
was meant to be an introduction on all such aspects to 
individuals who are absolutely unaware of tissue culture 
methods and gear but yet find themselves in a cancer research 
situation where the performance of tissue culture is required. 
The current bible of tissue culture methods by Freshney 
(2000) is recommended for further reading. 
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INTRODUCTION 


As discussed elsewhere in this book, oncogenes were first 
discovered by studying oncogenic viruses and the transfec- 
tion of tumour DNA into cell lines. Tumour suppressors 
were identified on the basis of loss of heterozygosity in 
human tumour studies. However, the understanding of the 
mechanism of action of oncogenes and tumour suppressors 
in vivo has been made possible by the use of genetically 
altered organisms, particularly the mouse. The technology 
for mammalian germ-line genetic manipulation was devel- 
oped in the mouse, which has become the workhorse model 
organism for genetic studies. Like much of modern biol- 
ogy, genetic manipulation of the mouse via transgenic or 
knockout techniques has revolutionized the study of genes 
that cause cancer. The development of this technology has 
allowed investigators to examine the biological activity of 
genes that are important for the formation of cancer. 

The basic experimental design for the study of onco- 
genes differs from that for tumour-suppressor genes. For 
oncogenes, transgenic mice are typically produced that over- 
express oncogenes in specific tissues under the guidance of 
tissue-specific promoters. The expectation is that mice will 
develop tumours in the tissue where the oncogene is overex- 
pressed. To study tumour suppressors, however, it is neces- 
sary to inactivate the gene to study its function. Therefore, 
knockout mice are produced with inactivation of tumour- 
suppressor function. If the tumour suppressor is required for 
embryonic development or viability of the organism, then 
special conditional knockouts can be produced that allow for 
gene inactivation in specific tissues at specific developmental 
times or adulthood. 

In this chapter, the methodology for genetic manipulation 
of the mouse are outlined, and then examples of the 
application of these techniques for the study of oncogenes 
and tumour suppressors are presented. 
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PRINCIPLES OF MODEL ESTABLISHMENT AND 
TECHNICAL CONSIDERATIONS: PRODUCTION 
OF GENETICALLY ALTERED MICE 


The ability to manipulate the mouse genetically was made 
possible by those who developed techniques for the culture 
of mouse embryos and embryonic stem (ES) cells. Scien- 
tists, including Wesley Whitten at the Australian National 
University and the J ackson Laboratory and J ohn Biggers and 
Ralph Brinster at the University of Pennsylvania, developed 
preimplantation embryo culture conditions in the 1950s and 
1960s. In addition, uterine and oviduct transfer techniques 
were developed at the same time by Anne McLaren at Cam- 
bridge University. These techniques enabled the study and 
development of embryos outside of the mammalian uterus. 
This led to the development of teratocarcinoma cell lines that 
could be injected into these early embryos and contribute to 
a variety of somatic tissues, and then to ES cells that could 
contribute to somatic tissues and the germ line. ES cells were 
derived from blastocysts independently by Gail Martin at 
UCSF and Martin Evans at Cambridge University, and were 
soon demonstrated to contribute to the germ line after injec- 
tion into blastocysts. These embryological techniques opened 
the door for the targeted genetic manipulation of the mouse 
genome. 

Genetically altered mice can be produced in one of two 
ways: direct pronuclear injection of cloned DNA into the 
male pronucleus of a fertilized mouse egg, or targeted intro- 
duction of transgenes by homologous recombination using 
ES cells. Cloned genes were injected into fertilized eggs 
in the early 1980s by Ralph Brinster of the University 
of Pennsylvania, Tom Wagner at Ohio University, Erwin 
Wagner and Beatrice Mintz of the University of Pennsyl- 
vania, Jon Gordon and Frank Ruddle at Yale University, and 
Frank Costantini and Elizabeth Lacy from Columbia U niver- 
sity, and were found to pass stably through the germ line. 
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A number of investigators studied the requirements for 
homologous recombination in cultured cells during the 
1980s, including M ario Capecchi at the University of Utah, 
Oliver Smithies at the University of Wisconsin and then 
University of North Carolina, and Raju Kucherlapati at 
Princeton. These principles were applied successfully to the 
modification of ES cells and then mice were made with 
germ-line transmission of modified alleles by the groups 
of Capecchi and Smithies, as well as groups from the 
laboratories of Elizabeth Robertson of Columbia University, 
Rudolph Jaenisch of Heidelberg University and MIT, and 
Allan Bradley at Baylor University. 

Detailed protocols and brief descriptions of the history 
of the development of transgenic manipulation and gene 
targeting techniques are available in several excellent lab- 
oratory manuals (see Further Reading). These techniques 
have allowed for the stable transfer of normal, altered, or 
chimaeric genes into the mouse germ line, thus providing 
powerful tools with which to study mechanisms underlying 
development, function, tumourigenesis, and gene expression 
within a physiological context. 


Production of Transgenic Mice by Pronuclear 
Injection 


Transgenic mice are produced by microinjection of DNA 
directly into pronuclei of fertilized mouse eggs, and results 
in the random integration of foreign DNA into the mouse 
genome. To express a particular protein in a specific tissue, 
the injected DNA is built by standard molecular biological 
cloning techniques in the form of an expressed eukary- 
otic gene (Figure 1). Constructs for injection consist of a 
promoter and polyadenylation site to provide signals for 
initiating and terminating transcription, respectively, and it 
has been found, with extensive experience, that an intron 
in the construct leads to much higher levels of expression 
of the transgene. These artificial genes used for injection 
are termed transgenes, and mice made from the insertion of 
transgenes are referred to as transgenic mice. The gene of 
interest must be expressed in the appropriate cell type within 
the mouse, and at an appropriate time in development to have 
a desired effect. Therefore, the choice of an appropriate pro- 
moter is critical to ensure appropriate patterns of expression 
of the transgene. It often takes several modifications of 
endogenous promoters to identify sequences that will give 
appropriate levels of tissue-specific transcription of trans- 
genes in animals. Fortunately, such modified promoters have 
been identified that reproducibly give restricted expression 
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Figure 1 Structure of a transgene or transgenic construct. The transgene 
consists of a promoter, the cDNA to be expressed, a splice site, and a 
poly-A addition site. 


patterns in transgenic mice, and can be used to express onco- 
genic sequences. 

After fertilization, the male and female pronuclei do not 
fuse immediately. The male pronucleus is large and, using 
micromanipulators to stabilize the egg, 100-200 copies of 
the purified DNA can be injected into the male pronucleus 
(Figure 2). Most of the injected eggs do not integrate the 
injected transgene. However, some fraction of injected eggs 
will integrate the injected DNA into a random chromosomal 
locus. The transgenic DNA usually integrates at the one- 
cell stage and therefore foreign DNA will be present in 
every cell of the “transgenic” animal. The manipulated 
embryo is implanted into the oviduct of a pseudopregnant 
female, where the embryo will continue to develop until 
delivered at term. Offspring are analysed by molecular 
techniques such as Southern blotting or polymerase chain 
reaction (PCR), and transgenic animals that have integrated 
the gene into their DNA are referred to as founders. These 
founders usually transmit the transgene as a heritable trait 
and hence a transgenic line is established. Under ideal 
conditions, the efficiency for generating transgenic founder 
mice containing 5-50 kb fragments is between 10 and 30%. 
In most cases, the transgene integrates at a single site 
randomly in the genome as 1-50 copies arranged in a head- 
to-tail orientation (tandem repeats). The site of integration 
can have profound effects on the expression of the transgene, 
so different founder lines may display vastly different levels 
of expression. In addition, enhancer elements at the site 
of integration can sometimes direct transgene expression 
to unexpected tissues in unpredictable spatial and temporal 
patterns of expression. Founders must therefore be screened 
for expression of the transgene RNA or protein, and the best 
founder line(s) for a particular experiment can be selected 
from the available founder lines. Once an appropriately 
expressing founder line has been identified, the expression 
pattern from integrated transgenes generally remains stable 
over many generations. 

Recently, it has become possible to produce trans- 
genic mice by pronuclear injection of large DNA frag- 
ments derived from yeast artificial chromosomes (YACs) 
and bacterial artificial chromosomes (BACs). Even large 
genes will be included on most YACs or BACs with 
important regulatory regions. Expression from these large 
DNA fragments appears to be more uniform and pre- 
dictable in transgenic mice than expression from tradi- 
tional transgenic constructs. This is probably the conse- 
quence of at least two factors: it is more likely that all 
regulatory sequences important for reproducible expression 
are contained in these large DNA fragments; and this 
added DNA sequence insulates the transgene from influ- 
ences from the integration site. YACs can accommodate 
larger inserts of DNA (several hundred kilobases) com- 
pared with BACs (100- 150kb). However, YACs are more 
unstable than BACs during manipulation and transgene- 
sis, and several excellent mouse BAC genomic libraries 
are available. Therefore, BACs have become the vector of 
choice for producing transgenic mice from large DNA frag- 
ments. 
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Figure 2 Construction of transgenic mice. 


Gene Targeting via Homologous Recombination in 
ES Cells 


In contrast to the random integration of DNA that occurs 
because of non-homologous recombination during pronuclear 
injection of DNA, DNA can also integrate in a site-specific 
manner by homologous recombination. Foreign DNA intro- 
duced into mammalian cells generally integrates into the 
host genome via non-homologous recombination, with a fre- 
quency of homologous to non-homologous recombination 
of 1 in 1000. However, techniques were developed for the 
growth and transfection of ES cells in culture and selection 
of those cells that have undergone homologous recombina- 
tion, while maintaining the ES cells in an undifferentiated 
(pluripotent) state. This technology has allowed for the exten- 
sive manipulation of the mouse genome that is occurring in 
many laboratories throughout the world. Meticulous culture 
procedures are required to maintain ES cells in culture so that 
they retain a normal karyotype and do not differentiate, to 
ensure that the genetically manipulated cells can contribute 
to the germ line after injection into the host blastocyst. 

ES cells are grown in culture and the manipulated DNA 
of interest is transferred by electroporation (Figure 3). The 
manipulated DNA contains a marker that allows for the selec- 
tion of cells that have stably incorporated the DNA, whether 
it is integrated via homologous or non-homologous recom- 
bination. Following electroporation, cells are subcloned so 
that DNA can be extracted. Genomic DNA from the clones 
is screened using standard molecular biology procedures to 
identify clones that have undergone homologous recombina- 
tion at one allele. Once ES cell clones have been identified, 
they are injected into blastocysts (host blastocysts) obtained 
by flushing the uterus of a 3.5-day pregnant female. The 
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injected blastocysts are then transplanted into the uterus 
of a pseudopregnant female where the embryo continues 
to develop. Offspring are screened for the presence of the 
altered allele. Offspring are referred to as chimaeras, as some 
of the animal is derived from the host blastocyst and some 
from the injected ES cells that contain the altered allele or 
transgene. If the manipulated ES cells contribute to the germ 
line, then the chimaera can be bred and some of its offspring 
will be heterozygous for the altered allele. This is referred to 
as germ-line transmission. Germ-line transmission is essen- 
tial for establishing a knockout line. 

Several factors have been defined that facilitate the growth 
of ES cells, enhance the frequency of homologous recombi- 
nation, and simplify the screening procedures. For example, 
use of isogenic DNA (DNA from the identical strain of mice 
as the ES cells), use of linearized DNA, and the use of two 
selectable markers improve the ratio of homologous to non- 
homologous clones surviving selection to the range of 1 in 
15- 300. In general, rates of homologous to non-homologous 
recombination using optimized systems are 1 in 25 to 1 
in 100. 

Using homologous recombination in ES cells, it is possible 
to make a variety of modifications to specific genomic loci. 
M ost commonly, gene targeting has been used to completely 
inactivate a specific gene (Figure 4). A selectable marker 
(usually neomycin phosphotransferase, or neo, expressed 
from a promoter active in ES cells) can be placed into a 
convenient restriction enzyme site of an exon, introducing 
stop codons into all three reading frames of the gene. This 
will completely inactivate the gene as long a stable truncated 
protein is not produced or splicing does not occur around the 
exon containing the inserted neo gene. Alternatively, neo can 
be used to replace exons containing critical protein domains. 
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Figure 3 Construction of transgenic mice using embryonic stem cells. 
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Figure 4 The general form of some of the most common types of gene targeting constructs. A wild-type gene with 11 exons (boxes, where clear boxes 
are 5’ and 3’ untranslated sequences and the filled boxes are coding sequences) is shown in (a). For the knockout construct (null KO allele, b), part of 
exon 6 and all of exon 7 are replaced by a gene that can be selected in culture, usually the neomycin transferase gene driven by a broad strong promoter 
(PGK-neo). For the conditional KO allele (c), the PGK-neo gene (arrow) surrounded by loxP recombinase sites are placed in intron 2 and a third loxP site 
is placed in intron 6. The inclusion of the neo gene in an intron often results in a hypomorphic allele, so this gene is surrounded by loxP sites for removal. 


The goal of these types of disruptions is to create complete 
loss-of-function or null alleles. 

It is possible to make more subtle changes to genes using 
gene targeting. Various strategies have been used to introduce 
point mutations at specific residues of several genes. For 
example, a point mutation can be introduced in an exon of 
a gene, closely linked to the selectable marker. Clones that 
have undergone homologous recombination can be screened 
for the presence of the point mutation by restriction mapping 
or PCR. Conditional knockouts are designed to inactivate 
a gene in specific tissues at specific times of development 
or adulthood. Currently, several laboratories are refining 


this technology, involving Cre/loxP -mediated recombination 
and tetracycline-mediated induction and repression of gene 
expression to allow such subtle genetic alterations to be done 
routinely. Finally, it is possible to create large deletions 
in the mouse germ line using Cre/loxP technology. LoxP 
sites are introduced into the genome to surround a region 
to be deleted. Cre-mediation deletion of the entire region 
can be accomplished in cell lines or in animals. Using these 
approaches, deletions of more than 1Mb have been made 
in Vivo. 

The use of specific strains for the derivation of ES cells that 
have dominant coat colour in combination with the isolation 
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of blastocysts from strains with a recessive coat colour allows 
for the simplified screening procedure and identification of 
offspring in which the ES cells have contributed to the 
mouse. The most commonly used mouse strain for derivation 
of ES cells is one of the 129 strains. This strain carries the 
agouti coat colour locus that is dominant over the recessively 
inherited black coat colour locus of the C57BL/6) mouse 
strain from which the host blastocysts are obtained. Offspring 
in which the 129 ES cells have contributed to the embryo 
will have agouti and black fur because of the difference in 
origin of the cells, agouti from the ES cells or black from the 
cells of the host blastocyst. This is referred to as coat colour 
chimaerism. If ES cells have also contributed to the germ 
line, then mating of the chimaera to a female with a recessive 
coat colour results in offspring with the coat colour of the 
ES cell- derived strain. ES cell- derived offspring can then be 
screened for the presence of the mutated allele. Once animals 
heterozygous for the recombined allele have been identified, 
they can be interbred to generate animals homozygous for the 
mutated allele. In this way, null mutations or “knockouts” of 
a specific gene can be obtained. 


GENERAL APPLICATIONS: USE OF TRANSGENIC 
AND KNOCKOUT MICE TO STUDY THE 
FUNCTION OF CANCER-CAUSING GENES 


In this section, examples will be presented that illustrate the 
value of genetic manipulation in the mouse to study the role 
of oncogenes and tumour-suppressor genes. 


Study of Oncogenes In vivo in Transgenic Mice 


Mouse mammary tumour virus (MMTV) is a retrovirus that, 
like other retroviruses, integrates randomly into DNA. Asa 
consequence of integration, it induces mammary tumours in 
a high proportion of infected animals. It was discovered that 
MMTV harbours regulatory sequences in its long terminal 
repeat (LTR) that allow for high levels of expression in the 
breast. Random integration of this LTR near the site of an 
oncogene that can promote breast cancer results in mammary 
tumourigenesis. The LTR of MMTV has been isolated from 
the integrated provirus and characterized in transgenic mice. 
It has been found to be highly efficient in directing transgene 
expression to the mammary ductal epithelium. 

Several investigators have taken advantage of these prop- 
erties of the MMTV promoter to make transgenic mice that 
overexpress oncogenes in the mammary gland. The first such 
mouse was made in the laboratory of Philip Leder at Harvard 
(Stewart et al., 1984). A number of transgenic constructs 
were produced that fused the normal mouse c-myc gene with 
various lengths of its own promoter to the MMTV promoter 
(Figure 5). c-Myc is a basic helix-loop-helix (bHLH) tran- 
scription factor. It heterodimerizes with another bHLH tran- 
scription factor M ax to activate transcription at E-box sites 
in promoters. It was one of the first identified oncogenes. In 
these first studies, two female founders of 13 transgenic lines 
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Figure 5 The production of M M TV-c-myc transgenic mice that get breast 
cancer. 


developed spontaneous mammary adenocarcinomas during 
an early pregnancy. The tumours and the mammary gland 
tissue of these founder animals expressed RNA transcripts of 
the fusion gene. In addition, all female progeny of these two 
founder lines that inherited the M M TV /c-myc transgene also 
developed mammary adenocarcinomas during their second or 
third pregnancies. These mice were the first to describe the 
utility of the MMTV promoter in directing expression in the 
mammary gland of transgenic mice, and were the first genet- 
ically manipulated mice to be susceptible to cancer. These 
mice were also the first mice to be patented and have been 
termed the oncomouse. 


Inactivation of Tumour Suppressors by Gene 
Targeting 


In response to cellular DNA damage, cell cycle checkpoints 
are activated to arrest progression so that DNA can be 
repaired, and, if damage is extensive, the cell undergoes 
apoptosis. p53 plays a central, crucial role in regulating the 
distinct pathways that control these responses after DNA 
damage by diverse agents such as ultraviolet light, ionizing 
radiation (IR), and chemical carcinogens. p53 is maintained 
at a low level within the normal, undamaged cell. W hen 
a DNA damage signal is transmitted to p53 via upstream 
molecules that sense and respond to particular types of DNA 
damage, p53 is induced and regulates distinct downstream 
cell cycle checkpoint and apoptotic pathways. The impor- 
tance of p53 in DNA damage responses is highlighted by 
the fact that mutation of P53 is the most common genetic 
abnormality in human cancer. Humans with Li-Fraumeni 
syndrome carry heterozygous P53 mutations and are predis- 
posed to a wide variety of tumours. 

p53 is a transcription factor that confers its effects by DN A 
binding and transcriptional regulation (Ko and Prives, 1996; 
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Figure 6 The production of p53-deficient mice by gene targeting. 


Levine, 1997). p53 activates transcription of several genes 
by binding as a tetramer to p53-specific promoter elements, 
recruiting general transcription factors and activators to 
promoters of these genes. At least six genes have been 
demonstrated to be direct transcriptional targets of p53: 
p21/WAF 1/Cip1, mdm-2, GADD 45, cyclin G, Bax, and IGF - 
BP3. Several of these genes have potential roles in cell 
cycle control and apoptosis, particularly p21/WAF1/Cip1 
and Bax. p53-dependent G1 arrest is mediated at least in 
part by transcriptional activation of p21, since p21 binds 
to cyclin/CDK complexes, and at high concentration p21 
inhibits their activity. Bax forms a heterodimer with Bcl-2 
and other family members, and these two proteins have 
opposing effects on apoptosis: Bax enhances apoptosis, 
whereas Bcl-2 promotes cell survival. 

p53 activity can be increased by induction of protein 
levels or by activation of an inactive form of p53. DNA 
damage- induced increases in levels of p53 protein occur 
post-transcriptionally from decreased turnover or increased 
translation of p53. p53 can also be converted from inactive 
to active forms in vitro by a variety of agents, includ- 
ing antibodies to specific regions of p53, redox conditions, 
single-stranded DNA, and phosphorylation, suggesting that 
p53 activation may occur in vivo. Altered phosphoryla- 
tion is a particularly attractive mechanism for rapid reg- 
ulation of p53 activity. There are several phosphorylation 
sites at the N- and C-terminal regions of p53, and p53 
can be multiply phosphorylated. These regions of the pro- 
tein may be required for growth inhibition, suggesting a 
potential role for phosphorylated forms of p53 in cell cycle 
responses. 

Because of the central role of p53 in choreographing the 
response to DNA damage, animals deficient in p53 were pro- 
duced in two different laboratories (Donehower et al., 1992; 
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Jacks et al., 1994). These animals were produced by gene tar- 
geting in the mouse (Figure 6). In both laboratories, it was 
found that p53 homozygous null mice were viable and devel- 
oped normally, but displayed the spontaneous development 
of a variety of cancers by the age of 4- 6 months. H eterozy- 
gous animals also have an increased cancer risk, although 
with a longer latency to tumour formation (see p53 Family 
Pathway in Cancer). The distribution of tumour types in 
p53 heterozygous animals differs from that in homozygous 
mutants. In most cases, tumourigenesis in heterozygous ani- 
mals is accompanied by loss of the wild-type p53 allele (see 
also Regulation of the C ell Cycle, C ell Cycle C heckpoints, 
and Cancer). 


Conditional Gene Knockouts for Tissue-Specific 
Gene Inactivation 


Breast cancer is the most common female cancer and the 
second leading cause of mortality in women. Approximately 
one in nine females is affected during her lifetime. A bout 5% 
of these women display an inherited form of breast cancer 
caused by loss-of-function mutations in the BRCA1 gene. 
In fact, 90% of women with familial breast and ovarian 
cancers and about 50% of women with familial breast cancer 
alone display heterozygous germ-line mutations in BRCA1. 
Consequently, as for p53, many groups attempted to make 
a mouse model for this important human disease. However, 
it was found that homozygous brcal-null mice died during 
early embryonic development, and heterozygous mice did 
not develop tumours. 

To overcome the early lethality, the brcal gene was inacti- 
vated specifically in mammary epithelial cells of female mice 
using the Cre-loxP recombination system (Figure 7) (Xu 
et al., 1999). Mice were generated that carry a brcal null 
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Figure 7 The production of brcal conditional KO mice by gene targeting. 


allele, a brcal conditional allele where exon 11 was flanked 
with loxP recombinase sites, and a Cre transgene under 
the control of the MMTV-LTR or the whey acidic protein 
(WAP ) gene promoter, another mammary epithelial promoter. 
Cre-mediated excision of brcal exon 11 occurred in the 
majority of mammary epithelial cells and was accompanied 
by a sharp reduction of brcal transcripts. The reduction of 
brcal impaired ductal outgrowth during pregnancy and was 
frequently accompanied by apoptosis. Specifically, the ducts 
did not fully penetrate the fat pad. These results demonstrate 
that brcal controls ductal elongation and branching morpho- 
genesis during mammary gland development. 

Most importantly, though, mammary tumour formation 
occurred after along latency (10- 12 months). These tumours 
displayed genomic instability that was characterized by 
aneuploidy, chromosomal rearrangements, and alterations 
of p53 transcription. Mating of these mice with the p53 
null mice demonstrated that a loss of p53 accelerated the 
formation of mammary tumours. This example demonstrates 
the versatility of options available to study the role of cancer- 
causing genes in vivo in the mouse, even when the gene is 
essential for normal development. 


Controlled Expression of Transgenes to Study 
Requirements for Oncogene Activation 


To determine the requirements for oncogene activity and 
maintenance in tumourigenesis, and the extent to which 
established mammary tumours remain dependent on indi- 
vidual mutations for maintenance of the transformed state, 
the laboratory of Lewis Chodosh used the tetracycline reg- 
ulatory system to conditionally express the human c-MYC 
oncogene in the mammary epithelium of transgenic mice 
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(D’Cruz etal., 2001). They demonstrated that deregulated 
c-MYC expression in this inducible system resulted in the 
formation of invasive mammary adenocarcinomas, many of 
which fully regressed following c-M YC deinduction. Inter- 
estingly, approximately half of these tumours harboured 
spontaneous activating point mutations in the ras family of 
proto-oncogenes with a strong preference for Kras2 com- 
pared with H-ras-1. Nearly all tumours lacking activating 
ras mutations fully regressed following c-MY C deinduction, 
whereas tumours bearing ras mutations did not, suggesting 
that secondary mutations in ras contribute to tumour progres- 
sion. This novel approach can be used to demonstrate how 
oncogene-induced tumourigenesis proceeds through a pre- 
ferred secondary oncogenic pathway involving genes such 
as Kras2. 


Conditional Expression of Knockins for Stochastic 
Tissue-Specific Gene Activation 


Many oncogenes are activated after sustaining activating 
point mutations. These activating events occur in a stochastic 
fashion in limited groups of cells in a tissue. Several 
strategies have been devised to model this situation. The 
laboratory of Tyler Jacks has used a conditional strategy to 
express K-ras mutations in the lung (Jackson et al., 2001). 
Adenocarcinoma of the lung is the most common form 
of lung cancer, but the cell of origin and the stages of 
progression of this tumour type are not well understood. They 
developed a new model of lung adenocarcinoma in mice 
harbouring a conditionally activatable allele of oncogenic K- 
ras by Cre recombinase. The G12D activating mutation was 
introduced into the endogenous K-ras locus by gene targeting 
along with a loxP-surrounded stop sequence interrupting 
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the transcription of this allele. They used a recombinant 
adenovirus expressing Cre recombinase to induce K-ras 
G12D expression in the lungs of mice allowing control of the 
timing and multiplicity of tumour initiation. By controlling 
the ability to synchronize tumour initiation in these mice, 
they characterized the stages of tumour progression, and this 
has led to the identification of a new cell type contributing to 
the development of pulmonary adenocarcinoma. This study 
is one of several in which investigators take advantage of the 
novel tools used to manipulate the mouse genome to model 
human cancer in the mouse more faithfully. 


Construction of Mice Bearing Deletions of 
Chromosome 11 


Although single gene mutations often predispose to the 
development of cancer, tumourigenesis is ultimately caused 
by genomic instability. Among the changes that are often 
observed in tumours are regions of chromosomal deletion 
and duplication. These changes arise only in the tumour 
(i.e., they are not germ-line mutations). In addition, similar 
regions are often deleted or duplicated in the same type of 
cancer, suggesting that these regions contain genes important 
for certain types of cancer. The identification of the causative 
gene in these regions is often difficult. 

Over the past few years, Allan Bradley’s laboratory has 
been developing the ability to make deletions and/or duplica- 
tions across an entire chromosome using ES cell technology 
(Figure 8), an approach that they have termed chromosome 
engineering (Ramirez-Solis etal., 1995). Their first study 
focussed on a small portion of chromosome 11. They con- 
structed deficiencies, duplications, and inversions in ES cells 
with sizes ranging from 1Mb to 22cM. Two deficiencies 
and three duplications were made into mice. Mice with a 
1-M b duplication developed corneal hyperplasia and thymic 
tumours, whereas two different 3-4-cM deficiencies were 
embryonically lethal in heterozygous mice. A duplication 
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Figure 8 Deletions produced in mice from chromosome engineering. 
(Adapted from Liu et al., 1998.) DMrk1, DMrk2, DMrk3, and DMrk4 refer 
to hypothetical marker sites. 


corresponding to one of these two deficiencies was able to 
rescue its lethality, demonstrating that haploinsufficiency was 
in fact the cause of the lethality. Thus, they were able to pro- 
duce mice that had defined deletions and duplications, and 
one of the deletions resulted in cancer. 


INTERPRETATION OF EXPERIMENTAL RESULTS 


Transgenic mice produced to express a dominant oncogene in 
a particular tissue are examined at regular intervals (usually 
weekly) for the presence of tumours in that tissue. Using 
the example of MMTV-driven oncogenes, breast tumours 
can be palpated along the lateral body wall of mice. Mice 
have five pairs of mammary glands, and tumours can arise 
in any of the glands. There are some properties unique to the 
MMTV promoter. Pregnancy stimulates expression from this 
promoter, so in practice, female mice bearing the MMTV- 
oncogene transgene are continuously mated to generate the 
highest possible levels of transgene expression. MMTV is 
often also expressed in the salivary glands and Harderian 
glands. Harderian glands are specialized tear glands located 
in the orbit. These tissues can also be the site of tumours in 
MMTV -oncogene transgenic mice. 

Litter mate or age-matched controls are used to compare 
latency to tumour detection. Wild-type mice display sponta- 
neous tumours only in rare cases and at relatively old age. 
Therefore, reproducible tumourigenesis in the target tissue is 
strong evidence for an oncogenic effect of the transgene. 

For tumour suppressors in which the gene is inactivated 
in all tissues, any tissue could be the site of a tumour. 
The commonly used inbred mouse strains are somewhat 
susceptible to lymphomas, so lymphomagenesis is a likely 
outcome of broad inactivation of tumour-suppressor genes. 
For example, p53 mutant mice mutant display lymphomas 
at a high frequency. As described above, litter mate or age- 
matched controls are used to compare latency to tumour 
detection, and reproducible tumourigenesis in any tissue is 
strong evidence for a tumour-suppressor effect. 

Latency to tumourigenesis or to tumour-free survival 
in a population of animals is normally represented as a 
Kaplan-Meier plot. Tumourigenesis is represented in a 
population by determining the age at which all animals in that 
population succumb to tumours (Figure 9). The proportion 
of animals surviving at each age is plotted over the entire 
life span of animals in a population. As mentioned above, 
wild-type animals rarely display spontaneous tumours, so 
the surviving fraction is usually 100% at all ages. In 
contrast, a population of tumour-prone animals will display 
a progressive decline in the numbers of animals. The age 
at which 50% of animals survive is used as a simple 
comparative measure between two populations. 

Genetic interactions can be determined in mice by mating 
two or more tumour-prone mice, and performing genetic 
epistasis analysis on the double mutants. If there is a genetic 
interaction between two different mutants, this provides 
strong evidence that the two mutant proteins cooperate in 
tumourigenesis. For example, suppose a putative oncogene 
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Figure 9 Kaplan-Meier survival analysis of wild-type (circles) and 
mutant cancer-prone (squares) mice. Note that 50% of the mutant mice 
have died by 58 weeks. 


“A” overexpressed in the mammary gland gives no detectable 
tumours and that a different oncogene “B” overexpressed 
in the mammary gland gives tumours in 50% of animals 
by age lyear. Suppose now that double “A +B” mutant 
mice with both transgenes overexpressed in the mammary 
gland display aggressive breast tumours in 50% of animals 
by age 2 months. These data suggest that these two oncogenes 
interact to promote tumours in the mammary gland. 

The hallmark of cancer is genomic instability, and it can 
be measured using several approaches (Ried etal., 1997). 
The major cytogenetic approaches are multicolour fluores- 
cent in situ hybridization (FISH) techniques such as spectral 
karyotyping (SKY) (Schrock etal., 1996) and compara- 
tive genomic hybridization (CGH). SKY is a method that 
allows the simultaneous, unambiguous identification of each 
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chromosome using individual chromosome painting probes, 
and is primarily used to determine whether translocations are 
present in a tumour sample (Figure 10). SKY allows for the 
rapid identification of any chromosome, and is performed 
using flow-sorted individual chromosome libraries. Using 
SKY and mouse chromosomal painting probes, all mouse 
chromosomes can be analysed and identified simultaneously 
in metaphase spreads and each displayed using a different 
colour. M etaphase chromosomes are prepared from a tumour 
using standard procedures. The mouse chromosome- specific 
painting probes are generated from flow-sorted mouse chro- 
mosomes differentiated by size. DNA labelling of each 
chromosome is performed in the presence of different combi- 
nations of five fluorochromes, such that after excitation, each 
chromosomal probe will emit a slightly different wavelength 
of light. In situ hybridization is performed by combining the 
labelled DNA pools with an excess of a Cot-1 fraction of 
mouse DNA to reduce background from repeat sequences. 
M ulticolour hybridization is visualized using a combination 
of Fourier transform spectroscopy, CCD imaging, and opti- 
cal microscopy. The spectrum of the emitted light is recorded 
by the CCD camera and measured by the spectrophotome- 
ter at each pixel of the image to assign a specific spectrum 
to each chromosome. The measurement of specific emission 
spectra then allows the simultaneous display of all mouse 
chromosomes, each with a different colour, as shown in 
Figure 10. Note how easy it is to determine the presence of 
multiple translocations in a metaphase spread. The location 
of translocation breakpoints can be used to identify genes 
deregulated as a result of the genomic rearrangement. Often 
the location will suggest candidate genes that can be tested 
using conventional FISH probes. Alternatively, the break- 
point can be cloned by conventional molecular biological 
techniques. 
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Figure 10 Spectral karyotyping (SKY ) analysis of translocations and inversions in tumours. (A dapted from Ried et al., 1997.) 
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CGH is used primarily to identify regions of chromosomal 
gains and losses in a tumour (Figure 11). DNA is prepared 
from a tumour and a non-tumour control tissue or cell 
line. It is important that this control DNA is uniformly 
diploid, since it will be used as a standard to compare gene 
dosage in tumours. The control DNA is labelled with one 
fluorochrome (green, for example) and the tumour DNA is 
labelled with another fluorochrome (red, for instance). These 
two probes are mixed in equimolar amounts and used as a 
hybridization probe against a normal metaphase chromosome 
spread. If a chromosomal region is diploid in the tumour 
sample, there will be equal hybridization of the control 
and tumour DNA, and the chromosomal region will appear 
yellow. In contrast, if there are regions of amplification 
or deletion in the tumour, then the chromosomal region 
will appear red for amplification and green for deleted 
regions. These CGH metaphase spreads can be captured 
and analysed by commercially available software dedicated 
to CGH analysis, and can even estimate relative levels of 
amplification and loss of chromosomal regions. The location 
of these genomic rearrangements can point to candidate 
genes in that region of the chromosome for further analysis. 
The completion of the genome sequences of many organisms, 
including the human and mouse, have led to the production 
of microarrays consisting of oligonucleotide, cDNA, and 
genomic DNA. These can be used for CGH rather than 
metaphase chromosomes, allowing for greater precision in 
defining the genomic regions with copy number alterations 
in the genomes of tumours. 

M icrosatellite instability is an additional type of genomic 
instability seen in mismatch repair proteins of the MLH and 
MSH families. Microsatellites are small repeat sequences 
present in the genome that can change sizes in the absence 
of fully functional mismatch repair. The length of these 
microsatellites can be determined by sensitive PCR assays, 
and this assay can be used to provide evidence for the 


























Comparative genomic hybridization (CGH) of amplifications and deletions in tumours. (Adapted from Ried et al., 1997.) 


involvement of mismatch repair pathways in tumourigenesis 
of a particular mutant. 

It is clearly of great interest to understand the genes and, 
ultimately, the genetic pathways that are disrupted during 
the genesis of a particular tumour. It has become possible 
to analyse global gene expression by the use of a variety of 
PCR-based techniques to assay broadly for changes in gene 
expression. Subtracted libraries are used to clone mRNAs 
that show differences between the reference and test samples. 
Serial analysis of gene expression (SAGE) and differential 
display methods employ PCR techniques to measure the 
differences between two different populations of mRNA and 
to clone these differences. Differential display techniques 
use oligonucleotides synthesized with all possible sequence 
combinations to broadly assess the gene expression between 
two populations of mRNA. Each of these methods depends 
upon large differences between reference and test samples. 
It has become possible to sample the expression pattern 
of thousands of genes simultaneously using high-density 
cDNA arrays (Duggan et al., 1999). The advantage of this 
method is that each spot of a microarray represents a known 
gene. When all the genes of a genome are discovered, it 
is possible to develop arrays containing every gene in a 
genome to quantitatively assess mRNA expression of every 
gene simultaneously. 

There are several options available to carry out repro- 
ducible, high-throughput analysis of the expression of thou- 
sands of genes simultaneously using microarrays. It is 
possible to purchase premade filters or arrays that contain 
hundreds to thousands of cDNAs. These filters are hybridized 
against radioactive probes made from a single source, so 
two filters must be purchased for any comparative study 
and they must be read on a phosphorimager. Premade filters 
have little flexibility, in terms of adding genes as the human 
and mouse genome sequencing efforts progress, but have 
the advantage of being simple to use in any laboratory that 
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Figure 12 cDNA microarray analysis of gene expression. (Adapted from Duggan et al., 1999.) 


performs Southern or Northern blot hybridization analysis. In 
addition, it is felt that these filters will be useful for detecting 
only high- and medium-abundance mRNAs. Another option 
is to use high-density microarrays of cDNAs or of oligonu- 
cleotides that represent parts of different cDNAs made by 
companies such as Affymetrix or Illumina. 

Microarray technology has been developed in academic 
laboratories and industry as a cost-effective and reliable 
means to comparatively analyse genome-wide patterns of 
mRNA expression (Figure 12). Ultimately, the goal is to 
develop arrays containing every gene in a genome to 
quantitatively assess mRNA expression of every gene simul- 
taneously. Hundreds of eukaryotic genomes have been com- 
pletely sequenced now. A working draft of the human 
genome was first published by two groups (February 15, 
2001, Nature, 409; February 16, 2001; Science, 291), and 
the complete sequence was published more recently (D ecem- 
ber 5, 2002; Nature, 420). For mammalian organisms at 
present, UniGene sets for the human (15000, cDNAs, or 
approximately 15% of the human genome) and mouse (8000 
cDNAs, or approximately 8% of the murine genome) are 
commercially available. cDNA -based microarrays are made 
by robotically printing cDNA inserts on to a glass slide 
and subsequently hybridizing these slides to two differen- 
tially labelled fluorescent probes. The probes are pools of 
cDNAs generated after isolating mRNA from cells or tis- 
sues in two or more different states, so one can compare 
expression patterns of all genes under different conditions. 
The resulting fluorescent intensities are assayed with a fluo- 
rescent reader, and the ratio of expression in the two states is 
obtained following image processing. The crucial elements 
to this technology are an arrayer, a representative cDNA set, 
a microarray reader, image analysis software, and database 


management protocols. With these elements, it is possible 
to compare global RNA expression patterns in two or more 
different RNA pools and to define differences in expression 
between pools. Several academic and commercial groups 
have developed robotic arrayers to place thousands of cDNA 
clones on defined spots of an array, and these arrayers are 
often matched with chip readers to capture the data after 
hybridization. A number of commercial and academic lab- 
oratories have designed computer software to analyse these 
datasets, while it still remains a challenge to have adequate 
bioinformatics capabilities needed to handle this very large 
volume of data. 


BIOLOGICAL LIMITATIONS 


In many ways, the mouse is the perfect experimental system 
for the creation of models of human genetic diseases such 
as cancer. The genome size and number of genes are similar 
between human and mouse, as are patterns of development. 
It is relatively cheap to house mice, in comparison with 
other mammals. M ice have relatively short gestation periods, 
a brief time of maturation to sexual maturity, and large 
litter sizes. Most importantly, it is the best mammalian 
species for genetic manipulation, and the only one where 
it is currently possible to perform germ-line knockouts in ES 
cells. 

Although the mouse is good as an experimental system, 
it is not perfect for modelling human diseases. Often a 
knockout or transgenic mouse has a phenotype that is 
different from the human genetic disease. There are many 
explanations why this might occur, and a few examples are 
provided here. 
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1. There may be redundant pathways in the mouse that are 
not present in the human. There are many examples of this 
in the literature. Mice have redundant pathways that are 
not present in the human for Tay-Sachs disease, Lowe's 
syndrome, and galactokinase deficiency, to name a few 
examples. 

2. The pattern of overexpression of the transgene is not 
similar to that of the human disease gene. The inherent 
variability of expression of transgene expression in mice 
often leads to unpredictable and variable phenotypes. 
Regulatory elements may not be present in the transgene, 
or the site of integration may modify the pattern of 
expression. 

3. The developmental pathway that is disrupted in the human 
disease is either not present or is different in the mouse. In 
general, the mouse is related closely enough to humans, 
so this should not pose a major problem. However, 
there must be genes in the human that are involved in 
unique processes, such as complex brain folding and 
development, that may not have a similar important role 
in the mouse. If so, it may not be possible to use the 
mouse to model certain genetic diseases. 

4. The life span of the mouse is too short for developing 
cancer. An advantage in using the mouse as a model is 
that it develops rapidly. However, if a certain type of 
cancer requires years to develop, a mouse may not live 
long enough to develop tumours. 

5. The human mutation is not faithfully reproduced in 
the mouse. Transgenic constructs are usually made with 
promoters that express cDNAs in a desired spatial and 
temporal pattern. Knockout constructs are usually made 
by insertion of a neo gene into the gene that is being 
targeted for positive selection, with or without the deletion 
of coding sequences. These strategies, although extremely 
valuable, may not faithfully reproduce the mutation that 
is seen in a human disease. 

6. Inherent tumour spectrum of inbred mouse strains. M any 
inbred mouse strains used for transgenic experiments 
seem particularly susceptible to certain types of tumours. 
For example, lymphomas are commonly seen in mice with 
inactivation of tumour suppressors such as p53 and Ataxia 
telangiectasia mutated (Atm). Fortunately, many inbred 
strains are available that can be used to alter the tumour 
spectrum displayed in a particular transgenic mouse. 

7. Developmental role for the cancer-causing gene. Although 
a somatic mutation in a particular gene can lead to 
cancer, the complete inactivation of the same gene in the 
germ line could result in severe developmental defects. 
As described above, it is possible to inactivate genes 
in somatic tissues using conditional knockouts of such 
genes in conjunction with mice that express recombinase 
in the appropriate spatial and temporal pattern. This type 
of approach was illustrated above for brcal. 


Notwithstanding these limitations, the mouse remains an 
excellent mammalian genetic organism to model human 
cancer, and will likely be the model of choice for the next 
decade and longer. 


PERSPECTIVES 


The development of transgenic and gene targeting techniques 
for genetic modification of the mouse has resulted in tremen- 
dous insights into the genetic processes that cause cancer. 
The continued use of these techniques to analyse in vivo the 
consequences of these genetic changes will allow for even 
greater insights into the genetic causes of cancer. With the 
completion of the human and mouse genomic sequences, we 
now have at our disposal a catalogue of all of the genes in 
these mammalian organisms. The importance of any of these 
genes in tumourigenesis can be tested directly in the mouse 
using the techniques described in this chapter. Although 
much has been learned, much remains to be unravelled using 
these approaches. 
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Since the first tumour transgenic model was published 
in 1984 (Brinster etal., 1984), many oncogene-bearing 
transgenic or tumour-suppressor gene knockout mice have 
Spawned new cancer-prone mouse strains, useful for under- 
standing the function of particular genes in tumourigenesis, 
the cooperation of individual mutations, and the multi-step 
nature of tumour development. With the fully annotated 
mouse genome sequence, it is now feasible to manipulate 
each gene in the mouse genome. In this chapter, we describe 
the technologies used for the generation of transgenic mouse 
models and their biological limitations. 

One of the most rapid advances in biomedical research has 
been in transgenic technology that enables the manipulation 
of genes in intact mammalian organisms. The supremacy 
of transgenic technologies to explore the mechanisms of 
individual genes in complex biological systems has been 
widely recognized by oncologists. Since the publication of 
the last edition, there has been an explosion in the application 
of transgenic technologies to the study of oncogenes and 
tumour-suppressor genes. 

Although gene manipulation has been used in many 
different organisms, such as yeast, fruit flies, and nematodes, 
transgenic mouse models are most commonly used in cancer 
studies owing to the substantial degree of homology and the 
complement of genes expressed between human and mouse. 
The rapid progress of the mouse genome project has led to 
the most accessible mammalian genome for manipulation. 

The common techniques used for manipulation of the 
mouse genome are collectively divided into two types: 
introduction of an exogenous gene into the genome, termed 
transgenic mice, and targeted manipulation of an endogenous 
gene locus, termed gene-targeted mice. Transgenic mouse 
models established either by inserting an exogenous gene 
for overexpression or by gene targeting to eliminate a 
functional gene (knockout) have been undisputed tools for 
both basic study and therapeutic models in cancer research. 
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Furthermore, such technologies are the most powerful for 
evaluation of the mechanisms of the genes that have been 
found to be responsible for susceptibility to cancer in 
humans. 

This chapter provides an overview of the transgenic 
approaches used to manipulate the mouse genome and con- 
ditional transgenic technologies, in which the gene alteration 
is controlled in a particular stage of development or to par- 
ticular tissues, or the manipulation is under pharmacological 
control. In addition to the description of these technologies, 
we will give some examples of their application to can- 
cer research and discuss the limitations of each approach 
(see Transgenic Technology in the Study of Oncogenes 
and Tumour-Suppressor Genes and Human Tumours in 
Animal Hosts). 


TECHNOLOGIES TO ESTABLISH TRANSGENIC 
MICE 


Insertion of an exogenous gene into the mouse genome is 
achieved by direct injection into the pronuclei of zygotes 
(Gordon et al., 1980). In most cases, this technique is used 
to express an exogenous gene in mice. Similar to the 
transfection of a cell line, this approach inserts the foreign 
gene into a random locus in the mouse genome and the 
expression of inserted genes is controlled by a selected 
promoter constructed in the exogenous DNA before injection. 


Transgenic Technologies to Express Exogenous 
Genes in Mice 


Two decades ago, it was discovered that integration of 
exogenous DNA into a mouse genome could be achieved 
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Establish transgenic mice by pronuclei injection. The transgene is inserted into the expression cassette of an expression vector under the control 


of the selected promoter. The constructed expression cassette is isolated for pronuclei injection. The transgenic founders are then identified by genotyping. 


by direct injection of exogenous DNA into the pronuclei of 
zygotes (Gordon et al., 1980). Such a technology has since 
been applied for expressing exogenous genes in mice and is 
termed transgenic. Similar to the integrated exogenous genes 
in transfected cell lines, transgenes are inserted randomly 
into the mouse genome and transmitted as a M endelian trait. 
The expression of transgenes is controlled by a designed 
exogenous promoter, and could have multiple copies in 
an inserted locus. Since the technologies of expression 
vectors and pronuclei injection are highly refined, most of 
the genomic manipulated mice lines are produced by this 
technology. 

The key procedure for producing transgenic mice is 
the microinjection of DNA constructs into fertilized eggs 
(Figure 1). In most cases, the DNA constructs used for 
injection aim to express the inserted genes. Therefore, a 
selected promoter located at 5’ of the transgene controls 
the level and distribution of the transgenes. The efficiency 
of genomic incorporation of the transgene is influenced 
by the length of the constructs. A general view is that 
the longer the length of the construct, the more difficult 
it is for it to integrate. However, the maximum length of 
the DNA construct that is able to be incorporated into 
the mouse genome is unknown. It has been reported that 
DNA fragments of more than 100 kb has been successfully 


integrated (Vadolas et al., 2005). Transgenics with a large 
DNA fragment will be very useful for understanding the 
biological importance of a genetically defined disease locus 
and also in establishing humanized mouse models carrying 
human genomic fragments. In addition to the length, the 
quality of the DNA used for injection is one of the 
major factors affecting the efficiency of the integration. For 
maximizing the integration efficiency, DNA has to be free 
from plasmid backbone, linearized, and injected in 1-2 pl at 
a concentration of 1-5ngl~! into the male pronucleus of 
a fertilized mouse egg (Figure 1). After injection, the eggs 
are surgically transferred into the oviduct of pseudopregnant 
mice, which are generated by matings with vasectomized 
males. The mating copulation initiates the endocrine changes 
of pregnancy, establishing a pregnant uterine environment 
suitable for the survival and implantation of the transferred 
embryos. Although it is variable between experiments, about 
10-20% of the implanted embryos survive and are born at 
19-21 days after oviduct transfer. The integration of injected 
DNA into the genome is typically identified by genotyping of 
DNA from mouse tail biopsies, screening for the transgene 
by Southern blotting or polymerase chain reaction (PCR). In 
general, more than 20% of the mice that develop to term 
have the transgene. Since the integration of injected DNA 
into the genome occurs mostly at the single cell stage, the 
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transgene is present in every cell of the transgenic mouse. 
The integrated transgene is randomly inserted into a single 
chromosomal location, and similar to the transfection of a 
cell line, there are usually multiple copies of head-to-tail 
concatamers. Mice found to have the integrated transgene 
are referred to as founders. The founders are then bred 
accordingly to produce mice that are homozygous for the 
inserted transgene. Owing to the fact that the insertion is 
random, more than one founder should be used for initial 
phenotyping to exclude the possibility that the phenotype of 
transgenics is a mutant phenotype resulting from disruptions, 
deletions, or translocations of the inserted locus. 

There are many different approaches for creating trans- 
genic mouse models. The differences are largely based on the 
design of the regulatory elements in the transgenic constructs, 
which control expression of the transgene. Conventional 
transgenics refer to the transgenic lines in which the trans- 
genes are driven by ubiquitous promoters (e.g., CMV, SV 40, 
and housekeeping gene promoters). Tissue-specific transgen- 
ics refer to the transgenic lines in which expression of the 
transgenes is controlled by tissue-specific promoters (TSPs), 
while in conditional transgenic lines, the expression of trans- 
genes is regulated by the transcription regulatory elements 
of a transcriptional activator. 


Conventional Transgenics 


Using an efficient and ubiquitous promoter, the transgene is 
overexpressed in all tissue types. M ost of the transgenic con- 
structs are the same or inherited from expression constructs 
used in cell lines. The gene of interest is normally constructed 
in well-established expression vectors that have been used 
successfully in cell transfection in vitro. The recombinant 
vectors used for conventional transgenics are well developed 
for their ability to induce a high level expression of the trans- 
gene and, in most cases, the expression of most transgenic 
constructs is validated in cell lines. Therefore, it is very sim- 
ple and effective to create conventional transgenic lines in 
a relatively short time. The expression of the transgene in 
established lines is normally reliable. In most laboratories, 
the conventional transgenic approaches are still mostly used 
in particular for the study of newly identified genes. Such 
an approach was first applied for the understanding of onco- 
genes of SV 40 large T antigen (Brinster et al., 1984) and myc 
(Stewart et al., 1984). TAg transgenics elicited brain tumours 
(Brinster et al., 1984) and myc transgenics expressed in the 
mammary gland caused breast cancer (Stewart et al., 1984). 
Since then, thousands of lines have been established with dif- 
ferent genes in association with cancer research. M ost of the 
transgenic lines are now listed in databases of cancer-related 
genes or mouse models. Transgenic databases associated with 
cancer include 


http://jaxmice.jax.org/jaxmice-cgi/jaxmicedb.cgi?objtype= 
interestmdl & tmdl=C ancer-+R esearch, 
http://www.ornl.gov/sci/techresources/T rans/hmepg. html, 
http://www.med.umich.edu/tamc/links.html, 
http://emice.nci.nih.gov/, 


http://www.niehs.nih.gov/cmgcc/friedsch.htm, and 
TBASE - Transgenic/Targeted M utation Database. 


Although pronuclear injection of a constitutive transgenic 
construct has been mostly successful in producing transgenic 
lines, many factors influence whether a promoter/transgene 
construct will express (produce the appropriate mRNA and 
protein) in transgenic mice. In many cases, the transgenes 
are not expressed or less expressed than predicted. Among 
the many possible factors, perhaps the most important 
consideration has to do with the trangene’s insertion site 
in the mouse genome. At many chromosomal locations, 
transgenes will be transcriptionally silent. At others they may 
express, but with a tissue and temporal specificity that is not 
identical to what has previously been seen with the same 
promoter construct. Furthermore, insertion of the transgene 
may influence nearby endogenous genes and can cause an 
undesired phenotype (M eisler, 1992). The intrinsic ability of 
a promoter construct to drive transgene expression reliably 
and with faithful tissue specificity also varies from promoter 
to promoter, for reasons that are not well understood. 

M any constitutive transgenic mouse models with an onco- 
gene as the transgene recapitulate human cancer very well, 
for example, overexpression of c-myc leads to the devel- 
opment of B-cell lymphoma, as it does in humans (Adams 
et al., 1985). But cancer development is through an accumu- 
lative series of genetic and epigenetic changes, and constitu- 
tive expression of transgene does not represent the alteration 
of a single gene in a single cell, which leads to malig- 
nant transformation. Using a transcriptional transactivation 
approach (see Inducible Transgenics), transgenes can be 
expressed in defined tissues under flexible temporo-spatial 
control. 


Tissue-specific Transgenics 


The traditional transgenics driven by constitutive promot- 
ers have the transgene expressed in most cells in an ani- 
mal. Therefore, it is impossible to distinguish primary 
and secondary courses in a complex phenotype such as 
malignant transformation. Tissue promoters/enhancers con- 
trol gene expression in a tissue-dependent manner and/or 
according to the developmental stage. The transgenes driven 
by these types of promoters will be expressed in tissues 
where the transgene product is desired, leaving the rest of 
the tissues in the animal unmodified by transgene expres- 
sion. Tissue-specific transgenic models are extremely useful 
for cancer studies. One example is a transgenic line bearing a 
transgene composed of the immunoglobulin enhancer driving 
expression of c-myc in which c-myc is expressed selectively 
in B lymphocytes (A dams et al., 1985; Ruddell et al., 2003). 
These mice develop a fatal lymphoma within a few months 
of birth. One of the reasons for the rapid development of 
lymphoma is the induction of a vasculature and lymphatics 
by c-myc during lymphomagenesis (Ruddell etal., 2003). 
Although a number of TSPs are introduced into transgenic 
constructs, for a few of them, the promoter/enhancer ele- 
ments necessary to reproduce the native expression pattern 
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Figure 2 Tissue-specific expression of green fluorescent protein driven by human VEGF promoter. (a) Southern blotting analysis of founder transgenic 
line. (b) Fluorescence micrograph of intact tail tissue of a newborn VEGF-GFP transgenic mouse (left) and of a wild-type littermate (right). The orange 
colour in wild type indicates background autofluorescence. (c)- (e) Fluorescence micrographs of tissue sections taken from neonatal VEGF-GFP transgenic 
mice: lung (c), arrowhead indicates fluorescence in alveoli; note autofluorescence can be distinguished by its orange colour; lateral ventricle (LV) of the brain 
(d), arrowhead indicates fluorescence in lateral epithelium; vertebral cartilage (e), note that the chondrocytes in mineralizing regions were GFP-positive, 
indicated by arrowhead, * indicates intervertebral disk. Scale bar, 100 um. (Reprinted from Am J Pathol 2000, 157: 103-110. Jiro Kishimoto et al. With 


permission from the American Society for Investigative Pathology.) 


in selected tissues are not well defined. To be certain, the 
selectivity of putative promoter sequences could be tested 
in a reporter gene transgenic line, by driving reporter gene 
expression, such as lacZ and green fluorescent protein (GF P ) 
(Figure 2). 


Inducible Transgenics 


The development of sporadic cancer is triggered by initiat- 
ing mutations in a single cell, which result in tumour growth 
in a genetically wild-type environment that may actively 
contribute to tumour progression. Constitutive expression 
or deletion of a gene of interest cannot be used to study 
tumourigenesis of sporadic cancer. The idea of inducible 
transgenics is to temporo-spatially control the expression 
of a transgene at any point during development in post- 
natal life and only in the desired cell type. The principle 
of inducible transgenics is transcriptional transactivation in 
which the promoter element of a transgene is activated by a 
transactivator. Therefore, the inducible transgenics carry two 
transgenes, the target transgene and the transgene expressing 
transactivator. Transactivator transgenes are regulated by a 


TSP and transactivators have active and inactive states (on 
and off) (Figure 3). The change between active and inactive 
states is controlled by inducers (small molecule substrates 
that can be administrated to mice). A number of regu- 
latory systems are established. The tetracycline-responsive 
regulatory (Tet-responsive regulatory) system is mostly com- 
monly used in transgenics. Tet system uses the transposon- 
10 (Tn10) specified tetracycline-resistance (tet-resistance) 
operon of E.coli, in which a tetracycline-resistance repressor 
(tetR) binds to a tetracycline-resistance operator sequence 
(tetO ) and suppresses transcription. Repression is lifted in 
the presence of tetracycline (Tc), which prevents tetR from 
binding to tetO (Gossen and Bujard, 1992). A tetracycline 
transactivator (tTA) is a recombinant protein of the tetR 
DNA-binding domain and the herpes simplex virus V P16 
activation domain. The expression of tTA is under the con- 
trol of selected TSPs (Figure 3). The interaction of tTA and 
the tandemly arranged tetO sequence, constructed upstream 
of a minimal promoter, allows transcriptional activation of 
the transgene. Tc can bind to tTA and block its binding to 
DNA (tet-off), whereas in a modified version, the reverse 
tetracycline transactivator (rtTA) binds to DNA only when 
the inducer is present (tet-on) (Figure 3). To use the tet 
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Figure 3 The tetracycline-responsive regulatory system for transcriptional transactivation of a transgene. (a) The effector is a tetracycline-controlled 
transactivator (tTA) of transcription that consists of a chimaeric construct of the Escherichia coli Tn10 tetR gene and the VP16 transactivation domain. 
tTA expression is under the control of a tissue-specific promoter (TSP). In the absence of the inducer, doxycycline (Dox), tTA dimers specifically bind 
to seven tandemly repeated 19-bp tetO sequences, thereby activating transcription from a minimal promoter (P) and driving expression of the transgene. 
When bound to Dox, tTA undergoes a conformational change and cannot bind tetO sequences. (b) In the reverse tTA (rtTA) system, the tetR gene has been 
mutated so that it binds tetO sequences and activates transcription only in the presence of Dox. 


system, two transgenic lines have to be established: one 
expresses tTA or rtTA under the control of a TSP (or 
constitutive promoter), while the other line carries a trans- 
gene of interest linked to the tetO sequence (Figure 3). The 
great advantage of the tet system is the reversibility fol- 
lowing addition or removal of Tc. Such an approach is 
extremely useful to understand the function of an oncogene 
at a post-development stage. Using the tet-off system, it has 
been demonstrated that inactivation of the myc oncogene 
in mice with transgenic tumours led to the differentiation 
of osteogenic sarcomas to mature bone, suggesting that tar- 
geting myc could be a very productive therapeutic strategy 
for some tumours. Inducing and then silencing oncogene 
expression with either tTA or rtTA in both solid tumours 
and leukaemias has shown that, in most cases, the oncogene 
that induces tumourigenesis is also required for tumour main- 
tenance (Ewald et al., 1996; Chin et al., 1999; Felsher and 
Bishop, 1999). 

Although a few of the transcriptional transactivation sys- 
tems have been successfully introduced into transgenic mod- 
els, there are a number of problems in many of the lines 
that has limited the success rate, including an insufficient 
level of transactivator expression, uneven distribution of 
inducers, and the kinetic depletion of inducer making the 
on or off switch incomplete. To overcome these problems, 


the tet-on or tet-off systems continue to be modified with 
different transactivator domains, trans-repression domains, 
codon-usage modifications, and variations to the configu- 
ration of tetO sequences (Baron etal., 1997; Baron and 
Bujard, 2000; Urlinger et al., 2000; Wells et al., 1999). For 
monitoring the transcription of transgenes, one modification 
allows two transgenes to be coregulated by flanking the tetO 
sequences with two minimal promoters (Baron et al., 1995). 
This approach enables transactivation in transgenic mice to 
be monitored when one promoter drives a reporter gene, such 
as luciferase (Lavon etal., 2000). Modification of DNA- 
binding specificity by alteration of the tetO sequence allows 
the investigator to switch transactivation between two differ- 
ent target transgenes by altering the level of inducer (Baron 
et al., 1999). 

A number of transcriptional transactivator systems, in a 
manner analogous to the tet system, have been success- 
fully used in cell lines for conditional expression of trans- 
genes and some of them have been, or will be applied 
to generate inducible transgenics, such as the transcrip- 
tional activator Gal4 system, which originated from Saccha- 
romyces cerevisiae. Gal4 directs the transcription of Gal4- 
responsive genes by binding to upstream activator sequences 
(UASs) (Phelps and Brand, 1998). Ecdysone, a steroid 
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hormone- inducible expression system, induces the interac- 
tion of its receptor and the product of the ultraspiracle (USP ) 
gene, which then binds to ecdysone responsive elements 
(ERE) to enhance transcription of a transgene (Ryding et al., 
2001). In vitro comparison of the ecdysone and Tc induction 
systems showed that the ecdysone system gives lower basal 
expression and greater inducibility, which makes this system 
less leaky than the tet system (No et al., 1996). However, it 
still needs to be tested in vivo. 

The advantages of using transcriptional transactivation 
to conditionally control gene expression has led to the 
development of tumour transgenic models that are closer 
to the natural condition of tumourigenesis. A limitation is 
that the binary nature of these systems could have twice 
the basic problems of any transgenic experiment resulting 
from random insertion of the transgene. To avoid such an 
unpredictable problem, the transgene could be flanked with 
insulator sites (Wang et al., 1997) or inserted into a known 
locus (Saam and Gordon, 1999). Often, the best strategy is 
to test different combinations of transactivator and transgene 
lines. A number of good tissue-specific tTA lines have 
emerged (http://www.mshri.on.ca/nagy/default.htm), which 
could be used to cross different transgene lines in the same 
biological context. 


siRNA Transgenics 


It is also possible to use transgenic approaches to reduce 
the expression of an endogenous gene product. Recently, 
the ribonucleic acid interference RNAi approach has been 
introduced into transgenic development. RNAi was orig- 
inally detected in Caenorhabditis elegans as a biologi- 
cal response to exogenous double-strand ribonucleic acid 
(dsRNA), which induces very effective sequence-specific 
silencing of gene expression. Further investigations revealed 
that RNAi could occur in any eukaryotic species. Increas- 
ing understanding of the biochemical components of RNAi 
indicates the existence of a conserved machinery for dsRNA- 
induced gene silencing that acts in two steps. In the first 
step, an RNase III family nuclease called Dicer processes 
that dsRNA to small interfering ribonucleic acids (siR- 
NAs) 21-23 nucleotides in length. These siRNAs enter a 
multimeric nuclease complex that identifies target mRNAs 
through their homology to siRNA and induces destruction 
of the corresponding mRNAs (Meister and Tuschl, 2004) 
(Figure 4a). 

Since RNAi has become an excellent strategy for gene 
silencing, it is tempting to apply this technology to “knock- 
down” gene expression in living animals. The genera- 
tion of transgenic mice from embryonic stem (ES) cells 
expressing vector-based small hairpin ribonucleic acids 
(ShRNAs) has provided evidence for the in vivo applica- 
tion of RNAi. Recent studies describe the in vivo delivery 
of siRNAs to inhibit transgene expression in certain organs 
of adult mice, predominately murine liver (Lewis etal., 
2002) (Figure 4b). Strategies for the inhibition of cellular 
proliferation by systemic treatment of tumour-bearing ani- 
mals with siRNAs are beginning to emerge. They are of 
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Figure 4 (a) Model for RNAi. RNAi is initiated by the endogenous 
Dicer enzyme, which consists of two Dicer molecules. Dicer processes 
double-stranded RNA into 22-nucleotide small interfering RNAs (siIRNAS). 
The siRNAs are incorporated into a multicomponent nuclease called 
RISC. RISC then uses the unwound siRNA as a guide for substrate 
selection and degrades the target mRNA. The defined RNA sequence could 
be used as transgene directly to express dsRNA in transgenic animals. 
(Reprinted by permission from Macmillan Publishers Ltd: Hannon, G. J. 
RNA interference, Nature, 418, 244-51, copyright (2002)). (b) Functional 
silencing of genes in transgenic mice derived from lentivirus-injected 
zygotes. Silencing of p53 in the brain and liver of transgenic mice derived 
from pLL3.7 p53-injected zygotes. Brain and liver were harvested from 
8-week-old p53 RNAi transgenic mice (pLL3.7 p53) and control mice. 
The levels of p53 in these tissues were determined by western blotting. 
(Reprinted by permission from Macmillan Publishers Ltd: Hannon, G. J. 
RNA interference, Nature, 418, 244-51, copyright (2002)) 





utmost interest to understand the mechanisms of targeted 
genes and to develop new therapeutic strategies for cancer 
(see Micro-RNAs as Oncogenes and Tumour Suppres- 
sors). 


GENE TARGETING 


In contrast to the random integration of a transgene into 
the mouse germ line by pronucleus injection, gene target- 
ing aims to target a single copy of manipulated exogenous 
DNA into a chosen location in the genome. Such manipu- 
lation enables the removal or replacement of specific gene 
sequences at a chosen position in the mouse genome. Gene 
targeting consists of two technologies: the culture of mouse 
ES cells (Evans and K aufman, 1981) and homologous recom- 
bination to target a selected locus in the ES genome (Smithies 
et al., 1985; Thomas and Capecchi, 1987). The ES cells are 
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Figure 5 Gene targeting. In the targeting construct, part of the exons in the genomic DNA fragment from the target allele is replaced by a neo resistance 
gene. Homologous recombination takes place in transfected ES cells. The ES clones carrying the targeted allele are selected by genotyping and injected 


into blastocysts. The chimaeras are selected for breeding gene-targeted mice. 


derived from the inner cell mass of a mouse blastocyst and 
remain undifferentiated under suitable tissue culture condi- 
tions, while retaining the ability to give rise to a mouse 
if injected back into a blastocyst (the “host”). Once re- 
implanted into the uterus of a foster mother, the injected 
(“donor”) ES cells compete with cells in the host blasto- 
cyst to form the developing embryo and ultimately lead to 
a chimaeric mouse formed from two genetically distinct cell 
types. If the germ cells (sperm or eggs) of the chimaera 
also contain cells derived from the donor ES cells, then 
some progeny resulting from mating will have one set of 
chromosomes derived completely from the donor, thereby 
establishing a “line”. The homologous recombination intro- 
duces segments of mouse genome, which can recombine 
precisely with the corresponding sequences in the ES cell 
genome. If the introduced segment contains an alteration 
(e.g., a deletion, insertion, or small sequence change), then 
this will become a part of the ES cell genome and there- 
fore can be ultimately included in the genome of a mouse 
(Figure 5). 

The most frequent application of gene targeting is to inac- 
tivate the selected gene in the mouse (knockout). U sually, 
all or part of the protein coding sequences is deleted or an 
insertion is made into an exon encoding an essential domain. 
The procedure includes design of a target construct, trans- 
fection of the target construct into ES cells, selection of 


homologous recombined ES clones and injection of selected 
ES cells into blastocysts (Figure 5). To select the homologous 
recombined ES cells, the modified segment of genomic DNA 
also incorporates a positive selection gene (usually a bacte- 
rial antibiotic resistance gene). The consequences of the loss 
of function of the gene are then usually assessed by breeding 
mice so that both copies are the knockout allele (homozygous 
null, or “nullizygous”). 

The technologies for ES cell culture, selection of homol- 
ogous recombinant ES cells, injection of ES cells into 
blastocysts, and bleeding homozygous mice are relatively 
unchanged over the last 20 years. The detailed protocols of 
each experiment involved in making gene-targeted ES cells 
and mice are presented in a more detailed protocol book 
(Manipulating the Mouse Embryo, Third Edition, 2003, Cold 
Spring Harbor Laboratory Press). Although the process is 
now feasible if appropriate cell culture and animal facili- 
ties are available, in contrast to the transgenic technology, 
gene targeting cannot be regarded as a standard laboratory 
technique and a time scale of about a year to obtain a 
knockout mouse is probably realistic. The making of sim- 
ple gene knockouts by individual laboratories may soon be a 
thing of the past as a number of companies have developed 
high-throughput technologies for ES cell-targeting, aiming 
to provide “off the shelf” knockouts of every single gene 
(Valenzuela et al., 2003). 
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Many knockout mice created by targeting oncogenes or 
tumour-suppressor genes have provided important insights 
into the function of particular genes and their mutation in 
tumourigenesis, the cooperation of individual mutations and 
environment factors in tumour development. However, the 
constitutive knockout approach has a number of drawbacks. 
One of the major problems in establishing knockout mouse 
lines is the embryonic lethality caused by the deficiency of 
the targeted gene during the early stages of development 
as seen in Apc, Brcal, and Brca2 knockouts (Groden 
et al., 1991; Casey, 1997). In addition, the deficiency of a 
targeted gene in all cells does not mimic sporadic tumour 
development in vivo. A number of control systems have been 
developed to target the gene of interest in a specific tissue 
and control the gene targeting both spatially and temporally 
as described in the subsequent text. 


Tissue-specific Gene Targeting 


Tissue-specific gene targeting is achieved by site-specific 
recombinases. Two members of the integrase family of site- 
specific recombinases, cyclization recombinase (Cre) from 


bacteriophage P1 (Sauer and Henderson, 1989) and Flippase 
(Flp) from S. cerevisiae (O’Gorman et al., 1991), are used 
at present to conditionally control gene targeting by site- 
specific DNA recombination. Cre and Flp recombinases 
catalyse a conservative DNA recombination event between 
two 34-bp recognition sites (loxP and Flp recombinase target 
(FRT), respectively) that differ in primary sequence but 
share secondary structure (Figure 6). In the recombinase- 
mediated conditional gene-targeting approach, the target 
gene, or part of it, is flanked by recombinase recognition 
sites (loxP or FRT) that are placed in a direct orientation 
in such a way that gene function is not compromised when 
the respective recombinase (Cre or Flp) is absent. In the 
presence of the recombinase, the intervening DNA fragment 
is deleted (Figure 6). Between the two recombinase systems, 
the Cre/loxP system is the most widely used in conditional 
gene targeting, and several mouse strains with conditional 
tumour-suppressor gene alleles (floxed alleles termed from 
exons of the targeted gene are flanked by loxP sites) have 
been generated. 

The Cre recombinase can be introduced by intercrosses 
with Cre transgenic mice or by somatic delivery (http://www. 
mshri.on.ca/nagy/Cre-works.htm, (Silver and Livingston, 
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Figure 6 Tissue-specific gene targeting. (a) The 34-bp loxP and FRT sites each consist of two 13-bp inverse repeats (black) that flank an 8-bp core sequence 
(blue). This core sequence confers directionality to these sites (red arrows). (b) A tissue-specific Cre or FLP recombinase transgenic line (transactivator) 
expresses Cre or FLP (pink) in specific tissue. The loxP or FRT sites are inserted into introns flanking the targeted coding region (yellow) in the floxed 
responder; these will not alter the expression of the targeted gene. After crossing the transactivator and floxed responder, the produced tissue-specific 
knockout mice have deletion of the targeted coding region in Cre-expressing tissues (pink) while other tissues are normal (yellow). 
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2001)). To apply recombinase systems, standard gene- 
targeting techniques are used to produce a mouse in which 
the region targeted is floxed. Before recombination, the 
floxed allele should remain as wild type. To achieve this, 
loxP sites are placed in introns, but they could also be 
inserted in 5’ (Dragatsis et al., 2000) or 3’ flanking regions 
(Guy etal., 2001) without compromising gene expression. 
The binary recombinase transgenic lines (Cre or Flp) are 
generated by standard transgenic technology, and the recom- 
binases are under the control of TSPs. By crossing a mouse 
line with a conditional allele to a recombinase transgenic 
line that expresses Cre in a tissue-specific manner, progeny 
are produced in which the conditional allele is inactivated 
only in Cre-expressing cells (Figure 6). To select the gene- 
targeted ES clones, a selection marker cassette, such as neo 
(the neomycin resistance gene), is required in the target con- 
struct and is necessarily part of the initial floxed allele. 
However, insertion of neo in introns, or in 5’ or 3’ flank- 
ing or untranslated regions, can interfere with the expression 
of the floxed allele, compromising its wild-type phenotype 
in the absence of Cre recombinase (L ewandoski, 2001). To 
solve this problem, an additional loxP site is inserted to 
flox both neo and the targeted region (Figure 6). A partial 
Cre-mediated recombination event removes neo in selected 
ES clones by transient transfection of the Cre expression 
construct. 

To correctly interpret a phenotype caused by tissue-specific 
Cre-mediated gene inactivation, it is often essential to know 
in which cells recombination has taken place. This is usually 
done by monitoring gene expression at the RNA or protein 
level, but an alternative is to include a reporter construct 
(such as lacZ or GFP) downstream of the floxed region, 
so that recombination both inactivates the target gene and 
activates the reporter (Moon and Capecchi, 2000). 

Generation and validation of tissue-specific Cre transgenic 
lines are essential for tissue-specific gene targeting. Success 
is largely based on the specificity and efficiency of tissue- 
specific regulatory elements to derive Cre expression. In 
some cases, even if the appropriate Cre line is not available, 
it is still worthwhile to produce a floxed allele rather than 
a standard knockout. The floxed allele could generate a null 
allele with existing Cre lines and still have mice that carry 
the floxed allele for future establishment when the correct 
Cre line comes along. 

A tissue-specific targeting strategy has been successfully 
used for investigation of tumour-suppressor genes (reviewed 
by Jonkers and Berns, 2002). 


Inducible Gene Targeting 


The combination of inducibility and tissue specificity can 
be achieved in two ways; combination of Cre-loxP with 
a tet system or use of a chimaerical protein fused by 
Cre and the ligand binding domain (LBD) of a hormone 
receptor that functions only in the presence of an exogenous 
hormone as inducer (Figure 7). Controlled expression of 
recombinases offers an additional advantage, in that it allows 
time-controlled gene mutation in a small subset of the 


cells. This more closely mimics sporadic tumourigenesis, as 
tumour initiation occurs in individual cells. 

Despite a few successful lines (Arin et al., 2001), recombi- 
nation mediated by the LBD-fused Cre has been mosaic and 
dependent on tissue type, even at the highest dose of inducer 
(Danielian et al., 1998). Combining tet and Cre/loxP, it has 
been reported that an inducer could induce tightly regulated 
expression of Cre with very low basal expression (Uromo 
et al., 1999). Although the inducible gene targeting is an ideal 
approach for temporal control of gene targeting, due to the 
leakiness (unwanted expression in the absence of the inducer) 
and poor inducibility (insufficient expression in the presence 
of the inducer), relatively few systems have been successfully 
used in mouse tumour models. Refinements of the transcrip- 
tional transactivator systems are needed to achieve tightly 
regulated high expression of Cre/Flp recombinases. 

Instead of the overlay of binary tet-Cre and floxed lines, 
sporadic and controlled Cre expression can be achieved by 
using Cre-encoding recombinant adenoviruses. Owing to the 
fact that the host- virus interaction in adult mice will result 
in mosaic recombination in the targeted tissues and variable 
infectivity between different tissues, it could be closer to 
the natural progress of tumourigenesis of sporadic tumours. 
Infection of Cre adenovirus in Apc or Kras3 floxed mice 
induces colon or lung cancer (M euwissen et al., 2001). 


GENE TRAPPING 


Gene trapping is a method of randomly generating ES 
cells with well-characterized insertional mutations (Stanford 
et al., 2001). The mutation is generated by inserting a gene- 
trap vector construct into an intronic region of genomic 
DNA, typically resulting in a null allele of the “trapped” 
gene. Gene-trap vectors contain selectable reporter tags for 
further analysis in cells and mice. Gene-trap sequences are 
derived from cDNA or genomic DNA from the trapped 
locus using primer sequences from vector ends, and the 
sequences are used to identify and annotate the trapped gene. 
Gene-trap cell lines reliably contribute to the germ line, 
producing very useful mutant mouse strains for the functional 
characterization of genes. Gene trapping takes advantage of 
the splicing apparatus by using a vector construct containing 
a splice acceptor (SA) signal, causing the vector sequence to 
be spliced into the mRNA. The SA interrupts normal splicing 
and causes the downstream vector sequence to be transcribed. 
Gene-trap vectors contain a polyadenylation signal at the 3’ 
end that causes the mRNA to be truncated and non-functional 
(Figure 8). A number of modified trap vectors have been 
developed to produce different insertional mutations. 
Gene-trap vectors produce different insertional mutations 
in genes, resulting in different allele types and options for 
further manipulation of the trapped locus. In addition, the 
loxP /FRT sites could also be included in gene-trap vectors 
and used to create different alleles, including converting a 
trapped gene to wild type and creating conditional alleles. 
Owing to the randomness of the insertion sites, the utility 
of these alleles will depend on whether the gene-trapping 
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Figure 7 Inducible tissue-specific gene targeting. The tetracycline-controlled transactivator (tTA) of transcription is controlled by a tissue-specific promoter 
(TSP). In the absence of the inducer, doxycycline (Dox), tTA dimers specifically bind to tetO sequences, thereby activating transcription from a minimal 
promoter (P) and driving expression of the Cre gene. Cre binds to the loxP sites and induces the deletion of the floxed region. When bound to Dox, tTA 


undergoes a conformational change and cannot bind tetO sequences. 


cassettes are indeed dominant in one orientation and neutral 
in the other, and whether the integration is at a good position, 
such as 5’ of early exons, which makes termination of the 
transcripts more reliable. 

The formation of an international gene-trap consortium by 
various gene-trapping laboratories has made gene trapping 
the most cost-effective way to create gene-specific mutations. 
Now more than one-third of all mouse genes are available in 
gene-trap database (http://www.igtc.org.uk). Gene targeting 
is a resource- and time-consuming procedure. Although 
nearly 10% of known genes have been targeted in the 
mouse, it is still a dream for most investigators to establish 
a specific gene-targeted mouse model. However, with such 
international efforts, like ordering expressed sequence tag 
(EST) clones instead of screening a cDNA library, soon 
investigators will be ordering gene-targeted ES clones from 
the international gene-trap consortium at a relatively low 
cost. 


KNOCK-IN — COMBINING GENE-TARGETING 
AND TRANSGENICS 


The oncogenicity of many proto-oncogenes is the result of 
mutation that alters normal gene function, such as chromo- 
some translocation, inframe mutation, and truncation. The 


knock-in strategy aims to replace an endogenous gene with 
defined mutants in the mouse genome. Such mutants could 
be directly cloned from cancer patients and replace a mouse 
gene with a mutated human counterpart. The expression of 
the inserted gene is driven by an endogenous promoter. U sing 
the Cre/loxP system, the mutation could be created only 
in defined tissues expressing Cre (Figure 6). The induction 
of Cre expression by a tet or a viral system could even 
make the knock-in model close to the natural process of 
tumourigenesis. 

Mice have been engineered to have an increased proba- 
bility of expressing activated Kras by inserting a duplication 
containing an oncogenic mutation into the endogenous allele. 
Spontaneous recombination within the allele can result in 
expression of the mutant protein. These mice are predisposed 
to a variety of tumours, most predominantly lung adenocar- 
cinomas (Johnson et al., 2001). 


INDUCTION OF RESTRICTED SOMATIC 
MUTATION 


To most accurately reflect sporadic cancer, gene mutations 
should be somatically delivered to a limited number of cells. 
Combining transgenic and viral technologies, a system has 
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Figure 8 The basic trap vectors. Enhancer-, gene-, and promoter-trap vectors are shown trapping a target gene in ES cells. These vectors all contain a 
lacZ reporter gene and a neomycin resistance gene (neo) that is driven by an autonomous promoter (P). Integration of the trap vectors into the embryonic 
stem (ES)-cell genome will lead to neomycin selection irrespective of whether the insertion has occurred intergenically or intragenically. The enhancer-trap 
vector contains a minimal promoter (mP) immediately upstream of lacZ. Insertion of the enhancer-trap vector close to the enhancer of a target gene will 
lead to the transcription and translation of the lacZ reporter when the enhancer of the target gene is activated. This vector usually generates hypomorphic 
rather than null mutations. The promoter-trap vector needs to be inserted into the coding sequence of a target gene to activate transcription of lacZ. The 
gene-trap vector contains a splice acceptor (SA) site immediately upstream of a promoterless lacZ gene. Its integration in an intron leads to the generation 
of a fusion transcript, consisting of the upstream exon of the target gene and lacZ, upon transcriptional activation of the target gene. 


been developed to facilitate cell-specific delivery of mutated 
genes by avian retroviruses (Fisher etal., 1999). First, a 
tissue-specific transgenic line has to be established to express 
the viral receptor in the target tissue. The recombinant avian 
virus with the encoded transgene is used to infect mice 
and leads to the limited cell expression of the transgene 
in the targeted tissue. Such an approach has been used 
to explore the effect of specific oncogenes in multiple 
cell types of the brain. In a transgenic line expressing 
the avian retrovirus receptor (TVA) in neural precursors 
under the nestin promoter, activated Kirsten rat sarcoma 
2 viral oncogene homolog (Kras) and protein kinase B 
(PKB) induced glioblastomas (Fisher etal., 1999). Such 
an approach could also be used to generate mouse models 
resembling human tumours in general. For example, owing 
to the lack of an ovary-specific promoter, a TVA transgenic 
line was established under a general promoter. The ovarian 
cells expressing TVA were isolated and infected in vitro with 
recombinant avian virus. The infected cells were transferred 
into recipient mice. p53-deficient ovarian cells that received 
any paired combination of c-myc, Akt, or activated Kras 
were tumourigenic when transplanted into the ovarian bursa 


of recipient mice and tumours were metastatic to sites 
characteristic of the human diseases (Orsulic et al., 2002). 


PERSPECTIVES 


To date, there have been hundreds of genetically modified 
mouse lines established that broadly alter cancer-associated 
genes throughout a tissue or the entire organism. These 
lines have helped to define the mechanisms of tumour- 
associated genes and provide in vivo cancer models for 
both basic research and therapeutic investigation. Mouse 
tumour models that use conditional gene expression allow 
us to induce somatic mutations in a tissue-restricted and 
time-specific manner, and might therefore faithfully mimic 
sporadic tumour onset and progression under well-controlled 
conditions. With the increasing number of regulatable and 
conditional mouse mutants that are becoming available, it can 
be expected that, in the years ahead, all of the main human 
cancer types will be modelled in mouse strains that mimic 
one or more crucial features of the disease. These models 
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will be valuable for the assessment of known and unknown 
mutations to tumour initiation and progression, as well as 
for the evaluation of experimental therapies and prevention 
strategies. 

An important challenge is the elimination of the 
physiological differences between humans and mice that 
limit the predictive value of mouse models for development 
and therapeutic responses of human tumours. Notorious 
examples are the interspecies differences in carcinogen or 
prodrug metabolism and in telomere dynamics (Balmain and 
Harris, 2000). To limit these differences, the replacement 
approach has been used to replace the relevant mouse 
genes or transcriptional control regions with their human 
counterparts. These include generating mouse models with 
humanized telomerase activity that might allow effective 
modelling of telomerase activation during tumour formation, 
as occurs frequently in human cancer, or modelling 
drug metabolism, replacing the mouse xenobiotic-sensing 
receptors and metabolizing enzymes, such as pregnane X 
receptor/steroid and xenobiotic receptor (PXR/SXR), phase 
| cytochrome P450, and phase II transferases, with their 
human counterparts, yielding mice with humanized drug and 
carcinogen metabolism (Gonzalez and Kimura, 1999). 

The efforts at accurately modelling human tumourigenesis 
in mice seem endless with the growing number of combina- 
tions that are possible with the available conditional mouse 
strains and Cre expression systems. A coordinated approach 
to rapidly submit new mouse strains to repositories, such as 
the Jackson laboratory or the M ouse M odels for Human Can- 
cer Consortium (MMHCC) repository at the National Cancer 
Institute (NCI), will greatly increase the speed for developing 
more sophisticated mouse models of human cancer. 


Important considerations are as follows: 


1. Consider every detail and possibility before starting to 
construct transgenic or gene-targeting constructs. 

2. Know the genetic background of the transgenic lines or 
gene-targeting lines before starting phenotyping, espe- 
cially for the lines created from binary systems. 

3. Expect unexpected results. 
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BIOLOGICAL BACKGROUND: MOUSE 
MODELLING OF CANCER: A NEEDED TOOL? 


“Mouse modelling” is intrinsically and conceptually an 
inappropriate definition in that it implies that the ultimate 
goal of these experiments is to reproduce in the mouse a 
human disease. On the contrary, the data accumulated in 
the past two decades have shown that these experiments 
go beyond pure mimicry of the disease itself and have 
indeed enabled us to gain tremendous insights into the 
molecular mechanisms underlying oncogenesis and dissect 
the pathogenesis of any cancer. 

Numerous laboratories have used the transgenic approach 
as well as gene targeting in order to create mouse models 
for the study of cancer pathogenesis. The analysis of these 
mutants has led to a better understanding of the normal 
function of genes involved in tumourigenesis, the relationship 
between the histopathological progression of cancer, and 
acquisition of specific genetics lesions as well as many 
other aspects of disease progression such as the biology of 
metastasis, which have to be studied in the context of the 
whole animal. 

Transgenic mice harbouring activated forms of proto- 
oncogenes or dominant negative forms of tumour-suppressor 
genes have been generated in order to test the causal relation- 
ship between their expression and tumour development, as 
reviewed in Transgenic Technology in the Study of Onco- 
genes and Tumour-Suppressor Genes (see also Human 
Tumours in Animal Hosts). Mouse strains where puta- 
tive tumour-suppressor genes have been inactivated (or 
“knocked out”) have been useful in assessing the conse- 
quences of the lack of their function in tumourigenesis 
(reviewed in this chapter). Animal models have also deter- 
mined the importance of specific gene mutations in tumouri- 
genesis. These studies have provided an in-depth insight 
into cancer-related molecular pathways and the relationship 
between normal developmental processes and tumourigen- 
esis. Interbreeding of transgenic and knockout mutants has 
allowed the introduction of multiple cancer-associated muta- 
tions in a single animal and, in turn, the discovery of 
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cooperating mutations/pathways. Mouse models, unlike in 
vitro studies, allow one to integrate the analysis at the 
organismal and cellular levels with the overall physiolog- 
ical response of the animal to the disease (e.g., immune 
response). 

Understanding genetic pathways still remains a prerequi- 
site for the development of molecular and pharmacological 
therapies in order to treat and prevent cancer effectively. 
Thus, these models represent an invaluable instrument not 
only for studying the pathogenesis of human cancer but also 
for exploiting novel therapeutic approaches. 


PRINCIPLES OF MODEL ESTABLISHMENT 


The Knockout Approach in the Mouse 


The possibility of manipulating and culturing pluripotent 
mouse embryonic stem (ES) cells has allowed for the 
generation of mice with a specific alteration in a chosen 
target gene. ES cells are in fact capable of contributing to 
the formation of all organs including the germ line when 
introduced into the developing blastocyst (3.5 d.p.c. embryo). 
To engineer knockout mice, the first step is therefore to 
generate a targeting vector, which is transfected into ES cells 
(Figure 1). This vector contains sequences that allow the 
introduction of a specific disrupting mutation into a defined 
locus by homologous recombination (Figure 1). The vector 
is next transfected into ES cells. Recombination between 
the endogenous locus and the vector in the regions of 
homology occurs spontaneously since ES cells are competent 
for recombination. However, recombination occurs at very 
low frequency, thus rendering necessary a selection step to 
identify the cells where the recombination took place. ES 
cells are therefore subjected to both positive and negative 
selection for markers, which are contained in the targeting 
vector (Figure 1). 

Mutant ES cells that harbour a mutation on one allele 
(heterozygous or hemizygous for the mutation) are next 
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Figure 1 Schematic representation of the strategy for the generation of knockout mice. (a) Targeting strategy. The targeting vector contains two regions 
homologous to the desired chromosomal integration site (sssss). Homologous recombination between sequences of the targeting vector and the target locus 
results in the disruption of the target gene by the replacement of the region containing exons 1, 2, and 3 (as an example) with the positive selectable 
marker: the neo (neomycin phosphotransferase) resistance gene cassette. The HSVtk (herpes simplex virus thymidine kinase) gene, which is used as a 
negative selectable marker and renders the cells sensitive to Ganciclovir, is lost in the case when proper recombination has occurred. Thus, recombined 
clones become resistant to both G418 and Ganciclovir. Southern blot analysis on individual clones with appropriate probes external to the targeting vector 
identifies the recombined locus in view of the fact that the presence of the neo cassette changes the configuration of the targeted locus. The hatched lines 
represent the regions of homology to the target locus; the thin line represents the bacterial plasmid. The black cylinders identify the exons of the target 
gene. The two large crosses represent the crossover points. (b) Generation of knockout mice. (1) The replacement vector is linearized outside the region 
of homology and transfected into ES cells. (2) Transfected ES cells are then plated on feeder layer cells and subjected to positive selection (G418 in the 
case of the neo gene) and in some cases to negative selection (Ganciclovir in the case of HSVtk gene). This process gives rise to ES cell colonies after 
few days of selection (7- 10 days). (3) The different ES clones are picked and expanded in order to have enough cells to prepare DNA. Genotyping is 
subsequently performed either by Southern blot or PCR in order to identify recombined clones. (4) Recombined clones are then independently microinjected 
in the blastocoelic cavity of blastocysts. (5) Injected blastocysts are transferred into pseudopregnant females. (6) Pups are born with various degrees of 
chimaerism. The chimaerism is scored by simple colour coat inspection. The ES cells are typically derived from 129 sv mouse strain with agouti coat. 
The recipient blastocysts are generally derived from C57B/6 strain with black coat. Thus, a high degree of chimaerism is shown by a highly agouti coat in 
chimaeric mice. (7) The chimaeric mice are crossed with wild-type mice to obtain heterozygous mutants in case the mutation has been transmitted to the 
germ line. (8) Finally, heterozygous mutants are intercrossed to generate null homozygous mice. 


microinjected into mouse blastocysts to generate mice con- 
stituted in part by cells of the recipient blastocyst and the 
mutant ES cells. These organisms are therefore referred to 
as chimaeric mice (Figure 1). When ES cells contribute to 
the germ line of a chimaera, it is possible to identify mice 
derived entirely from the mutant ES cells and therefore het- 
erozygous/hemizygous for the mutation among its offspring. 
Subsequent interbreeding of heterozygotes yields animals 
homozygous for the desired mutation, which can be stud- 
ied for the phenotypic manifestations of gene inactivation 
(e.g., tumourigenesis if the inactivated gene is a putative 
tumour-suppressor gene). This approach can be utilized not 
only to disrupt genes but also to introduce specific muta- 
tions in the coding of a gene (eg., an activating or dominant 
negative mutation in an oncogene or a tumour-suppressor 


gene, respectively). Gene targeting in mouse ES cells is, 
without a doubt, the most elegant and selective tool for the 
manipulation of the vertebrate genome ever devised in order 
to study in vivo the function of a gene and how it relates 
to human cancer pathogenesis. However, this approach also 
has limitations described in the following paragraphs that 
rendered necessary further implementations of this powerful 
technique. 


The Cre-/oxP System for In vivo Tissue-Specific 
Gene Targeting 


As mentioned earlier, the conventional “knockout” approach 
has been extremely useful in studying the function of 
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Figure 2 Schematic representation of the strategy for in vivo tissue-specific Cre - loxP -mediated recombination. (a) Targeting strategy. Following the same 
strategy as described in Figure 1, loxP sites and neo cassette are inserted within intronic regions of a gene. (b) Cre-mediated recombination in vitro. In a 
first step, Cre recombinase is expressed in ES cells (this can be achieved by retroviral expression or by transient transfection). Cre mediates the specific 
excision of DNA sequence flanked by loxP sites. LoxP sites are approximately 20 bp in length and do not interfere with the proper transcription of the locus. 
Consequently, this step results in the generation of ES cells with three distinct genotypes: (i) allele lacking neo, exons 1 and 2; (ii) allele lacking exons 1 
and 2; (iii) allele only lacking neo. The ES cells lacking neo (iv) are expanded, and chimaeric mice are generated as described in Figure 1. Chimaeras and 
heterozygous mutants are intercrossed in order to generate mice homozygous for exon 1 and 2 flanked by two loxP sites. (c) Generation of tissue-specific 
knockout mice. Transgenic mice expressing Cre in a tissue-specific manner are intercrossed with homozygous mice from step (b) in the resulting double 
mutants, Cre excises exons 1 and 2, leading to the inactivation of the gene of interest only in tissues and cells where Cre is expressed. The hatched lines 
and hatched cylinders represent the vector homology to the target locus. Black cylinders indicate exons; the thin black line represents the bacterial plasmid. 
The triangle represents the loxP sites. The neo (neomycin phosphotransferase) is the positive selectable marker. The tk (herpes simplex thymidine kinase 
gene) is the negative selectable marker. The large crosses represent the crossover points. 


numerous genes involved in cancer pathogenesis; however, 
in many instances, the mutant mice die prenatally because the 
missing gene exerts a critical role in embryogenesis. In order 
to circumvent this limitation, a conditional targeting strategy 
utilizing the Cre-loxP system was developed (Figure 2). 
The Cre-loxP system represents an ideal instrument for the 
manipulation of chromosomal organization and the control 
of gene expression in vivo, in a tissue-specific manner, and 
at a specific time in development. Cre, the recombinase of 
bacteriophage P1, is able to mediate the specific excision of 
DNA flanked by loxP recognition sites from the genome 
of mammalian cells in culture and transgenic mice. The 
experimental procedure to generate mouse models by using 
this system consists of three distinct phases: (i) generate a 
mutant mouse, where the gene of interest is flanked by loxP 
sites; (ii) generate transgenic animals in which the Cre gene 
is expressed in a tissue-specific manner; (iii) intercross the 
mutant mice generated in step 1 with the ones generated in 
step 2. AS a result, Cre excises the intervening sequence, 
removing the coding region of the gene of interest, resulting 


in inactivation of the gene only in the tissue or cells in 
which the Cre gene is expressed. The consequences of the 
tissue-specific gene disruption can now be analysed, thus 
circumventing embryonic lethality. A similar system termed 
Flp-frt has also been widely utilized. In this case, Flp is 
the recombinase and Flp recognition targets (frt) are the 
equivalent of the loxP sites. 


The “Knock-In’’ Approach 


The “Knock-in” approach refers to the generation of mice 
in which one particular gene (or sequence) is replaced by 
another gene or aberrant gene by homologous recombina- 
tion (Figure 3). ES cells containing the targeted gene are 
generated following the same procedure as in the knockout 
approach. These cells are subsequently utilized to generate 
mice expressing the “knocked-in” gene. This strategy is gen- 
erally utilized as an alternative approach to the generation 
of transgenic mice, which, although time consuming, offers 
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Figure 3 Schematic and representative example of a “knock-in” experi- 
ment. In this case, a gene such as the Pml gene of APL can be replaced 
by an oncogenic aberrant fusion gene such as PML- RARa@. As a result, the 
expression of PML-RARa is under the control of the promoter/regulatory 
regions of the Pml gene as in human APL blasts. The targeting vector can 
be designed in a way that the first few exons of the Pml gene are precisely 
replaced by the coding region of the PML-RARa. 


several advantages. Compared to the transgenic approach, the 
main advantage of this approach is the possibility of express- 
ing the gene of interest under the control of an endogenous 
promoter, thus providing expression levels similar to that 
observed in normal physiological situations (e.g., a cancer- 
associated fusion gene can be targeted into the locus of 
the parental gene, thus closely mimicking what happens at 
the somatic level in a cancerous cell upon a chromosomal 
translocation). An additional advantage of this methodology 
is that the copy number of the “knocked-in” gene is a known 
parameter to start with, and can be increased simply by mod- 
ifying the targeting vector. Finally, this approach can also be 
used to knock in a reporter gene such as green fluorescent 
protein (GFP) or LacZ, under the control of regulatory ele- 
ments of the gene of interest, in order to define more precisely 
its expression pattern during embryogenesis and in adulthood 
(e.g., the reporter gene can be placed in frame with the first 
coding amino acids of the target protein). 


GENERAL APPLICATIONS AND INTERPRETATION 
OF EXPERIMENTAL RESULTS 


We provide here representative examples of how knockout 
technology has been utilized to prove the critical tumour- 
suppressive role of genes implicated in human cancer patho- 
genesis. We also assess the usefulness of some of these 
knockout mutants as models for the corresponding human 
cancer syndrome. 


p53-Deficient Mice (Li-Fraumeni Syndrome) 


Mutations in the P53 tumour-suppressor gene occur in 
about 50% of all human tumours and represent one of the 
most frequent genetic alterations observed in human cancer. 
Most P53 alterations are missense mutations resulting in the 


expression of a functionally altered protein. Discovered in 
1979 as a cellular protein complexed with a tumour virus 
protein, p53 was initially considered an oncogene because 
mutant p53 had an oncogenic activity in transformation 
assays. However, subsequent reports have shown that the p53 
gene encodes for a tumour-suppressor protein. Wild-type p53 
has been referred to as the guardian of the genome, as p53 
responds to DNA damage or cell cycle checkpoint failure, 
either by arresting cells in the G; phase of the cell cycle 
for damage repair or through the initiation of an apoptotic 
pathway to eliminate the damaged cell entirely. Whether 
arrest or apoptosis is induced, the result is that the cell 
with DNA damage is prevented from replicating damaged 
DNA templates, thus avoiding potential oncogenic lesions. 
The role of p53 in cell cycle arrest is mainly due to direct 
regulation of gene transcription. P53 can positively regulate 
the transcription of genes such as p21 WAF 1/CIP1, a G1 cyclin- 
dependent kinase inhibitor, MDM2, GADD 45, IGF-BP3, 
and BAX. P53 is also involved in the negative regulation 
of certain genes that are implicated in positive growth 
regulation such as PCNA and BCL2. P53 is critical for the 
maintenance of genomic stability. Several assays have shown 
that cells missing P53 display frequent genetic aberrations of 
various types: aberrant ploidy, gene amplification, increased 
recombination, and centrosomal dysregulation. Mutation of 
P53 may result in the loss of wild-type function and also 
in the generation of dominant negative and gain of function 
mutants. P53 heterozygous mutations have been found in 
Li-Fraumeni patients who are susceptible to develop tumour 
of various histological origins (see also Regulation of the 
Cell Cycle, Cell Cycle Checkpoints, and Cancer). 

Owing to its importance for cell cycle control and can- 
cer prevention, the generation of p53 knockout mice was 
essential. Several groups have developed p53 null mice. 
These mice have a normal development, but, as expected, 
75% of the p53 null mice develop tumours of various histo- 
types by 6 months of age and all die by 10 months of age. 
p53 null mice developed mainly thymic T-cell lymphomas, 
soft tissue sarcomas, testicular teratomas, and osteosarcomas. 
p53*/~ mice are also prone to developing cancer. Tumours 
are observed starting from the ninth month of age and by 
24 months more than 95% of the animals die. p53+/~ mice 
are more prone to developing osteosarcomas and soft tissue 
sarcomas than null mice, which more commonly develop 
lymphomas (see p53 Family Pathway in Cancer). 

The p53*/~ mouse shares similarities with Li-Fraumeni 
patients. The tumour types found in mice are also observed in 
Li-Fraumeni patients. However, the overlap is not complete 
since, for instance, brain and breast tumours observed in 
Li-Fraumeni patients are not observed in the mouse model. 

Of interest, Southern blot and sequencing analysis of the 
wild-type allele in tumours arising from p53 */~ mice shows 
that it is structurally intact in more than 50% of tumours. Fur- 
thermore, the analysis of the p53 function in these tumours 
shows that the p53 protein retains normal transcriptional 
activity and apoptosis induction. The inactivation of both 
copies of a tumour-suppressor gene is considered the pre- 
requisite for tumour formation as postulated in the “two-hit” 
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model of Knudson. In the case of p53, however, the reduc- 
tion of gene dosage to heterozygosity seems to be sufficient 
for tumourigenesis. 

It is also worth noting that the onset of tumourigenesis 
may vary depending on the mice strain. For instance, the 
p53~/~ and p53*/~ mice generated in the 129/sv back- 
ground develop tumours sooner than mutants in a C57BL/6 
background. Moreover, their tumour spectrum is different. 
In the 129/sv background, the mice develop mainly testic- 
ular teratomas and lymphomas, whereas the C57BL/6 mice 
develop mainly lymphomas. These differences demonstrate 
the importance of tumour-modifier genes in cancer suscepti- 
bility by p53 inactivation and make the mouse a unique tool 
for gene discovery. 


Pten-Deficient Mice (Cowden Syndrome) 


The PTEN (phosphatase and tensin homologue deleted from 
chromosome 10 gene), also known as MMAC1 (mutated in 
multiple advanced cancers) or TEP1 (TGF £-regulated and 
epithelial cell- enriched phosphatase) has been identified as 
a tumour-suppressor gene. Somatic mutation or deletions of 
this gene have been found in a large fraction of tumours, 
including glioblastomas, endometrial, and prostate cancer, 
placing PTEN among the most commonly mutated genes 
in human cancers. Germ-line heterozygous PTEN mutations 
are associated with Cowden disease. This syndrome is char- 
acterized by developmental defects as well as susceptibility 
to breast, thyroid, and brain tumours. PTEN is also mutated 
in two related familial syndromes, Lhermitte- Duclos dis- 
ease and Bannayan- Zonana syndrome, which show similar 
predisposition to tumours but distinct developmental defects. 

PTEN is the first example of a tumour-suppressor gene 
that encodes a phosphatase. PTEN contains a tyrosine 
phosphatase domain with features resembling those of the 
dual-specificity phosphatases, which are able to dephospho- 
rylate both tyrosine and serine/threonine residues. Despite 
its homology with the dual-specificity phosphatases, PTEN 
is an inefficient protein phosphatase in vitro. However, phos- 
phatidylinositol 3,4,5-triphosphate has proved to be the main 
PTEN substrate. Recent studies suggest that the focal adhe- 
sion kinase and SHC may be regulated by PTEN. However, 
the tumour-suppressive function of PTEN is dependent solely 
on its lipid phosphatase activity. 

Several groups have generated Pten-deficient mice. Null 
embryos displayed an early embryonic lethal phenotype 
between days 6.5 and 9.5 d.p.c. (possibly depending on 
the genetic background), owing to aberrant differentiation 
and patterning of the embryonic germ layers. Analysis 
of the embryos shows poorly organized ectodermal and 
mesodermal layers and overgrowth of the cephalic and caudal 
region due to aberrant patterning. 

The role of Pten in tumourigenesis was confirmed by 
the fact that Pten*+/- mice develop a broad range of 
tumours, including thyroid, prostate, small and large intes- 
tine, endometrial tumours, and phaeochromocytomas. Fur- 
thermore, it has recently been shown that the concomitant 
inactivation of one P ten allele and one or both p27 *'?? alleles 


dramatically accelerates spontaneous neoplastic transforma- 
tion and incidence of tumours of various histological origins. 
Cell proliferation, but not cell survival, is markedly increased 
in Ptent/~/p27~/~ mice. Furthermore, Pten*/~/p27 ~/~ 
mutants develop prostate carcinoma at complete penetrance 
within 3 months from birth. These cancers recapitulate the 
natural history and pathological features of human prostate 
cancer. Thus, PTEN and p27*!?! play a pivotal cooperative 
role in tumour suppression in epithelial tissues, and combined 
loss of PTEN and p27*'?! are key events in the pathogenesis 
of epithelial cancers as suggested by the short latency and 
complete penetrance of these tumours in Pten/p27 double- 
mutant mice. 


Rb-Deficient Mice (Inherited Childhood 
Retinoblastoma) 


Childhood retinoblastoma has both an inherited and sporadic 
condition component: about 60% of cases are non-hereditary 
and 40% are inherited. In familial retinoblastoma, young 
children can develop multifocal bilateral tumours of the 
retina. These individuals inherit one defective autosomal 
allele through the germ line and the wild-type allele is lost 
owing to somatic mutation, leading to tumourigenesis. Indi- 
viduals who inherit an inactivated copy of the RB gene have 
an estimated 90% probability of developing retinoblastomas 
at an early age. RB is also commonly mutated in sporadic 
retinoblastomas, lung, breast, prostate, and bladder cancer 
(see The Retinoblastoma Tumour Suppressor). 

Rb is a nuclear phosphoprotein, which shares homology 
with p107 and p130, two other members of the same fam- 
ily of proteins. The Rb protein is an important regulator of 
the G1 checkpoint. It binds to members of the E2F family 
of transcription factors needed for the expression of S-phase 
early genes and prevents S-phase entry. Hyperphosphoryla- 
tion of Rb by G1/S cyclin-dependent kinases release E2Fs 
from Rb-mediated repression and enables the progression of 
the cell cycle. 

In order to study the role of the Rb gene in tumour 
Suppression, several groups have inactivated Rb in the mouse 
germ line. Rb null mice die at mid-gestation and show 
aberrant haematopoiesis and severe defects in the nervous 
system. However, Rb*/~ mice and chimaeric mice derived 
from Rb null ES cells develop tumours of the pituitary 
gland. In the tumours arising in the Rb*+/~ mice, the Rb 
wild-type allele is lost. Despite the important role of Rb in 
G1/S transition, the Rb null mice can progress throughout the 
early stages of development. One could postulate that other 
members of the Rb family of proteins (p107 and p130) might 
compensate for the lack of Rb. However, p107 and p130 null 
mice develop normally without any developmental defect. 
Double-deficient p107 and p130 mutants show neonatal 
lethality. The p107/Rb~/~ embryos show earlier lethality 
(11.5 d.p.c.) than Rb~/~ embryos, which die at mid-gestation 
(14.5 d.p.c.). These observations suggest that the Rb family 
of proteins exert overlapping as well as distinct functions. 
This example illustrates the importance of the in vivo analysis 
in the mouse in dissecting the relative contribution of family 
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members to controlling molecular pathways important for 
cancer pathogenesis. 

In order to overcome the embryonic lethality of Rb null 
mice and to study the effect of Rb mutation in specific 
organs/cells, mice carrying a conditional allele of Rb (with 
loxP or frt) were generated. Mice carrying loxP- or frt- 
modified Rb alleles were viable and showed no cancer 
predisposition. By contrast, pituitary expression of the Cre 
recombinase in mice carrying a conditional allele of Rb 
resulted in the rapid onset of intermediate lobe tumours of the 
pituitary gland in 100% of the cases. No other abnormalities 
were observed in these mice. Although this may not be 
regarded as a relevant mouse model of human cancer, the Rb 
conditional model system is nevertheless a straightforward 
example of the utility of conditional gene inactivation for the 
in vivo analysis of the molecular basis of tumourigenesis. 

Along the same line, in order to address the mutational 
requirement of Rb, p107, and p53 in tumourigenesis, mice 
in which the targeted loss of Rb was directed to the 
photoreceptor cell compartment of the retina were generated 
using the conditional Cre-loxP system. The targeted loss 
of the Rb gene was achieved by expressing Cre under the 
control of interphotoreceptor retinoid binding protein (Irbp) 
promoter. Irbp is expressed in both rod and cone cells of the 
photoreceptor layer as well as in the pineal gland. Mice with 
conditional loss of Rb were crossed with p107 and p53 null 
mice to obtain compound mutant mice with all the possible 
gene combinations. The resulting mice developed two types 
of tumours: anterior lobe of the pituitary gland and pineal 
gland tumours. All the tumours underwent Cre-mediated loss 
of Rb. The pineal gland tumours were expected, since Cre 
expression was directed to the pineal gland. However, the 
tumours of pituitary glands were unforeseen and were very 
likely due to the ectopic expression of the Cre transgene. The 
onset of tumours in both cases was accelerated in the p53 +/~ 
mice and the tumours showed loss of the wild-type allele. 
Pineal gland tumours also developed in Rb*/~, p53 ~/~ mice 
with loss of the wild-type Rb allele. 

Recently, a mouse model for medulloblastomas was gener- 
ated using a similar approach: both Rb and p53 were knocked 
out through a Cre- loxP -mediated approach in the cerebellar 
external granular layer cells. The resulting mice developed 
highly aggressive embryonal tumours of the cerebellum with 
typical features of medulloblastomas. This demonstrates the 
importance of the loss of Rb function in medulloblastomas 
and supports the hypothesis that medulloblastomas arise from 
cells located in the cerebellar external granular layer. 

Together these models underscore the crucial importance 
of conditional knockout mutants to study the mechanisms 
of tumourigenesis and, in particular, the function of tumour- 
suppressor genes that are required for early developmental 
stages. 


Pml-Deficient Mice (Acute Promyelocytic 
Leukaemia) 


The promyelocytic leukaemia (PML) gene, originally 
termed myl, was cloned by virtue of its involvement in 


t(15;17)(q22;q11.2-q12) associated with acute promyelocytic 
leukaemia (APL), where PML fuses with the retinoic acid 
receptor alpha gene (RARa). PML is the most frequent 
partner of RAR@ in APL. It is important to note that unlike 
other tumour-suppressor genes PM L was not originally found 
mutated in cancer. Instead, it is the evidence accumulated in 
vitro and in vivo in mouse models that has uncovered the 
tumour-suppressive role of PML, in turn prompting further 
studies of this gene in tumours other than APL. 

PML belongs to a family of proteins characterized by 
the presence of a RING-B-box-coiled-coil (RBCC) motif. 
The PML protein is typically found concentrated in discrete 
nuclear structures along with other proteins variably named 
PML nuclear bodies (NB s) or promyelocytic leukaemia onco- 
genic domains (POD s). In APL, PML, together with the 
other NB components, is delocalized from the NB into aber- 
rant nuclear structures as a result of its heterodimerization 
with the translocation fusion gene product PML-RARa. 
This observation led to the hypothesis that PML function 
might be impaired in APL, leading to leukaemogenesis (see 
also Management of Haematological Malignancies). 

In order to address this issue, Pml knockout (Pml~/~) mice 
were generated. Like p53 null mice, Pmi null mice were 
developmentally normal. They succumbed, however, to spon- 
taneous infections that prevented a long-term follow-up for 
tumour incidence. However, when challenged with tumour- 
promoting activity such as 12-0-tetradecanoylphorbol-13- 
acetate (TPA) and with carcinogens such as dimethyl! benzan- 
thracene (DM BA), Pml =^ mice developed skin papillomas 
and carcinomas as well as B and T lymphomas and his- 
tiocytomas at a much higher frequency than in wild-type 
controls. Therefore, Pml can suppress tumourigenesis in vivo. 
In addition, cells of Pml~/~ mice are protected from multi- 
ple caspase-dependent apoptotic signals such as Fas, tumour 
necrosis factor (TNF), ceramide, interferon (IFN), and ioniz- 
ing radiations, demonstrating an essential role for Pml in 
multiple apoptotic pathways. Furthermore, as observed in 
cells from Bloom syndrome patients, an increased rate of 
sister chromatid exchange is observed in PML null cells 
implicating PML and the PML-NB in the maintenance of 
genomic stability. In this respect, it is important to note 
that PML and BLM were found to co-localize in the NB. 
All together, these data indicate that PML might exert its 
tumour-suppressive activity at multiple levels, by control- 
ling cell growth, cell survival, and genomic stability. On the 
basis of these findings, it may be logical to propose that 
PML-RARa@ oncoprotein antagonizes the normal function 
of PML. In APL, this may be facilitated by the reduction to 
heterozygosity of the normal PML allele. Indeed, the progres- 
sive reduction of the dose of PML resulted in a dramatic and 
dose-dependent increase in the incidence of leukaemia, and in 
an acceleration of leukaemia onset in PML - RARa transgenic 
mice. Thus, in vivo, PML is haploinsufficient in antagoniz- 
ing the leukaemogenic potential of PML-RARa. This also 
suggests that PML’s reduction to heterozygosity as a conse- 
quence of its involvement in the t(15;17) translocation may 
be a critical event in APL pathogenesis. In conclusion, mouse 
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modelling has allowed the identification of a new tumour- 
suppressor gene, prompting a comprehensive analysis of the 
role of PML in tumourigenesis. 


BIOLOGICAL LIMITATIONS AND TECHNICAL 
CONSIDERATIONS 


A s mentioned, in several cases, the mutation of a certain gene 
in mice does not necessarily give rise to the same tumour 
observed in humans. A number of explanations have been 
proposed. The difference might result, for instance, from 
subtle differences in growth control pathways in mouse and 
human cells. The susceptibility to loss of the remaining wild- 
type allele may not be the same in human and murine cells. 
The shorter life span in mice may affect the tumour suscep- 
tibility in certain tissues. M oreover, the high incidence of 
lymphomas and sarcomas in various mouse models gener- 
ated may simply reflect the fact that the C57BL/6 strain into 
which the mutated alleles are usually crossed is highly sus- 
ceptible to these tumour types. Thus, the tumour-suppressor 
inactivation might exacerbate a pre-existing predisposition. 
In fact, crossing the tumour-suppressor mutation into inbred 
strains of different backgrounds has revealed strain-specific 
differences in tumour development and spectra. The avail- 
ability of markers spanning the mouse genome allows the 
identification of new tumour-modifier genes and cooperating 
oncogenes or tumour-suppressor genes. Nevertheless, these 
differences have to be taken into account when comparing 
different studies and differences between human and mouse 
phenotypes (see also Human Tumours in Animal Hosts). 

Combining multiple cancer-associated mutations or multi- 
ple inactivated genes in a single animal has proven to be a 
very useful tool to study cooperative effects and define path- 
ways involved in tumour pathogenesis; however, the number 
of mutations that can be introduced in a single animal are 
limited by M endelian laws: the introduction of homozygous 
mutation in more than three genes at the same time requires 
an enormous amount of interbreeding, rendering the exper- 
iment time-consuming and expensive. A possible way to 
overcome this problem would be to introduce several muta- 
tions by targeting multiple genes in a single ES cell clone. 
This approach, however, is complicated by the limited num- 
ber of selectable markers that can be used at once to enrich 
the targeted ES cells. M oreover, ES cells cannot be subjected 
to multiple rounds of manipulations and passages in cul- 
ture without losing their totipotency and acquiring karyotypic 
abnormalities. Along a different line, it has to be remem- 
bered that the generation of knockout mice is a very costly 
operation. The high cost of the generation of mouse models 
has to be added to the elevated cost of animal maintenance 
and husbandry. Finally, the phenotypic characterization of 
the knockout mice and their pathological analysis needs to 
be performed in an appropriate qualified setting. 

Although there are limitations to the large-scale and effec- 
tive application of these techniques for the study of cancer 
pathogenesis and other human diseases, further applications 
of this methodology have been underutilized and are likely 


to generate exciting findings in the future. As an example, 
the Cre-loxP system can be used to introduce chromosomal 
rearrangements such as deletions, duplications, and inver- 
sions into the mouse genome. This is of importance in view 
of the fact that in many tumours these rearrangements accom- 
pany more discrete mutations in tumour-suppressor genes 
or oncogenes. Recently, rearrangements encompassing up to 
three-quarters of chromosome 11 were introduced in ES cells 
by this approach. The Cre- loxP system can also be used to 
recreate reciprocal chromosomal translocations in ES cells 
or in vivo, thus providing mouse models of human cancer 
associated with these genetic lesions. Finally, gene targeting 
can also be utilized to introduce point mutations and isoform- 
specific deletions that will be critical, in the future, to refine 
our understanding of gene function and its relationship with 
the genesis of cancer (Table 1). 


PERSPECTIVES 


The development of a second generation of gene-targeting 
technologies such as conditional or inducible systems has 
made it possible to introduce in the mouse germ line more 
subtle gene alterations that can provide functional informa- 
tion beyond that provided by the generation of null alleles. A 
comparison between the effects of tumour-suppressor losses 
in different mouse strains will allow the discovery of novel 
tumour modifiers. The identification of modifier genes may 
indeed be one of the most definitive ways to determine the 
critical biochemical pathways responsible for cancer patho- 
genesis. Standard biochemical studies tell us how genes and 
gene pathways can intermingle and have proved and pointed 
out the intricacy of these cellular pathways. The mouse genet- 
ics can be effective in simplifying and thus shedding light 


Table 1 Gene-targeting strategies. 


Gene-targeting 





method Strategic aims Examples 
K nockout Germ-line deletion or Min-mouse as model for 
silencing of an allele of familial adenomatous 
a tumour-related gene polyposis; p53 knockout 
mouse as model for 
Li-Fraumeni syndrome 
Conditional Germ-line allelic M M TV -dependent 
knockout silencing that is activation of Cre-LoxP 
dependent from the system within epithelial 
expression of certain breast cells 
usually tissue-/cell- 
specific factors 
Inducible Selection (deletion) Tetracyclin-inducible 
knockout systems for germ-line activation of Cre-LoxP 
allelic silencing can be system 
activated by external 
signals 
Small Interruption of somatic siRNA libraries are 
interference RNA gene transcription by available including 
(siRNA) destruction/inhibition of approved inhibitors for 
mRNA numerous genes 
Antisense Interruption of somatic Libraries are available, 


oligonucleotides 





gene transcription by 
destruction of mRNA 


but less effective 
compared to siRNA 
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on this complexity. There has been an explosive growth of 
accessible genetic databases, available collections of genomic 
and expressed gene reagents, and rapidly evolving tools for 
detecting genomic alterations and gene expression patterns. 
As an example, gene expression profiling by microarrays 
and protein arrays will allow the determination of the genes 
or pathways affected in a particular tissue of a knockout 
mouse. Spectral karyotyping (SKY ), multiple fluorescence in 
situ hybridization (M-FISH), multicolour chromosome band- 
ing, and other labelling techniques and strategies are recent 
technical developments in the field of molecular cytogenet- 
ics. The use of these techniques in mouse models will allow 
screening for specific chromosomal aberrations. The presence 
of recurrent abnormalities associated with a specific tumour 
type will allow the identification of additional genetic events 
in tumour progression and metastasis. All these novel tools, 
if applied on a comparative basis on multiple mouse models, 
will allow the definition of pathways specifically or univer- 
sally affected as a consequence of oncogenic activities and 
loss of tumour-suppressor gene functions. 
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ANIMAL MODELS IN CANCER RESEARCH 


Animal models have been used in cancer research for many 
years. Often these provide the only way to effectively model 
the complex interactions between host and tumour. For exam- 
ple, while many new technologies are being developed, it 
remains virtually impossible to predict accurately the phar- 
macokinetic and toxicological properties of experimental 
anti-neoplastic agents from only in vitro studies. A ssess- 
ing the activity of new drugs or the full tumourigenic or 
metastatic properties of cells also remains beyond the capa- 
bility of in vitro technologies. Thus, for the moment, it 
remains necessary to use animal models for many studies 
in cancer research. Nonetheless, it is to be hoped that, at 
some point in the future, in vivo models will be superseded 
by new technologies that will no longer require the use of 
live animals. 

While the research community currently retains the privi- 
lege of using live animals, the longevity of this privilege is 
uncertain. Animal rights organizations continue to campaign 
for the elimination of in vivo studies. In recent years, many 
governments have enacted legislation to control more care- 
fully the use of animals in research. M ost of these changes 
have been beneficial and have significantly improved the 
conditions under which animals are maintained and stud- 
ied. Further legislation and limitations will almost certainly 
follow in the coming years. It is imperative that investiga- 
tors are aware of the legislation to which they are subjected. 
In some cases, such legislation may be less than ideal, such 
that ensuring the minimum level of regulatory compliance 
may not be optimal. Ultimately, if the research community 
is to maintain an adequate ability to use in vivo models, at 
least until viable and validated alternatives become avail- 
able, its members must be seen to use animals rationally and 
responsibly. 
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The use of live animals has clear ethical and scientific 
implications. M any research institutions are required to estab- 
lish an oversight body to regulate the use of animals by 
its members. Investigators must justify the use of animals, 
their choice of species, strain, and number of animals, and 
document their search for alternate in vitro systems. Where 
surgical or other invasive techniques are required, individ- 
uals must demonstrate that they are adequately trained or 
experienced in the procedures and provide for appropriate 
anaesthesia and analgesia. Some investigators using animals 
are required to obtain a specific licence from their govern- 
ment or other oversight body. 

The precise definition of what constitutes an “appropriate 
use of animals” varies considerably among investigators and 
across international boundaries. M any of the differences are 
cultural. However, for scientists some issues should remain 
constant. These include a high level of awareness and an 
unrelenting commitment to the health and welfare of animals 
under their care. Such issues are not only ethically valid, 
but are demanded by the nature of science. An appropriate 
environment and the provision of high-quality animal care 
are central to the performance of reliable and reproducible 
science. Quality of diet, environmental hygiene, density 
of animal housing, monitoring the health of animals, and 
various other concerns, which are well beyond the scope 
of this article, are some examples (Schiffer, 1997). Specific 
requirements vary among species. There are many excellent 
sources for specific information on animal care and welfare 
(see Further Reading and Websites). 

Ultimately, animal models represent the most complex 
tool available for research scientists. They can provide 
information and knowledge well beyond that produced by 
some of our most complex machinery. As such, at the very 
least, the animals in our care deserve a greater degree of 
consideration than the most expensive and complex piece of 
equipment designed and built by humans (Table 1). 
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Table 1 Strategies for optimization of in vivo animal studies. 


Design of study 

(a) Stratify animal models based on important experimental factors 
that are known to affect target response (e.g., tumour take rate, 
initial tumour diameters) before assigning treatments 

(b) Randomly assign sufficient number of animal study groups 

(c) Use primary study end point with objective parameters rather than 
end points with potential observer bias 

(d) Consider expected drop out rate that is not related to the tumour 
model, if necessary 

Conduct of study 

(e) Use blinded response assessment, whenever possible (unawareness 
of animal's assignment to study groups) 

(f) Use objective criteria to determine when sacrifice is warranted 

(g) Use objective criteria for determination of morbidity or cause of 
death 

Data analysis 

(h) Exclude animals from consideration for analysis only if obvious, 
random laboratory errors occurred 

(i) Confirm proper statistical model for analysis 

(j) Adjust results for any special feature of the experimental design 
(eg., stratification) 

(k) If multiple causes of morbidity or death were observed, adjust the 
cause-specific results for competing risks 

(1) If data are missing and this is related to expected response profile, 
then adjust the results for the information contained in the 
censoring patterns 


(Adapted from Hanfelt, 1997.) 


Biology of Graft Models 


The grafting of tissues into another host may be across 
species (xenograft) or to another animal of the same species 
(allograft). Immunocompromised rodents will maintain both 
allografts and xenografts. While tumour cells are more 
frequently transplanted, some normal tissue xenografts also 
can be successfully initiated. 

Generally, the biology of xenografts is comparable to that 
seen in vitro or in the original host. Continual passage of 
some xenografts can produce cells better acclimatized to 
their new host, and take rates may increase and/or latency 
may decrease. M ost xenografted cell lines exhibit comparable 
genetic stability in vivo as they do in vitro in the absence of 
any specific selective pressure. The removal of endocrine 
stimuli (Clarke et al., 1989), immunological effectors, or the 
imposition of other selective pressures, for example, drug 
treatments, can produce phenotypic, and probably epigenetic, 
changes in some xenografts. This has proved to be an 
effective way to generate variant cell lines with desired 
phenotypes, so they can be compared with wild-type cells 
to identify the genes and proteins conferring the variant 
phenotype. 

Given the diversity and complexity of human tumour 
xenografts, it is not possible to discuss adequately all of 
the issues related to their development and use in can- 
cer research. This chapter will focus on several general 
topics related to experimental design, including choice of 
model, number of animals required and assays for tumouri- 
genicity, metastasis, and the screening of experimental 
anti-neoplastic agents. The major immunodeficient rodent 
models are described, since these are the hosts for the 
xenografts. 


PRINCIPLES OF ESTABLISHMENT: ISSUES 
RELATING TO EXPERIMENTAL DESIGN 


X enografts can be initiated from suspensions of cells grown 
in vitro or from effusions in patients or from tissue pieces 
obtained directly from patients or other animals. The size 
of the tumour piece, or the number of cells inoculated, 
varies with the characteristics of the graft cells or tissues. 
Xenografts from many solid tumours can be initiated or 
maintained by placing pieces as small as 1mm? into the 
appropriate site in the recipient animal. As a general guide, 
1 x 10°-5 x 10° cells provide a reasonable inoculum if 
the cells are being transferred from cells proliferating in 
vitro. Investigators should determine the optimal inoculum 
for their chosen model, either from the literature or by 
experimentation. 

It is also important to know the biological characteris- 
tics of the model being used. For example, what is the 
anticipated tumour doubling time (7p), are the growth prop- 
erties adequately reproducible, is the tumour sufficiently 
invasive or metastatic, or might extension of the primary 
tumour cause neurological problems such that the animals 
can no longer obtain food and water? Rapidly proliferating 
or highly metastatic tumours could create health problems 
before the desired experimental end points are reached. 
For many established models, the critical biological char- 
acteristics are well known and should be widely reported. 
Where these are not known, a small pilot study in a few 
animals can help reduce total animal use and save con- 
siderable resources (see Animal Numbers and Statistical 
Power). 

Generating an appropriate experimental design is among 
the most important aspects of working with xenografts and 
other animal models. As with all experiments, careful con- 
sideration of controls and experimental groups is essential. 
However, other issues are also important, including statis- 
tical power of the study design, choice of model, selection 
of recipient, and site of inoculation. These issues are briefly 
discussed in the following sections. 


Animal Numbers and Statistical Power 


One of the more common errors in designing animal studies 
is the tendency of some investigators to leave issues of data 
analysis until the experiment is completed and the data have 
been collected. Unfortunately, only then is it realized that 
the study was underpowered or that the statistical analysis of 
the data is not straightforward. Considerable resources and 
animals can be spared by consultation with a biostatistician 
prior to starting an in vivo study. Clearly, this has substantial 
ethical, scientific, and economic advantages. 

The number of animals required for hypothesis testing 
will reflect the characteristics of the model, particularly, 
the magnitude of the expected response. Essentially, the 
ability of a study design to accurately detect differences 
among experimental or control groups is its statistical power. 
Studies are usually considered to be adequately powered 
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when they have an 80% or higher chance of detecting a 
true difference with a p < 0.05. An underpowered study may 
produce an inconclusive result and perhaps require additional 
studies that ultimately use more animals than a single 
but appropriately powered experiment. Alternatively, an 
overpowered study may use more animals than necessary to 
test the hypothesis, while identifying statistically significant 
differences of uncertain or questionable biological relevance. 

Some treatments or procedures result in the death of 
animals before the desired end points are reached. Thus, 
power can be lost during the performance of the study. This 
also needs to be considered during the initial experimental 
design. The censoring of data occurring from loss of animals 
also has implications for the statistical approaches used to 
analyse the data (Hanfelt, 1997) (Table 1 and 2). 

In xenograft studies, it may be tempting to try to increase 
power by inoculating more sites per animal. Although this 
can increase power, the issue is complicated. There is a 
potential for multiple tumours in an animal to behave more 
like each other than like tumours in other animals of the same 
experimental group. Thus, a doubling of the number of sites 
may not produce a doubling in statistical power. Readers are 
directed to an excellent review of this, and other issues of 
statistical analysis and experimental design relevant to animal 
model studies, by Hanfelt (1997) (Table 1). 


Choice of Model 


Several aspects of experimental design impact upon the 
choice of model. Perhaps the most important is the ability of 
the model to facilitate testing of the investigator’s hypothesis. 
Animal models represent specific phenotypic or genetic 
characteristics that occur in a potentially comparable human 
condition. No matter how well an experiment may be 
designed, if the model does not adequately reflect the critical 
aspects of the human disease, any resulting data may have 
little relevance and the hypothesis may remain untested. 
Thus, the utility or applicability of a model depends on how 
well it reflects the most appropriate characteristics of the 
original disease or disease process. 

Perhaps one of the first questions cancer researchers 
should ask during the experimental design phase is whether 
their choice of model(s) will clearly allow them to address 
their hypothesis in a way that has some relevance for the 


Table 2 Factors influencing the probability of demonstration power of in 
vivo studies. 





(a) Number of animals 
(b) Number of sites per animal and correlation between these sites (as 
uncorrelated as possible) 
(c) Smallest treatment effect to be detected (dose- effect ratio) 
(d) Number of treatment groups 
) Scale of response (quantitative rather than qualitative end points) 
) Variance of response in model population (stability of phenotype) 
g) Measurement errors for response determination 
(h) Longitudinal versus single point response measurement 
(i) Missing data or premature death rate 





(Adapted from Hanfelt, 1997.) 


human disease. One possible example of when this tenet 
was inadequately followed was the use, for many years, 
of the murine P388 and L1210 lymphocytic leukaemias to 
screen new anti-neoplastic agents. M any drugs active in this 
in vivo screen showed limited activity against solid cancers 
in humans. Following considerable criticism and debate, the 
National Cancer Institute (Bethesda, MD, USA) decided to 
instigate a broader initial screen using a panel of cell lines 
comprising representatives of each of the major cancers. 
Many of these cell lines are also useful as xenografts, 
allowing agents active in vitro to be subsequently evaluated 
in vivo in the same models. To the extent that the selected 
cell lines for each cancer adequately reflect the key aspects of 
the biology of that cancer, this approach should allow for the 
identification of potent agents with even limited applicability. 
Thus, one potential advantage is that agents with specific 
patterns of activity, perhaps active against some but not all 
cancers, may be identified. 

The P388 and L1210 models, while remaining useful and 
widely used, provide another example of issues relating to 
model selection. M any cytotoxic agents are designed to be, 
or are expected to be, more active against proliferating rather 
than resting cells. Drugs active against a leukaemia with 
a short 7p, high growth fraction, and relatively short cell 
cycle time are expected to appear less potent in solid tumour 
models with along 7p, small growth fraction, and long cell 
cycle time. Thus, screening against the leukaemias could 
identify the false positives in the context of solid tumours. 
Where specific pharmacological or kinetic requirements of 
drug action are known, clearly, these should be effectively 
reflected in the biologies of the models selected for in 
vivo evaluation. 

It is not always necessary, and it may be the exception 
rather than the rule, that a single model reflects all the char- 
acteristics of the original disease. For example, the divergent 
characteristics of breast tumours provide important clues to 
their biology and how they should be treated. Some breast 
tumours express receptors for the steroid hormones, oestra- 
diol and progesterone. These tumours respond well to antioe- 
strogens and other endocrine therapies. In marked contrast, 
tumours that do not express these receptors rarely respond 
to endocrine manipulations. While tumours that respond 
to antioestrogens can still metastasize in patients, most 
antioestrogen-responsive human breast cancer xenografts are 
poorly metastatic or non-metastatic. These models are not 
invalid because of their poor metastatic potential. Rather, 
it limits the aspects of the human disease that they rep- 
resent and, consequently, the hypotheses they can be used 
to test. 

When selecting experimental in vivo models, it is often 
apparent that no single model may adequately reflect all 
aspects of the human disease required for testing an inves- 
tigator’s hypothesis. Thus, several models may be required. 
The choice to use several models requires careful evalua- 
tion, since there is a need to reduce the number of animals 
used in research. Cost may also be an issue. However, 
an inadequately tested hypothesis in a small study could 
lead to a need for more animals than a carefully designed, 
larger single study. Clearly, a realistic appreciation of the 
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Figure 1 


Immunobiologies of several rodent models. (Adapted from Clarke, 1996.) This is a general representation. The degree to which each cell type 


is affected varies by mutation and often by individual animal. The location of the defects is not intended to be precise, rather it should provide a simple 


means to assess the likely changes in different models. 


advantages and limitations of each model requires careful 
consideration. 


Immune-Deficient Rodent Models as Xenograft 
Recipients 


Although there are more than 30 loci at which mutations pro- 
duce an immunocompromised phenotype, relatively few are 
widely used in cancer research. The most familiar is the nude 
mouse, homozygous for the nu mutation on mouse chromo- 
some 11. Originally identified in Glasgow, Scotland, in 1962, 
the predominating immunodeficiency was described shortly 
thereafter. The first report of the ability of these mice to 
sustain human tumour xenografts was published by Rygaard 
and Povisen (1969). Another widely used single-mutation 
immunodeficient model is the severe combined immunodefi- 
ciency (SCID) mutation. Several combined mutation models 
are also popular, and recent years have seen the emergence 
of additional immunodeficient models. A brief description 
of the major characteristics of selected models follows. Sev- 
eral have been reviewed in detail elsewhere (Shultz, 1989; 
Clarke, 1996). 

The different immunobiologies of these other rodent mod- 
els provide viable alternatives to the nude mouse. However, 
it remains controversial whether there are substantial dif- 
ferences in their respective abilities to maintain xenografts 
(Fodstad, 1991). Some investigators find SCID or bg/nu/xid 
mice to have a reproducibly higher overall take rate than 
nu/nu mice, but many find these models essentially equiv- 
alent. Graft take rates may vary by cancer type. Several 
mouse models reject leukaemic cell line xenografts, but the 


further immunosuppression produced by y irradiation can 
be beneficial in alleviating rejection (Ghetie etal., 1996). 
However, the effects can be highly strain/mutation deficient. 
Irradiation of SCID mice can overcome the defective V(D)J 
recombination (Livak et al., 1996). While this can increase 
B-cell lymphoma tumour take, metastasis, and response to 
immunotoxins, the response of xenografts to chemotherapy is 
reduced (Ghetie et al., 1996). Thus, the respective immuno- 
biologies may have significant implications for the choice 
of model and strain. A general representation of the major 
immune deficiencies of several common models is shown in 
Figure 1. 

Besides maintaining neoplastic cells, immunocompro- 
mised rodents can also allow the study of normal tissues, 
the effects of therapies on normal cell function or the events 
associated with virally or chemically induced carcinogen- 
esis. For example, several models can be “reconstituted” 
with human cells. Reconstitution of SCID mice with normal 
peripheral blood lymphocytes from Epstein- Barr-positive 
human donors results in fatal B-cell lymphomas. Human skin 
grafts in SCID mice can model the vascular leak syndrome 
seen in some human immunotoxin trials. 


Nude (nu/nu) Mice 


More than 70 congenic strains of nude mice have been gen- 
erated, and strain-dependent differences in their respective 
immunologies and abilities to support xenografts have been 
described (M aruo et al., 1982; Clarke, 1996). The mice are 
often called athymic nude mice, although a rudimentary thy- 
mus is present in some individuals. B-cell maturation is 
defective but normal virgin B cells are present. T-lymphocyte 
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levels are very low or undetectable in most strains, as are 
responses to T-cell-dependent antigens. Substantial immune 
function can be restored by reconstitution with T cells. 
Nonetheless, serum IgM levels are similar to, or higher than, 
those in nu/+ mice. Occasionally, circulating IgG and IgA 
are detected in individual animals. 

While humoral immunity is compromised, nude mice 
retain several key mediators of cell-mediated immunity. 
T-cell-independent antigen responses are often normal, and 
the levels of natural killer (NK) cell activity are greater 
than that in normal and nu/+ mice. There is no apparent 
defect in tumouricidal macrophages, and nude mice can 
produce lymphokine-activated killer (LAK) cell numbers 
comparable to +/+ mice. Thus, nude mice are relatively 
robust and easier to maintain than some of the more severely 
immunocompromised rodent models. 

The high NK cell activity in nude mice may contribute to 
the poor take rate of some primary human xenografts. This 
can be increased by embedding the transplant tissues in an 
artificial basement membrane (Fridman et al., 1991), which 
probably protects the tumours from lysis by cell-mediated 
effector cells and provides a structural or dimensional 
environment containing attachment molecules and mitogens 
(Clarke, 1996). 

While mice are the most common species in which the 
nude mutation is used, a comparable mutation also exists in 
rats. The rat nude mutation (rnu) produces athymic nude rats, 
which appear to have an immunobiology broadly comparable 
to that of nude mice (Hougen and Klausen, 1984). Nude 
rats will also support tumour xenografts, but are more 
expensive to maintain. However, the size of the rat may 
make these a useful alternative, particularly where orthotopic 
transplantation or other surgical studies are difficult or 
impractical in mice. 


Combined Beige (bg)/nu Mutations 


To eliminate the higher NK cell activity seen in nude 
mice, double congenic bg/nu mice have been generated 
(Karre etal., 1980). The bg mutation, located on mouse 
chromosome 13, produces a reduced synthesis of pigment 
granules in melanocytes, which results in a light coat 
colour. Analogous to the multisystem autosomal recessive 
disease, Chédiak- Higashi syndrome in humans, the main 
immune deficiency in bg/bg mice is a block in NK function. 
Other immunodeficiencies produced include an impaired 
production of cytotoxic T cells and defects in macrophages 
and granulocytes. 

The bg mutation significantly reduces NK activity when 
introduced along with the nude mutation. However, residual 
NK activity is detectable in bg/nu mice, which is clearly 
higher than that seen in bg/bg mice. A further contribution 
of the bg mutation is a clotting disorder, seen in both 
bg/bg and bg/nu mice. This can be problematic when 
the experimental design requires surgery, for example, for 
orthotopic implantation (Clarke, 1996). 


Combined bg/nu/xid Mutations 


A further reduction in immune competence was obtained 
by adding the X-linked immunodeficiency (xid) to that 
of the nu/bg genotype (Andriole etal., 1985). The major 
contribution of the xid mutation to the phenotype is an 
impaired development of B cells. B-cell colonies are not 
detected in in vitro assays, probably because of an inability 
of otherwise normal immature B cells to respond to early 
activation signals. Immunoglobulin levels, particularly IgM 
and IgG3, are low. Mice bearing the bg/nu/xid mutations 
have characteristics of each of the individual mutations. 
Thus, they are essentially athymic, have intermediate NK cell 
activities and low numbers of LAK cells, and have defects 
in both B- and T-cell maturation. While these mice are more 
immunodeficient than the single or double congenic strains, 
the clotting disorder conferred by the bg mutation is also 
apparent (Clarke, 1996). 


Severe Combined Immune Deficiency (SCID) Mutation 


The scid locus on mouse chromosome 16 is equivalent 
to the human locus at chromosome 8q11. The scid muta- 
tion disrupts the process of rearrangement of genes encod- 
ing antigen-specific receptors on B and T cells (Bosma 
and Carroll, 1991). This reflects an inability to effectively 
join the cleaved variable region segments catalysed by the 
immunoglobulin V(D)J recombinase. Affected mice have 
small lymphoid organs and defective differentiation or mat- 
uration of lymphocytes. While the myeloid lineage cells are 
normal, pre-B and B cells cannot be detected and the remain- 
ing T cells are defective. IgG 2a, 2b, and 3a; IgM; and IgA 
are rarely detected. However, individual mice may produce 
detectable levels of two or more IgG isotypes and/or IgM. 
There are no major defects in macrophages, NK cells, and 
LAK cells, but a lack of specific lymphokines required for 
their development from progenitors can produce a deficiency 
in mucosal mast cells. 

Some earlier SCID models were described as “leaky”. 
These mice often produce detectable numbers of functional 
B and T cells. In many SCID mouse strains, individuals 
become “leaky” with age, that is, by 10- 14 months. As with 
most immunocompromised rodent models, there can be some 
variability in tumour take rates among SCID mice of different 
backgrounds and from different vendors. 


Other Immunodeficient Models 


In recent years, other gene mutations have been shown 
to affect immunity in rodents. Their use as xenograft 
hosts, relative to the more established models, remains 
to be firmly established. However, it seems likely that 
additional models will continue to emerge. For example, 
null mutations in the RAG1 and RAG2 genes in humans 
produce a severe immunodeficiency characterized by lack of 
mature B and T cells (Omenn syndrome). The deficiency 
is a result of a loss of V(D)J recombination activity, 
and comparable mutations in these genes in mice produce 


6 PRECLINICAL MODELS FOR HUMAN CANCER 


immunocompromised animals. These mice do not become 
leaky with age. Mice bearing the non-obese diabetes (NOD) 
mutation also exhibit an unusual T-cell ontogeny. When both 
the NOD and scid mutations are present, the mice develop 
thymic lymphomas. While the mice have a relatively short 
lifespan, when a strain that does not exhibit reintegrations 
with the Emv30 retrovirus is used, the frequency of large 
lymphomas is reduced. NOD/SCID mice are widely used 
for the xenografting of human tumour fragments and stem 
cells (see Stem Cells and Tumourigenesis). M ore recently, 
NOD/LtSz-Ragl null mice have been generated. These 
mice have an increased lifespan, reflecting the later onset 
of lymphomas, have no mature B or T cells, and exhibit low 
levels of NK cell activity. These mice will support grafts 
of human haematopoietic stem cells and lymphoid cells. 
Engrafted T cells can be infected with the HIV virus (Shultz 
et al., 2000). 


Sites of Inoculation and Assays for Tumourigenesis 
and Metastasis 


Important experimental end points include determining fac- 
tors that influence the tumourigenic or metastatic potential 
of cells. These are also important characteristics of new 
cell line models. The metastatic cascade is a complex pro- 
cess, requiring cells to invade, migrate, intravasate, survive 
in the circulation, extravasate, and, finally, colonize distant 
sites successfully. While some aspects can be modelled in 
vitro, for example, invasiveness and motility, several differ- 
ent assays have been used to measure metastasis in vivo. 
Direct inoculation of tumour cells into the circulation is 
among the more common approaches. The route of systemic 
inoculation can affect the likely pattern of metastasis. | ntrac- 
ardiac injection increases the probability of obtaining bone 
metastases (Thompson et al., 1999). This can be important 
for studying cancers such as breast cancer, where bone metas- 
tasis is a common feature of the human disease. 

Systemic inoculation does not fully replicate the entire 
metastatic process, for example, the initial steps of local 
invasion, migration, and intravasation are not required. These 
approaches are often referred to as representing experimental 
metastasis. More rigorous estimates of metastatic potential, 
at least for solid tumour models, require the demonstration 
of an ability to metastasize from a solid tumour. 

The site of inoculation becomes an important issue in 
assessing metastatic or tumourigenic potential. Despite the 
widespread use of subcutaneous inoculations, there is sub- 
stantial and compelling evidence that the biology of grafts 
at orthotopic sites (site of the original tumour) can be more 
biologically relevant (M orikawa et al., 1988). 

Perhaps the most widely used model for studying metasta- 
sis has been the B16 mouse melanoma cell line, which forms 
pigmented metastases in several tissues. M ost non-melanoma 
models do not produce such easily detectable metastases. 
However, cells can be tagged with expressed genes produc- 
ing marker proteins, for example, enhanced green fluorescent 
protein, 6-galactosidase. Tumours tagged with these genes 
should be readily detected; but, for the models to be useful, 


their phenotypes also should not be markedly affected by 
high levels of marker gene expression. 

For some assays there are practical restrictions on the 
site of inoculation. Ease and accuracy of solid tumour mea- 
surement are critical and can restrict inoculation sites. An 
immune-privileged site may be required. The subrenal cap- 
sule has been used successfully. Nonetheless, where possi- 
ble, orthotopic transplantation is preferred for most studies. 
Tumour take also can be increased by embedding cells or tis- 
sues in an artificial basement membrane (M atrigel; Collabo- 
rative Research, Bedford, MA, USA) (Fridman et al., 1991). 

An individual cell line may be tumourigenic or metastatic 
in one immune-deficient model and not in another. This 
might occur most frequently when assessing metastatic 
potential, but variability among cell lines for tumourigenicity 
end points also may occur. Where in vivo growth is assessed 
as part of the characterization of a new cell line, more than 
one model should be used. This is more important when 
a cell line appears non-tumourigenic or is not metastatic. 
Thus, the designation of a cell line as non-tumourigenic or 
non-metastatic should indicate in which model(s) these end 
points were assessed. 


GENERAL APPLICATIONS 


X enograft models have been widely used in many cancer 
research- based studies. As indicated above, such studies 
can allow for evaluations on end points of tumourigenesis 
and metastasis, for example, in the characterization of new 
experimental models. One of the most common uses of 
human tumour xenografts is in the evaluation of the anti- 
neoplastic activity of novel therapeutic strategies. This can 
include irradiation regimens; cytotoxic, endocrine, or gene 
therapies; or nutritional studies. For drug-based therapies, 
xenograft models can be used to determine pharmacokinetics, 
toxicology, and activity. In principle, investigators perform 
in animals the equivalent of a clinical trial in humans. 
The aims include the prediction of safe and appropriate 
starting doses and the identification of potential toxicities 
for subsequent human trials. When successfully designed 
and implemented, these animal studies should significantly 
reduce human suffering without excessive and unnecessary 
burden to the animals. The following sections will briefly 
describe some of the more important issues relating mostly 
to drug-based studies. 


Screening of Experimental Agents In vivo: Dose 
Selection and Toxicology 


The determination of safety and anti-neoplastic activity in 
animal models is effectively a prerequisite for the preclinical 
evaluation of experimental agents. Determination of the 
starting dose or dose range is an important consideration. 
Since the presence of tumours can often alter toxicity, itis not 
uncommon for rodent toxicological studies to be performed 
in tumour-bearing mice, although this is not essential. This 
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can be useful where subsequent studies are to be performed 
at the estimated maximum tolerated dose (MTD). 

The issues of toxicology and establishing a starting dose 
for in vivo studies are closely related. Many such studies 
are based on estimations of activity at or below a drug's 
MTD. To estimate the MTD, one simple approach is to do 
a pilot dose range- finding study. A broad range of doses 
is evaluated using only one or two animals per dose. This 
limits the number of animals exposed to toxic or lethal doses. 
A more definitive subsequent study can then be done on 
the basis of the data from the pilot analysis, and an MTD 
estimated, if necessary (UKCCCR, 1998; Clarke, 1997a). In 
such toxicological studies, change in animal body weights is 
often used as an indicator of toxicity. While a loss of body 
weight is frequently used as the end point, a more sensitive 
measure is the detection of a reduction in the rate of weight 
gain in young animals. A loss of 10% body weight should be 
an adequate estimate of toxicity in most studies using adult 
animals. 

Some drugs will produce a severe but transient toxicity. 
Drug-related deaths that occur within several hours of 
administration should not be used to establish the MTD. 
These toxicities often reflect sensitivity to the peak plasma 
concentration resulting from the bolus. The vehicle for drug 
delivery may also be an important contributor to toxicity. 
The volume in which the drug is delivered will vary 
with route of administration, but should be the smallest 
volume practicable for reproducibility of administration. 
More detailed discussions of toxicologic studies can be 
found elsewhere (LoRusso etal., 1990; Clarke, 1997a; 
UKCCCR, 1998). 


Screening of Experimental Agents In vivo: End 
Points for Assessing Activity 


Determining the in vivo activity of experimental agents is 
done using a variety of end points. These are generally either 
excision assays, where the tumours are treated in vivo and the 
response measured either ex vivo following transplantation 
into a new untreated host, or in situ assays, where the 
tumours are both treated and their response measured in vivo 
in the same host (Clarke, 1997a). Excision assays remove 
the contribution of reproductively dead cells to tumour 
volume, but the tumour microenvironment is lost if activity 
is assessed in vitro. In situ assays also can be complicated 
where the kinetics of regrowth is variable or unpredictable. 
Nonetheless, these are generally preferred to excision assays. 

The in situ techniques should be performed on prolifer- 
ating tumours. Growth delay is commonly assessed and is 
defined as the time difference between the tumours in treated 
and control groups to reach a predetermined size (Clarke, 
1997a). Since tumours are of the same size, the data are not 
confounded by the Gompertzian or exponential - quadratic 
kinetics involved (Hanfelt, 1997). For growth delay assays, 
a predetermined end point size is required. This should be 
sufficient to produce tumours that are easily measured, but 
not so large that they include areas of substantial hypoxia or 
necrosis. Generally, the best end point size is close to the 


size at treatment, for example, twice the treatment volume, 
which reduces any effects of treatment on growth rate. Data 
can be analysed as specific growth delay, total cell kill, cell 
kill or dose, or net cell kill (Clarke, 1997a). 

Tumour growth delay estimates often compare treated (T) 
or control (C) or T — C values, with a T/C of <42% usually 
taken as indicating activity. Whether these are based on 
mean or median values, longitudinal analyses may be a more 
effective use of the data. Other approaches for statistically 
exploring growth delay data are described elsewhere (Clarke, 
1997a; Hanfelt, 1997). 

Overall survival has also been widely used as an end 
point for anti-neoplastic activity. When the lethal tumour 
burden of the model is well established, for example, as 
with the P388 and L1210 growing as ascites, survival 
estimates are reliable. However, many solid tumours exhibit 
a poor or unpredictable metastatic potential. Tumour burden 
as a percentage of total body weight can readily exceed 
that observed in humans. When drugs are administered 
intravenously and the P388/L1210 models are growing as 
ascites, a percentage increased lifespan (%ILS) of >40% 
is often used as an estimate of adequate activity. %ILS is 
estimated as 


%ILS = 100(T — C)/C 


W here there is heterogeneity in survival data, this may be 
better estimated as previously described: 


%ILS = 100(HR — 1) 


where HR is the hazard ratio obtained by Cox proportion 
hazards regression analyses (Clarke, 1997a). 

While survival may appear the best-defined end point 
and is the definitive end point in many human trials, 
few institutions now allow death to be used routinely as 
an end point without considerable justification. This is 
not surprising, given the discomfort and suffering often 
associated with the survival end point. It is difficult to justify 
for solid tumours, since most can be used in growth delay 
or excision assays. 

W here possible, survival as an end point could be restricted 
to ascites models. It also may be possible to substitute 
morbidity for death. This requires knowledge of the time 
from the onset of morbidity to death and evidence that this 
period is consistent. To allow others to use the same end 
points and models, the criteria used to define morbidity and 
the verification of its applicability as a surrogate for death 
should be reported (Clarke, 1997a). 

When the end points are “cure” or the proportion of “long- 
term survivors,” the time point at which “cure” or “survival” 
is attributed must be defined. Even a rapidly proliferating 
tumour with Tp = 48 hours could require up to 16 weeks 
post-treatment to establish “cure”. The proportion of long- 
term survivors is also often reported. A reasonable definition 
of this end point is the proportion of animals that survive to 
three times the mean or median survival of the appropriate 
control groups. 
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Studies on Diet and Cancer 


Itis now evident that diet and nutrition may play an important 
role in the development, progression, and management of 
many cancers. Interest in dietary supplements, nutrients, 
and micronutrients continues to increase, as does the need 
to adequately identify and determine their importance and 
place in cancer prevention and therapy. Many such studies 
require the feeding of complex but controlled diets to rodents, 
in a manner that allows for appropriate hypothesis testing 
(Clarke, 1997b). 

Unfortunately, the regular rodent chow diets are not con- 
trolled in terms of a reproducible source for nutrients and 
micronutrients. Thus, when performing nutritional studies, 
or studies on the effects of specific nutritional compo- 
nents, it is necessary to use an appropriately formulated, 
semi-purified diet. While there are many choices available, 
those formulated by the American Institute of Nutrition’s 
Ad Hoc Committees on Standards for Nutritional Studies 
in Rodents have become widely accepted. The modified 
AIN-76A diet has been updated and reformulated to bet- 
ter reflect the varying needs of the animals at different 
stages of growth. The resulting AIN-93G, designed for 
growth, pregnancy, and lactation, and AIN-93M, designed 
for the maintenance of adult rats (Reeves etal., 1993), 
also are more appropriate for long-term carcinogenesis 
studies. 

Many laboratory chows also contain high isoflavone con- 
centrations and could contribute to some of the variations in 
tumourigenesis reported among laboratories (Thigpen et al., 
1999). Perhaps the most widely studied of these isoflavones is 
genistein, which is reported to have anti-neoplastic activity in 
several cell line and xenograft models, including mammary, 
liver, prostate, and colon cancer models. It can also act as 
an antioxidant and is an inhibitor of protein tyrosine kinases, 
angiogenesis, and topoisomerase activity. Effects on serum 
cholesterol and bone mineral density in rodents also have 
been reported (Thigpen et al., 1999). These activities could 
confound data interpretation in endocrine, anti-neoplastic 
activity, and other studies. Where this is a major concern, 
or may be suspected of contributing to outcome, investiga- 
tors may need to consider using a semi-purified diet, such as 
the appropriate AIN-93 modification. 


BIOLOGICAL AND TECHNICAL LIMITATIONS 


There are several limitations to the use of xenograft models. 
Some ethical considerations have already been alluded to 
above. Clearly, there should be restrictions on the use of live 
animals, particularly where this use may involve prolonged 
discomfort, pain, and/or death. A detailed discussion of 
the major issues is beyond the scope of this chapter, but 
some should be self-evident. For example, the use of animal 
models must be carefully considered and justified, no viable 
alternatives should be available, the minimum number of 
animals required for adequate hypothesis testing should be 
used, and every precaution should be taken to eliminate or 


minimize pain or discomfort. All animals should receive 
the highest quality of humane care by appropriately trained 
individuals. 

While the in vivo environment may be more physiologi- 
cally relevant than growth in vitro, it cannot eliminate many 
of the problems associated with the use of human cell lines. 
For example, some cell lines are genetically or phenotypi- 
cally unstable. The adaptation for growth in vitro, or many 
years of culture on plastic, may produce changes that do not 
occur in tumours arising in patients. 

For grafts to be successful, the hosts must be severely 
immunocompromised. The immunobiology of the recipient 
hosts may be very different from the original human host. 
Consequently, some immune effects may be missed, and the 
consequences of others exaggerated by the immunity present 
in the animal model. 

While metastasis is a critical component of the biology 
of cancer in humans, relatively few xenografts accurately 
reproduce the frequency and distribution of metastases. 
Whether this is a problem with the animal hosts or the cells 
or tissue grafted is not always clear. 

There are other obvious potential problems associated with 
the use of non-human species to attempt to predict the safety 
and activity of an experimental agent or regimen in humans. 
For example, the pharmacokinetics of a drug in rodents 
may be very different from that in humans. Generally, it is 
necessary to adjust for interspecies differences, particularly 
in their metabolic rates. One approach is simply to correct 
for body weight, administering the same amount of drug ona 
milligrams of drug per kilogram body weight basis. H owever, 
this is often considered inadequate, with estimates based on 
body surface area (milligrams of drug per square metre) 
providing more comparable data. The approximate correction 
values for milligrams per kilogram, based on surface area, 
have been estimated as (Freireich et al., 1966) 


M ouse — Rat (rat dose = mouse dose in mg kg? x 0.5) 
Rat — human (human dose = rat dose in mg kg~! x 0.14) 


Starting doses for human trials are often selected based 
on one-tenth the MTD in rodents as the approximate starting 
dose for a phase | trial in humans. Using a dose that produces 
comparable pharmacokinetics can increase the predictability 
of the mouse xenograft-to-human tumour model. However, 
in a study of 25 drugs, a starting dose of one-tenth the 
MTD in mice was shown to be safe in humans. Rodent 
toxicological studies can accurately predict the dose-limiting 
toxicity. Toxicological studies in mice also produced better 
estimates than those in rats (Newell etal., 1999). Thus, 
carefully designed studies in mice can produce data that have 
direct relevance for the design of phase | clinical trials. 

Other limitations or concerns may relate to endocrinologi- 
cal investigations. Hormonal supplementation of rodents has 
been widely used to study the regulation of tumourigenesis, 
for example, in breast and prostate cancers. Several endocrine 
agents are known to influence the cell-mediated immu- 
nity effector cells present in many immune-compromised 
rodent models. Oestrogens produce a biphasic effect on NK 
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cell activity, and tamoxifen can induce NK cell activity. 
Oestrogens also may alter B-cell function, increase IgM 
secretion, and inhibit T-suppressor function and T-helper 
maturation. M edroxyprogesterone acetate alters the T4*/T8* 
ratio, whereas lynoestrenol stimulates active T rosetting and 
phagocytosis by monocytes. Thus, the effects of endocrine 
treatments on immune function may require special attention 
in some study designs and could provide a limitation in data 
analysis and interpretation. 


CONCLUSIONS AND FUTURE PROSPECTS 


Despite their limitations, graft models of human cancers have 
provided considerable information. Data from these studies 
have significantly reduced the risks to humans in phase | 
clinical trials and provided invaluable information in the 
design and testing of new cancer therapies. For the moment, 
there are no viable alternatives for many of these types of 
studies. Consequently, investigators must strive to refine, 
reduce, and replace the use of animal models. At some point 
in the future, this should lead to a time when there will no 
longer be either a need or a place for the use of live animals 
in cancer research. 
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BIOLOGICAL BACKGROUND 


The aim of this chapter is to introduce several mathematical 
models which have been developed to analyse theoretically 
the growth and development of solid tumours and other 
associated processes (Such as angiogenesis). Strictly speaking 
the mathematical models that we present are neither in 
vitro nor animal models; perhaps the terms in silico (given 
that an important part of the modelling work is carried 
out on a computer) or in mente (given that much of 
the modelling must be carried out in one’s mind) are 
more appropriate (Little etal., 1998). Whatever the most 
appropriate description of this type of activity, it is clear 
that these are not in vivo models. These are theoretical 
models, which nonetheless can be used to shed light on 
a complicated phenomenon. It is hoped that the work in 
this chapter will be of direct relevance to and will link 
with the work in Genetic Susceptibility to Cancer;H uman 
DNA Tumour Viruses; Telomerase; Apoptosis; Signalling 
by Steroid Receptors; Signalling by Cytokines; and Wnt 
Signal Transduction. Before introducing the mathematical 
models, we will first give a brief biological overview of 
the key stages of cancer progression that we intend to 
focus on and model with systems of mathematical equations. 
Specifically, we focus on the immune response to cancer 
(at an early avascular stage), angiogenesis, and invasion and 
metastasis. 

The development of a primary solid tumour (eg., a 
carcinoma) begins with normal individual cells becoming 
transformed as a result of mutations in certain key genes. 
These transformed cells differ from normal ones in sev- 
eral ways; one of the most notable being their escape from 
the body’s homeostatic mechanisms, leading to inappropri- 
ate proliferation. Individual tumour cells have the potential, 
over successive divisions, to develop into clusters (or nod- 
ules) of tumour cells. Subsequent growth and development 
require many coordinating factors and these are described in 
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the following text. In the most general terms, a neoplasm 
(tumour) may be defined as an abnormal mass of tissue 
whose growth exceeds that of normal tissue, is uncoordinated 
with that of the normal tissue, and persists in the same exces- 
sive manner after cessation of the stimuli which evoked the 
change (M acSween and Whaley, 1992). A cancer, or malig- 
nant tumour, is a tumour that invades surrounding tissues; 
traverses at least one basement membrane zone; grows in 
the host tissue at the primary site; and has the ability to 
grow in a distant host tissue, forming secondary cancers or 
metastases. 

In the following section, we describe the various stages of 
growth involved in tumour progression in more detail. 


Early Solid Tumour Growth and the Immune 
Response 


Tumours which originate spontaneously in humans or 
animals usually grow slowly. Many months, years, or even 
dozens of years, are required for their clinical manifestation 
(Uhr et al., 1997) and the precise nature of this phenomenon 
remains unclear. One of the reasons for the slow growth 
of tumours and, in some cases, for their regression may 
be the reaction of the host immune system to the nascent 
tumour cells. Many authors point out that intensive lym- 
phoid, granulocyte, and monocyte infiltration in a tumour, 
especially pronounced at the early stages, correlates with 
a favourable prognosis (Lord and Burkhardt, 1984). How- 
ever, the possible involvement of the immune system in the 
control of growth and development, including metastases in 
humans, is still a matter of debate. Indeed, some researchers 
do not confirm the prognostic role of lymphoid infiltration in 
a tumour. Moreover, data have been reported which sug- 
gests a stimulating effect of certain cells of the immune 
system on the growth of tumours (Prehn, 1994). These 
apparent contradictions may be associated with, and partly 
explained by, the fact that carcinogenesis is a multi-stage 
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process and that right from its inception there exists a com- 
plex tissue architecture within the tumour. Indeed, a tumour 
is a highly intricate, heterogeneous structure consisting of 
various cells which secrete a considerable quantity of biolog- 
ically active compounds into the local environment (Franks 
and Teich, 1986). 

The early stage of primary tumour formation often occurs 
in the absence of a vascular network and it is believed 
that this stage may last up to several years. The tumour 
nodule grows to an approximate size of 1- 3mm in diam- 
eter, containing close to 10° cells and then growth slows 
down and/or ceases. This limitation of growth is attributed 
by researchers to the competition between tumour cells for 
metabolites, the competition between tumour cells and cells 
of the immune system for metabolites and/or a direct cyto- 
static/cytotoxic effect produced by the tumour cells on each 
other. In addition, the early (avascular) stage and the sub- 
sequent stages of tumour growth are characterized by a 
chronic inflammatory infiltration of neutrophils, eosinophils, 
basophils, monocytes/macrophages, T lymphocytes, B lym- 
phocytes, and natural killer cells (Wilson and Lord, 1987). 
These cells penetrate the interior of the tumour and accu- 
mulate in it due to attractants secreted from the tumour 
tissue and the high locomotive ability of activated immune 
cells (Ratner and Heppner, 1986). During the avascular 
stage, tumour development can be effectively eliminated by 
tumour-infiltrating cytotoxic lymphocytes (TICLs) (Loeffler 
and Ratner, 1989). The TICLs may be cytotoxic lympho- 
cytes, natural killer cells, and/or lymphokine-activated killer 
cells (Lord and Burkhardt,1984; Wilson and Lord, 1987). 
The cytostatic/cytotoxic activity of granulocytes and mono- 
cytes/macrophages located in the tumour is determined less 
frequently. In some cases, relatively small tumours are in cell 
cycle arrest or there is a balance between cell proliferation 
and cell death. This steady state of fully malignant, but reg- 
ulated growth, could continue for a period of many months 
or years (Uhr etal., 1997). In many (but not at all) cases 
such a latent form of small numbers of malignant tumours is 
mediated by cellular immunity (Uhr et al., 1997). Clinically, 
such latent forms of tumours have been referred to as cancer 
dormancy. 

An important factor, which may influence the outcome of 
the interactions between tumour cells and TICLs in a solid 
tumour, is the spatial distribution of the TICLs. A thick shell 
of lymphoid infiltration is often revealed around the tumour 
and even near the central hypoxic zone. This would define 
an internal structure whereby the regions of cell proliferation 
and cell death alternate, with the TICLs located near the 
groups of dying tumour cells. In spite of some progress 
into the investigation of TICLs and their mechanisms of 
interaction with tumour cells, our understanding of the 
Spatio-temporal dynamics of TICLs in small tumours and in 
micrometastases in vivo is still rather limited. It is perhaps 
not surprising, therefore, that this complicated picture has 
not yet received an adequate explanation. Certainly, other 
components of the immune system (eg., cytokines) are 
involved in modulating the local cellular immune response 


dynamics. Many cytokines are produced during cell-cell 
interactions, which can be focussed to perform their func- 
tion over short ranges in space and over short intervals 
of time. Interestingly, strong local immune reactions are 
induced by the release of interleukin-1 (IL-1), IL-2, IL-3, 
IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-15, G- 
CSF, GM-CSF, IFN-a, TNF-a, IFN-y and so on. Each of 
these cytokines recruits and activates some distinct cell popu- 
lation, which could be tumour-infiltrating cells, or the tumour 
cells themselves. Besides immune reactions, other processes 
(e.g., cell proliferation, development, migration, and apopto- 
sis) are governed through complicated feedback loops. The 
experimental analysis of such in vivo functions requires gene 
transfer technology and adoptive cell transfer studies, among 
others. Such studies are, however, hampered by the availabil- 
ity of in vitro cloned TICLs and by the frustrating experience 
that these in vitro propagated killer cells perform relatively 
badly in vivo because of, for example, the downregulation 
of their homing receptors and the upregulation of many of 
the cytokines, among other things (see The Links between 
Inflammation and Cancer). 


Angiogenesis, Vascular Growth, Invasion 
and Metastasis 


As we have seen in the previous section, repeated growth 
and proliferation of the tumour cells during the early phase 
of growth leads to the development of an avascular tumour 
consisting of approximately 10° cells. A solid tumour in this 
state cannot grow any further, owing to its dependence on 
diffusion processes as the only means of receiving nutrients 
and removing waste products. For any further development 
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Figure 1 Initial conditions used for the tumour cells, tumour-lymphocyte 
complexes and the tumour infiltrating cytotoxic lymphocytes. The tumour 
cells are initially confined to the left hand side of the domain between 
x =0 and x =0.2 representing a small tumour; the cytotoxic tumour 
infiltrating lymphocytes initially occupy the right hand region of the domain 
between x = 0.2 and x = 0.8. The tumour-lymphocyte complexes are 
initially distributed between the two and are shown by the dotted curve 
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Figure 2 Spatio-temporal evolution of the tumour infiltrating cytotoxic lymphocytes (TICL) within the tissue at times corresponding to (a) 100, (b) 400, 
(c) 700 and (d) 1000 days respectively. As time evolves, the interactions between the lymphocytes and the tumour cells become more complicated and the 
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Figure 3 Spatio-temporal evolution of the tumour cells within the tissue at times corresponding to (a) 100, (b) 400, (c) 700 and (d) 1000 days respectively. 
The tumour cells intially invade the tissue moving from left to right and are then attacked by the lymphocytes (see figure 2). The complicated spatial 
interactions between the tumour cell and the lymphocytes result in isolated groups or solitary pulses of tumour cells invading the tissue rather than the 


whole tumour mass. 
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Figure 4 Spatio-temporal evolution of the tumour cell-TICL complexes within the tissue corresponding to the evolution of both TICLs and tumour cells 
in the previous two figures. The times correspond to (a) 100, (b) 400, (c) 700 and (d) 1000 days respectively. 


to occur the tumour itself must initiate angiogenesis - the 
recruitment of blood vessels. The tumour cells first secrete a 
variety of angiogenic factors which in turn induce endothelial 
cells in any neighbouring blood vessels to degrade their 
basal lamina and begin to migrate towards the tumour. As it 
migrates, the endothelium begins to form sprouts which can 
then form loops and branches through which blood circulates. 
From these branches more sprouts form and the whole 
process repeats forming a capillary network which eventually 
connects with the tumour, completing angiogenesis, and 
supplying the tumour with the nutrients it needs to grow 
further. There is now also the possibility of tumour cells 
finding their way into the circulation and being deposited in 
distant sites in the body, resulting in metastasis. The complete 
process of metastasis involves several sequential steps, each 
of which must be successfully completed by cells of the 
primary tumour before a secondary tumour (a metastasis) 
is formed. A summary of the key stages of the metastatic 
cascade is as follows: 


e cancer cells escape from the primary tumour; 

e they locally degrade the surrounding tissue and continue 
migration; 

e they enter the lymphatic or blood circulation system 
(intravasation); 

e they must survive their journey in the circulation system; 

e they must escape from the blood circulation (extravasa- 
tion); 

e the cancer cells (from the primary tumour) must then 
establish a new colony in distant organs; 

e the new colony of cells must then begin to grow to form 
a secondary tumour in the new organ; 
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Figure 5 Plot of the total number of lymphocytes within the tissue over a 
period of 80 years. As can be seen the lymphocyte number initially increases 
from a relatively low number to a stable but oscillatory distribution around 
18. At this level the immune response is sufficient to suppress the growth 
of the tumour as can be seen from the results of figure 6. 


e the complete process of growth, angiogenesis, and inva- 
sion can then begin all over again. 


It is highly likely that in vivo, the two processes of 
tumour-induced angiogenesis and degradation of the local 
surrounding tissue (extracellular matrix, ECM ) by the tumour 
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Figure 6 Plot of the total number of tumour cells within the tissue over 
a period of 80 years. The number of tumour cells initially decreases as 
the tumour is attacked and is infiltrated by the cytotoxic lymphocytes. 
Eventually the total number of tumour cells settles down to an oscillatory 
behaviour around a stationary level of approximately 0.02. Although the 
tumour is not eradicated completely, this simulation represents the case 
where the immune response is sufficient to keep the tumour in a harmless, 
dormant state. 
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cells occur simultaneously. Once the capillary network has 
reached the tumour, vascular growth occurs and at this 
stage there is a complex interaction between the vascular 
network, the invading tumour cells, and the extracellular 
matrix. However, for clarity of purpose, we describe each 
of the processes of angiogenesis and tumour invasion/matrix 
degradation separately. 


Tumour-induced Angiogenesis 


Angiogenesis (syn neovascularization), the formation of 
blood vessels from a pre-existing vasculature, is a crucial 
component of many mammalian growth processes. It occurs 
in early embryogenesis during the formation of the placenta, 
after implantation of the blastocyst in the uterine wall. 
It also occurs, in a controlled manner, in adult mammals 
during tissue repair. By contrast, uncontrolled or excessive 
blood-vessel formation is essential for tumourigenesis and 
is also observed in arthritis, abnormal neovascularization 
of the eye, duodenal ulcers, and following myocardial 
infarction (Folkman and Klagsbrun, 1987; Folkman, 1985, 
1995). These instances may be considered as pathological 
examples of angiogenesis (M uthukkaruppan et al., 1982). In 
each case, however, the well-ordered sequence of events 
characterizing angiogenesis is the same, beginning with the 
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Figure 7 Spatio-temporal evolution of the tumour cells within a 2-dimensional domain of tissue at times corresponding to (a) 480, (b) 500, (c) 640 and 
(d) 700 days respectively. Once again a dynamic spatio-temporal heterogeneity is observed. The colour bar at the side of each figure shows the value of 
the different tumour cell densities - white represents a higher density and dark represents a lower density, with red and yellow somewhere in between. 
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Figure 8 Spatio-temporal evolution of the tumour infiltrating cytotoxic lymphocytes (TICL) within a 2-dimensional domain of tissue at times corresponding 
to (a) 480, (b) 500, (c) 640 and (d) 700 days respectively. The colour bar at the side of each figure shows the value of the different TICL densities - white 
represents a higher density and dark represents a lower density, with red and yellow somewhere in between. 


rearrangement and migration of endothelial cells from a pre- 
existing vasculature and culminating in the formation of an 
extensive network, or bed, of new capillaries (M adri and 
Pratt, 1986). 

The first event of tumour-induced angiogenesis involves 
the cancerous cells of a solid tumour, secreting a number of 
chemicals, collectively known as tumour angiogenic factors, 
or TAF (Folkman and K lagsbrun, 1987), into the surrounding 
tissue. These factors diffuse through the tissue space creating 
a chemical gradient between the tumour and any existing 
vasculature. Upon reaching any neighbouring blood vessels, 
endothelial cells lining these vessels are first induced to 
degrade the parent venule basement membranes and then 
migrate through the disrupted membrane towards the tumour. 
Several angiogenic factors, for example, vascular endothelial 
growth factor (VEGF), acidic fibroblast growth factor (aF GF) 
and basic fibroblast growth factor (bFGF), angiogenin, and 
others, have been isolated (Folkman and Klagsbrun, 1987) 
and endothelial cell receptors for these proteins have been 
discovered. Indeed, there is now clear experimental evidence 
that disrupting these receptors has a direct effect on the final 
structure of the capillary network (Hanahan, 1997). 

The initial response of the endothelial cells to these 
angiogenic factors is a chemotactic one (Paweletz and 
Knierim, 1989), whereby the endothelial cells respond to 


the gradients of TAF and migrate towards the source of 
these secreted cytokines, the tumour. Following this, small, 
fingerlike capillary sprouts are formed by accumulation of 
endothelial cells which are recruited from the parent vessel. 
The sprouts grow in length owing to the migration and further 
recruitment of endothelial cells and continue to move towards 
the tumour directed by the motion of the leading endothelial 
cell at the sprout tip. Further sprout extension occurs when 
some of the endothelial cells of the sprout wall begin to 
proliferate. Cell division is largely confined to a region just 
behind the cluster of mitotically inactive endothelial cells that 
constitute the sprout tip. This process of sprout-tip migration 
and proliferation of sprout-wall cells forms solid strands of 
endothelial cells among the ECM. The cells continue to 
make their way through the ECM, which consists, among 
other things, of interstitial tissue, collagen fibres, fibronectin, 
and laminin (Liotta etal., 1983; Paweletz and Knierim, 
1989). Interactions between the endothelial cells and the 
ECM are very important and directly affect cell migration. 
In particular, the specific interactions between the endothelial 
cells and fibronectin, a major component of the ECM, have 
been shown to enhance cell adhesion to the matrix. Cultured 
endothelial cells are known to synthesize and secrete cellular 
fibronectin and the expression of this secreted fibronectin by 
the endothelial cells in cultures (in vitro) closely reflects the 
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Figure 9 Spatio-temporal evolution of the tumour cell-TICL complexes within a 2-dimensional domain of tissue at times corresponding to (a) 480, (b) 
500, (c) 640 and (d) 700 days respectively. The colour bar at the side of each figure shows the value of the different complex densities - white represents 
a higher density and dark represents a lower density, with red and yellow somewhere in between. 


distribution of pre-existing fibronectin observed in matrices 
in vivo (Hynes, 1990). The fibronectin that is produced and 
secreted by endothelial cells does not diffuse, but remains 
bound to the ECM (Hynes, 1990), its central function being 
the adhesion of cells to the matrix. It is a major ligand (both 
cellular fibronectin and plasma fibronectin) between cells and 
matrix materials in many situations. Endothelial cells use 
fibronectin for attachment to the matrix via integrins, a family 
of cell-surface receptors (Hynes, 1990; Alberts et al., 1994). 
It has been verified experimentally that fibronectin stimulates 
directional migration of a number of cell types (including 
endothelial cells) in Boyden chamber assays. These results 
have demonstrated that fibronectin promotes cell migration 
up a concentration gradient and the results of McCarthy 
and Furcht (1984) have further demonstrated that this is a 
response of the cells to a gradient of adhesiveness of bound 
fibronectin, termed haptotaxis (Carter, 1967). Therefore, in 
addition to the chemotactic response of the endothelial cells 
to the TAF, there is a complementary haptotactic response 
to the fibronectin present within the ECM (see Models for 
Tumour Cdl- Endothelial Cell Interactions). 

Initially, the sprouts arising from the parent vessel grow 
essentially parallel to each other. It is observed that once the 
fingerlike capillary sprouts have reached a certain distance 
from the parent vessel, they tend to incline towards each 


other (Paweletz and K nierim, 1989), leading to numerous tip- 
to-tip and tip-to-sprout fusions known as anastomoses. Such 
anastomoses result in the fusing of the fingerlike sprouts into 
a network of poorly perfused loops or arcades. Following 
this process of anastomosis, the first signs of circulation can 
be recognized and from the primary loops, new buds and 
sprouts emerge repeating the angiogenic sequence of events 
and providing for the further extension of the new capillary 
bed. The production of new capillary sprouts from the sprout 
tips is often referred to as sprout branching, and as the 
sprouts approach the tumour, their branching dramatically 
increases until the tumour is eventually penetrated, resulting 
in vascularization (M uthukkaruppan et al., 1982). 

In addition to the contribution made to capillary network 
growth and structure by the endothelial cells, blood flow 
also plays a major role in determining the final structure 
of the network architecture. Blood is a complex fluid, the 
rheological properties of which lead to interesting feedback 
mechanisms during flow through micro-capillary vessels. 
For example, shear stresses generated within the capillary 
network by the flowing blood strongly influence vessel 
adaptation and network remodelling. These shear stresses 
are, in turn, affected by blood viscosity, the distribution of 
which depends upon a non-uniform distribution of haema- 
tocrit (the volume fraction of red blood cells contained 
in the blood) within the host vasculature (known as the 
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Figure 10 Spatio-temporal evolution of a theoretical capillary network generated from the mathematical model. The figure shows the migration of 
endothelial cells at sprout-tips in response to a line source of tumour cells. The parent vessel is located along the left-hand vertical boundary while the 
tumour cells are located along the right-hand vertical boundary. The cells respond chemotactically to TAF gradients and haptotactically to fibronectin 
gradients as well as proliferating. As the sprouts grow and migrate, a branched, connected network is formed which connects with the tumour between a 
time of 10- 15 days and vascularization is achieved. The domain size is 2.5mm i.e. one unit in the x- and y-axis represents 2.5mm. 


Fahraeus effect). However, the distribution of haematocrit 
itself depends upon the spatial architecture of the under- 
lying network and so the feedback is established, “the 
modelling loop is closed”, so to speak. Blood rheology 
and its influence on the remodelling of microvascular net- 
works have been extensively studied by Pries et al. (1998, 
2001a,b) both experimentally and theoretically. From these 
studies, Pries and co-workers have formulated a model 
for vascular adaptation incorporating a number of feed- 
back mechanisms. They have demonstrated that the basic 
requirement for the generation of stable vascular structures 
involves a combination of both haemodynamic and metabolic 
stimuli. 

Tumour-induced angiogenesis provides the crucial link 
between the avascular phase of solid tumour growth and the 
more harmful vascular phase, wherein the tumour invades the 
surrounding host tissue and blood system (Chaplain, 1996). 
However, these apparently insidious features of tumour- 
induced angiogenesis are now being used to combat cancer 
growth, and the clinical importance of angiogenesis as a 
prognostic tool is now well recognized. Anti-angiogenesis 
strategies are also being developed as a potentially powerful, 
non-invasive weapon against the spread of cancer (see 
Models for Angiogenesis). 


Matrix Degradation and Cancer Invasion 


A crucial part of the invasive/metastatic process is the ability 
of the cancer cells to degrade the surrounding tissue or 
ECM (Liotta etal., 1983; Stetler-Stevenson etal., 1993). 
As mentioned in the previous section, the ECM is a 
complex mixture of macromolecules, some of which, like 
the collagens, are believed to play a structural role and 
others, such as laminin, fibronectin, and vitronectin, are 
important for cell adhesion, spreading, and motility. We 
note that all of these macromolecules are bound within 
the tissue, that is, they are non-diffusible. The ECM can 
also sequester growth factors and itself be degraded to 
release fragments which can have growth-promoting activity. 
Thus, while ECM may have to be physically removed in 
order to allow a tumour to spread or intra- or extravasate, 
its degradation may in addition have biological effects on 
tumour cells (see T he Biology of Tumour Stroma, Invasion 
and Metastasis, Models for Tumour Cell- Stromal Cell 
Interactions). 

A number of matrix degrading enzyme (MDEs) such as 
the plasminogen activator (PA) system and the large family 
of matrix metalloproteinases (M M Ps) have been described 
(M atrisian, 1992). While no MDE is completely specific 
for one element of the ECM, some broad preferences are 
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Spatio-temporal evolution of a theoretical capillary network generated from the mathematical model. The figure shows the migration of 


endothelial cells at sprout-tips in response to a circular source of tumour cells. The parent vessel is once again located along the left-hand boundary while 
the circular tumour implant is shown in black at the opposite boundary. The cells respond chemotactically to TAF gradients and haptotactically to fibronectin 
gradients as well as proliferating. As the sprouts grow and migrate, a branched, connected network is formed. Once again the network connects with the 
tumour around 15 days and vascularization is achieved. The domain size is 2.5mm i.e. one unit in the x- and y-axis represents 2.5mm. 


expressed, for example, the gelatinases (two members of the 
MMP family) preferentially cleave the laminar collagens IV 
and V and denatured fibrillar collagens |, II, and III but can 
also digest vitronectin and laminin, at least in vitro. Both PAs 
and the MM Ps have been repeatedly implicated in all of the 
preceding steps of tumour invasion and metastasis (Chambers 
and Matrisian, 1997; Stetler-Stevenson et al., 1996). R egu- 
lation of matrix-degradative activity is highly complex. In 
both these enzyme systems (PA s/M M Ps) there exist several 
endogenous inhibitors (Kleiner and Stetler-Stevenson, 1993), 
and the enzymes are often secreted as inactive precursors 
which must themselves be partially degraded to reach full 
activity. More than one cell type may be involved in the 
activation of any one enzyme (Kleiner and Stetler-Stevenson, 
1993). 

Having described in some detail the key processes that we 
are going to model using mathematical techniques, we now 
turn our attention to the aspect of the mathematical modelling 
itself. In the following sections, we introduce and describe 
several mathematical models for the growth of an avascu- 
lar solid tumour, the immune response to cancer, tumour- 
induced angiogenesis, and tumour invasion/metastasis (see 
M odels for Tumour C ell Adhesion and Invasion and M od- 
els for Tumour Cal- Stromal Cell Interactions). 


PRINCIPLES OF MATHEMATICAL MODELLING 


It is difficult to control experimentally all of the interact- 
ing elements in a tumour. Furthermore, complex biological 
systems, such as the immune system and a cancer in vivo, 
do not always behave or act as predicted by experimental 
investigations in vitro (Prehn, 1994). Mathematical mod- 
elling and computer simulations of these models can be 
helpful in understanding important features in these com- 
plex interrelated systems. In order to understand how one 
goes about formulating a mathematical model and then 
using it to shed light on a given complex biological pro- 
cess, it is useful to have in mind the following algo- 
rithm: 


e Identify the key biological processes and the key biological 
variables (e.g., various tumour cell types, cytokines, matrix 
macromolecules). 

e Identify interactions between these variables (e.g., which 
cells produce which cytokines etc.). 

e Translate these interactions into a mathematical model 
using the appropriate mathematical tools (e.g., ordinary 
or partial differential equations; cellular automata). 

e Carry out computer simulations of the model using, where 
possible, experimentally measured parameter values (e.g., 
cytokine production rates, cell migration rates, etc.). 


10 PRECLINICAL MODELS FOR HUMAN CANCER 


e Analyse the results of the model which should, if the model 
is a good one, at least reproduce observed events. A good 
model will of course go further and will provide extra 
information on (perhaps only qualitative) or explanations 
of how the biological process functions. 


While the first four points of the preceding algorithm 
are relatively straightforward, and indeed so is the first 
statement of the fifth point, it is the final step of producing 
a model which sheds extra light on a process which is 
the most challenging. However, once a reliable model has 
been developed, it is then relatively easy to perform a 
range of “mathematical experiments” on the system (e.g., by 
making changes to the system parameters) and test various 
hypotheses associated with the system or to examine the risk 
associated with these changes. 

In developing mathematical models of cancer growth, we 
are interested in particular in the rates of change of variables 
with time and how the amount (e.g., concentration, density 
etc.) of the variables change from point to point in space. 
The changes in the variables that we study depend on their 
spatial position and on time and mathematically we use tools 
known as differential equations to describe these changes. 

A variable, V, (e.g., concentration of a cytokine or the 
number of cancer cells per unit area/volume, i.e., cell 
density), will therefore be a function of its spatial coordinates 





Figure 12 Spatio-temporal evolution of a three dimensional capillary 
network towards a single layer (plane) of tumour cells positioned on the 
bottom face of the cube. There is a gradient of TAF within the tissue, 
with a high concentration on the bottom face and a lower concentration on 
the top face. The endothelial cells respond chemotactically to this gradient 
as well as gradients of fibronectin in the tissue. A branching network is 
formed which eventually connects with the tumour on the bottom face. 
The domain size is 2.5mm i.e. one unit in the x- and y- and z-axis 
represents 2.5mm. 








Figure 13 Spatio-temporal evolution of a three dimensional capillary 
network towards a central spherical source of tumour cells (cf. avascular 
tumour or multicell spheroid). There is a gradient of TAF within the tissue, 
with a high concentration around the central spheroid decaying to lower 
concentrations in a radially symmetric manner on the boundaries. Once 
again the endothelial cells respond chemotactically to this gradient as well 
as gradients of fibronectin in the tissue. A branching network is formed 
which eventually connects with the avascular tumour in the centre, thus 
providing the tumour with extra nutrients and opening the way for tumour 
cells to escape into the blood stream. The domain size is 2.5mm i.e. one 
unit in the x- and y- and z-axis represents 2.5mm. 


(x,y,z) and time rt. We denote this mathematically by 
writing V(x, y,z,t). To construct a differential equation 
model we make use of calculus (which enables us to 
describe the rate of change of variables) and the law of 
the conservation of mass. Applying these two rules we can 
formulate a generic “conceptual” equation describing the rate 
of change of a substance with respect to time, its migration, 
and its production/decay. Thus we have: 


rate of change of variable = spatial migration + production 
— decay /uptake 


By solving the previous equation mathematically, at any 
given time one can predict how much of the variable (e.g., 
number of cells, amount of cytokine) is present in one’s 
system. One may draw an analogy between the preceding 
equation describing a biological population (e.g., of cells, 
amount of a cytokine) and the population of a country - 
at any given time the number of people in the country 
can be calculated from the number of immigrants/emigrants 
(cf migration/diffusion) and the number of births/deaths (cf 
production/decay). 
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Figure 14 Figures (a), (b), (c) show the development of an dynamic adaptive tumour-induced capillary network accounting for the effect of blood flow, in 
particular wall shear-stress, on the network structure. The major effect of the wall shear stress is to induce lateral branching. Figures (d), (e), (f) show the 
progrss of an administered chemotherapy drug as it passes through the network and eventually reaches the tumour cells at the bottom edge of the domain. 
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Figure 15 Plot of the amount of chemotherapy drug reaching the tumour 
over time corresponding to the flow pattern shown in Figure 14. 


APPLICATIONS OF MATHEMATICAL MODELLING 
TO TUMOUR GROWTH 


In the following sections, we present three specific mathe- 
matical models which examine the three important processes 
of (i) the immune response to cancer; (ii) tumour-induced 
angiogenesis; and (iii) tumour invasion and metastasis. In 
each case, the mathematical model is an attempt to capture 
the essential biological processes, while retaining simplicity 
to a certain extent. Each process has already been described 
in some detail in Biological Background and the reader can 
refer to this section if necessary to follow the details of 
the mathematical equations. In addition, full details of each 
model can be found in certain key references which are cited 
(see Models for Immunotherapy and Cancer Vaccines). 


Modelling the Immune Response to Cancer 


We consider a simplified process of a small, growing, avascu- 
lar tumour which produces signals (e.g., secretes cytokines) 
that attract a population of lymphocytes. These signals are 
recognized by lymphocytes and the tumour cells (TCs) 
are then directly attacked by TICLs (loannides and W hite- 
side, 1993). The humoral immune response, the interactions 
between cells of the immune system and dysnamics of 
cytokines in the tumour will be accounted for indirectly, 
because data related to these processes are often contradic- 
tory and many important mechanisms of cytokine dynamics 
in tumours are unknown. Local interactions between TICLs 
and tumour cells in vivo may be described by the following 
simplified kinetic scheme; see Kuznetsov et al. (1994) and 
Chaplain et al. (1998) for full details. 


Ky «2p E+T* 


1 (1p) E*+T 


where E, T, C, E*, and T* are the local concentrations of 
TICLs, TCs, TICL-TC complexes, inactivated TICLs, and 
“lethally hit” or “dead” TCs, respectively. The parameters 
kı, kı, and k are non-negative kinetic constants defined 
as follows: kı and k_; describe the rate of binding of 
TICL to TC and detachment of TICL from TC without 
damaging cells; k2 is the rate of detachment of TICL from 
TC, resulting in either irreversibe programming TC for lysis 
with probability p or inactivating TICLs with probability 
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Figure 16 Spatio-temporal evolution of tumour cells invading tissue while secreting matrix degrading enzymes. As the enzymes degrade the tissue (ECM ) 
the tumour cells invade and form two distinct clusters, those mainly driven by diffusion and those driven by haptotaxis. The cluster of tumour cells at the 
front may break away completely from the original mass and either go undetected in surgery or connect with the lymph/circulatory systems and then go 


on to form metastases. 


(1 — p). Substantiation of the above scheme has already been 
discussed at greater length in Kuznetsov etal., (1994). It 
can be shown (see Chaplain et al., 1998; M atzavinos et al., 
2004) that it is sufficient to study the interaction of the 
three populations T, Æ, and C (the other two can then be 
deduced from these). Using the law of mass action, and 
under the assumption that the tumour cells and the TICLs 
can diffuse but the complexes cannot, the above scheme 
can be translated into the following system of differential 
equations: 





diffusion recruitment 
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In addition to kinetic interactions, we have also assumed that 
the TICLs and the tumour cells can both diffuse throughout 
the tissue and this cell migration is represented by the first 
two terms in equations (1) and (2) respectively. The other 
terms in the model, in addition to those derived from the 
kinetic interaction scheme, account for (i) a recruitment 
of TICLs from the host tissue, under the assumption that 
the host immune response provides a constant supply o of 
TICLs; (ii) an additional recruitment of TICLs modelling the 
migratory response of the TICLs to the secretion of cytokines 
by the complexes (represented by the tem pET/(n+ T)); 
(iii) the natural death of the TICLs (represented by the term- 
a), and (iv) the proliferation of the tumour cells (represented 
by the logistic growth function a(1 — B)TT). 

All the parameters in the model equations can be estimated 
from actual experiments (K uznetsov et al., 1994; Chaplain 
et al., 1998; Matzavinos et al., 2004; M atzavinos and Chap- 
lain, 2004). With this information one can analyse equations 
(1)-(3) numerically and simulate the interactions between a 
small avascular tumour and the immune system represented 
by lymphocyte infiltration. The results are presented in the 
next section. 


Interpretation of Model Results 


We simulated equations (1)-(3) in a one-dimensional spatial 
domain 0 < x <1 representing a unit of tissue. Figure 1 
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Figure 17 Spatio-temporal evolution of individual tumour cells invading tissue. The figure shows the early stages of invasion with tumour cells migrating 


from the centre (x = 0.5, y = 0.5) outwards into the tissue (ECM ). 


shows the initial conditions used in the model simulations. 
The tumour cells are initially located in a small cluster 
representing a small avascular tumour in the left-hand 
region of the domain between x =0 and x =0.2. The 
TICLs are initially located in the right-hand region of the 
domain between x = 0.2 and x = 0.8. Between the two cell 
populations is an initial group of TICL-TC complexes. 

Figures 2, 3, and 4 show the distributions of each 
variable (TICL, TC, and complexes) throughout the domain 
at increasing times. One can see from the figures that as the 
cells interact and migrate they produce rich spatio-temporal 
dynamics resulting in a highly heterogeneous distribution of 
lymphocytes, tumour cells, and complexes throughout the 
tissue. This heterogeneity is certainly observed in actual 
small solid tumours, infiltrated by lymphocytes (K uznetsov 
et al., 1994). 

Figures 5 and 6 show the (scaled) total number of 
lymphocytes and tumour cells within the tissue. From 
these results we clearly see that, although there is a very 
heterogeneous spatial distribution of cells in the tissue, 
the total number of lymphocytes increases over time to a 
maximum, while total number of tumour cells decreases to a 
minimum. This results in the tumour being kept under control 
by the immune system (cf tumour dormancy). However, one 
can show (results not presented here) that by changing one 
of the key parameters of the model by a small amount (the 
parameter p), the tumour escapes the immune system control 


and completely invades the tissue, increasing its total number 
of cells as it proceeds. This result has certain implications for 
maintaining tumour dormancy via immunotherapy treatment 
(Uhr et al., 1997). 

This work has been recently extended by Chaplain and 
Matzavinos (2006) to account for a more realistic two- 
dimensional tissue domain. Figures 7, 8, and 9 show the 
results of simulating the model in a two-dimensional domain. 


Modelling Tumour-induced Angiogenesis 


The initial mathematical model in this section describes the 
interactions between endothelial cells n, angiogenic factors 
(cytokines) c, and an adhesive matrix macromolecule such 
as fibronectin f. Full details of the model can be found in 
the papers of Chaplain and Anderson (1997); Anderson and 
Chaplain (1998); Chaplain and Anderson (1999); and Schor 
et al. (1999). The basic assumptions of the model are as 
follows: (i) the endothelial cells migrate randomly, respond 
to the cytokines via chemotaxis, and respond to the matrix 
macromolecule via haptotaxis; (ii) the cytokine is produced 
by tumour cells and diffuses into the matrix where it is taken 
up by endothelial cells through binding; (iii) fibronectin is 
present in the matrix, is synthesized by endothelial cells, 
and is bound by the cells via integrins; there is also some 
degradation due to degradative enzymes. 
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Figure 18 Spatio-temporal evolution of individual tumour cells invading tissue as in figure 17 but at later times. As can be seen a certain number of 
individual cells break away from the main tumour mass and penetrate the tissue more deeply; some in fact reach the boundaries of the domain. These cells 
may then either go undetected in surgery or connect with the lymph/circulatory systems and then go on to form metastases. 


The complete system of equations describing the inter- 
actions of the endothelial cells, the angiogenic factors, and 
fibronectin is therefore given by: 
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The model as presented describes the so-called basic tissue 
response unit (Schor etal., 1999; Chaplain and Anderson, 
1999), whereby individual cells respond to their local tis- 
sue milieu through interactions with cytokines and matrix 
macromolecules. Once again, as with the model of the previ- 
ous section, all parameters in the model are estimated from 
experimental data found in the literature. One can use the 
model to simulate the basic interactions between the endothe- 
lial cells, the matrix, and a generic angiogenic cytokine. The 


mathematical technique of discrete biased random walks pio- 
neered by Chaplain and Anderson (Chaplain and Anderson, 
1997; Anderson and Chaplain, 1998) enables us to follow 
the paths of individual endothelial cells. This technique also 
enables us to explicitly include in the model crucial pro- 
cesses such as sprout branching, anastomosis, and localized 
cell proliferation. The theoretical results of our numerical 
simulations are presented in the next section. 


Interpretation of Model Results 


The following figures show the theoretical capillary networks 
generated and predicted by the mathematical equations (4)- 
(6). Figure 10 shows the evolution of a theoretical capillary 
network at various stages in its development between 4 and 
15 days. The parent vessel (cf a limbal vessel) is located 
along the left-hand edge of the domain, while the tumour 
cells are located along the right-hand edge. The size of the 
domain is 2.5mmx2.5mm. As can be seen, the capillary 
sprouts grow, elongate, branch, and fuse together as they 
progress through the tissue towards the tumour cells before 
they finally connect up in the final figure. Figure 11 shows 
evolution of a theoretical capillary network in response to a 
small circular tumour implant. All parameter values were the 
same as those used to generate the results of Figure 10. The 
only difference is the “shape” of the underlying concentration 
field of angiogenic factor. 
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Figure 19 Plots of the spatial distributions of cancer cell density, extracellular matrix density (tissue), urokinase plasminogen activator (uPA ) concentration, 
plasminogen activator inhibitor (PAI-1) concentration and plasmin (figures a,b,c,d,e respectively) showing the heterogeneous distribution throughout the 
domain. The colour bar at the side of each figure shows the value of the tumour cell and extracellular matrix densities, and the uPA, PAI-1 and plasmin 
concentrations. Red represents a high density/concentration while dark blue represents a low density/concentration. Y ellow/green represents a medium value. 


These two figures are a mathematical simulation/represen- 
tation of actual experiments carried out using the corneal 
assay technique (M uthukkaruppan et al., 1982). 

Figures 12 and 13 show the results of the model in three 
spatial dimensions in a cube of tissue of size 2.5mm x 
2.5mm x 2.5mm. In these cases, the capillary networks 
generated are theoretical representations of the actual in vivo 


situation. In Figure 12, the network responds to a flat layer 
of tumour cells on the bottom face of the cube of tissue. In 
Figure 13, the network is responding to a central spherical 
mass of tumour cells, representing a small, spherical tumour. 

In all cases, the model generates quantitatively realistic 
networks in terms of the morphology, structure, and growth 
rate. 
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Once again, one can change certain key parameters of 
the model (e.g., chemotactic response, haptotactic response 
of the endothelial cells) and can perform anti-angiogenic 
experiments (Orme and Chaplain, 1997). 

In recent years, this basic model has been extended 
and developed to include the crucially important effect of 
blood flow on network growth and structure (McDougall 
et al., 2002; Stephanou et al., 2005, 2006). This work has 
culminated recently in the development of a fully dynamic, 
adaptive tumour-induced angiogenesis (DATIA) network 
model, where the effect of wall shear stress plays a major 
role (McDougall et al., 2006; Chaplain et al., 2006). Using 
this new DATIA model one can calculate important variables 
such as flow rate through the network, vessel length, network 
area/volume, and the fractal dimension of the network. All 
these variables are important in designing drugs to target 
tumours (Jain et al., 1997) and with some refinement, the 
model could be implemented to optimize anti-angiogenic 
strategies in terms of drug design or drug scheduling. Figures 
14 and 15 show the evolution of a dynamic adaptive capillary 
network, the flow of a chemotherapy drug throughout the 
network and the amount of drug reaching the tumour cells 
over time. 


Modelling Tumour Invasion and Metastasis 


The mathematical model in this section describes the basic 
interactions between tumour cells and the ECM during the 
process of tissue invasion. Full details of the model can be 
found in Anderson et al. (2000). The key variables in the 
model are the tumour cells n, matrix degrading enzymes e 
(MDE), and the matrix (ECM) m. The enzymes are assumed 
to be produced by the tumour cells, diffuse into the tissue and 
degrade the matrix; the tumour cells are assumed to migrate 
randomly and also via haptotaxis in response to gradients of 
the enzymes; and finally, the matrix is passively degraded 
by the enzymes. Hence the complete system of equations 
describing the interactions of the tumour cells, ECM, and 
MDE is 


random motility haptotaxis 
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As in the previous two models, once again we estimate the 
model parameters from the experimental literature. Using 
the model, we can therefore simulate the basic interaction 
between the cancer cells, the matrix and a generic matrix 
degrading enzyme, for example, an MMP. 


Interpretation of Model Results 


The following figures show the theoretical invasive spread 
of cancer cells as predicted by the mathematical equations 
(7}= (9). 

Figure 16 shows the migration of a group of tumour cells 
as it invades a one-dimensional domain 0<x<1 representing 
the host tissue. As can be seen as time evolves, the matrix 
is degraded by the enzyme, creating a gradient in matrix 
concentration. Through haptotaxis (directed migration in 
response to the gradient of matrix) a portion of the tumour 
almost “breaks away” from the main tumour mass and 
continues to invade as a solitary front while a central mass 
of tumour is left behind. 

Figures 17 and 18 show the results of model simulations in 
two space dimensions. In these figures, we use the model to 
track the paths of individual invading cancer cells. Initially 
a small central mass of cancer cells are in the centre of the 
domain, surrounded by tissue (ECM). In the early stages 
of the process, all cells remain as a compact central mass 
but as time goes on, individual cells break free from the 
central mass and penetrate more deeply into the tissue. These 
cells could potentially be missed by a surgeon during any 
operation to remove the primary tumour and could therefore 
lead either to recurrence of the primary cancer or escape and 
lead directly to metastases. 

This initial invasion model has been recently developed 
and extended by Chaplain and Lolas (2005, 2006) to take 
into account a more detailed description of the complex sig- 
nalling pathways involved in cancer invasion. In particular, 
the specific role of the urokinase plasminogen activator (uPA ) 
system has been investigated and a partial differential equa- 
tion model describing the interactions of cancer cells c, tissue 
v, UPA u, UPA inhibitor p, and plasmin m. The full system 
is as follows: 
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This model exhibits very interesting highly dynamic spatial 
heterogeneity as can be seen in Figure 19. 

The results of the model show that the invasive capability 
of a cancer is predicted by the model and that cell-matrix 
interactions are crucial in this process. Once again, by 
changing key parameters we can perform theoretical anti- 
invasive experiments or predict how far the leading cancer 
cells penetrate into the tissue. This information could then 
be used in deciding how much tissue to resect in surgery. 


PERSPECTIVES 


In this chapter, we have attempted to show how mathematical 
techniques can be used to model certain key processes and 
key stages of cancer growth. The first model examined the 
immune response to cancer and showed that under certain 
conditions, the host immune response could be sufficient 
to suppress a small avascular tumour. However, although 
the tumour remained dormant in the sense that the total 
number of tumour cells was kept under control, the actual 
spatial distribution of the cells throughout the tissue was 
very heterogeneous and complex. Moreover, with a small 
change in one of the system parameters, the tumour would 
continue to grow and escape the immune response. More 
detailed analysis of the model may shed light on how to 
treat tumours using optimal immunotherapy techniques. 

In the second model, the important process of tumour- 
induced angiogenesis was examined via a mathematical 
model. Using recently developed mathematical techniques, 
we were able to study the growth and form of a capillary 
network by tracking the motion of individual endothelial 
cells. Using experimental parameter values in our model and 
incorporating explicitly the processes of sprout branching, 
anastomosis and localized cell proliferation, we were able 
to generate quantitatively accurate structures in both two 
and three spatial dimensions. There is great potential for 
developing this model further and creating a “mathematical 
angiogenesis assay”. This could be used to study and measure 
important quantities such as flow rates through the network 
(cf chemotherapeutic drugs, anti-angiogenic drugs); network 
growth rate; network area/volume; and network connectivity. 
K nowledge of these variables could then be used to optimize 
chemotherapy regimes. 


In the third and final model presented here, we examined 
the process of tumour invasion of the surrounding tissue. 
Once again, our mathematical model enabled us to focus on 
the key processes involved in invasion and to make certain 
predictions. The model enabled us to track individual cancer 
cells as they secreted matrix degrading enzymes and migrated 
through the host tissue. The model naturally captured one 
of the key features of cancer invasion - that of the break- 
off of small clumps of cancer cells from the central mass. 
The model showed that the key process enabling this to 
happen was haptotaxis and so directed cell migration and 
therefore cell-matrix interactions are of crucial importance. 
In developing the model further, we will be investigating 
ways of trying to localize the tumour cells and prevent small 
clusters from breaking away from the central mass; we will 
also be investigating how to predict the maximum distance 
that individual cells may penetrate into the tissue away from 
the central mass. Such investigations may eventually lead 
to more accurate surgery being carried out, with a greater 
survival rate for patients. 

All the mathematical models presented are necessarily a 
simplification of the actual processes they seek to describe. 
Nevertheless, even in their present form they each shed light 
on complicated “non-linear” processes and make predictions 
about these processes. As new and more powerful mathe- 
matical and computational techniques become available, the 
accuracy and predictive power of the models will increase, 
which in turn will bring them to bear on the clinical decision 
making process and eventually benefit patients. 
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BIOLOGICAL BASICS 


Early Tumour Growth is Obscured in Patients 


Tumours typically are genetically clonal suggesting that they 
arise from a single cell by somatic mutation. Common targets 
are a number of (proto)oncogenes with a regulatory role 
in the control of cell proliferation (Figure 1). Accordingly, 
the cells forming a typical human tumour are expected to 
divide about 30 times until the tumour will become clinically 
detectable within the patient at a mass of about 1 g (Begg, 
1993). It takes less than 10 additional cell divisions before 
the mass were to approach 1 kg, killing the host through 
the excessive tumour burden (Figure 2). As soon as the 
tumour is detected, therapy must obviously be initiated. Thus 
typically, tumour growth in patients can only be studied 
during less than the last quarter of its growth history and 
in the presence of therapeutic interference. During the final 
growth stages of large tumours, cell loss rates by necrosis, 
for example due to insufficient blood supply, may begin to 
approach proliferation rates that are not representative of the 
earlier undetected growth phase (Alison and Sarraf, 1997a). 
Consequently, much of our limited understanding of tumour 
growth has been derived from animal models (Figure 3) or 
in vitro cell culture models, a main focus of this chapter. 


Parameters of Tumour Growth 


In terms of population kinetics, the growth of any tissue 
including tumours is described by (i) the rate of individual 
cell division, (ii) the growth fraction of the cell population, 
and (iii) the rate of cell loss from the growing population such 
as through differentiation or cell death (Table 1). Healthy 
organs will be closely controlled by their cell proliferation 
rate, the fraction of proliferating cells, and by cell loss. In 
contrast, cells in a tumour will not necessarily proliferate 
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faster; however, the controls will be greatly relaxed, resulting 
in continued, unrestricted growth. Inflammatory lesions can 
proliferate up to 20 times faster than tumours, but this rapidly 
ceases through intact control mechanisms when healing is 
complete (Table 2). Tumours can often be thought of as 
wounds that do not heal. It is frequently assumed that 
tumour cells multiply exponentially (Figure 3) during the 
early phases of tumour growth (Alison, 1995); however, 
arguments for cell proliferation to proceed geometrically in 
time have also been proposed (Bogen, 1989). As the tumour 
mass increases, the growth rate declines, which results in a 
sigmoid exponential (Gompertz) growth curve as shown for 
an experimental animal tumour in Figure 3. One important 
limiting factor is the difficulty of obtaining a sufficient blood 
supply. This frequently results in necrosis in the centre of 
larger tumours, whereas the cell doubling time typically 
changes little. Under adverse conditions, tumour cells may 
leave the growth fraction and enter the Go or a prolonged G1 
phase of the cell cycle (Figure 4) until nutritional conditions 
become favourable or cell proliferation is stimulated by 
growth factors (see Figure 1). 


Measuring Tumour Cell Proliferation 


The rate of tumour cell division may not tell us much about 
the actual rate of increase in tumour size. However, the 
proliferative index may be a prognostic indicator. High levels 
of cell proliferation may help identify patients who should 
particularly benefit from aggressive antitumour therapy. Cell 
population kinetics are directed at the state and the rate 
parameters of proliferating tumour cells. This involves the 
determination of population size or cell numbers, the rates 
by which cells transit (fluxes) between different phases of 
the cell cycle, and the time cells spend in a specific phase of 
the cell cycle (Figure 5). 
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Figure 1 Major classes of signalling mediators in cell proliferation control 
and selected oncogene representatives. Growth factor signals are transmitted 
into cells via specific membrane-spanning receptors. These activate various 
mediators including protein kinases connecting to signalling networks that 
control the cell cycle. Mechanisms include the regulation of transcription 
factors in the cell nucleus that control the expression of specific genes. For 
several classes of mediators altered forms are represented by oncogenes. 
One or two oncogene examples for selected mediator classes are shown 
in lower-case letters (sis, erbB, ras, src, raf, myc) next to the respective 
mediator (shown boxed in capital letters). 
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Figure 2 Correlation between the mass of a tumour, its approximate cell 
number, and the numbers of required cell doublings (assuming an origin 
from a single cell and 10° cells per gram). Only the final quarter of the 
growth phase is clinically observable. 


Radioactive Markers for DNA Synthesis 


Simple methods for measuring cell proliferation define only 
state parameters since they provide information about the 
proliferative state of cells but not about the rate at which 
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Figure 3 The phases of experimental tumour growth. Following an initial 
lag phase, early growth proceeds exponentially for several days before 
it slows and reaches a plateau. This is mainly caused by increased cell 
loss (such as through necrosis) that essentially balances the continuing 
proliferation to a static level of viable cells. 


Table 1 Comparison between growth fraction and cell doubling time: a 
correlation is shown for a number of experimental and human tumours. 





Tumour Growth fraction (%) Doubling time (days) 
Experimental tumours 

L1210 (mouse) 86 0.5 
B 16 (mouse) 55 1.9 
LL (mouse) 38 2.9 
DMBA (rat) 10 7.4 
Human tumours 

Embryonal carcinoma 90 27 
Lymphoma (high grade) 90 29 
Squamous cell 25 58 
carcinoma 

A denocarcinoma 6 83 


they occur. The mitotic count is often defined as the number 
of mitoses per 10 high-power microscope fields (HPF) but 
takes no account of cell size. The typically preferred mitotic 
index (MI) is the percentage of the cell population that is 
found in the mitotic phase of the cell cycle (Figure 4). It 
depends on the time that cells spend in mitosis as well as on 
the fraction of cells in that phase, two parameters that cannot 
be discriminated. Radioactively labelled [°H ]thymidine is 
specifically incorporated into DNA, but not into RNA, and 
has been widely used since its first description half a century 
ago. It is typically measured as a pulse labelling index 
(TLI%), which represents the percentage of cells in the 
S phase of the cell cycle (Table 2). It is always larger 
and presumably more reliable than the MI. The major 
drawbacks of this method are the cost of the reagent; the 
required photographic materials, darkroom and technical 
expertise; and the time of several weeks required for the 
autoradiographic detection. In addition, in human patients 
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Table 2 Comparison of growth parameters between human neoplasms and 
normal tissues: a correlation is shown between the labelling index and the 
estimated cell doubling time for a number of tissue sources. 


Estimated cell 








Cell type Labelling index (%) doubling time (days) 
Normal bone marrow 32-75 0.7-1.1 
myeloblasts 

Acute myeloid 8-25 0.5-8.0 
eukaemia 

Normal B-cell 0-1 14- 21+ 
ymphocytes 

High-grade lymphoma 19-29 2=3 
Normal intestinal crypts 12-18 1-2 
Colon adenocarcinoma 3-35 1.6-5.0 
Normal 2-3 - 
epithelium/pharynx 

Squamous cell 5-16 2-4 
carcinoma of the 

nasopharynx 

Normal - 9-10 
epithelium/bronchus 

Epidermoid carcinoma 5-8 8-10 
of the lung 

Normal 4-8 E 
epithelium/cervix 

Squamous cell 13- 40 = 
carcinoma of the cervix 

Ovarian carcinoma 3-20 5-6 
Benign mole of skin 0.3 7 
Malignant melanoma of 12.8 - 
skin 


the considerable radioactive burden is a drawback through 
the 3H radioactive half-life of more than 10years. This 
can be reduced by the use of [!1C]thymidine with a half- 
life of only hours to study uptake by positron-emission 
tomography (PET). Bromodeoxyuridine (BrdU ) represents a 
major alternative that is similarly incorporated specifically 
into DNA during DNA synthesis. It can be detected by 
specific monoclonal antibodies even in alcohol-based and 
formalin-fixed, paraffin wax - embedded tissue sections based 
on standard indirect immunolabelling techniques within days. 
It is the method of choice for identifying the S-phase 
fraction where the substrate can be administered to live 
experimental animals and some cancer patient groups (A lison 
and Sarraf, 1997a). 


Antibodies for Cell Cycle Markers 


As a common disadvantage, both the DNA incorporation 
methods are limited to vital tissues and cannot be applied to 
archival material in retrospective experiments (Hall, 1992). 
This limitation is overcome by monoclonal antibodies such 
as MIB1 (Molecular Immunology Borstel). This antibody is 
directed against the Ki-67 protein that is expressed in all 
phases of the cell cycle and represents a preferred diagnostic 
tool with few disadvantages. As an alternative, proliferating 
cell nuclear antigen (PCNA), an auxiliary factor to DNA 
polymerase 6 can be detected immunohistochemically in 
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Figure 4 The proliferating and resting phases of the cell cycle. Cells are 
found in a gap (G; or G2) phase when they are not synthesizing DNA (S 
phase) or completing mitosis (M phase). Normal cells are capable of resting 
(quiescence) in a non-dividing state, termed Go. One or more cycles of cell 
division begin once there is a need to maintain or replace tissue and stop 
when the required proliferation has been accomplished. Protein and RNA 
synthesis are active in the first gap phase (G1). If conditions are permissive 
for subsequent cell division, cells pass through a restriction point (R) and 
quickly move into the synthetic phase (S) in which new DNA is synthesized. 
A second gap phase (G2) follows when the newly duplicated chromosomes 
condense. In the mitotic phase (M ) the chromosomes divide into two sets, 
and the cell forms two nuclei and divides into two daughter cells. When 
normal cells differentiate, typically with a gain in the specialized properties 
required for organ or tissue functions, they typically lose the capacity to 
continue cell division. This can be irreversible in terminal differentiation. 
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Figure 5 The principle of a DNA histogram as analysed by flow cytome- 
try. (a) Cells double their DNA content as they pass through S phase and 
cells in Gz have twice the DNA content of G, cells. (b) Representation of 
cell segregation by flow cytometry when sorted on the basis of DNA con- 
tent. (c) DNA histogram obtained by flow cytometry. The exact number of 
cells in each category is derived by computer analysis. (Reproduced from 
(Alison and Sarraf, 1997a) by permission of Cambridge University Press). 
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routinely processed tissues during and even shortly after the 
cell cycle owing to the long half-life of the antigen. As a 
disadvantage, it is easily destroyed by prolonged fixation 
(Alison, 1995). 


Metaphase Arrest 


The proliferative indices described in the preceding text 
cannot discriminate between changes in the proliferative rate 
or in the duration of the cell cycle phases. As a solution, the 
metaphase arrest technique provides a firm kinetic parameter 
in the rate of entry into mitosis, over an experimental 
period as short as 2.5 hours. The vinca alkaloids, vincristine 
and vinblastine, have found widespread use as arresting 
agents that disrupt the assembly of the mitotic spindle and 
result in characteristic, abnormal, and easily recognizable 
mitotic figures. H owever, for accuracy, this approach requires 
multiple samples that limit its application to experimental 
models (Alison, 1995). 


Flow Cytometry 


A considerable disadvantage of light microscopic evaluation 
results from having to score thousands of cells in a time- 
consuming procedure. This is addressed by flow cytometry 
that automatically measures the DNA content of large cell 
numbers in suspension. For this purpose, DNA is stained 
by a fluorescent DNA-binding dye and individual cells 
are directed through an exciting laser beam. The resulting 
fluorescence signal is proportional to the amount of nuclear 
DNA that reflects the stage of the cell cycle. Data are directly 
generated for computerized and statistical analysis of cell 
populations (Figure 5). The labelling index can be estimated 
by measuring the BrdU-DNA profile in parallel. Patients 
can be injected with BrdU, and its incorporation into cellular 
DNA can be measured by indirect immunofluorescence with 
a distinct fluorescent dye in parallel to the DNA content. 
Data can be displayed as a two-dimensional histogram of 
cell populations in different stages of the cell cycle (Alison 
and Sarraf, 1997a). 


Control of Cell Differentiation 


In addition to abnormalities in the regulation of cell pro- 
liferation, most, if not all, tumours show abnormalities in 
differentiation such as anaplasia. This can help elucidate their 
aetiology, degree of malignancy, prognosis, and sensitivity 
to therapeutic intervention by differentiation- or maturation- 
inducing agents (see Table 3). The state of differentiation of 
a cell refers to its specialization with regard to expression of 
a specific subset of less than half of its more than 20 000 
genes. Differentiation begins shortly after fertilization of the 
embryo and permits its development into specialized organs 
and tissues, whereas proliferation is the primary mecha- 
nism by which cell mass increases early in development. 


Table 3 Cell culture models for in vitro differentiation: for various stem 
cell types the inducers of differentiation and the resulting marker phenotypes 


are shown. 


Stem cell 


Differentiation markers 


Inducers 





Pre-adipocyte 


Basal 
keratinocyte 
M yoblast 


Squamous cell 
carcinoma 


Embryonal 
carcinoma 


Neuroblastoma 


Melanoma 


Colon 
adenocarcinoma 


Breast 
adenocarcinoma 
Bladder 
transitional cell 
carcinoma 
Erythroleukaemia 


Adipocyte 
Cornified envelope 
M yotube 

Cornified envelope 


Endoderm, 
mesoderm, 
ectoderm 
Neuron, 
neurotransmitter, 
action potential 
Dendrite, melanin, 
tyrosinase 

M ucus, dome 
formation, CEA, 
columnar cell 


Casein, dome 
formation 

Keratin filament, 
loss of surface 
antigen 

M ature erythroid 
cell, haemoglobin 


Insulin, cort, cell 
density 

RA deficiency, cell 
density 

GF deficiency, cell 
density 

GF deficiency, cort 


RA, ara-C, mito, 

HM BA, co-culture 
with blastocysts 

PI, 6TG, ara-C, MTX, 
dox, bleo, RA, GF 
deficiency 

PI, dox, DMSO, TPA, 
RA, MSH 

NMF, DMSO, 
butyrate, low glucose, 
IFN, HMBA, cell 
density 

RA, PGE, DMSO 


HMBA 


Dox, ara-C, 6TG, 
mito, dact, aza, 


haemin, DMSO, 
HMBA, CSF, RA, IFN 
IFN, CSF, vitD, TPA, 
DMSO, NMF, dact, 
HMBA, aza, ara-C, 
RA 

CSF, RA, vitD, ara-C, 
dact, DMSO, TPA, 
cort, dox 


Promyelocytic Granulocyte, 


macrophage 


M yelocytic 
leukaemia 


Granulocyte, 
macrophage 


(Data from Cheson et al., 1986; Reiss et al., 1986; Waxman, 1988). ara-C - cytara- 
bine; aza - 5-azacytidine; bleo - bleomycin; CEA - carcinoembryonic antigen; cort - 
glucocorticoids; CSF - colony-stimulating factor; dact - dactinomycin; DMSO - 
dimethyl sulphoxide; dox - doxorubicin; GF - growth factor; HMBA - hexam- 
ethylenebisacetamide; IFN - œ- or y-interferon; mito - mitomycin C; MSH - 
melanocyte-stimulating hormone; MTX - methotrexate; NMF - WN,N-dimethyl- 
formamide; PGE - prostaglandin E; PI - phosphodiesterase inhibitor; RA - retinoic 
acid; TPA - 12-0-tetradecanoylphorbol-13-acetate; vitD - 1,25-dihydroxyvitamin D; 
6TG - 6-thioguanine. 


In a particular cell, the subset of expressed genes is con- 
trolled by a set of specific transcription factors. They depend 
upon the embryonic cell lineage, developmental stage, tis- 
sue and cellular environment, and the specific physiologic 
role of the cell. Gene transcription is regulated by various 
mechanisms including acetylation/deacetylation and methy- 
lation/demethylation that provide the basis for transcription 
therapy (Pandolfi, 2001). Gene expression programmes are 
implemented early in embryogenesis and are subsequently 
modified during development. Throughout development the 
ability of a cell to proliferate is highly dependent on its 
state of differentiation. This state is typically maintained in 
adult cells by various molecules including nuclear factors 
such as myoD or c/EBP-a that activate the transcription of 
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muscle- or adipocyte-specific genes, respectively. Embryonic 
cells typically have the capability to proliferate vigorously, 
migrate extensively, produce enzymes that degrade basement 
membranes, and secrete factors that increase the local blood 
supply. M ost of these characteristics are shared with tumour 
cells and when combined contribute to increased malignancy, 
but have typically been lost in differentiated adult cells. Con- 
sequently, in the adult organism loss of a highly differentiated 
state or activation of embryonic gene expression programmes 
has been found to correlate with malignant properties of 
tumour cells (Mintz and Fleischman, 1981). This includes 
the capability to promote angiogenesis, an important potential 
target for cancer therapy and a negative prognostic indica- 
tor for carcinomas and leukaemias (Weidner et al., 1991). 
However, at least some and perhaps all cancer cells in a 
tumour population retain some capacity to express normal 
developmental features. Examples such as teratocarcinomas, 
neuroblastomas, and leukaemia cells can differentiate nor- 
mally when inserted into the normal embryonic environment 
of a mouse blastula. 


Stem Cells: Differentiation or Proliferation 


Stem cells can be pluri- or multipotent and combine the 
capacity either to differentiate into a variety of cell types 
or to multiply without change in their gene expression pro- 
gramme by simple proliferation (see Table 3). Differentiation 
results in the expression of a specific set of genes that is 
paralleled by a restriction of the cell for further prolifera- 
tion. Embryonic stem cells (ES), including human ES, offer 
great potential to help elucidate organ-specific, coordinated 
gene expression programmes or the development of regener- 
ative medical applications. ES are pluripotent, can be gene 
marked, and can differentiate into many cell types suggesting 
considerable potential for therapy of cancer and degener- 
ative disease. Mesenchymal stem cells (MSCs) differentiate 
into adipocytes, osteocytes, chondrocytes, tenocytes, marrow 
stromal cells, muscle, and possibly neuronal cells. They can 
contribute to the formation of stroma in solid tumours and 
tumour metastases or serve to deliver therapeutic genes such 
as interferon £. Particularly in adults, some cells reach the 
stage of terminal differentiation. This may still allow cells 
to carry out specialized functions over much of the organ- 
ism’s lifespan such as in the case of mature muscle or nerve 
cells. Alternatively, it may result in subsequent cell death 
such as in the case of keratinocytes in the outer epidermal 
layer. The capacity for proliferation including malignant pro- 
liferation appears to be inversely correlated with the state 
of differentiation. Terminally differentiated cells have never 
been found to form tumours, in contrast to less differentiated 
myoblastic or neuronal stem cells. Conversely, when cells 
are induced to proliferate with a potent mitogen or by trans- 
fection of an oncogene, they can no longer undergo terminal 
differentiation. Cancer has been described as a disease of dif- 
ferentiation rather than proliferation (Harris, 2004). Tumour 
cells are generally characterized by their inability to differen- 
tiate terminally under appropriate conditions either in vivo or 
in culture (Rheinwald and Beckett, 1980; Wille et al., 1982). 


The dynamics of constrained information degradation during 
carcinogenesis causes the tumour genome to asymptotically 
approach a minimum information state that is manifested 
clinically as de-differentiated and unconstrained prolifera- 
tion (Gatenby and Frieden, 2004) (see also Mathematical 
Models of Cancer Growth and Development). 


Senescence versus Immortalization 


The finite life span of normal, differentiated cells represents 
an obstacle for malignant transformation and senescence 
partly resembles terminal differentiation. Escape from senes- 
cence by immortalization is therefore seen as a prerequisite 
step for tumourigenesis. Once human cells senesce, it is vir- 
tually impossible to induce proliferation by normal stimuli 
(McCormick and Campisi, 1991). This phenotype is genet- 
ically dominant and induces senescence in hybrids between 
normal and immortal cells or results in a normal pheno- 
type in hybrids between normal and tumour cells. These 
findings have led to the discovery of tumour-suppressor 
genes such as those encoding P53 or the retinoblastoma 
protein RB. The latter is required for terminal differentia- 
tion of myoblasts and for maintenance of the senescent state 
(Gu et al., 1993). 


External Control of Differentiation 


Differentiation typically depends on external factors includ- 
ing the extracellular matrix (ECM), proximity and type of 
neighbouring cells, and soluble factors (Table 3). M embers 
of each category bind to specific cell-surface receptors 
that initiate signal transduction pathways controlling gene 
expression. Tumour cells often lose their ability to sense 
the ECM or neighbouring cells. Malignant human breast 
epithelial cells can often be identified by their ability to 
grow on ECM in a gel that inhibits the growth of normal 
cells in vitro (Lin and Bissell, 1993). An important first 
class of soluble factors includes fibroblast growth factors 
(FGF), transforming growth factors (TGF), and haematopoi- 
etic growth factors such as interleukins. FGF induces meso- 
derm differentiation in early embryos, inhibits differentiation 
of other cells, and plays a role in the survival of endothe- 
lial cells and in angiogenesis. Like FGF, TGF£ stimulates 
the differentiation of some cells such as keratinocytes or 
intestinal epithelial cells but inhibits the differentiation of 
others such as myoblasts and pre-adipocytes. It promotes 
a more differentiated phenotype of some human tumour 
cells and inhibits their proliferation in part by inducing 
expression of cyclin-dependent kinase inhibitors that result 
in loss of cyclin-dependent kinase activity which prevents 
the phosphorylation and thus the inactivation of the RB 
protein (Sherr, 1994). ECM elicits a signalling response 
through cell-surface receptors comparable to soluble pep- 
tide growth factors. The second class of soluble differ- 
entiation factors includes membrane-permeable regulators 
such as retinoic acid (RA, Vitamin A) and its derivatives 
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(Table 3). They control morphogenesis in the early embryo 
via concentration gradients and stimulate or inhibit growth 
or differentiation dependent on the specific cell type. After 
diffusion across the cell membrane into the cell nucleus, 
they bind to specific receptors (RAR). In acute promye- 
locytic leukaemia (APL), RAR fuses with the PML gene 
and results in transcriptional silencing through deacetyla- 
tion of histones. Inhibitors of histone deacetylases are in 
clinical trials of “transcription therapy”. The sex steroids 
oestrogen and testosterone are believed to regulate differenti- 
ation via similar mechanisms through specific nuclear recep- 
tors that control transcription (Dolle et al., 1989). Another 
nuclear receptor, peroxisome proliferator-activated receptor 
y (PPAR y) responds to ligands that result in differentia- 
tion, growth arrest, and apoptosis. PPAR y loss-of-function 
mutations were found in colon cancers possibly through dys- 
regulation of tumour-suppressor protein, PTEN (K onopleva 
and Andreeff, 2002). 


Gene Expression in Differentiation Control 


External differentiation factors cooperate with a small num- 
ber of master regulatory genes including homeotic genes 
to control the expression of differentiation-specific genes. 
Homeotic genes carry a conserved sequence motif termed 
homeobox and play a fundamental role in the definition of 
major body structures and control differentiation of specific 
tissue types. M utations in homeotic genes interfere with dif- 
ferentiation and may reactivate parts of an embryonic gene 
expression programme or suppress aspects of an adult pro- 
gramme. This may result in higher proliferative, invasive, 
or angiogenic potential - features shared by embryonic and 
tumour cells (Deschamps and Meijlink, 1992). Well-studied 
master regulatory genes in a restricted lineage are the MYOG, 
MYOD, and MYD genes, which encode transcription factors 
that regulate muscle differentiation. Inactivating mutations 
select MSCs that are at various stages of commitment to 
muscle differentiation but cannot terminally differentiate and 
possess the potential to form tumours. Typically, cells will 
be controlled by alternative gene expression programmes that 
regulate either differentiation or the cell cycle, such that they 
are largely mutually exclusive (see also Development and 
Cancer: The HOX Gene Connection). 


DNA Methylation 


DNA methylation is essential in mouse development, for the 
inactivation of the X chromosome, in genomic imprinting 
and may play a role in the tissue-specific expression of genes. 
It may explain the requirement for DNA replication where 
methylation occurs before differentiation can begin. M any 
cancer genes are hypermethylated in human cancer cells or 
primary tumours. The resulting silencing has been described 
for tumour-suppressor genes - genes that inhibit tumour 
invasion, metastasis, or angiogenesis - DNA repair genes, 
or hormone receptor genes. The effects of DNA methylation 


on gene expression are likely based on changes in the affin- 
ity to regulatory proteins of transcription. Changes in DNA 
methylation induce differentiation in cultured cell lines such 
as in response to 5-azacytidine or deoxyazacytidine (DAC) 
that show promise in clinical trials for leukaemia. D emethy- 
lating agents have been proposed to reactivate silenced genes 
including the oestrogen receptor and RAR £ genes in “epi- 
genetic” breast cancer therapy. Retinoids may have poten- 
tial for the treatment of colorectal tumours, in particular, 
by combining histone deacetylase (HDAC) inhibitors and 
demethylating agents. However, DNA metylation is unlikely 
to represent a universal mechanism for differentiation and 
does not strictly correlate with gene silencing (M omparler 
and Bovenzi, 2000) (see also The Role of E pigenetic Alter- 
ations in Cancer). 


PRINCIPLES OF ESTABLISHMENT 


In vitro Cell Culture Models 


Progression to cancer in humans is seen as a slow and 
complex, multi-step process typically extending over sev- 
eral decades with each step occurring at low frequency 
at the cellular level (Figure 6). The cellular origin of the 
tumour is often obscured by the heterogeneity and com- 
plexity of the tumour tissue and by the loss of differen- 
tiation markers (Table 3). This makes research on human 
tumours very difficult; research is further complicated by 
their inaccessibility and the need to interfere therapeuti- 
cally as soon as human tumours are detected. The eluci- 
dation of the detailed mechanism of human tumour for- 
mation and growth requires the tools of molecular and 
cellular biology and experimental models in which the pro- 
cess of malignant conversion can be predictably induced 
and reproducibly studied. Cell cultures have become an 
essential model in experimental oncology. This is based on 
the principle that normal, including human, cells growing 
in culture can be altered experimentally into tumourigenic 
cells that undergo morphological transformation (Hahn et al., 
1999). These can be injected into animal hosts where they 
will induce tumour growth in a process termed malignant 
transformation. 


Cell Lines 


Primary cell cultures are initially established by dissocia- 
tion of a tissue into single cells such as by mechanical 
disruption and proteolytic enzyme digestion. In the case of 
mouse embryo tissue, many cells will initially grow but 
the culture will enter crisis within days. Most cells will 
die as a result of their limited lifespan, which is charac- 
teristic for all somatic cells. From rodent tissues, but typ- 
ically not from human tissues, a small number of variants 
are expected to survive, overgrow the culture, and result 
in immortalized cell lines (Figure 7). These are normally 
fibroblasts that will form a monolayer on the culture plate. 
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Figure 6 A model for colorectal cancer progression involving a sequence of six genetic alterations that lead from normal epithelium to a metastatic tumour. 
The gene involved, the type of change, and its chromosomal location are indicated. 
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Figure 7 Principle of rodent fibroblast immortalization. In a primary 
culture of mouse embryo cells, initial cell death is paralleled by the 
emergence of healthy and proliferating cells. As these cells are diluted 
and continue to divide, the culture goes into crisis and most cells die. Only 
a small number of cells survive and proliferate until their progeny finally 
overgrow the culture. These cells constitute an immortalized cell line, which 
will proliferate as long as it is appropriately diluted and supplied with 
nutrients. 


Cells can be dissociated by proteolytic treatment and can 
be subcultured (or passaged) into fresh cultures. In con- 
trast to most primary cultures, immortalized cell lines are 
able to grow at low cell density and allow the cloning 
of single cells into homogeneous populations. However, 
they invariably display abnormal karyotypes, are in many 
respects already preneoplastic, and may undergo sponta- 
neous transformation since they have already acquired the 
first alterations for the transition to the malignant phe- 
notype (Martin, 1996). Primary human cell cultures from 
many tissues also serve as more direct cancer models. This 
has been more challenging for the prostate in part owing 
to the decreasing average tumour mass at diagnosis. Still, 
primary human cultures from normal tissues, premalignant 
dysplastic lesions, primary adenocarcinomas, and mestas- 
tases have been described as models for the progression of 
prostatic carcinogenesis (Peehl, 2005) (see Basic Tissue and 
Cell Culture in Cancer Research and M odels for Prostate 
Cancer). 


Cell Transformation 


Proliferation of cultured cells depends on various nutrients 
that are routinely supplied by a synthetic medium and on 
many other components including growth factors that are 
typically provided by supplementing the medium with bovine 
serum. In particular, rodent fibroblast cultures have become 
popular as in vitro cancer models since immortalized vari- 
ants are easily established and can readily undergo neoplastic 
or malignant transformation by oncogenes (such as from 
tumour viruses) or by chemical carcinogens. Transforma- 
tion is scored most stringently by the cells’ ability to form 
tumours upon injection into experimental animals such as 
immunodeficient nude mice. In contrast to normal cells, 
transformed fibroblasts usually acquire autonomous or unreg- 
ulated growth properties and lose contact inhibition. They 
continue to proliferate at high densities to form cell foci and 
can proliferate when deprived of growth factors (Figure 8). 
They typically display anchorage-independent cell growth 
(Figure 9) in the absence of adhesion to a substratum such as 
ECM and display a more rounded or alternatively, spindlelike 
morphology. These changes result from the disruption of the 
actin cytoskeleton and its connections to and changes in the 
ECM. The changes will often, but not always, correlate with 
the potential to form tumours in vivo. Since transformed cells 
may be rejected by the immune system, immunologically 
compromised nude mice are most commonly used for tests 
of tumourigenicity (Cifone and Fidler, 1980; Li et al., 1989). 


Three-Dimensional (3D) Tissue Culture Models 


Conventional 2D cell culture lacks critical features of human 
tissue. These include the colocalization of distinct cell types 
involving cell- cell interactions and the exchange of effectors 
including growth factors, an ECM to provide a 3D scaf- 
fold, and interstitial fluid containing nutrients and factors 
for differentiation and maturation. Heterologous 3D in vitro 
co-culture models overcome these limitations and provide 
credible and reliable preclinical tumour models. They can 
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Figure 8 Morphological cell transformation. Normal, immortalized fibrob- 
lasts typically grow on a culture dish as a monolayer that is maintained by 
their response to contact inhibition. Transformed cells have typically lost 
contact inhibition and grow on top of each other in a less organized pattern. 
This results in domes of cells termed foci that are frequently visible with 
the unaided eye after many cell divisions. 
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Figure 9 Anchorage-independent cell growth. Normal immortalized 
fibroblasts do not proliferate in a semi-solid medium, such as soft agar. 
The loss of anchorage dependence is a key criterion for the transformed 
phenotype that allows transformed cells to proliferate and form colonies 
in a semi-solid medium. If colony formation proceeds even at increased 
agar concentration this frequently reflects an invasive phenotype and may 
correlate with metastatic potential. 


reflect the distinct invasive behaviour of human tumour cells, 
mimic the tumour- stromal interaction of human carcinomas 
and the involved regulatory interactions. The 3D model sys- 
tems that are currently most widely used are multicellular 
tumour spheroids with well organized spherical symme- 
try of morphological and physiological features including 
complex cell-cell and cell- matrix interactions resembling 
avascular tumour sites or micrometastatic regions in vivo 
(Kim, 2005). 


Malignant Transformation by Tumour Viruses 


Tumour viruses are found in many mammalian and avian 
species and some, in particular, papilloma and certain hepati- 
tis viruses are a significant cause of human cancer. Cultured 
cells can be rapidly and reproducibly transformed by many 
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Figure 10 The prototypical transfection experiment to demonstrate a cel- 
lular oncogene. (Reproduced from (Alison and Sarraf, 1997b) by permission 
of Cambridge University Press.) 


tumour viruses and the involved viral genomes are relatively 
simple. This has greatly facilitated the molecular dissec- 
tion of the resulting cellular changes and of the underlying 
transforming genes. Two groups of tumour viruses have 
been particularly important in the development of molecular 
oncology. A cutely transforming retroviruses carry transform- 
ing genes or oncogenes that have been acquired from normal 
cellular progenitor genes, termed proto-oncogenes. The other 
group is represented by papovaviruses including African 
green monkey simian virus 40 (SV 40) and mouse polyoma 
virus. Both viruses encode proteins that are involved in DNA 
replication and malignant cell transformation. The DNA of 
both viruses is integrated into the host chromosome in a 
critical step for replication of the viral DNA. This permits 
the consistent expression of viral gene products, in particu- 
lar, those of the viral oncogenes that are responsible for the 
transformed state of the cell (Klein, 1993; Topp, 1980) (see 
also Human DNA Tumour Viruses). 

Some retroviruses, including acute leukaemia viruses that 
induce rapid leukaemia in vivo, can transform other cell 
types, in particular, haematopoietic cells. When suspended 
in a gelled medium, normal target cells proliferate to a 
limited extent before they undergo terminal differentiation, 
whereas transformed cells grow into larger, less differen- 
tiated colonies. Abelson murine leukaemia virus has been 
shown to transform lymphoid cells, avian erythroblastosis 
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virus to transform erythroid cells, and avian myelocytomato- 
sis or myeloblastosis virus to transform myeloid cells (Beug 
et al., 1994; Rosenberg, 1994). With these approaches the 
largely opposing effects of cell differentiation and malignant 
transformation have been characterized (see also Blood and 
Bone Marrow: Myeloid Leukaemias and Related Neo- 
plasms). 

Numerous retroviruses transform most of the fibroblast 
population in a culture at high multiplicities of infec- 
tion. In contrast to normal cells, transformed cells become 
anchorage-independent and will continue to proliferate into 
colonies when suspended in a semi-solid medium such as 
soft agar or methylcellulose (Figure 9). The reproducible 
experimental induction of this phenotype by transforming 
tumour viruses and its correlation with the viral induction 
of sarcomas in experimental animals represents one of the 
foundations of experimental tumour virology (Klein, 1993). 


DNA Transfection of Cultured Cell Lines 


Since oncogenes had been identified as the tumour-causing 
principle of tumour viruses, experimental approaches were 
designed to test for the presence of oncogenes in human 
tumours on the basis of the technique of DNA transfec- 
tion (Kern, 1996). For this purpose, genomic DNA was 
isolated from tumour cells and treated with calcium phos- 
phate solution to form a DNA precipitate (Figure 10). Such 
a precipitate is effectively taken up by cultured mammalian 
cells into the cytoplasm. As a model system to study malig- 
nant transformation, immortalized, normal NIH 3T3 mouse 
fibroblasts were transfected and cultured for two weeks and 
their morphology was analysed for the characteristics of 
malignant transformation (Figure 10). Foci of transformed 
cells were observed, based on the presence of the human 
EJ bladder carcinoma oncogene which was established as 
a homologue of the (Harvey) v-ras oncogene in human 
tumour cells by this procedure (Parada et al., 1982). In the 
case of human primary cells, malignant transformation has 
only recently been accomplished in vitro since it requires 
the deregulation of more than four signalling pathways in a 
specific and non-random sequence. The steps involve immor- 
talizing cells by overexpression of the enzyme telomerase; 
activating mitogenic signalling by overexpression of a v- 
ras oncogene; interfering with two tumour-suppressor genes 
cellular P53 and RB by overexpression of SV40 Tumour 
(T) antigen; and additional alterations provided by SV 40 
small (t) tumour antigen (Hahn etal., 1999). For normal 
mouse fibroblasts, expression of at least two different onco- 
genes is minimally required to result in cell transformation. 
Cooperation of different oncogenes dramatically accelerates 
and enhances tumourigenesis in transgenic mice (Figure 11) 
(Hahn and Weinberg, 2002). 


Alterations in the DNA Sequence of Oncogenes 


Molecular cloning and sequence analysis of tumour virus 
oncogenes allowed the identification of their cellular proto- 
oncogene counterparts by nucleic acid hybridization analysis 
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Figure 11 Oncogene cooperation in tumourigenesis. The incidence of 
tumourigenesis in three types of transgenic mice is shown, one carrying 
a myc oncogene, another carrying a ras oncogene, and a third carrying 
both oncogenes. Coexpression of myc and ras results in a dramatic and 
synergistic acceleration of tumour formation. 


(see Figure 1). All were instrumental techniques in the 
definition of the specific alterations that convert normal 
cellular genes into transforming oncogenes (Kern, 1996). 
Frequently, a gene dosage effect was implicated that led 
to an increased gene expression level in the tumour virus. 
Alternatively, functional gene activation by fusion of the 
proto-oncogene with a viral gene resulted in an activated 
and/or deregulated fusion protein. Similar gain of function 
was also observed through mutations within the amino acid 
coding region of the oncogene. This required as little as a 
single nucleotide exchange, resulting in the substitution of 
one critical amino acid. With this knowledge, it was possible 
to recreate oncogenes by in vitro site-directed mutagenesis 
of proto-oncogenes that had been isolated from normal cells. 
These oncogenes were integrated into cDNA expression 
plasmids that were introduced into normal, immortalized 
rodent fibroblasts and confirmed the resulting transformed 
phenotype as shown in Figures 8 and 9 (Rodrigues and 
Park, 1994). 


Oncogene-Induced Alterations in Cell Morphology 


In order to study the molecular details that result in the trans- 
forming potential of oncogenes, in vitro assays were devel- 
oped to score oncogene function (Cifone and Fidler, 1980). 
These assays were based on the observed deregulation of 
the cell cycle and on alterations in cytoskeletal and adhesion 
proteins. Typically, oncogene expression results in morpho- 
logical alterations in rodent fibroblasts that are detectable in 
the phase contrast microscope, disturbs organized growth, 
and often results in a criss-crossed and chaotic growth pat- 
tern rather than in an organized monolayer. Contact inhibition 
is typically lost and leads to piles of cells or foci that are 
detectable with the unaided eye. Foci are routinely scored 
by staining cells with a dye for increased contrast, such as 
crystal violet (Figure 8). Changes in cytoskeletal organiza- 
tion can be evaluated by indirect immunofluorescence with 
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antibodies or specific dyes directed against major cytoskele- 
tal markers such as actin that typically display a disorganized 
pattern in transformed cells. Cell morphology is frequently 
more rounded and includes new surface projections. Some 
oncogenes such as v-abl of Abelson murine leukaemia virus 
result in a distinct phenotype of rounded cells that have lost 
their adherence to the culture plate. 


In vitro Assays for Cell Transformation 


Anchorage-independent growth, a classical marker of fibrob- 
last transformation, can be scored by colony formation 
in semi-solid medium such as soft agar, in conditions 
under which normal fibroblasts cannot proliferate (Figure 9). 
Combined with focus formation (Figure 8), the observation 
of anchorage-independent proliferation frequently correlates 
with the potential of transformed cells to form tumours in 
nude mice, the gold standard for experimental malignant cell 
transformation. These in vitro assays consequently permit the 
prescreening of cell samples for their transforming potential 
and can limit the use of experimental animals to confirm the 
activity of those samples with the highest in vitro scores. 
The capacity for anchorage-independent growth can be co- 
evaluated with the invasive potential of transformed cells 
that is reflected in their ability to grow in media containing 
agar of increased concentration (Figure 9). The capacity to 
proliferate into colonies under these conditions may predict 
invasive and metastatic potential in human and animal hosts 
(Li et al., 1989). 

Reduced dependence of the cell cycle on growth factors is 
often the result of oncogene action (Aaronson, 1991). Nor- 
mal fibroblasts typically require a serum supplement to their 
synthetic growth medium that can be partly replaced by a 
mixture of several factors including transferrin, insulin, and 
epidermal growth factor. Oncogene expression frequently 
renders fibroblasts independent of one or more of these 
factors to undergo several cell divisions under conditions 
where normal fibroblasts will not repeatedly divide. A Iter- 
natively, oncogene expression may support cell proliferation 
at reduced serum concentrations where normal fibroblasts 
will not divide. Cell proliferation is routinely assayed either 
by cell counts in the phase contrast microscope, in a flow 
cytometer, or indirectly by measuring mitochondrial succi- 
nate dehydrogenase activity (MTT assay) that represents cell 
number largely independent of the cell cycle (Denizot and 
Lang, 1986). 


In vitro Models for Differentiation 


The elucidation of the fundamental molecular mechanisms 
that control cell proliferation, including growth factors and 
their signalling pathways, the cell cycle, and the involved 
gene expression programmes, has to a large extent been 
a by-product of the investigation of oncogene function. 
Many growth factors are also differentiation factors at spe- 
cific stages in development and regulate similar signalling 


cascades in either function that activate distinct gene expres- 
sion programmes dependent on the specific cell, tissue, or 
developmental context (Cross and Dexter, 1991). With this 
knowledge, rapid progress was made initially in simple 
experimental model systems in the unravelling of the molec- 
ular mechanisms in differentiation and development. Since 
the molecular mechanisms and components are frequently 
shared between proliferation and differentiation programmes, 
many of experimental approaches described above can be 
applied interchangeably. In particular, a number of cell cul- 
ture models were established based on specific stem cells 
such as pre-adipocytes or myoblasts that differentiate into 
adipocytes and myotubes, respectively (Table 3). When spe- 
cific mechanisms of induction were defined, including insulin 
and cell density or growth factor deficiency and cell density, 
experimental models were established to study the control of 
cell differentiation under defined in vitro conditions. These 
include a significant number of tumour models that per- 
mit the molecular comparison of the opposing effects of 
transformation and differentiation. Future antitumour dif- 
ferentiation therapies will benefit from these experimental 
strategies. 


Simple Genetic Models in Development 
and Differentiation 


Even more importantly, simple experimental models with 
established genetics were instrumental in the rapid progress 
observed in this field. They provided a unique advantage by 
allowing the coordinated application of genetic and biochem- 
ical experimental strategies in parallel. Even the simplest 
multicellular organisms undergo differentiation and devel- 
opment but typically malignant transformation is not easily 
observed. Simple eukaryotic models have not been applicable 
to study tumourigenesis directly. The most important genetic 
model systems are the fruit fly Drosophila melanogaster , 
the nematode Caenorhabditis elegans, the Zebrafish Danio 
rerio, and, more recently, the mouse Mus musculus. In these 
models, master genes such as homeotic genes that con- 
trol central developmental programmes in most organisms 
have been identified. With the progress of genome mapping 
and sequencing in mammals including mice and humans, 
the knowledge gained with the simple genetic models is 
now rapidly being applied to the understanding of differ- 
entiation and development in mammals including humans 
(see also Development and Cancer: The HOX Gene Con- 
nection). 


GENERAL APPLICATIONS 


Retrovirus Models 


Retrovirus models have not only been instrumental in the 
dissection of oncogene function but have similarly helped 
elucidate the pathogenic mechanism involved in other human 
diseases that they cause. One important example is the human 
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immunodeficiency virus (HIV) and the resulting acquired 
immunodeficiency syndrome (AIDS). The investigation of 
the underlying molecular mechanisms and the search for 
effective therapies has greatly benefited from the knowledge 
gained earlier with transforming retroviruses. Since retroviral 
RNA is integrated into the genome of the host cell as 
part of the viral life cycle, this mechanism has been 
exploited to design expression vectors for experimental 
models as well as for human gene therapy. Such vectors 
result in the stable and predictable integration of defined 
protein-coding sequences into the genome. This allows 
their stable propagation into daughter cells in parallel with 
genomic DNA replication and cell division. In addition, 
the expression level of the inserted sequences can be 
defined or externally regulated by the choice of the specific 
transcriptional promoter. Retrovirus models have greatly 
contributed to the discovery of fundamental mechanisms in 
gene expression and transcription. A previously unknown 
enzymatic function termed reverse transcriptase was shown 
to catalyse the transcription of the retroviral genomic RNA 
template into a DNA copy to allow integration of the 
sequence into the host DNA genome. This enzyme has been 
instrumental in the routine cloning and sequencing of protein- 
coding cDNA sequences starting with their specific mRNA 
(Gallo, 1995) (see also RNA Tumour Viruses). 


DNA Tumour Virus Models 


Other tumour virus models such as polyoma virus and, par- 
ticularly, SV 40 have greatly helped elucidate gene structure 
and function on the basis their small DNA genome size. They 
represent one of the smallest self-replicating eukaryotic sys- 
tems and have resulted in the first completely sequenced viral 
genome (SV 40). In both viruses, many regulatory functions 
are controlled by a transforming early viral protein family 
termed 7, or tumour antigens, that regulates viral transcrip- 
tion and alters mitogenic signalling networks in the host 
cell. In contrast, the oncogenes of retroviruses encode cel- 
lular proteins originally captured from the host with a role 
in mitogenic control. These genes have become activated or 
dysregulated by integration into the retroviral genome. The 
investigation of retroviruses has helped identify and study 
key mediators of cell proliferation and differentiation that 
were typically individually found in the viral genome. In 
contrast, the transforming proteins of DNA tumour viruses 
evolved to interact with numerous key mediators of mito- 
genic signalling networks in parallel to maximize the result- 
ing dysregulated cell proliferation. These viral proteins have 
significantly aided in the identification of the underlying key 
regulatory cellular mechanism that they deregulate. The early 
SV 40 gene region including the origin of replication has 
served as a prototype in parallel with retroviruses for the 
design of mammalian expression vectors. Such vectors can 
allow for high levels of cDNA expression and can be selected 
for random integration into the genome of mammalian cells 
when combined with marker genes. Alternatively, vectors 
based on the early or late SV 40 gene regions have been used 


for effective transient expression of foreign cDNAs (Topp, 
1980) (see also Human DNA Tumour Viruses). 


In vitro Cell Lines, DNA Transfection, RNAi, and 
Cell-Permeant Peptides 


In vitro cell culture models have found numerous applica- 
tions in most areas of modern molecular medicine since they 
allow the specific and reproducible investigation of molecu- 
lar processes in the absence of other complicating factors that 
are found in more complex in vivo systems. In combination 
with the technique of DNA transfection, this approach allows 
the transient or stable expression of essentially any DNA 
sequence in a large number of immortalized cell lines. Typ- 
ically, this will resemble a gene dosage increase and result 
in an increased level of expressed protein if a protein-coding 
sequence has been transfected. In an alternative approach, 
a negative gene dosage effect can be obtained by specific 
interference with the expression of any cellular gene. This 
is possible through the action of short interfering (si)RNA, 
short hairpin structures (shRNA), or cCDNA/RNAiI hybrid 
molecules. As a major example, an siRNA will hybridize 
with a specific cellular mRNA transcript and result in its 
degradation or inactivation. This process is typically referred 
to as gene knockdown and can substantially reduce the 
expression of a specific gene and/or a resulting protein prod- 
uct depending in part on the stability or half-life of the 
respective gene product (Wadhwaet al., 2004). Alternatively, 
peptides or proteins of interest can be introduced into cells 
directly. To overcome the cell membrane as a barrier for 
proteins, peptide mimetics of individual protein domains or 
complete proteins can be fused to a transduction sequence 
that will render the fusion protein cell permeant (Schwarze 
et al., 1999). Suitable transduction peptide sequences have 
been derived from various sources including the Drosophila 
antennapedia homeotic protein or the HIV TAT protein. Typ- 
ically, CDNA constructs encoding the transduction peptide 
fused to the protein (or domain) of interest are prepared 
and the resulting fusion proteins are produced in Escherichia 
coli. Alternatively, shorter fusion peptides can be synthesized 
directly (Deng et al., 2003). The resulting cell-permeant pro- 
teins will enter any cell type effectively from the outside 
and even spread from cell to cell in tissues. They have been 
demonstrated in virtually any tissue of treated mice; they also 
traverse the blood- brain barrier and transfer from mother to 
mouse embryo (Del Gaizo et al., 2003). With this new exper- 
imental strategy the function of individual protein domains or 
of complete proteins such as in a signalling complex or net- 
work can be dissected in any cell line or tissue (Riedel et al., 
2000; Schwarze et al., 1999) (see also RNA Interference). 


Insulin-like Growth Factor I Receptor 
as an Anticancer Target 


The combination of these experimental models has led to 
the concept of transformation competence genes in cancer 
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research. The insulin-like growth factor | receptor (IGF-IR) 
has been identified as a candidate mediator that participates 
in, but is not essential for, normal cell proliferation; whereas, 
normal IGF-IR levels have been found to be essential for 
malignant cell transformation. This is exemplified by the 
finding that normal immortalized mouse fibroblasts carrying 
a disruption in the IGF-IR gene generally cannot be trans- 
formed by a number of different oncogenes. Alternatively, 
malignant transformation in cell culture, rodents, or human 
patients can be reversed with a variety of anti-IGF-IR strate- 
gies including antisense constructs, specific antibodies, or 
dominant-negative forms. These approaches only result in 
limited growth inhibition of normal cells but cause massive 
apoptosis of tumour cells, particularly in vivo, that should 
result in a favourable therapeutic index. In addition, anti-IGF- 
IR strategies elicit a host response that eliminates surviving 
tumour cells and abrogates tumour growth and metastasis. A 
better understanding of the involved mechanisms will help 
in the design of rational therapeutic strategies that may also 
be favourably directed at downstream targets in the IGF-IR 
signalling pathway (B aserga et al., 2003). 


EGFR2/ERBB 2/Neu as a Diagnostic Tumour Marker 


The improved understanding of the molecular mechanisms 
that underlie oncogene action in vitro has resulted in diag- 
nostics and the development of therapeutic tools that can 
be applied to human cancer. Important alterations have been 
identified that can be consistently demonstrated in a signifi- 
cant fraction of human tumours. These include amplification 
of the EGFR2/ERBB2 or Neu gene as an early example 
and inactivation of the tumour-suppressor gene P53. A novel 
oncogene termed Neu was identified as a result of chemical 
carcinogenesis and was later found to represent an altered 
form of EGFR2/ERBB2, a member of the epidermal growth 
factor receptor gene family. The alteration was limited to a 
single nucleotide change in the codon for a critical amino 
acid in the transmembrane domain. On the basis of these 
molecular studies, hybridization probes became available that 
demonstrated increased expression of normal EGF R2/ERBB2 
in 20- 60% of various human tumours. These included breast, 
lung, ovarian, oesophageal, colorectal, and prostate cancer, 
and EGFR2/ERBB2 amplification in primary tumours was 
linked to metastatic lesions (Salomon et al., 1995). 


EGFR2/ERBB2/Neu as a Therapeutic Target 


The substantially increased expression levels and the location 
of ERBB2 atthe cell surface as a membrane-spanning protein 
identified it as a potential target for a variety of interfering 
therapeutic strategies and promised a favourable therapeutic 
index. These strategies predominantly target the extracellular 
domain of ERBB2 with specific monoclonal antibodies that 
alter ERBB2 activity, present it to the immune system, or 
deliver toxins or enzymes that can activate prodrugs in the 
transformed cells. Other classes of strategies target the sig- 
nalling pathway beginning at the receptor level with specific 


tyrosine kinase inhibitors, downstream signalling mediators, 
target expression of ERBB2 via antisense approaches, or 
focus on potential vaccines that activate an immune response 
towards the overexpressed ERBB2 (Esteva-Lorenzo, 1998). 
Tyrosine kinase inhibitors can be developed into drugs, such 
as Herceptin, which has been very effective in the treatment 
of selected cancers such as breast cancers that overexpress 
specific EGFR2/ERBB2 mutants. With the rapid progress 
in the elucidation of the molecular alterations underlying 
human tumours, in molecular modelling and rational drug 
design, exciting new diagnostic and therapeutic strategies 
will become available (Levitzki, 1994) (see also Rational 
Drug Design of Small Molecule Anticancer Agents: Pre- 
clinical Discovery). 


Differentiation and Cancer Diagnosis 


The analysis of tumour cell differentiation often provides 
important clues to the diagnosis or therapy of human can- 
cers. Tumour cells may release products including glyco- 
proteins into body fluids that allow conclusions about their 
state of differentiation. These may be “oncofoetal” products 
that resemble those produced during embryonic develop- 
ment and provide information about the underlying de- 
differentiation of the tumour. They are typically quantified 
with sensitive immunoassays. Serum levels of human chori- 
onic gonadotropin or a-foetoprotein greatly assist in the diag- 
nosis of male testicular carcinomas and female gestational 
neoplasms. Similarly the origin of metastatic neoplasms may 
be identified through the presence of oestrogen receptors 
and a-lactalbumin in breast cancer, prostate-specific antigen 
and prostate acid phosphatase in prostate cancers, and myo- 
globin and desmin in sarcomas. Elevation of these markers 
in serum is often the earliest sign for the relapse of a given 
neoplasm but specificity is typically poor. Tissue markers 
for neuroendocrine differentiation help identify carcinoma 
patients with improved response to chemotherapy (Gorstein 
and Thor, 1990). 


Differentiation in Cancer Therapy and Prevention 


Terminal differentiation that often stably suppresses tumour 
growth has been induced in some tumour cells in culture and 
in animals (Reiss et al., 1986). The involved drugs typically 
exert only minimal toxic effects on normal cells at the applied 
doses in contrast to most conventional anticancer drugs 
(Waxman, 1988). Several differentiation-inducing drugs (see 
Table 3) have been used clinically (Andreeff et al., 2003). 
Some are limited to specific tumours including oestro- 
gens and androgens to treat specific breast, prostate, and 
gynaecological tumours that express the appropriate nuclear 
receptor. Others act more broadly such as retinoic acid, 
hexamethylenebisacetamide (HM BA), and 5-azacytidine that 
induce differentiation and inhibit the growth of several types 
of tumours in laboratory models. Hybrid polar compounds 
(HPCs) (prototype HMBA) and retinoids (in particular, 
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all-trans-retinoic acid) are the most studied examples to 
induce differentiation in transformed cells. Other compounds 
include vitamin D3 analogues, phorbol ester tumour pro- 
moters, cyclic AMP analogues, and inhibitors of DNA or 
RNA synthesis. Some of the classical therapeutic agents 
may actually trigger developmental programmes in addi- 
tion to their established cytotoxic actions (Table 3). HMBA 
was originally developed as a higher-potency analogue of 
dimethyl sulphoxide to initiate erythroid differentiation in 
virus-transformed murine erythoroleukaemia cells (M ELCs) 
in vitro. This mechanism frequently serves as a general 
model to project the effects of other differentiation-inducing 
agents. HMBA treatment results in terminal differentia- 
tion of leukaemic cells into granulocytes and remission 
of myelodysplastic syndrome in humans. Cells must be 
actively proliferating in order to respond, and prolonged 
administration of HM BA is required, with profound clinical 
implications. More potent hydroxamic acid- based HM BA 
derivatives function as inhibitors of HDACs. Modification 
of histones by acetyl transferases (HATs) and deacetylases 
has been implicated with cancer. HDAC inhibitors includ- 
ing phenyl butyrate induce the accumulation of acetylated 
histones in mononuclear blood cells and have been used 
in animals and clinical APL with mixed results. Over- 
all, among the hydroxamide-based HPCs, in particular, 
suberoylanilide hydroxamic acid (SAHA) and pyroxamide 
are the most promising lead compounds in clinical trials 
(Rifkind et al., 2002). 

All-trans-retinoic acid has shown promising initial results 
in the clinical therapy of promyelocytic leukaemia, while 
retinoids in combination with interferon-a have helped in the 
treatment of patients with squamous cell cancer of the skin 
or cervix (Chabner, 1993). Differentiation by mithramycin 
and hydroxyurea has been linked to remission in patients 
diagnosed with the accelerated phase of chronic myeloge- 
nous leukaemia. Retinoids and other agents have also been 
successfully used against premalignant lesions or the devel- 
opment of cancer of the breast, cervix, colon, skin, lung, or 
oral cavity. Encouraging early results include the reversal 
of oral leukoplakia and prevention of second neoplasms in 
patients with treated squamous cell carcinoma of the head 
and neck. It is difficult to predict the success of treatment 
to induce terminal differentiation of specific tumour cells, 
and retinoids have the potential to promote the formation of 
new tumours in some experimental models, for example by 
downregulating anti-apoptotic genes. Apart from leukaemias 
where data are available to follow differentiation, it is not 
easy to formally correlate the action of drugs to differentia- 
tionin vivo owing to their alternative cellular effects. A better 
understanding of the molecular controls of differentiation 
should lead to more accurate predictions and to the ratio- 
nal design of more effective and specific anticancer therapies 
(Rowley et al., 1993) (see also Blood and Bone Marrow: 
M yeloid L eukaemias and R elated Neoplasms). At the level 
of cancer prevention, chemopreventive agents typically need 
to be given for along time period to be effective. This view 
is challenged by human chorionic gonadotropin in a mouse 
model that appears effective and results in the expression 
of a continuing, specific genomic signature in the female 


breast even when administered only for about a month. This 
is the same genomic signature that is expressed in response to 
an early full-term pregnancy where chorionic gonadotropin 
is secreted from the placenta. This signature is a potential 
biomarker for a decrease in lifetime breast cancer risk (Russo 
et al., 2005) (see also Breast). 


BIOLOGICAL AND TECHNICAL LIMITATIONS 


Cell Cultures versus Nude Mice as Models 
for Tumourigenesis 


In vitro experimental models for tumour growth and dif- 
ferentiation allow the reproducible and rapid dissection of 
specific molecular mechanisms that participate in the pro- 
cess of malignant cell transformation under tightly defined 
experimental conditions. This represents only the beginning 
of the chain of successive steps that will be necessary for 
tumourigenesis to occur in humans. It allows single exper- 
imental parameters to be varied and critically evaluated for 
their contribution to the outcome of the experiment. This 
is impossible in humans in vivo where tumours are often 
difficult to access. In the patient, they are in a complex 
tissue microenvironment exposed to unknown factors that 
contribute to tumour growth and development. Phenotypic 
transformation is typically scored in vitro by the loss of 
cell contact inhibition that leads to the formation of cell 
foci by anchorage-independent growth and the underlying 
changes in cell morphology (Figures 8 and 9). This is fre- 
quently correlated with the potential of the transformed cells 
to form tumours in immune-compromised nude mice. Such 
resulting tumours represent a more broadly accepted stan- 
dard that defines experimental tumourigenesis such as in 
response to the activation of oncogenes. Cell focus formation 
or anchorage-independent growth will, however, not nec- 
essarily correlate with tumour formation in nude mice and 
needs to be interpreted with caution. While nude mice rep- 
resent an advantageous model to score experimental tumour 
formation in the absence of a host immune response, they 
certainly do not realistically reflect the tumourigenic poten- 
tial when compared with wild-type animals (see also Human 
Tumours in Animal Hosts). A special cancer model is 
represented by transgenic mice carrying a v-Ha-ras trans- 
gene that is activated by chemical carcinogens, UV light, 
or full-thickness wounding. It represents a prototype alter- 
native model to long-term rodent bioassays with a partic- 
ular application as a skin tumour model (Humble et al., 
2005). 


Differences between Human and Rodent Cells 


M ost importantly, experimental rodents such as mice and rats 
differ from humans in many ways that are not well under- 
stood with regard to their potential to develop cancer (Hahn 
and Weinberg, 2002). This is reflected in the well-established 
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fact that experimental antitumour therapies will frequently 
show remarkable efficacy when they are first tested in 
rodents, whereas subsequent clinical trials in humans may 
show little or no effect. Consequently, factors or strategies 
that cause or prevent tumourigenesis in vitro or in exper- 
imental animals may not show the same result in humans. 
Some fundamental differences have been described at the cel- 
lular level. Immortalized cell lines, typically fibroblasts, are 
routinely isolated from rodent but not from human tissues 
(Figure 7). This explains their popularity as in vitro model 
systems but also exposes their limitations. One important 
difference from rodent cells is reflected in the absence of 
telomerase activity in human cells, which results in telom- 
eric erosion with each cell doubling and is thought to cause 
senescence and limit the cell lifespan. Immortalized rodent 
fibroblast cells are preneoplastic and having already under- 
gone one alteration; malignant transformation will routinely 
result from the introduction of a second oncogenic alteration. 
In contrast, transformation of primary human fibroblasts or 
epithelial cells requires at least five alterations in critical reg- 
ulatory mechanisms including tumour-suppressor genes P 53 
and RB, telomere maintenance, mitogenic oncogene ras, and 
SV 40 small t antigen. The required alterations even differ, 
when compared between distinct human cell types (R angara- 
jan et al., 2004). 


Oncogenic Transformation of Primary Human Cells 


Since normal murine somatic cells express telomerase activ- 
ity that is also acquired by human tumour cells, this function 
is seen as a first, critical and necessary change to allow 
human cells to overcome senescence and gain immortality. 
In addition to the introduction of telomerase, mitogenic sig- 
nalling pathways were experimentally deregulated and acti- 
vated by overexpression of a v-ras oncogene, by interfering 
with two tumour-suppressor genes cellular P53 and RB (via 
overexpression of SV 40 T antigen), and by additional alter- 
ations such as those caused by overexpression of SV 40 small 
t antigen. The combination of these changes was minimally 
required to transform normal human primary cells to cause 
tumourigenesis in nude mice (Hahn et al., 1999). Compara- 
ble studies in normal human fibroblasts in which the early 
SV 40 DNA region was replaced by HPV 16 E6/E7 transform- 
ing proteins (which lack the function of SV 40 small t antigen) 
did not result in tumourigenesis (M orales et al., 1999). These 
findings offer the first in vitro experimental model to identify 
combinations of components and the required order of their 
introduction to minimally result in the malignant transforma- 
tion of primary human cells. In contrast, normal mouse cells 
can be effectively transformed by the cooperation of only 
two oncogenes (Figure 11). 


Carcinogenesis by Somatic Mutation versus Tissue 
Organization 


The prevalent carcinogenesis model postulates the initia- 
tion of malignant transformation in a single somatic cell 


by a sequence of genetic alterations that are propagated 
to cell progeny and result in tumourigenesis (see also Cell 
and Tissue Organization). W hile this concept is supported 
by a large body of data including the successful experi- 
ment described in the preceding text to transform primary 
human cells by a sequence of defined genetic changes in the 
same cell, it has not been feasible to delineate the forma- 
tion of invasive tumours from a single mutated cell. Since 
tumours are complex, often genetically heterogeneous, and 
closely interact with their surrounding tissue and microen- 
vironment, the somatic mutation concept cannot be easily 
validated at the level of the tumour. An alternative view 
termed organization field theory of carcinogenesis (Soto and 
Sonnenschein, 2005) is based on the postulate that prolif- 
eration is the default state of all cells including those in 
multicellular organisms (which is not in dispute for uni- 
cellular organisms). This is taken to imply that quiescence 
is caused by inhibitory factors or lack of serum nutrients 
rather than by the lack of growth factor stimuli. Carcino- 
genesis is seen as a phenomenon at the tissue and organ 
organizational level, not limited to a single cell. This alter- 
native view can serve as a reminder that tumourigenesis 
is a multi-stage process (Figure 6), of which only small 
segments can be studied in in vitro models one at a time 
(Figure 11). In vitro models can elucidate the mechanism by 
which steps in tumourigenesis can occur in a test tube, but 
they cannot prove the accurate sequence of events that have 
occurred in a specific tumour (Soto and Sonnenschein, 2005). 
Evolutionary models of carcinogenesis have been described 
predicting a sequence of mutations as cellular proliferation 
follows successful adaptation in response to selection by 
varying environmental constraints. Neoplastic cellular prolif- 
eration is predicted to be strongly influenced by the tumour 
microenvironment. A significant influence of the stromal 
microenvironment was demonstrated on the tumourigenicity 
of breast tumours in mice. These had been induced by the 
step-wise introduction of a series of oncogenic alterations 
into primary mammary human epithelial cells (Elenbaas 
et al., 2001). Substrate dynamics in the later stages of car- 
cinogenesis provide a mechanism for evolution of cellular 
properties typically found in invasive cancers (Gatenby and 
Vincent, 2003). In particular, the glycolytic phenotype rep- 
resenting comparably inefficient energy production emerges 
simultaneously with the transition from a premalignant lesion 
to an invasive cancer in response to environmental selec- 
tion of the ability to invade (Gatenby and Gawlinski, 2003) 
(see also Mathematical Models of Cancer Growth and 
Development). 
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STROMAL CELLS AND THEIR COMMUNICATION 
WITH TUMOUR CELLS 


Every organ of the body consists of organ-specific tissue, 
the parenchyme, which is responsible for the functions of 
this organ, such as milk production by the epithelium of the 
lactating mammary gland, force generation by the muscle 
fibres of askeleton muscle, or signal transmission by neurons 
of the central nervous system. The parenchyme of any organ 
is held together by the stroma, which for this reason was 
also called connective tissue. However, the connective tissue 
does not merely connect other parenchymal tissues or serve 
as “stuffing” material but has far more functions, as we have 
been learning for the last few decades. 

A characteristic feature of the connective tissue is the 
huge intercellular spaces between the cells. The cells 
of the connective tissue are of mesenchymal origin and 
develop into fibroblasts, adipocytes, chondrocytes, osteo- 
cytes, and endothelial cells during embryo- and organo- 
genesis. Additionally, lymphocytes are found in the loose 
meshwork of the connective tissue. Although they also play 
an important role in tumour biology, their interactions with 
cancer cells will be discussed in other chapters of this book. 
In this chapter, the interplay between tumour cells and stro- 
mal cells other than immunologically relevant lymphocytes 
will be the major focus. 

The stroma of organs generally consists of loose connec- 
tive tissue, in which fibroblasts are interdispersed (see Angio- 
genesis). They produce the extracellular matrix (ECM), 
which serves as scaffold of the connective tissue. The frame- 
work of the ECM, which bears tensile forces, mainly con- 
sists of collagen and elastic fibres. The tissue pressure is 
maintained by proteoglycans with their highly charged gly- 
cosamine glycane (GAG) side chains, which are interwoven 
into the fibre framework. Thus, the stroma is well adapted 
to withstand mechanical forces and to maintain the mor- 
phology of the tissue and the organ. The ECM undergoes 
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constant remodelling to meet the structural, and thus func- 
tional, requirement of the organ. This becomes especially 
evident during healing and regeneration processes. Whereas 
the ECM of the connective tissue sets the stage for the 
parenchyme, proteinases take their parts in the remodelling 
of the ECM. Depending on their active site and catalytic 
mechanism, they are sorted into metalloproteinases, serine 
proteinases, cysteine proteinases, and aspartate proteinases. 
Another player in stroma- parenchyme interactions is growth 
factors, through which the cells of either tissue commu- 
nicate with each other or with cells of other tissues. As 
growth factors can be bound by ECM proteins or released 
from them by proteinases, a complicated interplay between 
these three actors, ECM, proteinases, and growth factors, 
may exist. 

Like the parenchyme, tumour cells communicate with the 
stromal cells via the same ways, that is, growth factors, 
ECMs, and proteinases (Figure 1). The interplay between 
cancer cells and the stroma has been known for some time 
(Liotta et al., 2001), but more recent reviews again empha- 
size that this relation between tumour and stroma is of 
paramount importance in tumour growth and progression 
(Micke et al., 2004; M Uller et al., 2004; Zigrino et al., 2005). 
Malignant tumour cells take advantage of the stromal cells, 
as they selfishly subvert the biochemical capacities of the 
stromal cells to produce a permissive and even supportive 
environment for themselves. Moreover, tumour cells seem 
to induce a differentiation state of the stromal cells that is 
similar to mesenchymal cells in the early stage of develop- 
ment, which are capable of inducing neighbouring tissues to 
change their differentiation state. This became evident by the 
observation that stromal cells derived from the vicinity of a 
tumour cell are able to promote oncogenic transformation of 
normal parenchymal cells when grown together in co-culture 
(Cunha etal., 2002). Therefore, these stromal cells in the 
vicinity of tumour cells are also called carcinoma-associated 
fibroblasts (CAFs), myofibroblasts, or reactive stromal cells 


2 PRECLINICAL MODELS FOR HUMAN CANCER 


Fibroblast 


Growth factors 







== TGF-B JEN, 
° ir IGFs » N 
> Matrikines T 
Datong, 
HLA 
PLL Lp po ep spf SSIS /@y 
4 po: TLIIS. Q 


Paracrine factors 


Growth factor 
= 3 





d Tumour 
cell 


k Integrins 
H pL gr 3 Anchorage- 
Sare Collagen “ep, CDA \ anchorage, AO i 
Integrins o MT1-MMP & “wy survival 
Invasion path Z> 9 ş and growth > 
and barrier Y >? Invadopodium 
> $ Pn a i 
MMPs, serine proteinases Sy g o ne $ 
Cancer-associated © 99 So g o p3 
fibroblast (CAF ) wd ibrin EMMPRIN 





Figure 1 Tumour cells master their neighbouring fibroblasts to produce a supportive and permissive environment. By producing paracrine factors, tumour 
cells induce fibroblasts in their vicinity to differentiate into carcinoma-associated fibroblasts (CA Fs), also called myofibroblasts or reactive stromal cells. In a 
process similar to fibrosis and wound healing, the CA Fs produce and secrete growth factors, extracellular matrix (ECM) components, and proteinases, which 
in a complex interplay support tumour cell proliferation and progression. The first communication way between CAFs and tumour cells are growth factors, 
such as TGF-6 and IGFs. They are usually bound to ECM molecules as inactive components, but released by proteinases. Also released by proteinases, 
domains of ECM molecules may function as growth factors and are hence named matrikines. As the second axis of communication, reactive stromal cells 
produce ECM molecules, such as collagens, which provide a proliferation and migration support for tumour cells, majorly via integrin-dependent processes. 
The third communication pathway is mediated by proteinases, produced by both tumour cells and CAFs. All three axes of tumour- stroma communication 
are interlinked and depend on each other. Details on individual molecules are given in the text. 


(Figure 1). Whereas this stroma/mesenchyme-induced differ- 
entiation effect on parenchyme is a normal process during 
embryo- and organogenesis, the similar oncogenic effect of 
tumour stroma on the parenchyme is pathological and detri- 
mental. It is likely due to paracrine factors but may also 
be mediated by ECM proteins and proteinases. How the 
reactive stromal cells use growth factors, ECM proteins, and 
proteinases to serve the tumour cells by producing a tumour- 
permissive and supportive environment will be discussed in 
the following text. 


TUMOUR CELLS RULE BY GROWTH 
FACTORS — REACTIVE STROMAL CELLS OBEY BY 
PRODUCING TUMOUR-PERMISSIVE GROWTH 
FACTORS 


Malignant tumour cells produce various growth factors, for 
example, transforming growth factor beta (TGF-£), platelet- 
derived growth factor (PDGF), basic fibroblast growth factor 
(bFGF), the epidermal growth factor receptor (EGFR) lig- 
and, and vascular endothelial growth factor (VEGF) (M üller 
et al., 2004). These growth factors are directed to both 
fibroblasts and epithelial and endothelial cells. A thorough 
discussion of all these growth factors is beyond the scope 


of this chapter. Interested readers may refer to Signalling 
by Cytokines or review articles (Leask et al., 2004; Mas- 
sagué, 2004). As an example, TGF-£ will be described 
in more detail here. TGF-6 exists in different isoforms. 
Together with various other growth factors and cytokines, 
it belongs to the TGF-6 superfamily (see Transforming 
Growth Factor-8 and Cancer). Not only various cells 
of the body but also tumour cells synthesize TGF- as a 
high molecular mass precursor, the propeptide of which is 
known as latency-associated protein (LAP). As a dimer, the 
LAP-TGF-B complex is covalently cross-linked to another 
protein, the latent transforming growth factor beta bind- 
ing protein (LTBP). This inactive protein complex binds 
avidly to different ECM proteins, such as the proteogly- 
can decorin (Leask et al., 2004; M angasser-Stephan et al., 
1999; Schonherr etal., 2000). Released by proteinases, 
for example, plasmin and the matrix metalloproteinases 
(MMPs)-2 and -9, the TGF-f dimer is activated and able 
to trigger its pleiotropic effects after binding to its cellular 
receptors. In epithelial cells, it induces apoptosis, whereas 
fibroblasts, leukocytes, and endothelial cells are attracted 
to the tumour site by TGF-f8 and other cytokines. The 
immunological interactions of leukocytes, for example, nat- 
ural killer cells, with the cancer cells is described in Models 
for Immunotherapy and Cancer Vaccines. M acrophages 
and other leukocytes produce additional attractants, thus 
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further luring endothelial and stromal cells. The major 
attractants for endothelial progenitor cells is VEGF, which is 
produced by tumour cells or by fibroblasts under the influ- 
ence of hypoxia, a condition generally found within solid 
tumours. The endothelial progenitor cells sprout from exist- 
ing capillaries and lead to the formation of new blood vessels, 
which nourish the tumour node. This process, termed angio- 
genesis, also requires the interplay of endothelial cells with 
the ECM and proteinases, which are produced by stromal 
cells, and resembles in some way the tumour- stroma rela- 
tion. The molecular details of tumour-induced angiogenesis 
are discussed in Angiogenesis. The endothelial cells also 
produce connective tissue growth factor (CTGF, CNN2), 
a cytokine belonging to the CNN superfamily (Brigstock, 
2003). CTGF, together with TGF-8 and PDGF, not only 
attract stromal cells to the tumour site but also induce them to 
provide a supportive environment for the cancer cells. Inter- 
estingly, expression of CTGF in steroid hormone-sensitive 
tissues, such as the stroma of ovary and endometrium, also 
depends on oestrogens and gestagens, thus providing another 
stroma-mediated way for steroid hormone dependency of 
some tumours (Brigstock, 2003) (see Signalling by Steroid 
Receptors). 

Under the influence of TGF-8 and PDGF, stromal fibrob- 
lasts develop into myofibroblasts, which can be detected 
by the expression of various marker proteins, for example, 
a-smooth muscle actin, vimentin, desmin, and the so-called 
fibroblast-activation protein (FAP), which is a cell-surface- 
bound serine proteinase. These myofibroblasts, also termed 
carcinoma-associated fibroblasts, reactive stromal cells, or 
tumour stromal cells, are morphologically recognized by the 
their spindlelike appearance. Remarkably, the proliferation 
of fibroblasts and their differentiation into myofibroblasts is 
also observed in granulation tissue during wound healing, 
along with the angiogenic outgrowth of new capillaries from 
existing blood vessels into this tissue. This resemblance led 
Hal Dvorak to define a tumour as a “wound that never heals” 
(Dvorak, 1986). Also described as desmoplasia, the tumour- 
induced stromal growth is accompanied by the production 
of additional growth factors by these myofibroblasts, such 
as insulin-like growth factor-1 (IGF-1), hepatocyte growth 
factor (HGF), CTGF, and VEGF, which further enhance 
stromal growth. 


EXTRACELLULAR MATRIX — A HELP OR 
HINDRANCE FOR TUMOUR CELLS? 


A direct and more visible effect of desmoplasia is the aug- 
mented production of ECM proteins, such as collagens and 
tenascin-C, which are typical of the healing and fibrotic 
processes. Additionally, the fibronectin splice variant ED- 
A, which is usually found during embryonic development, 
is conspicuously expressed within the stroma surrounding 
the tumour. Moreover, fibrin bundles are abundant within 
the stroma in the vicinity of the tumour site, another sim- 
ilarity to granulation tissue. The increased levels of serine 
proteinases around tumour cells generate these fibrin bundles 


from fibrinogen, which leaks out from the blood vessels close 
to the tumour (Dvorak etal., 1983). The ECM constitutes 
the scaffold, in which the stromal cells are interspersed. As 
a simplification, the ECM can be divided into fibrillar com- 
ponents and amorphous ground substance (recently reviewed 
by Bosman et al., 2003). Different ECM proteins form fib- 
rils, among which the most prominent consist of collagens 
(M yllyharju et al., 2001; Prockop etal., 1995). Because of 
the staggered alignment of individual fibril-forming colla- 
gen molecules, the collagen bundles show a characteristic 
D-banded (D = 67nm) staining in electron micrographs. 
The collagen |-containing fibrils are found in the inter- 
stitial stroma of skin and bone, whereas in the cartilage 
similar fibrils are made of type II collagen in combina- 
tion with types IX and XI. Other fibrillar structures are 
the beaded collagen fibrils, microfibrils, and elastic fibres, 
which consist of type VI collagen, fibrillins, and elastin, 
respectively (Kielty et al., 2002a; Kielty et al., 2002b). The 
ground substance embedding the fibrillar components is 
structurally less well defined but mainly contains proteo- 
glycans (Hacker etal., 2005; Silbert et al., 2003). Their 
protein cores are encompassed by GAG chains, the dis- 
accharide repetition units of which are made up of one 
glucuronic acid and one amino sugar. Additional sulphate 
groups increase the number of negative charges of GAG 
chains, which are neutralized by metal cations. The resulting 
high charge density of proteoglycans leads to their enor- 
mous capacity to bind water molecules. Thus, proteoglycans 
are mainly responsible for the high tissue pressure, which 
is counter-balanced by the fibrillar structures of the ECM, 
which are able to bear high tensile forces. With the pro- 
teoglycans as down feathers and the fibrils as seams, the 
ECM of the stroma works like a cushion, which not only 
keeps the stroma but also the parenchyme, and eventually 
the entire organ, in its shape, which is necessary for its 
function. 

The basement membrane is a specialized arrangement of 
the ECM. Its sheetlike structure marks the borderline of the 
connective tissue and is found at its interfaces with epithe- 
lial, endothelial, muscle, and neuronal cells. Characteristic 
basement membrane proteins are type IV collagen, laminins, 
nidogen/entactin, and the heparansulphate- proteoglycan per- 
lecan (Kalluri, 2003; Timpl etal., 1996). Unlike fibrillar 
collagens found in the interstitial connective tissue, type 
IV collagen forms a networklike suprastructure. With four 
molecules being connected at their N-terminal 7S domains 
and two molecules being cross-linked via their C-terminal 
NC1 domains, collagen IV assembles into a chicken wire- 
like meshwork, which contributes to the mechanical strength 
of the two-dimensional sheet of the basement membrane 
(Hudson etal., 2003; Kühn, 1994). Genetic deficiency of 
type IV collagen in mice, albeit lethal early in development, 
does not entirely abrogate basement membrane formation 
(Pöschl etal., 2003). This observation emphasizes the role 
of laminins and their supramolecular assembly within the 
basement membrane scaffold. As typical basement mem- 
brane proteins, laminins consist of three chains, a, 6, and 
y. Five a, three 6, and three y chains can assemble into 
different members of the laminin protein family (Colognato 
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etal., 2000; Miner etal., 2004; Tunggal etal., 2000). The 
various laminin isoforms show a tissue-specific distribution 
in the basement membrane of different organs, for example, 
laminin-2/-4 is found in basement membranes surrounding 
muscle fibres and nerves, whereas laminin-8 and laminin-10 
are components of the different basement membranes of the 
blood- brain barrier (Sixt et al., 2001). Playing a paramount 
role in tumour biology, laminin-5 stands apart from the other 
members of the laminin family (Lohi, 2001; Qin et al., 2004). 
As a major component of the anchoring filaments, which 
protrude from the epithelial face of the basement membrane 
(Burgeson et al., 1997), it is in close contact with epithe- 
lial cells and carcinoma. Thus, laminin-5 is involved not 
only physiologically in wound healing (Nguyen et al., 2000; 
Tran et al., 2004) but also pathologically in tumour invasion 
(Katayama et al., 2004; Lohi, 2001). Proteolytic processing 
of the laminin-5 chains, «3 and y2, within their N-terminal 
and C-terminal domains has a pivotal role in cell migration 
and carcinoma invasion (Giannelli et al., 1997; Gosh et al., 
2000; Hintermann et al., 2004). Different proteinases, such as 
M M Ps (see subsequent text) and plasmin, seem to contribute 
to the partial proteolysis of laminin-5 (Amano et al., 2000; 
Aumailley etal., 2003; Goldfinger et al., 1998). However, 
the questions as to how the cells interact with the differently 
processed laminin-5 molecules and which cellular receptors 
mediate these signals have not been entirely answered yet. 

The networks of type IV collagen and laminins within 
the basement membrane are connected by nidogen/entactin, 
two isoforms of which have been described (Erickson et al., 
2000; Timpl etal., 1996). Interestingly, nidogens are highly 
susceptible to proteolytic digest. Another major component 
of the basement membrane is the proteoglycan perlecan, 
which is majorly responsible for the negatively charged GAG 
contents of basement membranes. In addition to these major 
constituents, basement membranes contain further compo- 
nents that are equally important for their structure and cellu- 
lar functions. Among these minor components are proteins, 
such as agrin, ostepontin (also termed BM 40, SPARC) (Sage, 
1997), fibulins, and type XV and XVIII collagens, which are 
only found in the basement membrane of certain tissues or in 
specialized areas of the basement membrane, such the synap- 
tic cleft, which contains the ECM protein agrin (Bezakova 
et al., 2003). Besides the structural constituents, basement 
membranes also contain growth factors that are bound to 
ECM proteins and are released by proteolytic processing. 
Furthermore, certain domains of ECM proteins themselves 
may be released from the parental molecule by proteinases. 
As soluble fragments, they are able to function as growth 
factors or cytokines. Hence, the name matrikines was coined 
for these soluble signalling molecules, which are proteolyti- 
cally derived from ECM proteins (M aquart et al., 2005) (see 
subsequent text). 

The ECM of both the three-dimensional interstitial stromal 
scaffold and the two-dimensional basement membrane plays 
an important role in tumour progression in several ways. 
First, being the immediate environment of the tumour cells 
as well as of non-transformed cells, the ECM provides 
cues to the cells, thereby regulating their proliferation and 
morphology. In this respect, the ECM, albeit insoluble, serves 


a function that is similar to that of soluble growth factors. 
Secondly, the ECM is the substratum to which tumour 
cells and non-transformed cells attach and are anchored 
mechanically. Thirdly, the dense meshwork of ECM can be 
a hurdle to cell migration. This especially holds true for the 
basement membrane, which is impermeable for cells. Only 
leukocytes on their immunological surveillance patrol or 
pathological tumour cells are able to penetrate the basement 
membrane. Indeed, invasion of tumour cells through the 
basement membrane is a hallmark of their aggressiveness and 
malignancy. Clinically, histological sections of tumours are 
scrutinized for an intact tissue border. Thus, destruction of 
the basement membrane is taken as a marker for malignancy 
of aneoplastic node, with higher risk of metastasis and poorer 
prognosis. 

For any of these steps, cancer and stromal cells have 
to contact the ECM. This is mediated via cell adhe- 
sion molecules (CAMs), which belong to different protein 
families, such as cadherins, immunoglobulin superfamily, 
selectins, integrins, and cell-surface-bound proteoglycans 
(Beauvais et al., 2004; Gooding et al., 2004). Additionally 
the membrane-anchored CD44 is known to play an impor- 
tant role in tumour biology (Marhaba et al., 2004; Nagano 
et al., 2004). A versatile and huge family of CAMS that is 
of paramount interest in oncology is the integrins (Hynes, 
2002). They consist of two subunits, œ and 8. 18a and 8B 
integrin subunits have been described, which non-covalently 
associate to form 24 integrin heterodimers. The structure of 
the extracellular part of the integrin has been resolved crys- 
tallographically (Xiong etal., 2001, 2002). An additional 
A domain (von Willebrand factor A domain- homologous 
domain) that is found in the ectodomain of some integrin a 
subunits was also structurally characterized (Emsley et al., 
1997; Lee etal., 1995; Nolte etal., 1999). The integrin 
head is composed of the ectodomains of both subunits and 
harbours the ligand-binding site. The 61 integrins usually 
recognize ECM proteins, such as the collagen-binding inte- 
grins a181, &261, «1061, and @11£1, the laminin-binding 
integrins w361, «681, «761, and «664, and the fibronectin- 
binding integrin @581. Both integrin subunits span the 
plasmalemma once. The cytoplasmic tails of both subunits 
comprise short amino acid sequences, with the exception of 
the 84 integrin subunit (de Pereda et al., 1999). Neverthe- 
less, they interact with cytoskeletal proteins, for example, 
vinculin, talin, and @-actinin, and signalling molecules, for 
example, focal adhesion kinase (FAK) and src. The sig- 
nal transduction that occurs after an integrin binds to an 
ECM protein consists of both a conformational change within 
the integrin (Shimaoka et al., 2003) and an activation cas- 
cade of intracellular signalling molecules (Eble et al., 2006; 
Giancotti et al., 1999; Kuphal et al., 2005). Thus, integrin- 
mediated signals from the ECM elicit various functions, 
among which are cell proliferation, adhesion, migration, and 
gene activation. Integrins and their occupancy by ECM lig- 
ands regulate cell proliferation and survival, an effect called 
anchorage-dependent growth and anoikis, respectively. The 
growth-promoting influence of integrin occupancy on the 
cell cycle has been established in the last few years. It 
also involves cyclins and cyclin-dependent kinase inhibitors 
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(Deshpande et al., 2005; Massagué, 2004; Schwartz et al., 
2001). Furthermore, integrin-mediated cell attachment to the 
ECM also triggers anti- and pro-apoptotic signals, which 
determine whether a cell lives or dies respectively, depending 
on its matrix environment (Frisch et al., 1997; Frisch et al., 
2001). The regulation of cellular proliferation and survival 
by its surrounding ECM, which in turn is mainly synthe- 
sized by stromal cells, makes clear that both non-transformed 
parenchymal cells and tumour cells depend on the stromal tis- 
sue. However, some of these regulation mechanisms are lost 
during oncogenic transformation (Chrenek et al., 2001). Inte- 
grins, which increase and decrease cell growth, can be down- 
and upregulated, respectively, on neoplastic cells. Thus, they 
are considered as oncogenes and tumour suppressor genes, 
respectively (Eble et al., 2006). Dysregulation of integrin- 
linked survival can also explain why tumour cells, as opposed 
to normal tissue cells, can invade into tissues with a differ- 
ent ECM composition or be transported as suspension cells 
in the blood or lymph stream without becoming apoptotic 
(Brakebusch et al., 2002; M assagué, 2004). 

Infiltration through the basement membrane is the hall- 
mark of invasively growing malignant tumour cells and the 
first step of the metastatic cascade (B ogenrieder et al., 2003). 
It requires an intimate contact of the tumour cells with the 
basement membrane. It is mediated mostly via integrins, 
with which cells grasp for matrix molecules, and proteinases, 
which cut a path through the basement membrane mesh- 
work (see subsequent text). As fragile structures, authentic 
basement membranes are not easily prepared from tissues, 
such as skin or eye. Therefore, reliable in vitro systems 
to study infiltration of tumour cells do not exist. Although 
a laminin-rich extract from the murine Engelbreth-H olm- 
Swarm (EHS) tumour, known as Matrigel ®, is commercially 
available, restoration of an intact basement membrane from 
such a protein mixture is unlikely to happen. One of the best 
models to examine the invasive growth of cancer cells in 
vivo is a surface transplantation model, in which epithelial 
tumour cells are grown on a collagen gel underneath a cham- 
ber, which is transplanted on a de-epithelialized skin portion 
on the back of a mouse (M Uller et al., 2004). Thus, the steps 
of carcinoma invasion through the basement membrane and 
the interactions of tumour cells with the stromal ECM can 
be studied in detail. 

Whereas the basement membrane is an impermeable bar- 
rier for cell migration, the interstitial connective tissue with 
its meshwork of collagen-containing fibrils can both impede 
and improve tumour cell movement. Cancer cells can move 
through the interstitial space of the stroma either as cohorts 
or as single cells, sometimes even following exactly the 
same path as the so-called path-finding tumour cell (Friedl 
et al., 2003). To the groups of coherent tumour cells, the fib- 
ril meshwork of the stroma is an impediment. In contrast, 
the spaces between the collagen-containing fibrils are large 
enough for single cells and do not impair their movement. 
Moreover, for single cells, the stromal fibrils are generally 
an ideal substratum on which cancer cells move. M ost cell 
migration studies have been performed in two-dimensional 
systems, namely, on surfaces that had been coated with ECM 
proteins. Even a filter of a Boyden chamber, to which matrix 


proteins had been immobilized and through which cells 
migrate from an upper to a bottom compartment, has to be 
considered as a two-dimensional system, as the pores are seen 
by the cells as short tubes, the inner surface of which is still a 
two-dimensional system. Nevertheless, molecular details of 
the cellular migration machinery was disclosed using such 
two-dimensional systems because of their good microscopic 
and biochemical accessibility (Friedl et al., 2000; Wolf et al., 
2003). Directional cell movement requires an organized inter- 
play of several proteins and is a complex process that is 
tightly regulated in a spatial and temporal manner within the 
single cell (Brakebusch et al., 2002; Hood et al., 2002; Rid- 
ley et al., 2003). At the front of the migrating cell, the cell 
forms new contacts with the ECM proteins by concentrating 
integrins into newly assembled focal adhesion points (Geiger 
et al., 2001). Spikelike protrusions, the filopodia, reach out 
from the cell to sense its environment and to find new cell 
contacts with the underlying ECM (Adams, 2001). The sig- 
nalling molecule Cdc42, a member of the Rho family of 
small GTP-binding proteins, takes an important role in this 
process (Schwartz et al., 2000). Once integrins on the tip of 
the filopodium interact with their respective ECM substra- 
tum, integrins and signalling molecules are condensed into 
focal contact points, which grow into focal adhesion plaques 
(Geiger et al., 2001). The filopodia are merged into sheetlike 
membrane protrusions, the lamellipodia (A dams, 2001). The 
formation of both filopodia and lamellipodia are driven by 
actin polymerization, which is controlled by other members 
of the Rho family of small GTP-binding proteins (Schwartz 
et al., 2000). These molecular processes at the front of a 
migrating cell leads to attachment of the cell. They enable 
the cell to exert tractional forces onto the ECM and to drag 
its nucleus towards the front of the cell. At the rear, the 
cell has to detach and retract. Hence, focal adhesions are 
disassembled and the actin meshwork is depolymerized in 
order to loosen the cell’s contact with the substratum. Inte- 
grins are well adapted to allow firm attachment and fast 
detachment at the front and rear, respectively, of a migrat- 
ing cell. The integrin-dependent mechanisms by which these 
Opposite processes are regulated at the same time within 
the cells is just about to be disclosed (Ridley et al., 2003). 
Although similar molecular mechanisms are likely to occur 
during migration of cells in the three-dimensional system, 
tumour cells moving directionally through a collagen gel 
have a different morphology than cells migrating along a 
two-dimensional surface (Friedl etal., 2003). They have a 
spindlelike fibroblastic appearance with spikelike protrusion, 
with which they grasp collagen fibrils, but they lack the fan- 
like lamellipodia. This fibroblastic cell movement depends on 
integrins, as function-blocking antibodies against collagen- 
binding integrins or snake venom- derived antagonists to 
collagen-binding integrins abrogate it entirely (Chan et al., 
1991; Eble etal., 2002; Eckes, 2000). Nevertheless, cells 
do not come to a complete standstill under these conditions 
but switch to a comparatively slower amoeboidlike motion 
by which the tumour cells squeeze through the collagen 
meshwork without forming the integrin-dependent spikelike 
protrusions that reach towards the collagen bundles (Friedl 
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Figure 2 Double-filter invasion assay. A collagen gel is sandwiched between two filters: a top filter and a bottom filter with pores of large and small 
diameters, respectively. Cells are seeded onto the top filter in the top compartment of the chamber. Driven by cytokines dissolved in the medium of the 
bottom compartment, tumour cells migrate through the pores of the top filter, invade through the collagen gel, and eventually come to a stop on the 
cell-impermeable bottom filter with the small calibre pores. After fixation, the cells on the top and bottom filter are stained and counted. The ratio of cells 
on the bottom filter to the entire number of cells on both filters correlates with the invasive and malignant property of the tumour cells. The collagen gel 
is a model for the collagen fibre- rich interstitial connective tissue, but can be substituted by other gel-forming ECM molecules, for example, fibrin. 


et al., 2003; Wolf et al., 2003) (see Signalling by Ras and 
Rho GTPases). 

Various test systems have been established to scrutinize 
tumour cell migration through a three-dimensional matrix 
model (Shaw, 2005), two of which will be mentioned here: 
the double-filter invasion assay (Erkell etal., 1988) and 
video-microscopic observation (Friedl etal., 2004). In the 
double-filter invasion assay (Figure 2), a gel of ECM protein 
is generated between two filters: a cell-permeable top filter 
and a cell-impermeable bottom filter. After seeding, the 
cells move through the larger pores of the top filter and 
migrate through the protein gel, until they come to the cell- 
impermeable bottom filter with the smaller pores. After the 
incubation, the filters are taken apart and the cells on the 
filters are fixed, stained, and counted. The number of cells 
on the bottom filter in relation to the total number of cells 
on both filters is a quantitative measurement for the cell’s 
capability to penetrate through the protein gel. In the video- 
microscopic approach (Figure 3), the cells’ behaviour in the 
protein gel can be observed in real time. By computer- 
assisted vectorial tracking, both speed and direction of single 
cell movements can be measured and statistically evaluated. 
Morphological changes of cells, such as the formation of 
cell protrusions, are also detected by video microscopy. The 
centrepiece of both the double-filter invasion assay (Figure 2) 
and the video-microscopic observation (Figure 3) is the gel 
of ECM protein. Because of its superior gelation properties, 
type | collagen is the material of first choice for such gels 
(Bell etal., 1979). Indeed, type | collagen gels resemble the 
interstitial stroma, which is also rich in collagen | - containing 
fibrils. However, it is clear that reconstituted gels of solidified 
type | collagen solutions are only an approximation of the 
naturally occurring connective tissue, which consists of a 
myriad of different ECM components and growth factors, 
which are arranged in a highly ordered manner within the 


tissue. ECM components, other than type | collagen, that 
solidify into gels under experimental conditions are rare. 
Another example is fibrinogen, which upon addition of 
thrombin forms a fibrin gel similar to the ECM of the 
granulation tissue during wound healing (Eble et al., 2002; 
Erkell et al., 1988). 

The CAFs (tumour stromal cells, reactive stroma) differ 
from the normal stromal cells in their expression pattern. The 
question, whether the different expression profiles is based on 
a genomic alteration of these CAFs, was studied by different 
methods, namely, comparative genomic hybridization and 
karyotypic analysis, but with controversial results (Cunha 
et al., 2002). By various methods such as serial analysis of 
gene expression (SAGE) (Waghray et al., 2001), expressed 
sequence tag library analysis (Nelson etal., 2000), and 
DNA microarrays (Berquin et al., 2005), it was proved that 
reactive stromal cells differ from normal fibroblasts in their 
gene expression profile. The upregulated genes in tumour 
stroma are not only restricted to distinct ECM proteins and 
CAMs, such as collagens, tenascin-C (Chiquet-Ehrismann 
etal., 1986; Hsia etal., 2005), and integrins, but also 
comprise gene products involved in cytoskeleton, mechanical 
force transmission, and migration of cells (Berquin etal., 
2005). Most of these gene activation effects depend on 
integrin-mediated cell- matrix interactions, in combination 
with signals from growth factors (Bhowmick et al., 2005). 
They have been especially studied on fibroblastic cells in 
collagen gels (Chan etal., 1991; Langholz etal., 1995). 
The @1f1 integrin, after binding to its collagen ligand, 
decreases the transcription and stability of the collagen | 
al chain. The more abundant a@2£1 integrin on stromal 
cells not only increases collagen synthesis but also triggers 
an enhanced production and activation of various collagen- 
degrading MM Ps, such as MMP-1, MMP-2, and MT1-MMP 
(Eckes, 2000; Heino, 2000). 
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Figure 3 Video microscopy to measure cell migration through the ECM 
scaffold. Tumour cells are embedded in a collagen gel and visualized under 
a light microscope. Microscopic pictures taken in certain time intervals are 
used to generate a time-lapse video to show cell movement. Furthermore, 
computer-assisted cell tracking provides digital data, which by means of 
vector calculation provide information, such as direction and velocity of 
cellular migration. 


COMMUNICATION BETWEEN TUMOUR AND 
STROMA VIA PROTEINASES 


Serin proteinases and the MM Ps are among the most impor- 
tant proteinases that are involved in tumour- stroma com- 
munication. Among the serine proteinases, both plasmin and 
its cell-membrane-anchored activating proteinase, the uroki- 
nase plasminogen activator (uPA), are correlated with tumour 
progression and poor prognosis (Del Rosso etal., 2002; 
M yohanen et al., 2004; Sidenius, 2003). By partial proteol- 
ysis, UPA converts the zymogen plasminogen into the prote- 
olytically active plasmin, which not only degrades the fibrin 
network (fibrinolysis) but also cleaves other ECM molecules 
either directly or indirectly by activating MM Ps. The activity 
of uPA strongly depends on the urokinase plasminogen acti- 
vator receptor (uPAR), a glycosylphosphatidylinositol (GPI)- 
anchored plasmalemma protein. Its membrane linkage and its 
protein core structure are subject to shedding by phospholi- 
pase D or degradative inactivation by proteinases. However, 
uPAR does not only bind and activate uPA but also mediates 
cell adhesion to vitronectin and influences the neighbour- 
ing integrins within the plasmalemma. uPAR is localized 


in specialized membrane protrusions termed invadopodia at 
the migration front of tumour cells (Adams, 2001). Another 
group of membrane-anchored serine proteinases, termed the 
type II transmembrane Serine proteinases (TTSPs), also play 
a role in malignant cell invasion. Some of the 18 members 
of these TTSP family, for example, the enterokinase, have 
long been known for other physiological functions, but it 
was recently discovered that they were upregulated in cancer 
tissue (Del Rosso, et al., 2002). 

Twenty-three M M Ps have been identified in humans. They 
can be sorted into several subgroups according to their 
domain structure: collagenases (M M P-1, -8, -13, -18), gelati- 
nases (MM P-2, -9), stromelysins (MM P-3, -10), matrilysins 
(MMP-7, -26), membrane-anchored MMPs (either with 
a transmembrane domain: MT1-MMP, MT2-MMP, MT3- 
MMP, MMP-24, or GPl-anchored: MT4-MMP, MMP-25), 
and other MMPs (Egeblad et al., 2002; Visse et al., 2003). 
A common feature of all MMPs is the proteolytically active 
domain, the structure of which has been resolved for sev- 
eral MMPs and related metalloproteinases, such as ADAMs 
(a disintegrin a metalloprotease domain protein). The cat- 
alytic domain contains the characteristic Met turn and the 
HEXGHXXGXXH motif complexing the Zn?* ion in the 
active site. With the exception of matrilysins, M M Ps possess 
a C-terminal haemopexin domain. Gelatinases bear in their 
catalytic domains an insert of additional three fibronectin 
type II repeat domains, which is essential for binding the 
gelatine substrate. 

Whereas the collagenases typically cleave interstitial col- 
lagens (types I, Il, and III) at a unique site releasing two 
fragments that are three-fourths and one-fourth of the orig- 
inal length, gelatinases degrade denatured collagens (gela- 
tine), and also cleave collagens and laminins. Stromelysins, 
matrilysins, and the membrane-anchored MMPs, for exam- 
ple, MT1-MMP (Sato etal., 2005), have a comparatively 
broad substrate specificity (Chakraborti et al., 2003; M an- 
dal et al., 2003; Visse et al., 2003). Matrilysin M M P7 even 
cleaves Fas ligand, protumour necrosis factor alpha (pro- 
TNF-a), and E-cadherin. Being secreted as inactive pro- 
forms, pro-M M Ps are activated by partial proteolysis of their 
propeptides. Different proteinases are responsible for MMP 
activation, for example, plasmin, which itself is proteolyti- 
cally activated either by tissue plasminogen activator (tPA ) 
bound to fibrin or by uPA bound to specific cell mem- 
brane receptors (UPAR). This interconnection links the pro- 
teinase communication pathway between stromal and tumour 
cells to the ECM- and integrin-mediated cellular informa- 
tion exchange. Additionally, pro-M M P-2 is activated by the 
membrane-bound M T1-M MP, paradoxically in the presence 
of TIM P-2 (tissue inhibitor of metalloprotease-2). Four mem- 
bers of the TIMPs have been characterized so far (Visse 
et al., 2003). These proteins, about 200 amino acids in length, 
inhibit every M M P with the exception of TIM P-2, which fails 
to block MT1-M MP function. M oreover, TIM P-3 inhibits not 
only MMPs but also several ADAMs, for example, ADAM- 
17 (TACE) and aggrecanase (ADAM-TS4, ADAM-TS5), 
which are involved in cellular signalling and proteoglycan 
degradation, respectively. 
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The biological function of MMPs is not limited to the 
simple demolition of the ECM. In contrast, the MMP- 
mediated degradation of the ECM is mainly a fine-tuned 
process, which also releases cryptic, yet functional, cell 
adhesion sites. MM P-2 and MT1-MMP cleave laminin-5 in 
its y chain, thus unmasking a cryptic cell adhesion site, 
which triggers increased motility of carcinoma cells (Gian- 
nelli etal., 1997; Hornebeck et al., 2003; Xu etal., 2001). 
Another target of MMPs are CAMs, for example, CD44 and 
E-cadherin, with profound consequences for the proteinase- 
modified tumour cell (Nagano et al., 2004). CD44, known 
as hyaluronan receptor, also serves as a docking site for 
MMP-9 on the cell surface and seems to be involved in 
the cell-surface immobilization of proteinases (see subse- 
quent text) (K ajita et al., 2001). E-cadherin is responsible for 
homotypic cell-cell recognition of epithelial cells and thus 
for their sheetlike cohesiveness that is typical of epithelial 
tissues. Its degradation by MM P-3 and -7 destroys the links 
between epithelial-derived tumour cells and allows their indi- 
vidual dissemination from a neoplastic node, a prerequisite 
for invasive growth through the basement membrane (Noe 
etal., 2001). Additionally, MMPs may also release growth 
factors, for example, TGF-8 and IGFs, from their respec- 
tive binding proteins, which are bound or even cross-linked 
to the ECM. Furthermore, from ECM molecules or cell- 
surface molecules, domains that indeed function as growth 
factor are set free by MMP cleavage. For example, TGF-a 
is a growth factor that is excised from its membrane-bound 
growth factor precursor (Peschon et al., 1998). For growth 
factor-like molecules, which are originally synthesized as 
domains of larger ECM molecules but serve as cytokines 
after they have been excised from their precursor, the name 
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matrikine was coined (M aquart et al., 2005, 2004). An exam- 
ple of matrikines is endostatin, which is proteolytically 
derived from the basement membrane collagen X VIII (Erick- 
son et al., 2000). With all their diverse functions, M M Ps take 
a critical part in diverse cell functions, such as differenti- 
ation, cell morphological changes, migration, proliferation, 
and apoptosis. Any of these functions is relevant in tumour 
biology (Egeblad et al., 2002). The expression and activa- 
tion of MMPs is increased in almost any tumour. Inhibition 
of MMP function - either on the level of transcription or 
during MMP secretion and proteolytic activation - reduces 
the aggressiveness of cancer cells in in vitro studies. How- 
ever, in vivo studies and clinical trials with M M P inhibitors 
did not provide the anticipated results, but further scrutiny 
of MMPs and their role in tumour biology is required to use 
these M MP inhibitors as applicable and helpful pharmaceuti- 
cals (Egeblad et al., 2002; M andal et al., 2003; Zucker et al., 
2000). Nevertheless, there is a clear correlation between the 
aggressiveness of a tumour and its capability to produce 
MMPs. Although most MMPs are secreted as soluble pro- 
teinases, some M M Ps, such as M M P-2 and -9, are associated 
with the plasmalemma of the tumour cells. Subcellularly, 
together with the membrane-bound proteinases, for exam- 
ple, MT1-MMP and uPAR-linked serine proteinases, they 
are localized in invadopodia (Nakahara etal., 1997), with 
which the tumour cell pokes through the basement mem- 
brane or the dense interstitial collagen meshwork (Adams, 
2001; Egeblad et al., 2002; Wolf et al., 2003). Interestingly, 
some M M Ps are synthesised not by the cancer cell but by the 
CAF. Tumour cells express EMMPRIN (CD 147, basigin), a 
membrane-spanning member of the immunoglobulin super- 
family, in high numbers on their surfaces (Gabison et al., 
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Figure 4 Zymography in an electrophoresis gel (a) and in situ zymography (b). For in-gel zymography (a), a polyacrylamide electrophoresis gel is poured, 
into which gelatine, denatured collagen, is added. Samples containing matrix metalloproteases, such a M M P-2 or M M P-9, are applied to the gel, along with 
a marker of proteins with defined molecular masses (given in kilodalton, kDa). After electrophoretical separation of the proteins, the denaturing detergent 
sodium dodecyl sulphate (SDS) is removed and the gel is incubated in a buffer optimized for MMP digestion. In gel areas, where the gelatine has been 
degraded, no protein can be detected by Coomassie staining of the gel. Therefore, the MMPs appear in the gel as clear spots within a gelatine-containing, 
Coomassie-stained background. The minor band at higher molecule mass represents the pro-M M P forms, which have a weak proteolytic activity. For in situ 
zymography (b), a histological section of the tumour tissue with its surrounding connective tissue is brought in close contact with a gelatine film. MM Ps 
diffuse from the histological section into the gelatine film, where they degrade the gelatine. After Coomassie staining, these areas remain clear compared 


to the Coomassie-stained, gelatine background. 
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2005; Toole, 2003). By direct cell-cell contacts with the 
CAFs, the tumour cell’s EMMPRIN stimulates the CAF to 
produce and secrete MMPs, such as MMP-2 and MMP-9, 
which are activated on or close to the invadopodia of the 
tumour cell. The amount and activity of serine proteinases 
and MMPs can be determined by ELISA or by fluorimet- 
ric assays, which measure the degradation of a fluorescently 
labelled substrate (Snoek-van Beurden et al., 2005). M ore- 
over, zymography is an ideal tool for identifying MMPs by 
their molecular mass and enzymatic activity (Figure 4). In 
situ zymography (Figure 4b) detects the localization of pro- 
teinases within a tumour or at the tumour- stroma border 
(Yan et al., 2003). 


OUTLOOK 


During the last few years, the essential role of the 
stroma/connective tissue in maintaining the structure and 
function of the parenchymal tissue and, thus, the entire organ, 
has been appreciated. Interestingly, tumour cells also influ- 
ence the stromal cells in their vicinity. Under the influence 
of tumour cells, the fibroblasts differentiate into the reactive 
stroma, which helps the cancer cells by providing a tumour- 
permissive and tumour-supporting environment. Three axes 
of communication between tumour and reactive stromal cells 
were identified: growth factors, ECM molecules, and pro- 
teinases. As the reactive stroma and its microenvironment 
is tumour promoting, it has to be considered as a target in 
fighting the tumour (Liotta et al., 2001; Micke et al., 2004; 
Muller et al., 2004). Therefore, the medication to cure cancer 
should not only aim at tumour cells and their metabolism, 
for example, by radio- and chemotherapy, but must also tar- 
get the reactive stroma in the vicinity of tumour cells. An 
understanding of the differentiation of reactive stromal cells 
and their communication pathways with tumour cells will 
be helpful to design future pharmaceutical approaches for 
fighting cancer. 
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INTRODUCTION 


The formation of new blood vessels is a vital biological 
process that is a hallmark of normal development, embryoge- 
nesis, tissue regeneration, and wound healing. The study of 
angiogenesis has taken on new significance over the last three 
decades as its involvement in tumour growth and progression 
and other pathologic processes has become clear (Folkman, 
1975). Tumours cannot grow past a few millimetres in size 
without a supply of nutrients established by the extension 
of new blood vessels to the growing mass (Fidler and Ellis, 
2004). Furthermore, these blood vessels provide a conduit 
through which invasive cells are transported to distant organs 
to form metastases. Determining and modelling the events 
that promote angiogenesis are important goals that need to 
be achieved to more effectively confront tumour masses with 
the appropriate therapeutic interventions. 

The processes that promote angiogenesis include dysregu- 
lated cell signalling. Various cell surface receptors and/or 
downstream molecules are activated to elicit angiogenic 
responses. M oreover, the cell microenvironment plays a crit- 
ical role in regulating and promoting the imbalance that tips 
the cell towards dysregulated signalling and acceleration of 
vascular vessel formation. The components of the tumour 
microenvironment, including tumour cells, endothelial cells, 
inflammatory cells, and extracellular matrix proteins, col- 
lectively provide a nurturing and self-sustaining environ- 
ment of blood vessel formation, tumour growth, proteolysis 
of the microenvironment, and invasion (see Invasion and 
M etastasis). 

Since angiogenesis is an intricate process spanning 
multiple molecular signals as well as different environments, 
it is essential to develop methods that can accurately 
and consistently measure these events and elucidate their 
mechanisms and behaviour. Some techniques are best done 
in vitro; for example, the study of endothelial cells in defined 
backgrounds can provide insight into the formation and 
behaviour of the vasculature. Studies with endothelial cells 
can involve exploring their phenotypes under conditions 
that drive migration or invasion, molecular characterization 
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of gene and protein activation and inhibition, and effects 
of artificially created microenvironments on activated cells. 
In vivo techniques for the study of angiogenesis have 
been broadening as creative techniques are being applied 
to study the angiogenic processes in as close to its 
natural environment as possible. Data from in vivo and in 
vitro techniques complement each other, as each of these 
environments has disadvantages that to a certain extent are 
remedied in the other (Table 1). 


IN VITRO MODELS 


Traditional in vitro studies of angiogenesis have revolved 
around modulation of endothelial cell behaviour. Experi- 
mental conditions are more easily controlled in vitro, as are 
measurements of focussed end points. The ability to specify 
conditions under which such experiments are conducted is 
a benefit of in vitro models, but also a liability. The data 
collected from the artificial environments of in vitro studies 
must be confirmed in other models. Endothelial cells may 
exhibit varied phenotypes based on their tissue of origin (i.e., 
micro- or macrovasculature), and respond differently in dif- 
ferent models, adding a level of complexity (Staton et al., 
2004). However, in vitro methods remain an invaluable tool 
in pinpointing effectors and target proteins of angiogenesis. 


Assays of Endothelial Cells 


Primary culture human umbilical vein endothelial cells 
(HUVECs) are one of the most commonly used experimental 
endothelial cells. Microvascular endothelial cells have been 
isolated from the skin, brain, adipose tissue, adrenal gland, 
and other sites and are commercially available (Taraboletti 
and Giavazzi, 2004). Immortalized endothelial cells are also 
used in some studies due to their advantages over primary 
lines, including availability, stability, and less stringent cell 
culture requirements. However, over time, such cells lose 
some of the hallmarks of endothelial cells, including criti- 
cal protein markers, and thus may lose the ability to reliably 
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Table 1 List of popular angiogenesis models. 


In vitro 
M odel 
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Advantages 


Disadvantages 





Endothelial cell cultures 


Tubule formation assays 


Co-culture models 


Ability to test angiogenic factors in a 
controlled environment 


Ability to determine efficacy of agents 
involved in promoting angiogenic phenotypes 


Study the effect of surrounding cell/tissue 
types on endothelial cell angiogenic 
phenotypes in a controlled environment 


Environment not representative of actual live 
situation; primary cells are difficult to harvest, 
while immortalized cells lose characteristics of 
their parental lines over time 

Artificial extracellular matrix may not be 
representative of actual live situation; ability of 
some non-endothelial cells to form tubules 
questions the reliability of this technique as a 
measure of angiogenesis 

Interaction of cells in a controlled environment is 
not a true representation of an in vivo situation 





In vivo 
M odel 


Advantages 


Disadvantages 





Organ culture assay (ex vivo model) 


Corneal micropocket assay 


Cannulated sponge model 


Disc angiogenic system 


Matrigel plug assay 


Chick chorioallantoic membrane assay 


Hollow fibre assay 


Chamber assays 
Angiomouse 


Zebra fish assay 


Observations are made in context of a local 
microenvironment, fast 


Permits daily monitoring in a protected 
location, effective for testing one or many 
potential angiogenic factors 

Ability to measure blood flow over a period 
of time; ability to introduce agents locally 
during assay 

Multiple discs carrying multiple agents can be 
tested simultaneously 


More natural environment relatively simple 
procedure ability to evaluate with image 
analysis or manual vessel count 

Relatively simple, yet enables large-scale 
screening, allows constant observations, lack 
of rejection due to absence of an immune 
system 

Less trauma to animal, easy manipulation of 
sample allows observation in a tumour 
environment 

Non-invasive and continuous observation of 
neovascularization. 

Non-invasive, allows real-time imaging 


Easier visualization 


Outgrowth from a large vessel such as the aorta 
may not be representative of microvasculature in 
tumours 

Proficient surgical technique is required, 
expensive potential for inflammation due to 
surgery 

No way to visualize angiogenic response during 
experiment, sponge must be removed only at 
designated time points for evaluation 

No way to visualize angiogenic response during 
experiment, discs must be removed at specific 
times and studied histologically 

Requires many animals, inherent variability 
depending on factors such as age of animal or 
site of injection 

Difficult to distinguish new capillaries from 
existing ones due to pre-existing vasculature 


Requires invasive monitoring; risk of 
inflammation 


Time consuming, requiring special training and 
equipment, risk of trauma at insertion site 
Absorbance of GFP by surrounding tissue can 
limit visualization of new blood vessels 

Difficult to distinguish between angiogenesis and 
vasculogenesis 


mirror vascular biology. Studies have shown that endothelial 
cells derived from tumours demonstrate differential gene 
expression patterns that may be stable when compared 
with normal endothelial cells (Dutour and Rigaud, 2005; St 
Croix etal., 2000). Although it may be favourable to study 
tumour cell angiogenesis from tumour-derived endothelial 
cells, obtaining and isolating these cells is more cumbersome 
(Taraboletti and Giavazzi, 2004). 

Several phenotypes are commonly evaluated when dissect- 
ing angiogenic behaviour: proliferation and survival, invasion 
and migration, and formation of two- and three-dimensional 
structures. 


Proliferation and Survival Assays 


These are among the simplest and most common assays 
as they involve quantification or enumeration of endothelial 
cells. Cells grown in culture are treated with the agonist or 


antagonist being investigated, and the subsequent effect on 
cell proliferation is determined. Whole cells can be counted; 
alternatively, proliferating cells can be stained to identify 
them specifically. The MTT assay [3-(4,5-dimethy|thiazol-2- 
yl)-2,5-diphenyltetrazolium bromide] is commonly used to 
provide a colourimetric quantitation representing prolifer- 
ating cells using a measure of active mitochondria as the 
surrogate. Measurements of DNA synthesis, using radionu- 
clides, S-phase fraction by flow cytometry, or other labels 
allows a surrogate for cell turnover. 

Since the net cell number, for endothelial cells or any other 
cell type, is the net sum of cell division and cell loss, mea- 
surement of cell loss is also important in modelling vascular 
events. Apoptosis, or programmed cell death, can be deter- 
mined by methods such as terminal transferase dUTP nick 
end labelling (TUNEL) assays of DNA fragments or indirect 
measurements such as determining the levels of apoptosis 
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enzymes, such as caspases (see Apoptosis). Vascular remod- 
elling in vivo or in experimental models is a balance of 
cell division and structural remodelling. This underscores 
the importance of incorporating measures of multiple com- 
ponents of vascular function in research. 


Migration and Invasion Assays 


Normal and pathologic cells use migratory and invasive 
behaviours in their basic functions. For example, the process 
of normal vascular sprouting requires that the endothelial 
cells activate an invasive phenotype to allow them separation 
from the stable vessel and from which to migrate towards 
the proangiogenic signal, stimulating the new vasculature. 
The process of invasion and migration is very similar for 
all cells and a series of models that have been applied to 
endothelial cells have been developed for use in a broad 
variety of experimental backgrounds. Two forms of migration 
occur: cells migrate via chemotaxis towards angiogenesis 
factors, or up a concentration gradient. This is mimicked 
in the modified Boyden chamber assay (Falk etal., 1980). 
Endothelial cells are plated in an upper chamber over a 
porous synthetic membrane coated with a matrix protein 
to enable cell attachment. The lower chamber contains a 
chemoattractant stimulant, which may be a growth factor, 
matrix molecule, or another test medium. The number of 
cells that traverse the porous membrane in response to the 
chemoattractant is then quantitated using image analysis, 
colourimetric systems, or cell counting. An advantage of this 
assay is its high sensitivity (Staton et al., 2004). Random 
or chemokinetic motility can also be measured in the 
Boyden chamber assay by changing the placement of the 
chemoattractant gradient (Taraboletti and Giavazzi, 2004). 
Invasiveness of endothelial cells can be evaluated using 
this assay format. Coating of the porous membrane with a 
compound barrier of extracellular matrix proteins and growth 
factors, such as the commonly used Matrigel (Albini et al., 
1987), requires that the cells actively degrade the matrix 
to allow translocation. These assays can be used to assess 
global invasive behaviour and/or production or inhibition of 
the necessary functional components of invasion, such as 
proteases, attachment proteins, and signalling events. 

Other approaches have been developed to measure cellular 
migration. The two-dimensional in vitro wound-healing assay 
allows cells to migrate into a void created by denuding a lawn 
of cells. The number of cells and the speed of repopulation 
are evaluated and can be modified by incorporation of 
stimulatory and inhibitory regulatory molecules. As with 
all assays, there are control issues; in this case, controlling 
confluence and proliferation. An inhibitor of proliferation, 
such as mitomycin-C, can be used to minimize such effects 
(Chen etal., 1994). Another migration assay, the track 
assay, utilizes colloidal gold-plated coverslips on which cells 
attach and migrate (Zetter, 1987). Cells create a path by 
phagocytosis of the colloidal gold during movement. The 
resultant tracks are evaluated through image analysis. The 
fact that the cells are migrating on a non-natural substrate 
in this case can be a limitation of the extrapolation of 
these assays. 





Figure 1 The formation of HUVEC tubules on M atrigel is time dependent. 
HUVEC cells plated on Matrigel begin to align after 1 hour of culture (a). 
By 2hours, the HUVECs begin to flatten and elongate (b). A strong network 
of tubules is present by 12 hours (c). 


Endothelial Cell Differentiation Assays 


Activated proliferating endothelial cells have been seen to 
align, establish cell- cell contacts, and form tubule-like struc- 
tures when grown in permissive conditions (Lawley and 
Kubota, 1989). The process is initiated within 4-8 hours 
when grown on Matrigel, a laminin-rich basement membrane 
extract of the Engelbreth- Holm- Swarm tumour (Figure 1). 
Similar results on other extracellular matrix substrates may 
take longer or require a floating matrix. Endothelial cells 
make tubules on Matrigel in the absence of growth factors; 
however, growth factor- depleted Matrigel with added vas- 
cular endothelial growth factor (VEGF) or basic fibroblast 
growth factor (FGF) was found to be insufficient to support 
tubule formation (Kohn and Grove, unpublished observa- 
tions). This supports the conventional wisdom that there is a 
complex environment required for tubule formation. Studies 
showed enhanced tubule formation on Matrigel when cul- 
ture medium contained VEGF or basic FGF (Staton et al., 
2004), and more recent investigations have clarified intracel- 
lular responses to such ligand treatment (H uang et al., 2006). 
Tubule formation has also been demonstrated in 3D environ- 
ments by sandwiching endothelial cells between layers of 
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matrix; in this case, fibrin is commonly used (J anvier et al., 
1997). This allows tubules to extend both horizontally and 
vertically. These 3D assays may more closely mimic in vivo 
events. However, dynamics of tubule formation are much 
harder to evaluate in such a system and remain a challenge. 
How to quantify and characterize different planes and depths, 
and tubule length or height, as well as thickness and com- 
parison to controls is still under optimization. 

Although tubule formation assays provide a theoretical 
representation of cell behaviour in vivo, the disadvantages 
of these assays are evident. There is the inherent difficulty 
in quantifying and measuring results. There have also been 
controversies regarding the interpretation of results of such 
assays. For example, determining whether these tubules 
contain actual lumens or not requires electron microscopy 
and has not been done routinely. Lumen formation may vary 
according to the endothelial cell type or the matrix used, and 
some authors have demonstrated their tubules to be inside 
out. 


Complex Cellular Angiogenesis and Angio-mimicry 
Assays 


Angiogenesis, like any other physiologic process, does not 
occur in a vacuum, and requires the extracellular environment 
for promotion and sustenance. M odel systems have demon- 
strated the complexity of angiogenic responses induced by 
non-endothelial cells, as well as “angiogenic phenotypes” 
presenting in non-endothelial cells in culture. 


Co-culture Models 


The influence of the surrounding tissue on endothelial cell 
response is most amenable to study in an in vivo envi- 
ronment. However, in vitro co-culture assays have been 
developed to mimic interactions of two or more tissues and/or 
cellular secretions under controlled circumstances. For exam- 
ple, astroglial cells co-cultured with bovine retinal microvas- 
cular endothelial cells induce the latter to form capillary-like 
structures within 3-4days. Khodarev etal. demonstrated 
that HUVECs co-cultured with U87 human glioma cells 
had enhanced migration, proliferation, and tubule formation 
(Khodarev etal., 2003). These effects occurred indepen- 
dently of physical cell-cell contact, indicating that soluble 
cell secretions are at play. The effects were reduced when 
cells were treated with angiogenesis inhibitors such as angio- 
statin and endostatin. Gene expression profiling of the acti- 
vated endothelial cells showed upregulation of growth factor 
and receptor expression on HUVECs in co-culture, indi- 
cating pro-angiogenesis signalling pathways and autocrine 
loops were activated by the glioma cells. A similar co-culture 
model was used to illustrate that laminin-8 is important for 
glioma cell invasion in vitro, where co-cultures of glioma 
cells with normal human brain microvascular endothelial 
cells were less invasive through M atrigel after laminin-8 was 
downregulated in the glioma cells via antisense constructs 
(K hazenzon et al., 2003). 


Angiogenesis-like Phenotypes in Non-endothelial Cells 


Other cell types have been reported to exhibit active tubule- 
forming properties under specified conditions. Bone mar- 
row - derived stem cells (BMSCs), for example, can differ- 
entiate into vascular progenitors and form vascular structures 
(Davidoff et al., 2001). BMSCs migrated as robustly towards 
co-cultured cancer cells, including MCF-7 breast and U-87 
glioma tumour cells, as they did towards endothelial cells 
(Annabi et al., 2004). BMSCs were also able to form tubu- 
lar structures in Matrigel in the absence of stimuli. Such 
observations are interesting in the context of stem cells; how- 
ever, there is controversy regarding the observed tendency 
of some non-stem cells to form vessel-like structures. Such 
pseudovasculature, or vascular mimicry, can occur in can- 
cerous and “genetically dysregulated” cells such as prostate 
cancer and melanoma cells (Folberg et al., 2000; Folberg and 
Maniotis, 2004). Sood et al. also visualized tubules forming 
in aggressive ovarian cancer cells, yet, it is unknown if this 
apparent reversion of cells to an embryonic phenotype is a 
passive function of de-differentiation or an active transfor- 
mation phenotype (Sood et al., 2002). The demonstration of 
Donovan et al. that non-endothelial cells (including fibrob- 
lasts, breast and prostate epithelial cells, and glioma cells) 
form tubules on Matrigel (but not in co-culture models) is, 
according to these investigators, an indication that M atrigel 
may not be the most feasible model for determining endothe- 
lial cell differentiation (Donovan et al., 2001). 


AN EX VIVO MODEL: THE ORGAN CULTURE 
ASSAY 


Distinctions exist between experiments done in vitro and 
those done in vivo. However, the organ culture assay, an 
ex vivo model, serves as a link between the two. In this 
assay, organs or tissues are harvested and grown in or on 
a matrix that allows angiogenesis to occur in the form of 
vessel outgrowth from the explant. The rat aortic ring assay, 
first described by Nicosia and Ottinetti in 1990, is a well- 
established example (Nicosia and Ottinetti, 1990). Rat aorta 
rings, dissected free of the periaortic fibroadipose tissue, 
are placed in or on a Supportive matrix often made up of 
collagen, fibrin, or Matrigel. These cultures are grown in 
a medium that can be specialized for stimulation or inhi- 
bition experiments. The outgrowth of new blood vessels 
is observed over 10-14days and can be quantified (Sta- 
ton et al., 2004). The stripping of the periaortic fibroadipose 
tissue is done to minimize any outgrowth of microvascular 
vasovasorum, leaving the new vessel outgrowth to come from 
the aortic endothelium of the ring. Aortas from other small 
experimental mammals also have been used successfully in 
this assay. Quantification of neovascularization in this model 
includes the use of computer image analysis or visual count- 
ing of blood vessel growth, immunohistochemical analysis, 
and video microscopy (Taraboletti and Giavazzi, 2004). 
The aortic ring assay also avoids the use of endothelial 
cells that have been cultured, and are already proliferating 
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(Auerbach et al., 2003). In vitro experiments use endothelial 
cells that are constantly dividing or are activated, while 
most endothelial cells in the body are quiescent (Ortega 
et al., 1999; Risau, 1997). Endothelial cells in the aorta, for 
instance, are not actively proliferating at the time of harvest, 
meaning that stimulation is needed to induce the endothelial 
cells to proliferate. However, the aorta is a large vessel, 
and outgrowth of its endothelial cells may not be indicative 
of the microvasculature seen in tumour neovascularization 
(Auerbach et al., 2000). 

One disadvantage that is seen with all of the organ culture 
models is the extrapolation of results from animal to human. 
Human placental vein disks have been used, arguably more 
accurately, to depict drug responses of human tissue. These 
are large vessel endothelial cells and comparison to the 
microvasculature may also be a problem (Staton et al., 2004). 
All of these assays represent an important crossing point from 
in vitro to in vivo experiments. 


IN VIVO MODELS 


Angiogenesis is a multi-step dynamic process in which 
basement membrane degradation, endothelial cell migration, 
proliferation, and differentiation occur. All could serve 
as focal points for the development of new therapeutic 
strategies. These steps in angiogenesis are not directed by 
one growth factor, receptor, or matrix molecule, but rather are 
shaped by the proteins, metabolites, and cellular interactions 
occurring in the local environment. For these reasons, in 
vivo assays serve a critical role in the understanding of 
angiogenesis. Good, reliable, and accurate in vivo models are 
always important in testing the knowledge gained through 
in vitro experiments. In vivo models can overcome some 
of the shortcomings of in vitro assays. They also have 
benefits and limitations. X enograft experiments induce new 
vessels to form from host resources. Optimization, control, 
and quantitation are issues with all in vitro, ex vivo, and in 
vivo models, again necessitating the use of multiple models 
for a full picture of the process. 


Angiogenic Induction in Normally Avascular Tissues 


The Rabbit Corneal Micropocket Assay 


This is a well-accepted model for in vivo angiogenesis. The 
cornea is an avascular tissue, which makes the problem of 
vascular quantification irrelevant (Gimbrone etal., 1974). 
This procedure, although originally developed in rabbits, is 
now used in mice, rats, and guinea pigs. An incision is made 
in the cornea, creating a small pocket into which slow release 
pellets are placed. Growth factors, conditioned medium, cells 
or organ explants, and test agents have been used in this assay 
(Figure 2). The limbal vasculature, located 2.5 to 3mm away 
from the stimulus, responds by infiltrating sprouts into the 
corneal stroma. N eovascularization can be observed through 
a slit lamp in rabbits and a stereomicroscope in mice, and by 
using other image techniques. The local response - level of 





(b) 


Figure 2 Representative pictures of V EGF-induced neovascularization in 
the avascular rabbit cornea assay. Briefly, a micropocket was surgically 
produced in the corneal stroma by a pliable spatula and the test substances 
in the form of a slow release preparation were inserted in the micropocket. 
(a) Negative control implant and (b) an implant producing a neovascular 
growth. The newly formed vessels started from the limbal vasculature 
(t = 0) and progressed towards the implanted stimulus (t = 7 days). Arrows 
indicate the newly formed vessels that progress in the corneal stroma to 
reach an Elvax-40 pellet containing 200 ng of VEGF (P). The picture was 
taken at day 10 after surgical implant through a slit stereomicroscope. 
(Figure kindly provided by Dr Marina Ziche.) 


oedema and cellular infiltrate - can be recorded on a day-to- 
day basis (Hasan et al., 2004). Ingrowth or sprouting from 
the capillary loops within 5 to 7 days after implantation is 
considered a positive response. In previous studies, implants 
that did not lead to neovascularization within 10 days were 
considered negative (Ziche et al., 1989). 

Many different formats can be used to quantitate the 
neovascularization in this model. Initiation and expansion of 
microvessel development over time and area can be measured 
(Auerbach et al., 2003). An angiogenic score was defined by 
Ziche to demonstrate the potency of the neovascularization: 
(vessel density) x (distance from limbus) (Ziche et al., 
1994). In addition, corneas can be harvested at defined time 
points for immunohistochemical staining and other analyses. 
Indian ink has been perfused to yield a visual vascular 
signature (Sarayba etal., 2005). A fluorochrome-labelled 
high-molecular-weight dextran has also been used to create 
pixel counts or histogram analysis of vasculature in the 
cornea (Kenyon et al., 1996). 

The corneal micropocket assay has led to significant 
findings, including evidence that demonstrated tumours are 
dependent on angiogenesis. Tumour spheroids free floating 
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in the anterior chamber of the eye did not develop. However, 
when the spheroids were placed in contact with the iris, 
they became vascularized and began growing as a tumour 
mass (Gimbrone etal., 1974). This model continues to 
be effective in identifying potential therapeutic agents for 
pathology driven by neovascularization. Vasostatin is one 
of several peptide fragments that have been shown to have 
anti-angiogenic activity. It was shown to inhibit corneal 
angiogenesis (Wu et al., 2005), and was also shown to inhibit 
basic FGF -induced neovascularization in the rat cornea using 
both topical application and incorporation into a Hydron 
pellet in the corneal micropocket. 


Matrix Implants 


Alternative in vivo techniques utilize other potential spaces 
regardless of pre-existing vasculature. These assays involve 
inserting a sterile polymer matrix implant into a subcutaneous 
pocket on the dorsum of small animals to induce vascular 
growth. The implants are porous and made up of biocompat- 
ible fibres such as polyurethane, alcohols, M atrigel, collagen, 
gelatin, or polyesters. Induced blood vessel growth from the 
surrounding tissue into the implants is evaluated. Cells or test 
compounds can be directly mixed into an implant. Once the 
implant is inserted, an inflammatory response may induce 
the formation of granulation tissue around it. This process 
drives the formation of new blood vessels that eventually 
invade the implant. Vessel formation is influenced by intrin- 
sic angiogenic factors in the animal, as well as stimulatory 
or inhibitory agents included in the implant. Interventional 
agents can also be injected systemically into the animal in 
order to determine their effect on the neovascularization of 
the implant. The implant and fibrovascular tissue surround- 
ing it can be removed for evaluation. M any different forms 
of analysis can be performed to determine the extent of 
neovascularization. 


Cannulated Sponge Model 


This model, also known as the rat sponge model, has been 
used to demonstrate the importance of various proangiogenic 
factors. First used by Andrade et al., the model uses 133X e 
clearance to quantify neovascularization (Andrade etal., 
1987). A sterile polyester sponge disc is inserted subcuta- 
neously into the dorsum of a rat and then loaded with 133X e 
through a cannula. This cannula can be used to insert tumour 
cells, growth factors, or potential inhibitory compounds on 
a consistent basis. It can also be used to draw fluid up from 
the sponge while the implant is still in the rat. The rate of 
loss of 13X e is measured in the sponge, changing as a func- 
tion of vascular clearance. The efficacy of 13X e clearance 
measured in 6-minute increments has been compared with 
the use of quantitative levels of haemoglobin, absolute blood 
flow with ‘Sn microspheres, and a carmine dye method 
of determining neovascularization. The comparison of these 
four techniques for quantitating blood vessel development 
made it clear that 133X e clearance is a reliable measure of 


blood flow (Hu et al., 1995). Similarly, °°"Tc has also been 
used (Kim et al., 2001). This system can be effectively used 
to measure blood flow over weeks. One disadvantage of this 
model is the inability to directly observe neovascularization. 


Disc Angiogenesis System 


This uncommon variation incorporates the use of a disc- 
shaped sponge developed by Fajardo etal., in which M il- 
lipore filters are used to create a specific area on the sponge 
where cell penetration can take place (Fajardo et al., 1988). 
This disc is covered on its flat sides by nitrocellulose (M il- 
lipore) filters that have a pore diameter of 0.45 um, making 
them impermeable to cells. As such, the only place on the 
disc where cell penetration can take place is the 2-mm-thick 
edge that forms a circumferential band around the sand- 
wiched alcohol sponge disk. Multiple discs can be inserted 
into one animal, allowing more than one agent to be tested 
at once or making it possible for the animal to serve as its 
own control. The disadvantages associated with this model 
are similar to that of the cannulated disc. Direct visualization 
of the blood vessels is not possible while they are living. In 
order to analyse results, discs must be removed at specific 
time points and studied histologically. The disc angiogenesis 
system allows the scientist to produce consistent results that 
must be interpreted within the context of the advantages and 
disadvantages of this model. 


Matrigel Plug Assay 


Matrigel contains laminin, type IV collagen, heparin sul- 
phate proteoglycans, and numerous growth factors (Albini 
et al., 1987). Matrigel containing either tumour cells or test 
compounds of interest can be injected subcutaneously into 
the ventral region of mice. It does not cause neovascular- 
ization itself, though it has been associated with inflamma- 
tion. Neovascularization in the plug is visible by 2-3 days, 
reaching a maximum vascular density at 1-3 weeks. The 
Matrigel plug can be removed after 7-21 days and the vas- 
cular response is assessed by microscopic evaluation of 
histologic samples, immunohistochemistry, or measuring sol- 
ubilized haemoglobin (Taylor et al., 2003). Standardization 
has been identified as an issue. In order to circumvent this 
problem, a modification has been suggested. Matrigel is 
applied to a Plexiglas ring/nylon net filter chamber, which 
is then implanted subcutaneously. The chamber can be eas- 
ily removed and evaluated upon completion of the exposure. 
The surface area to volume ratio is constant within these 
chambers, thus improving the reproducibility of this assay 
(Kragh et al., 2003). 

A modification of the above assay has been described, 
which consists of a two-stage Matrigel assay, also known 
as the sponge/Matrigel assay. A Matrigel plug is initially 
created through subcutaneous injection and then a sponge 
containing a tumour fragment or a test substance is implanted 
into the plug and can stay in place for several weeks. Prior 
to recovering the plug, fluorescein isothiocyanate (FITC) 
dextran is injected into the tail vein and the mouse is then sac- 
rificed 3-5 minutes later. The Matrigel plugs are harvested 
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and fixed in formalin. Visualization under phase-control 
microscopy reveals illuminated vessels corresponding to 
the neovascularization. The greatest disadvantage of this 
sponge/M atrigel assay is that it is more time consuming 
(Akhtar et al., 2002). Another variation of the Matrigel plug 
assay is the use of a Matrigel-filled 1-cm silicon tube that 
is sealed at one end. The purpose of this angioreactor is 
to simulate a gradient of angiogenic stimuli that occurs dur- 
ing pathogenesis in vivo (Guedez et al., 2003). The M atrigel 
is mixed with the desired concentrations of angiogenic fac- 
tors and placed into the tube, and the angioreactor is then 
implanted dorsally in athymic nude mice with the open end 
away from the incision. The unit is then removed at desired 
time points and visually inspected for vascular growth. 


Exteriorized Tissue Model 


Chick Chorioallantoic Membrane Assay 


The chick chorioallantoic membrane (CAM) assay is 
probably the most widely used in vivo assay for studying 
angiogenesis. The first evidence of the CAM assay dates back 
to 1913 (Ribatti, 2004). The CAM assay provides a means 
of assessing neovascularization while still maintaining all the 
components of a complex host environment. The allantois 
of the chick begins to develop on day 3- 4 after fertilization 
and continues to grow until day 10. Through this process, the 
mesoderm of the allantois fuses with the mesoderm of the 
chorion to form the CAM. This double-layered mesodermal 
region supplies a rich network of capillaries (Ribatti et al., 
2001). Angiogenesis in this region develops in three phases. 
On days 5-7, the initial capillary network begins to sprout. 
By days 8-12, the supporting tissue develops and the initial 
mature vessels appear, and, by days 13-14, the CAM 
structures undergo expansion with final maturation occurring 
by day 17 (Schlatter et al., 1997). The principle of the CAM 
assay is to implant cells/tissues/biomaterials on CAM or 
expose a local area on CAM directly to test substances 
implicated in angiogenesis. The lack of a mature immune 
system in 7- to 8-day-old chick embryos allows for the 
study of tumour-induced angiogenesis (Folkman, 1975). The 
angiogenic effects can then be assessed qualitatively or 
quantitatively (Figure 3). 

CAMs are cultured either in ovo or ex ovo as a Shell-less 
culture. In ovo culture refers to the creation of an opening 
within the egg shell, thus allowing the CAM to remain in 
situ while test substances are applied. This preserves the 
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Figure 3 Carboxyamidotriazole (CAI) inhibits angiogenesis in the CAM 
model. Exposure to 20 umol I7} CAI for 48 hours inhibits new blood vessel 
growth in the development of this chick CAM. The arrow denotes the site 
of administration of (a) the 0.05% dimethyl sulphoxide control or (b) CAI. 


physiological environment but limits the amount of surface 
area available for observation and manipulation (M iller et al., 
2004; Valdes et al., 2002). The ex ovo method is also referred 
to as the shell-less culture technique. Similar to the in ovo 
culture, the fertilized egg is initially incubated for 3 days. The 
egg is then cracked and the entire contents are transferred to 
atest dish. The CAM develops over the yolk sac and a larger 
surface area is exposed. Test substances can then be placed on 
the CAM. This technique offers the advantage of testing mul- 
tiple agents at the same time, given the larger exposed area. It 
is, however, limited by the decreased viability of the embryo 
(Schlatter et al., 1997; Tufan and Satiroglu-Tufan, 2005). 

Variations in the CAM assay have also been described. 
Gelatin-coated sponges containing an angiogenic substance 
can be added to the CAM. Neovascularization can then 
easily be observed, as new vessels grow vertically into the 
sponge (Ribatti et al., 1997). Another modification consists 
of using a collagen gel containing a sandwich of two nylon 
meshes, one of which is coated with the test substance. 
The vasculature sprouts vertically and the mesh serves 
as a simple way of counting the vessels (Nguyen etal., 
1994). Quantification of angiogenesis in CAM assays initially 
consisted of scoring the degree of vascularization on a scale 
of 0-4 under light microscopy (Folkman, 1974). Automated 
imaging techniques have since been developed (Voss et al., 
1984). Injection of fluorochrome-labelled high-molecular- 
weight dextran (FITC dextran) into a vessel of the egg, 
followed by analysis with confocal microscopy offers an 
objective means of quantifying the degree of vascularization 
seen in CAM assays (Zhai et al., 1999). A new approach that 
consists of the use of layered expression scanning (LES) 
to quantify the degree of protein expression and vascular 
density changes at the molecular level within the CAM 
assay has been described. In this technique, membranes are 
coupled to antibodies of interest and a molecular profile 
is then obtained for the CAM tissue after treatment with 
angiogenic stimulants or inhibitors. Changes in the proteins 
at the molecular level correlate with vascular density changes 
(Miller et al., 2004). 

There are numerous benefits of the CAM assay. It is 
a relatively simple and inexpensive in vivo assay suitable 
for large-scale screening. In addition, the absence of a 
mature immune system in avian embryos, the availability 
of experimental materials, and the ability to monitor the 
reaction throughout the course of the assay are all useful 
features. However, there are limitations. The CAM itself 
has a well-developed vascular network, thus making it 
difficult to distinguish new capillaries from existing ones. 
The 7- to 8-day-old CAM can develop an inflammatory 
response to irritants that may augment or complicate vascular 
development or cause premature loss of the embryo and thus 
the experiment (Taylor and Weiss, 1984). 


Hollow Fibre Assay 


The hollow fibre assay was initially developed at the 
National Cancer Institute in the mid-1990s by Holling- 
shead etal. to provide an in vivo model for screening 


8 PRECLINICAL MODELS FOR HUMAN CANCER 


potential anticancer drugs in a manner that was animal- 
and cost-efficient (Hollingshead et al., 1995; Decker et al., 
2004). They observed that new vasculature develops around 
implanted hollow fibres, when containing tumour cells 
(Hollingshead et al., 1995). The growth of new blood ves- 
sels was attributed to proangiogenic factors, such as VEGF, 
secreted by the tumour cells in the hollow fibre. Optimiza- 
tion experiments demonstrated that VEGF was one of the 
potent proangiogenic cytokines secreted in this system with 
secretion maximal at 14days in a human non-small cell 
lung carcinoma cell hollow fibre assay (Shnyder et al., 2005). 
This time frame concurred with in vivo experiments, demon- 
strating that at day 7 new blood vessel growth was most 
likely due to inflammation as the control and hollow fibre 
loaded with tumour cells had the same number of new blood 
vessels around them. At day 14, in the same experiment, 
new blood vessels were much greater in number surround- 
ing the hollow fibre loaded with tumour cells compared to 
the control (Shnyder etal., 2005). Analysis of this assay 
is done through immunohistochemical staining with anti- 
bodies to proteins associated with vasculature, such as the 
von Willebrand factor. M icrovessel density remains the gold 
standard by which to evaluate new blood vessel formation, 
and this model lends itself well to this form of analy- 
SiS. 

The hollow fibre assay is new compared to the previ- 
ously mentioned in vivo models, yet it offers a number of 
advantages in that it is less painful for the animal, easily 
manipulated to evaluate different potential therapeutic com- 
pounds, easy to perform, and allows observation of angio- 
genesis in an environment where tumour cells are secreting 
a number of cytokines that can alter endothelial cell growth. 
Further, each mouse can serve as a control for itself, it can 
be used to compare different angiogenic effector compounds, 
and systemic administration of stimulatory and/or inhibitory 
regulators can be introduced (Hasan etal., 2004). Inflam- 
mation can occur in this model due to the insertion of the 
hollow fibres (Shnyder et al., 2005). It is also not a physio- 
logical environment for the tumour per se, and as such may 
introduce bias. 

Hasan et al. provide a very good example of combining 
different in vivo models in an investigation of heparin 
oligosaccharides as inhibitors of angiogenesis. Heparin sul- 
phate is important in the functioning of numerous angio- 
genic proteins, and its role in the development of tumour 
growth and metastases has been documented (Hasan et al., 
2005). The sponge disc model in mice was used to deter- 
mine if specific oligosaccharides of heparin would inhibit 
angiogenesis induced by FGF-2, known to be dependent 
on heparin sulphate. M ice treated with oligosaccharides and 
FGF-2 had less blood vessel growth than those that received 
FGF-2 alone. Hollow fibres containing either endometrial 
cancer cells or human non-small cell lung cancer cells were 
implanted in mice, and it was demonstrated that heparin 
oligosaccharides inhibited cell-induced angiogenesis (Hasan 
et al., 2005). These findings combined with the results of the 
sponge disc model together provide much more insight than 
either model alone. 


Angiogenesis Windows 


Window assays are one of the oldest in vivo assays for the 
visual quantification of angiogenesis. This assay consists of 
transparent diffusion chambers transplanted into animals to 
allow observation of the progress of new vascular develop- 
ment in situ over a period of weeks to months after exposure 
to tumour cells or test substances. The most popular cham- 
ber assays consist of the dorsal skin fold chamber, rabbit 
ear chamber, cranial window, and the hamster cheek pouch 
window. In these systems, a piece of skin (in the rabbit ear 
and dorsal skin fold chambers) or part of the skull (in the 
cranial window chamber) is removed from an anaesthetized 
animal. Tumour cells, tissue, or a gel containing angiogenic 
factors is then placed on the exposed surface within this 
chamber and covered with glass. Results are then quantified 
using microscopy (Figure 4), offering a non-invasive method 
of obtaining data over time (Jain et al., 1997). 

New blood vessel formation has been noted as early as 
7-10 days in the dorsal skin chamber model, with maximum 
vascular density established by 25 days (Dellian et al., 1996). 
Continuous observation of the microenvironment is limited 
to 4-6 weeks, as, beyond this time, the dorsal skin loses 
its elasticity and skin necrosis begins to occur at the 
implantation site, thus compromising the integrity of the 
chamber (Leunig et al., 1992). Another disadvantage of this 
assay is the thickness of the dorsal skin, which often at 
times contributes to poor optical visualization under the 
microscope. The rabbit ear chamber requires 4-6 weeks 
from window development to experimentation for recovery 
and granulation to occur. In addition, this assay is very 
expensive and technically demanding. However, this system 
offers the best optical imaging, given the minimal tissue that 
surrounds the chamber (Hasan et al., 2004). The rabbit ear 
chamber has been used to study the angiogenic effects of 
corticosteroids on wound healing as well as the changes in 
microcirculation due to angiogenic substances (Hashimoto 
et al., 2002; Ichioka et al., 1997). In the dorsal air sac model, 
a chamber consisting of a Millipore ring with filters is 
introduced into the preformed air pocket of the dorsum of 
an anaesthetized rat or mouse. This chamber is filled with a 
suspension of tumour cells/tissue or a compound of interest, 
allowing these cells to create new blood vessels within this 
isolated thin membrane. This model has been used to show 
that angiogenic steroids may be useful in the treatment of 
chronic inflammatory diseases (Colville-Nash et al., 1995). 


Models Utilizing Green Fluorescent Protein (GFP) 


Angiomouse® 

Green fluorescent protein (GFP), isolated from the jellyfish 
Aequorea victoria, has widespread use in cancer research 
and tumour cell imaging. This concept has been used 
to observe angiogenesis. Through the use of intravital or 
whole body imaging, new vasculature shows up as dark 
lines within a background of bright green fluorescence 
expressed by tumour cells. Total vessel length and vessel 
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Figure 4 Diagram of the use of angiogenesis windows for intravital microscopy. In this example, an animal with a dorsal fold angiogenic window is 
anaesthetized and placed under a stereomicroscope connected to video imaging equipment. Insertion of a catheter and administration of stains or tracers 
allows distinction of the vasculature from other cell types. Using this method, real-time quantification of angiogenesis assays is possible. (Reproduced from 


Jain etal., 1998 by permission of Humana Press.) 


density can be determined through image analysis. This is a 
non-invasive technique that also permits real-time imaging 
(Yang etal., 2001). The main disadvantage, however, is 
that GFP is absorbed by surrounding tissue, mainly skin, 
and can limit the images of newly formed blood vessels. 
However, the fluorescence is easily visualized through the 
thin membranous body wall by creating a skin flap that 
can be reverted (Yang etal., 2002). Another fluorescent 
model incorporates dual-colour tumour- host interactions 
to differentially assess tumour blood vessels. Okabe et al. 
developed transgenic mice with GFP under the control of 
a chicken f-actin promoter and cytomegalovirus enhancer 
(Okabe et al., 1997). Tumour cells of interest expressing a 
red fluorescent protein (RFP) were injected into transgenic 
mice expressing GFP. Dual-colour fluorescence made it 
possible to visually distinguish tumour from host blood 
vessels, thus easily quantifying the interaction between the 
two (Hoffman, 2004). A third fluorescent tumourigenic 
model has also been described. Within this model, nestin, 
an intermediate filament protein that is present in CNS 
stem cells, is linked to GFP, thus causing transgenic mice 
to express green fluorescence in nestin-containing areas 
such as hair follicles, blood vessels of skeletal muscle, 
as well as blood vessels of skin. Human carcinoma cells 
expressing RFP were orthotopically implanted and, through 
the use of dual-colour fluorescence, nestin-GFP was seen to 
be highly expressed in endothelial cells and native blood 
vessels. Thus, fluorescent proteins allow real-time imaging 
of angiogenesis with great sensitivity and resolution (A moh 
et al., 2005). 


Zebra Fish Assay 


The zebra fish (Danio rerio) is a small tropical freshwa- 
ter fish that is being used for the study of angiogenesis 
(Ny etal., 2005). The embryology of the zebra fish has 


been well studied and mutations have been characterized 
that affect blood vessel formation and cause significant mor- 
phological changes. For example, the floating head mutation 
occurs when the embryo lacks the dorsal aorta and inter- 
segmental vessels (Childs et al., 2002). Several studies have 
utilized zebra fish embryos to examine the effects of angio- 
genic inhibitors. Recently, transgenic zebra fish lines with 
GFP-labelled blood vessels have been developed, allow- 
ing easier visualization of the zebra fish vasculature (Jin 
et al., 2005). Given the small size of the embryos (1- 2mm), 
multiple embryos can be placed in wells together and 
tested with a particular compound. In order to test a pep- 
tide, the protein needs to be injected into the yolk sac at 
20 hours post-fertilization. A disadvantage of this assay is 
that it can be difficult to differentiate between angiogene- 
sis and vasculogenesis as both angioblasts and endothelial 
cells are present and both express similar markers (Zhong 
et al., 2001). 


CONCLUSION 


The methods with which angiogenesis is studied are under 
constant improvement. New data as well as technological 
enhancements provide for better-targeted and novel tech- 
niques for analysing the molecular dynamics and the role 
of the microenvironment on angiogenesis-promoting factors 
and their regulatory mechanisms. N eovascularization occurs 
in many different situations, such as tumour growth, wound 
healing, and inflammatory processes, but the one similarity 
in all of these situations is that the local environment is in 
a constant state of flux; a state best represented using in 
vivo models. In vitro situations are much easier to control 
and provide narrower test conditions. They are thus less rep- 
resentative, yet they provide a much more amenable proof 
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of concept testing before continuing onto further studies. In 
selecting models, it is necessary to consider the desired end 
point, such as inhibition of inflammatory reactions, reduc- 
tion of tumour growth and metastasis, or acceleration of 
wound healing. Each in vivo model addresses a different 
piece of the puzzle. In order to overcome the shortcom- 
ings of any one model, it is ideal to apply complementary 
models. There are numerous examples that demonstrate the 
importance of incorporating multiple in vivo models, and 
also combining both in vivo and in vitro models. Because 
in vivo and in vitro models each have their own sets 
of advantages and disadvantages, a well-rounded investi- 
gation will rely on a combination of models to attain a 
greater understanding of angiogenesis and to confront tumour 
progression. 
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BIOLOGICAL BASICS 


The prevention of death in most cancer patients is dependent 
on understanding the mechanisms of cancer cell spread from 
the primary tumour to distant organ sites. Although the 
pathogenesis of metastasis is the subject of numerous studies 
in basic and clinical research, the complex mechanisms that 
make a tumour cell metastatic are not well understood. The 
development of metastases is a non-random process, where 
the implantation, invasion, survival, and growth of a single 
cell or small numbers of cells can lead to morbidity and 
death. 

The sequential model for the development of metastases 
involves tumour growth, neovascularization, and invasion 
at the primary sites, followed by penetration into lym- 
phatic and blood vessels or into body cavities. M alig- 
nant cells that loose cellular contacts with surrounding 
cells or extracellular matrix (ECM) can undergo pheno- 
typic change to greater motility. Subsequently, malignant 
cells can be released from the primary tumour and be dis- 
tributed throughout the body via the blood or lymphatic 
circulation. To survive, the circulating tumour cells usu- 
ally have to adhere to the vessel walls of distant host 
organs, and eventually penetrate the wall to avoid blood 
shear forces. Finally, the metastasizing cells have to survive 
the host defence mechanisms and grow (Nicolson, 1988a,b) 
(see Invasion and Metastasis and Models for Tumour 
M etastasis). 

The localization of tumour metastases in distant organs 
is not determined solely by anatomical considerations and 
blood flow. During metastasis, tumour cells often show 
selective colonization of various organs independent of 
the percentage of microcirculation through the organ or 
whether the organ is first to be encountered by the blood- 
borne tumour cell (Nicolson, 1989). This multi-step pro- 
cess is thought to be determined by the unique properties 
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of the tumour cells and the host organs (Fidler, 2002; 
Doerr et al., 1989; Fenyves et al., 1993). During adhesion 
of metastatic cells to and migration through the microvascu- 
lar vessel walls of host organs, specific interactions between 
the tumour cells and endothelial cells, the ECM, or sur- 
rounding cells are required (see Invasion and M etastasis). 
The cells can form temporary attachments, for example, 
during chemotactic cell movement, or they can establish 
more long-term adhesive interactions, resulting in the for- 
mation of structures such as desmosomes, adherens junc- 
tions, gap, and tight junctions. Various tumour cell sur- 
face molecules mediate these interactions as well, both 
by direct interactions and as receptors that modify cellu- 
lar signalling and indirectly regulate cell adhesion. U su- 
ally, the same molecules are also found on normal cells 
where they function in the maintenance of tissue struc- 
ture and normal cellular regeneration. Adhesive cell prop- 
erties play an important role in determining the orga- 
nization of tissues, and they allow directed cell migra- 
tions found during embryonic development, inflammation, 
immune response, and wound repair. Additionally, they par- 
ticipate in the regulation of gene expression, cell growth 
and differentiation, and programmed cell death (Virtanen 
et al., 1990). 

Adhesion molecules can also be transmembrane proteins 
that can anchor cytoskeletal proteins on the cytoplasmic 
side of the cell membrane, such as actin and actin-binding 
proteins, while also anchoring extracellular structures on 
the outer surface of the cell membrane. Their functions in 
cell signalling are, however, at least as important as their 
cytoskeletal and cell attachment properties. These signalling 
pathways can generate or influence gene expression, secre- 
tion of enzymes or cytokines, and conformational changes of 
the cytoskeleton, among others. The complex regulatory sys- 
tem is illustrated in Figure 1. Understanding these regulatory 
functions appears to be of importance in determining how a 
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Figure 1 


transformed cell becomes invasive and metastatic (see Wnt 
Signal Transduction). 

During neoplastic transformation, epithelial and other cells 
can undergo changes in the differentiation status and can 
change their surface structures by the differential expression 
of molecules at the cell surface or through post-translational 
modifications, such as glycosylation. In addition, distinct 
organ basement membrane compositions have been found 
in many malignant tumours (Nicolson, 1995). Moreover, 
tumours, such as colon carcinomas, produce their own ECM 
components that can change peritumoural stroma organiza- 
tion (Burtin et al., 1983), including the release of unusual 
ECM components. For example, oncofoetal fibronectin can 
be produced by tumours and has been correlated with poor 
prognosis (Inufusa et al., 1995). Alternatively, some tumour 
cells fail to deposit ECM or express certain adhesion com- 
ponents, and subsequently their adhesive interactions are 
reduced compared to normal cells. Such structural alterations 
can involve various adhesive systems, resulting in modified 
or reduced cellular interactions with components in the cel- 
lular environment. For example, the loss of cell-cell and 
cell-ECM interactions promotes motility of tumour cells 
from the primary site. On the other hand, the establishment 
of new adhesive interactions is necessary for cell attachment 
to the endothelium and/or basement membrane in distant host 
organs during haematogenous metastasis formation. 

Homotypic adhesion between tumour cells at the pri- 
mary site, their heterotypic interactions with leucocytes and 
platelets during transport in the circulation, and cellular bind- 
ing with the endothelium and ECM in distant organs involve 
different cellular adhesion molecules (Nicolson, 1991). These 
tumour cell molecules can be classified into several main 
groups: (i) integrins, (ii) selectins, (iii) immunoglobulin-like, 
(iv) cadherin molecules, and others, such as proteoglycans 
and glycoconjugates (lectin receptors) (Haier and Nicolson, 
2001). 


Role of adhesion molecules in metastasis formation at distant organ sites. 


The detachment of tumour cells from the primary site 
is characterized by the loss of cell-cell adhesion, and, in 
epithelial cells, the dysfunction of the cadherin- catenin sys- 
tems appears to play an essential role in this process. In 
poorly differentiated carcinomas, loss of epithelial cell con- 
tacts is frequently observed, allowing the cells to break 
away from the primary tumour (Shiozaki et al., 1996). Cad- 
herins are the major components of Ca’+-dependent epithe- 
lial cell adhesion systems and are present in all epithelial 
cells, where they bind cells together through homophilic 
interactions. Members of the various subgroups of cad- 
herins are expressed only in certain tissues; however, cells 
normally express several cadherin types. The dysfunction 
of cadherin-mediated adhesion can be caused by loss or 
changes in the function of any component of the complex 
(see Transforming Growth Factor-8 and Cancer and Wnt 
Signal Transduction). 

Penetration from the primary tumour mass into the lym- 
phatics or blood circulation requires the secretion and/or 
activation of degradative enzymes, some classes of which 
appear to be matrix metalloproteases (M M Ps), cathepsins, 
plasminogen activators, and endoglycosidases, such as hep- 
aranase (Monsky and Chen, 1993). Under normal physi- 
ological conditions, the balance between protein synthesis 
and degradation is well regulated by various activators and 
inhibitors. These control mechanisms ensure the controlled 
destruction and replacement of ECM at points where it is 
required for cell migration, immune response, or wound 
repair (Shapiro, 1998). Degradative enzymes are usually 
secreted from most cell types into their extracellular envi- 
ronment as inactive proenzyme forms. There they can be 
bound to specific inhibitors or they can be proteolytically 
activated by other proteases. The regulation of ECM or 
basement membrane degradation is organized into various 
cross-linked cascades to guarantee restricted activity at spe- 
cific sites. Tumour cells themselves can produce various 
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degradative enzymes, or they can induce or modify enzyme 
secretion by endothelial cells (ECs) or stromal cells, such as 
fibroblasts, mast cells, and macrophages, through release of 
paracrine factors (Lengyel et al., 1995; Polette et al., 1997). 
In many tumours, the expression of degradative enzymes 
and/or the expression of their inhibitors were demonstrated 
to cause an imbalance of degradative activity, especially at 
the invasion front of malignant tumours (Liotta and Stetler- 
Stevenson, 1991; Conese and Blasi, 1995). This increased 
degradation induced by tumour cells results in higher motil- 
ity and invasiveness and permits remodelling of the cellular 
environment within and around invasive tumours. However, 
recent investigations on tumour cells migrating in collagen 
matrices show that migration without release of MMPs is 
possible (Friedl, 2004a). 

Once tumour cells have reached the circulation or body 
cavities, they can be transported to near and distant organs 
where they must bind to host structures to establish dis- 
tant metastases. The binding of circulating cells to EC and 
subsequently to ECM occurs in discrete steps: initial cell 
contact, followed by adhesion stabilization and subsequent 
signal transduction, and finally degradation and cell migra- 
tion (Nicolson, 1989; Pauli et al., 1990; Dorudi and Hart, 
1993). Following the primary contact of malignant cells, 
microvascular EC are stimulated to retract with the subse- 
quent exposure of the basement membrane or subendothe- 
lial ECM (see Models for Tumour Cell- Endothelial C ell 
Interactions). Thus, many tumour cells reach a relatively 
rigid ECM structure in blood vessel walls (Nicolson, 1995). 
In general, the subendothelial ECM has been found to be 
a better substrate for cell adhesion of tumour cells than 
the EC surface (Kramer et al., 1980; Nicolson et al., 1981). 
Additionally, the adhesive behaviour of tumour cells can be 
altered by the organ-specific composition of the subendothe- 
lial ECM. Moreover, in some metastatic systems, differential 
adhesion of tumour cells to specific organ subendothelial 
ECM has been seen (Lichtner et al., 1989). 

Various studies have demonstrated a correlation between 
the organ preference of metastasis and the in vitro adhe- 
sion rates of malignant cells to specific organ-derived EC 
(Tressler etal., 1989; Lehr and Pienta, 1998) or suben- 
dothelial ECM (Lichtner et al., 1989). For example, contacts 
between carcinoma cells and the microvascular endothelium 
seem to be related to the expression of selectins, sialyl- 
Lewis (sLe*) and other carbohydrate structures, intercellular 
adhesion molecules (ICAM ), and possibly annexins (M enger 
and Vollmer, 1996). However, integrin-mediated interac- 
tions with the subendothelial ECM could be among the 
most important determinants for organ-specific metastasis. 
Reflecting on this cell-specific behaviour, distinct adhesive 
properties of tumour cells with different metastatic poten- 
tial to EC/ECM were found. (Tressler et al., 1989; Haier 
et al., 1999c). 

During the interactions between tumour cells and EC/ECM 
components, adhesion molecules function for the primary 
contact, definitive adhesion stabilization, and cell migration. 
Tumour cells adhere at the points of EC/ECM contacts by 
sequestering or clustering receptors at zones of adhesive 
interactions (e.g., focal adhesions). At this time, adhesion 


is not yet stabilized, and increasing the shear force under 
flow conditions breaks the adhesive contacts and releases 
the tumour cells from the EC/ECM. However, if adhesion 
can be stabilized, tumour cells can resist such hydrodynamic 
shear forces (Nicolson, 1988a). The stabilization process 
appears to require receptor clustering and possible signalling 
before actual receptor cross-linking or changes in receptor 
affinity occur, mediated by membrane-associated enzymes 
or signalling cascades. Following these initial adhesive 
interactions, the cells have to actively change their shape by 
spreading or flattening to increase contact areas and initiate 
cell migration through the vessel wall (M enter et al., 1992, 
1995). These processes might be accompanied and regulated 
by various transmembrane signal transduction events (Haier 
et al., 1999a,b). 

In contrast to static cell adhesion, biophysical factors influ- 
ence adhesion processes under flow conditions (Figure 2). 
First, under dynamic conditions, flow velocity determines 
the available time for adhesion. Since initial areas of cell 
contacts to the vessel wall are very small because of the 
more or less spherical shape of flowing tumour cells, the ini- 
tial cell contacts may occur via cell protrusions or filopodia. 
Possible alterations in the cell shape and the morphology of 
participating cells are important in determining the total area 
of cell-cell contact. Second, cell flattening enables adherent 
cells to avoid the high shear forces within the centre of the 
parabolic curve of fluid flow. These factors and the charac- 
ter of the flow (laminar under physiological conditions of 
microcirculation) are responsible for the strength of shear 
forces acting against adhesion. Flow rate and viscosity are 
the main factors that determine the strength of the cell shear 
stress. In addition to these biophysical factors on moving 
cells, shear stress alone induces functional reactions of EC 
(Lawrence et al., 1987) and possibly other cells. For exam- 
ple, these cells can change their phosphorylation status of 
proteins related to adhesion complexes. 

During adhesion under flow conditions, tumour cells 
had two different patterns of reaction (Giavazzi etal., 
1993). Colon, ovary, and breast cancer cells showed modest 
transient interactions with resting human umbilical cord vein 
endothelial cells (HUVEC) comparable to the behaviour of 
leucocytes, such as rolling on interleukin-1 (IL-1)-or tumour 
necrosis factor- activated HUVEC. In contrast, melanoma 
and osteosarcoma cell lines bound to EC and demonstrated 
no rolling. Furthermore, differences in adhesive properties 
for different ECM components were noted. Initial tumour 
cell-ECM interactions under flow conditions appeared to 
depend mainly on biophysical or mechanical factors, whereas 
specific interactions were required for further adhesion 
stabilization. 

Parallel to morphological alterations, tumour and host cells 
undergo functional responses to specific adhesive interac- 
tions. For example, they can release hydrolases and proteases, 
destroying the integrity of the vascular basement membrane 
(M archetti et al., 1993). As described in the preceding text, 
the composition of subendothelial basement membranes is 
organ specific, where the main components are type IV 
collagen, laminin, fibronectin (FN), and vitronectin. These 
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Figure 2 Factors influencing tumour cell adhesion under dynamic conditions of fluid flow. The number of receptors in a certain contact area determines 
the maximum possible number of adhesive interactions. Receptor movement and cellular deformability can affect adhesion stabilization. Fluid shear forces 
occur as a parabolic phenomenon in the microcirculation; and flow velocity, fluid viscosity, and resulting cell torque are counteracting forces that prevent 


cell adhesion. 


matrix proteins are targeted for degradation mainly by dif- 
ferent M M Ps that have relative substrate specificity. Together 
with the induction of directed cell motility, the porous suben- 
dothelial membrane then allows tumour cells to penetrate the 
basement membrane by active locomotion, thereby leaving 
the circulation and invading the host organ. 

Cancer cell spreading and motility are stimulated by spe- 
cific chemical stimuli. Cellular motility consists of directed 
morphological alterations (such as ruffling and pseudopo- 
dia formation), establishment of new adhesive interactions 
at the moving cell front, and controlled detachment at the 
rear of the cell. Complex cellular processes are required 
for the response to soluble motility factors (chemotaxis) 
or insoluble motility factors (haptotaxis) (Nicolson, 1989). 
Alternatively, tumour cells may produce their own autocrine 
motility factors (Menter et al., 1995). Cells that have the 
capacity to migrate actively towards a soluble chemoattrac- 
tant must detect the direction of a chemical gradient through 
recognition of receptor occupancy and respond by orienting 
towards the gradient and initiating cytoskeletal activation and 
directed movement. The ability of tumour cells to respond 
to organ-specific or organ-associated chemoattractants may 
be an important determinant in the selective migration of 
malignant cells into specific tissues (Nicolson, 1988a; M uller 
et al., 2001). 

A likely source of organ-associated tumour cell motility 
factors is organ microvascular EC. The EC-produced motil- 
ity factors might interact with other soluble tissue factors 
to promote organ-specific tumour cell invasion (see Models 
for Tumour Cell- Endothelial Cell Interactions). Chemo- 
tactic factors are also present in ECM, and they can stimulate 
directed migration of malignant cells (Cerra and Nathanson, 
1989). Indeed, tumour cell chemotaxis appears to be specif- 
ically influenced by the composition of the subendothe- 
lial basement membrane in the target organ (Aznavoorian 
et al., 1990). 


Tumour cells can also synthesize and release their own 
motility and growth factors. One of the interesting tumour 
cell properties associated with organ-specific metastasis is 
that tumour cells may respond to local concentrations of 
growth factors produced by or present in the target organs. 
In support of this, it was shown for various tumour systems 
that tumour cells could preferentially grow in a medium 
conditioned by the target organs for metastatic colonization 
(Rodeck and Herlyn, 1991). 

The establishment of suitable tumour cell models remains 
a challenging task. Both in vitro and in vivo models have their 
advantages, limitations, and specific conditions. For example, 
results using cells from different cell origins cannot be simply 
transferred to other cells, and findings obtained with one 
model must be confirmed for other systems. 


PRINCIPLES OF MODEL ESTABLISHMENT 


Cell Detachment 


Adhesion molecules can be subdivided into two groups with 
regard to their requirements for calcium (Birchmeier et al., 
1993). This characteristic allows a simple distinction between 
major groups of adhesion molecules by removal of calcium 
from the medium. If the involved adhesion system is calcium 
dependent, cells detach rapidly after trypsin treatment or 
they fail to undergo adhesion to a normally good substrate. 
After removal of calcium (e.g., by ethylenediaminetetraacetic 
acid (EDTA)), cultured cells usually dissociate within a 
few minutes, round up, and gaps between the cells appear. 
However, treatment with chelating agents and mechanical 
forces alone is not sufficient in many cell systems to obtain 
complete loss of cell-cell interactions. The remaining tight 
junctions must be destroyed by trypsin treatment. These 
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simple procedures only provide rough information about 
adhesion systems and do not yield quantitative results or 
analysis of complex interactions. 

The influence of trypsination and/or EDTA, however, has 
to be considered in all cell culture systems. If single cell solu- 
tions are required, cell preparations have to be reconstituted 
for their surface molecules, which is specifically important if 
adhesive properties are involved in the experimental set-up. 

A more specific but less sensitive way to evaluate the 
involvement of specific molecules, such as cadherins, is the 
inhibition of their function by blocking antibodies against 
their extracellular domains. In antibody-treated cell monolay- 
ers, morphological changes can be observed, and intercellular 
gaps become visible after a few hours. In three-dimensional 
cultures, the morphological changes appear as the formation 
of spherical cell shape and loss of compact cell mass. Various 
microscopic techniques can be applied for the investigation 
of the functional consequences of cadherin receptor inter- 
ference. Frequently, fluorescence or confocal microscopy is 
used for the visualization of cytoskeletal behaviour or molec- 
ular changes in cadherin- catenin complexes along with cell 
morphological changes. 

Molecular cloning of truncated or modified cadherins has 
been developed for specific studies on the role of extra- or 
intracellular domains of these molecules in adhesion events. 
cDNA constructs in dominant negative cells with truncated 
cadherin extracellular domains, but an intact intracellular 
domain or the inverse has been used (Figure 3). These 
two types of molecules are functionally incomplete but 
compete with normal cadherin function. In these cells, the 
remaining intercellular contacts or cytoskeletal anchorage are 
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severed. However, technical difficulties, and the fact that 
cells normally express multiple forms of cadherins, limit 
the application of this method to cells that only express one 
type of cadherin. In contrast to this technique, mutations of 
specific protein motifs have been successfully used to modify 
the functional properties of cadherin- catenin complexes 
and their related signal transduction pathways with high 
specificity (Figure 3). 


Cell Adhesion 


Cell Adhesion Assays 


The general purpose of cell adhesion assays is to obtain quan- 
titative information on tumour cell-cell and cell- substrate 
interactions. Their basic principle is to measure reattachment 
of single cells that have been removed from tissue culture 
and re-suspended as a single cell solution. These in vitro 
assays use labelled tumour cells (fluorescence, radioisotope, 
or staining) that are allowed to adhere to cell monolayers or 
substrate-coated plastic surfaces in microtitre or other plates. 
After a defined period of time, unattached cells are removed 
by washing, and the remaining cells are enumerated and com- 
pared to the total number of cells added to the cell suspension 
(Figure 4). This procedure can be used to evaluate adhesion 
to certain substrates, such as ECM components, and to iden- 
tify mediating receptor molecules on the tumour cell surface 
by inhibition of adhesion with specific antibodies or mimick- 
ing synthetic peptides which specifically block the adhesive 
functions of target molecules (Tressler et al., 1989; Haier 
et al., 1999a,b). 
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Figure 3 Truncation of cadherin domains for functional investigation of the role of various domains of the molecule. (a) Intact molecule with normal 
homotypic receptor interaction and cytoskeletal anchorage; (b) truncated intracellular domain with loss of cytoskeletal interactions; (c) truncated extracellular 
domain with altered adhesive interactions; and (d) mutations (*) in different domains, resulting in loss of domain functions. C - catenins; A - actin. 
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Figure 4 Principle of cell adhesion assay in microtitre plates. 


Cell attachment to specific substrates is a dynamic pro- 
cess that results in functional cell responses and changes in 
cell morphology. Within a certain period, a percentage of 
attached cells can be seen without specific adhesive inter- 
actions, whereas other cells reach stable adhesion states 
or even begin to spread. However, adhesion- time curves 
show sigmoid patterns where a plateau value can be reached 
(Figure 10). Therefore, the adhesion assays have to consider 
this time-dependent behaviour. Statistical analysis of a large 
number of cells is necessary to allow the characterization of 
adhesive properties. Microtiter plates measure the complex 
cell response to adhesion receptor binding and not only the 
simple interaction between adhesion molecules and their lig- 
ands, but a more complex cell response to adhesion receptor 
binding. They are unable to discriminate between primary 
cell contact, adhesion stabilization, and cell spreading. One 
of their general limitations is that the washing procedures for 
the removal of unattached cells are essential but difficult to 
apply reproducibly, and weak specific interactions between 
adhesion molecules and their substrates may not resist these 
forces. Additional technical and biological limitations are dis- 
cussed in the following text. 

For further analysis of involved cellular structures and sig- 
nalling pathways, the tumour cells can be pharmacologically 
pre-treated with specific activators or inhibitors. This tech- 
nique can be employed, for example, for the investigation of 
participating cytoskeletal proteins, whose native structures or 
ability to aggregate are modified. Other frequently used types 
of pre-treatment can evaluate the role of various kinases or 
phosphatases in the regulation of adhesive properties. Finally, 
genetically manipulated cells can be used where specific sig- 
nalling molecules are specifically altered (e.g., modification 
of binding sites or exchange of amino acids for prevention 
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of phosphorylation). In principle, cell adhesion of untreated 
and treated cells must be compared, and the relative differ- 
ences in the number of adherent cells can reflect not only the 
involvement of target structures or functions in cell adhesion 
or its regulation but also the effectivity of pre-treatment (e.g., 
transfection efficiency). 

General cell adhesion techniques have been modified 
in numerous studies for the investigation of regulation 
or function of adhesion molecules. Instead of microtitre 
plates, coated microbeads have been introduced, for example, 
to study the involvement of cytoskeletal proteins. The 
use of agarose beads allows the application of confocal, 
laser scanning, or other microscopic techniques to visualize 
intracellular processes. Using these methods, a hierarchical 
involvement of actin-binding proteins was found in areas of 
focal contacts after receptor binding of integrins (Miyamoto 
et al., 1995). Another technique that is frequently employed 
for studies on receptor clustering is binding and artificial 
ligation of monoclonal antibodies or the use of chemically 
cross-linked antibodies with high specificity to the targeted 
adhesion molecules (Figure 5). 





Figure 5 Artificial clustering of adhesion molecules using antibody liga- 
tion. (a) Tumour cells are treated with primary antibodies against a specific 
adhesion molecule, which leads to receptor occupancy. (b) Receptor lig- 
ation is caused by anti-antibody antibodies that induce receptor-mediated 
signalling, or chemically cross-linked antibodies are used. 
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Figure 6 Principle of laminar flow parallel plate chamber. A polycarbonate shear deck supports a surface-coated glass slide to obtain a small height-to-width 
ratio that is required for the maintenance of laminar flow. In this system, wall shear stress can be mathematically calculated as for Newtonian fluid flow. 


Evaluation is performed under an upright microscope (1:63.5 magnification). 


Flow or Dynamic Cell Adhesion 


Static cell adhesion assays are widely used for characteriza- 
tion of the adhesive properties of various normal and tumour 
cell lines. Unfortunately, these assays do not consider hydro- 
dynamic forces, such as wall shear stress or the parabolic 
form of laminar flow that occurs within the microvascula- 
ture. In addition, these assays measure cell adhesion as one 
event, instead of complex initial cell-surface interactions, 
adhesion stabilization, and cell spreading. Hydrodynamic 
adhesion assays are capable of mimicking haemodynamic 
conditions in the microcirculation. Using specific parallel 
plate laminar flow chambers, the two phases of adhesive 
interactions between circulating cells and vascular surfaces 
(EC or ECM) can be studied separately in haemodynamic 
adhesion assays (Yun etal., 1997; Patton etal., 1993). For 
example, Lawrence et al. introduced a parallel plate flow 
chamber to study the adhesion of neutrophils flowing over 
activated EC (Lawrence et al., 1987, 1990) (Figure 6). They 
showed that this system allows controlled studies of the flow 
effects on cell suspensions. The conditions of hydrodynamic 
adhesion in these reports revealed that both biophysical and 
biochemical interactions were involved in cell adhesion. 

To study initial tumour cell arrest and adhesion stabi- 
lization under flow conditions, different parameters can be 
defined using various flow rates. These parameters can mea- 
sure (i) the initial arrest of tumour cells to EC/ECM and (ii) 
adhesion stabilization. A major advantage of this system is 
the reproducible control of flow and shear forces. Each of 
these steps can be investigated with regard to cell structural 
and regulatory requirements. 

Using this system, we found that adhesive interactions 
of HT-29 colon carcinoma cells with ECM-coated surfaces 
under laminar flow conditions occurred in discrete steps: 
(i) cell rolling, (ii) cell sticking or initial adhesion, and (iii) 
stabilization of cell adhesion. Under shear flow, rolling of 
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Figure 7 Influence of various parameters on cell-surface interactions. 
Flow velocity occurs parabolically in a laminar plate flow chamber with 
maximum flow in the centre of the fluid flow. Resulting shear forces are 
determined by the differences in fluid flow on the centrifugal and centripetal 
side of the tumour cell. Flattening of cells results in an increased area of 
cell - surface contacts and reduction in effective shear forces acting on the 
cell. 


tumour cells on ECM surfaces appeared to be mediated 
mainly by physical/mechanical and non-specific surface- cell 
membrane interactions. Differences in shear forces between 
the centre and margins of the flow curve appeared to be 
responsible for the reduction of tumour cell velocity by 
rolling on the ECM surface (Figure 7). Once tumour cells 
move below a critical threshold of flow-related shear forces, 
specific interactions between tumour cell surface molecules 
and ECM molecules can be initiated. During various steps 
of dynamic adhesion, the importance of non-specific inter- 
actions decreases compared to static adhesion, and specific 
integrin-mediated binding occurs as a prerequisite for adhe- 
sion stabilization. 


Spreading 


Cell spreading is usually the first morphological change seen 
in cells after adhesion to certain substrates. It is characterized 
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by flattening of cells that are more spherical in single cell 
suspensions. Spreading of cells requires specific interac- 
tions between surface molecules and substrates to initiate 
cytoskeletal alterations, which leads to the enlargement of the 
contact area and the loss of round shape. In contrast to ini- 
tial cell adhesion, active cellular functions are necessary for 
these shifts in cell morphology, whereas initial cell adhesion 
includes, in part, non-specific surface- substrate interactions 
(see preceding text). 

Assays for the determination of cell spreading are sim- 
ilar to the cell adhesion assays described in the preceding 
text. However, after a certain time, unattached cells are not 
removed, and the cells have to be fixed for microscopic anal- 
ysis. Using an inverted phase-contrast microscope, the rela- 
tive percentage of bound cells that show the criteria of cell 
spreading can be evaluated. Specific morphological criteria 
for spreading are loss of sharp cell borders, development of 
pseudopodia, alteration in diameters, and nucleus- cytoplasm 
relations. These parameters are often analysed by digital 
image software that allows exact measurement and compar- 
ison with average values in the given cell population. 


Migration and Motility 


The ability of movement is one of the essential features of 
tumour cell invasiveness. Most eukaryotic cells (including 
tumour cells) can actively migrate along a concentration 
gradient of chemoattractants. Three separate functions are 
required for this response to the cellular environment. 
First, cells have to recognize the gradient; second, they 
must establish and break adhesive interactions with their 
underlying extracellular substrate; and, finally, cytoskeletal 
response is necessary for the movement and resistance to 
traction forces. 

Chemotaxis assays are designed to determine if a biologi- 
cal compound can induce directed motility of target cells. For 
verification of chemotactic responses, a gradient of the fac- 
tor must stimulate directed locomotion rather than enhance 
chemokinetic cell movement in random directions (see Bio- 
logical and Technical Limitations). In addition, chemotactic 
stimuli can induce a variety of alterations in cell morphology, 
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Figure 8 Principle of Boyden chamber assays for cell motility and 
invasion. Two chambers are separated by a microporous filter membrane. A 
chemotactic concentration gradient acts as stimulus for directed cell motility 
or invasion. For motility assays, the upper side of the microporous filter is 
coated with ECM substrates or EC, whereas for invasion assays thin ECM 
gel layers are placed and completely cover the microporous filter. 


such as formation of lamellipodia, filopodia, and membrane 
ruffles, among others. 

The basic principle of these experiments is very simple. 
Cells are allowed to adhere to certain substrates, and their 
movement along a chemical gradient is observed by direct 
visualization (e.g., time-lapse video-microscopy) or by count- 
ing of cells that have passed a defined distance after a certain 
period of time (e.g., filter assays). Cell migration is detected 
using radioactive, fluorescent, or enzymatic cell markers, or 
cytochemistry. The classical motility assay was described 
by Boyden, and migration of cells through a porous mem- 
brane was measured. A modified form of Boyden chamber 
assays is useful for invasion analysis (see subsequent text and 
Figure 8). Time-lapse video-microscopy has become increas- 
ingly important because of the improvement in technical 
equipment, that is, higher resolution as well as temperature 
and CO2 control. It is now used for 2D and 3D experiments 
looking at phenotypes, motility (e.g., 2D scratch or wound 
assay), chemotaxis (G ómez-M outón et al., 2004; Suzuki and 
Iwaki, 2005) (Figure 9), as well as 3D invasion through 
ECM (Friedl, 2004b; Sahai and M arshall, 2003; Cukierman 
et al., 2001). 

Recently, specific techniques have been developed to 
determine the trajectorial character of these chemotaxis- 
mediated responses in cellular morphology. For example, 
using phase-contrast or interference microscopy time-lapse 
recordings can be analysed regarding speed and distance 
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Figure 9 Chemotaxis observation using microscopy techniques and a micropipette to apply the chemoattractant-like growth factors or chemokines (a). 


Time-lapse analysis enables evaluation of trajectorial cell movement (b). 
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variations, time dependence, or the number of responsive 
cells in short-time (alterations within minutes) or long-time 
alterations (e.g., within 24 hours) (Figure 9). 

These assays can identify motility factors and new 
chemoattractants and investigate cellular processes required 
for cell motility. Additionally, time-lapse video-microscopy 
offers information on spatial and temporal distribution of 
cell-signalling molecules if used with fluorescent labelling of 
the molecule concerned. Selection of suitable conditions for 
the assays is important because cell motility can be found 
at very different rates and time dependence in response to 
chemotactic signals. 

Various factors influence the experimental design of motil- 
ity assays. (i) A stable gradient has to be maintained over 
the observed period. This requires technical modifications if 
the cells to be investigated move slowly, which is a char- 
acteristic of many types of tumour cells (compared with 
fast-moving neutrophils). Tumour cells typically move only 
0.2-24.m minute, possibly because of slow detachment 
rates from ECM -coated surfaces. (ii) Depending on the type 
of investigation, such as intracellular signalling or identifi- 
cation of chemotactic substances, the assay conditions have 
to be adapted to the experiment. For example, chemotactic 
gradients can be applied gradually or suddenly or they can be 
in steps or continuous. (iii) Chemotactic cell responses are 
highly concentration dependent, and increasing concentra- 
tions of chemoattractants normally results in increased cell 
motility. However, very high concentrations of chemotac- 
tic substances may actually inhibit cellular movement and 
there is often a concentration curve where maximal response 
Occurs. 

Since differences in the motility and growth responsive- 
ness of malignant cells to soluble factors derived from mouse 
liver, brain, and lung microvessel EC have been found, 
conditioned media can be used to examine the effects of 
secreted factors on various tumour cell systems. Chemotac- 
tic responses of various tumour cells to these factors have 
been characterized using filter assays. Identified chemoat- 
tractants for these cells include, for example, autocrine and 
paracrine motility factors and growth factors, such as fibrob- 
last growth factor, epidermal growth factor, insulin, platelet- 
derived growth factor, and hepatocyte growth factor/scatter 
factor. 


Invasion 


In vitro evaluation of tumour cell invasiveness includes 
the determination of three combined factors that lead to 
movement of cells through an ECM layer: (i) cell adhesion, 
(ii) destruction of ECM integrity, and (iii) chemotactic 
motility. Models for tumour cell invasion should simulate 
the extracellular environment or microvessel walls in host 
organs. Tumour cells that are invasive or metastatic can be 
studied with regard to the mechanisms that are responsible 
for these characteristic features of malignant cells. The major 
barriers for tumour cell invasion into underlying stroma are 
basement membranes in the primary organ or in blood vessels 
at secondary organ sites. These basement membranes consist 


of thin complex layers of various ECM components that can 
be imitated in invasion experiments. 

The main difference between invasion assays and mea- 
surement of motility is that invasion assays are performed 
using thin gel layers of ECM components (as single com- 
ponents, such as collagen gels, or in combination, such as 
Matrigel) overlaying the invasion filters, whereas motility 
assays just use coated filters. To invade through an ECM 
gel layer, tumour cells have to release degradative enzymes. 
Commonly, in these modified Boyden chamber assays, two 
chambers are separated by a microporous filter (usually poly- 
carbonate). The pore size is variable (1-8pm) depending on 
the diameter and deformability of the cells to be used. For 
invasion experiments, a thin layer of ECM gel is put on the 
upper side of the filter, and cells are added to the upper cham- 
ber. Invasion is measured as the numbers of cells that reach 
the lower surface of the filter during a certain incubation 
period (Figure 8). For further analysis, migrated cells can be 
carefully removed from the lower surface, for example, to 
isolate highly invasive subpopulations of tumour cells. 

Other in vitro experimental designs use other types of gel 
preparations and observe cell migration within a gel using 
microscopic observation. However, the filter assay described 
yields better results, especially with Matrigel (or single 
ECM component preparations), and these artificial conditions 
are useful for comparisons with in vivo characteristics of 
tumour cell- ECM systems. A different approach to study 
tumour cell invasion is the use of xenograft models. In 
these in vivo experiments, mostly suspensions of established 
tumour cell lines are injected into the animals. Frequently, 
a subcutaneous location is chosen, but intraperitoneal or 
orthotopic injections can be also used. 


Intravital Microscopy 


All in vitro techniques for the investigation of tumour 
cell adhesion and motility face the problem that they 
lack the complex conditions of a tumour cell environment 
that can significantly interfere with their behaviour. For 
example, microvascular vessel walls cannot be completely 
reconstructed in vitro. In addition, biophysical influences, 
such as shear forces caused by fluid flow within the blood 
circulation, can modulate cell signalling including pathways 
that are important for cell adhesion and migration. At 
least in part, this limitation can be overcome by intravital 
microscopy that is usually combined with fluorescence 
labelling. Circulating tumour cells can be observed in certain 
potential target organs of metastasis formation and metastatic 
cell adhesion, extravasation/invasion and interactions with 
other circulating cells can be investigated. 

However, due to different technical solutions, contradic- 
tory results have been reported. For example, the choice of 
the animal model (mouse, rat, rabbit) can determine whether 
mechanical arrest or specific tumour cell adhesion is found. 
This is likely caused by slight, but significant, differences in 
the diameters of microvessels. Moreover, some groups used 
inverted microscopes that have the advantage of minimized 
lateral movement during the observation, but, in contrast to 
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upright microscopes, the inverted placement of the animals 
results in additional tissue pressure with altered biophysical 
characteristics. Finally, size restriction was investigated in a 
mouse system, but fluorescent beads (>10 um) were used for 
comparison, which appeared to be more rigid than circulating 
tumour cells. (Al-M ehdi et al., 2000; Naumov et al., 1999) 


Release of Degradative Enzymes 


During tissue invasion, malignant cells have to penetrate 
intertissue barriers, such as subepithelial or subendothelial 
basement membranes. As mentioned in the preceding text, 
the molecular compositions of these basement membranes 
are organ-specific. Moreover, the patterns of degradative 
enzyme expression by malignant cells may be important in 
determining organ-specific formation of metastases. M alig- 
nant cells can be induced to synthesize, release, and activate 
various types of these enzymes by specific adhesive interac- 
tions with EC or components of the basement membranes. 
There are a variety of degradative enzymes, inhibitors, and 
activators released by tumour cells. 

M odels for the investigation of degradative enzyme release 
and/or regulation have been developed on the basis of adhe- 
sion assays, where the adhesive interactions between tumour 
cells and ECM substrates are well known. Two types of mod- 
ifications can be used for specific questions regarding enzyme 
synthesis and release. For example, to examine the secretion 
of degradative enzymes by tumour cells after adhesive con- 
tacts, the degradative activity in the adhesion medium can be 
measured during an adhesion assay. Enzyme activity can be 
detected by zymogram electrophoresis, and active proteolytic 
enzymes can be identified in the gels. This procedure allows 
characterization by molecular weight, enzymatic activity, and 
substrate specificity. Alternatively, the enzyme activity can 
be directly measured using radiolabelled or fluorogenic sub- 
strates. It is also possible to determine enzyme amounts 
immunologically using microtitre assays, or to detect secreted 
protein amounts of enzymes using Western immunoblotting 
techniques. 

A combination of fluorogenic-based degradation assays 
(two-photon microscopy) and time-lapse microscopy has 
been introduced by Friedl (2004a,b). This technique can 
visualize the degradation of collagen gels with quenched 
fluorescence labelling during tumour cell migration or inva- 
sion, respectively. Using a multicolour approach, two-photon 
microscopy (separate wavelength for collagen fibres, cyto- 
plasm, and nucleus) results in direct observation of tumour 
cells and their interactions with ECM proteins. 

Increases in enzymatic activity in the adhesion medium can 
be the result of activation of proenzyme forms, reduced inhi- 
bition or increased secretion, and secretion because of post- 
translational signalling and/or activated transcription. There 
are, probably, overlapping signalling pathways involved in 
the regulation of degradative enzyme secretion. Signalling 
pathways that are involved in the induction of degradative 
enzyme secretion and activation can be studied using vari- 
ous pharmacological interventions or genetically engineered 
tumour cells. A distinction between translational processing 


of downstream signals and cytosolic signalling after adhesive 
contacts can be examined in a second type of experiment. 
Using basic types of adhesion assays, the synthesis of mRNA 
coding for specific degradative enzymes can be measured 
by hybridization techniques, reverse transcriptase polymerase 
chain reaction (RT-PCR), or Northern blotting. 


GENERAL APPLICATIONS 


Models for tumour cell adhesion and invasion have been 
established for investigation of two essential cellular pro- 
cesses during the development of distant metastases. His- 
torically, they were used to identify participating molecules, 
which are mainly located on the tumour cell surface. A fter 
characterization of various classes of adhesion molecules, 
research focused more on their functional properties. It 
became evident that adhesion molecules are not simply 
anchors for extracellular contact, but also important partici- 
pants in cellular signalling. This led to further methods, and 
animal models were frequently replaced by molecular biol- 
ogy approaches to modify specific properties. Since valuable 
alternatives are available for many hypotheses, the use of 
animal models for cell adhesion/invasion is under restriction 
for many reasons. 

The current spectrum of investigations with regard to cell 
adhesion, migration, and organ invasion includes most fields 
of cancer research. However, understanding the basic func- 
tion of adhesive cell systems is not restricted to malignant 
cells and has only scratched the surface. Differences between 
normal cell functions, such as cell-cell interactions during 
wound healing or leucocyte trafficking, and specific prop- 
erties of invasive and metastatic tumour cells are still under 
investigation. Knowledge of these specificities of cancer cells 
may result in new therapeutic strategies, such as inhibi- 
tion of cell-signalling pathways for cancer treatment. For 
example, the advantages in understanding the role of metallo- 
proteinases for the formation of secondary tumour locations 
have already reached clinical importance. A nimal models and 
phase | and phase II studies have shown that treatment with 
inhibitors of MM Ps might be a valuable new alternative. 


INTERPRETATION OF EXPERIMENTAL RESULTS 


Many cellular functions change during cell adhesion, migra- 
tion, and invasion, and often these properties are dependent 
on each other. Although theoretical models describe the pro- 
cesses for a single cell in numerous steps, these are difficult 
to separate, and they occur in parallel if larger numbers of 
cells are used. For example, spreading and migration include 
successful adhesive interactions between cells and substrate. 
Therefore, assays for cell spreading, migration, or invasion 
are strongly influenced by adhesive properties of the cells. 
In addition, time is a very critical point in the investigation 
of these cell properties. Certain steps of adhesive interac- 
tions are found only in limited periods, and models have to 
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consider this time course. Optimal results can be obtained if 
initial events or plateau values, at least temporarily, are deter- 
mined. Alternatively, the best approach might be to examine 
properties when cellular functions are in their linear phase. 
However, extension of assays beyond plateau values may 
interfere with secondary cell reactions, such as release of 
degradative enzymes in adhesion assays. Although assays for 
cell adhesion, spreading, migration, or detachment focus on 
different points of cell behaviour, these techniques may over- 
lap each other. There are variable advantages and problems 
in each method and results should be confirmed by different 
techniques. 

Although in vivo experiments investigate cell behaviour 
in a more natural environment, specific problems have to be 
considered using these experimental designs. In addition to 
the described problems of invasion assays, the injected cells 
have to survive in the organ environment, and they have 
to maintain their invasiveness and tumourigenicity. After 
subcutaneous injection, these facts are extremely relevant 
in many tumour cell systems. A second argument against 
the use of in vivo studies is the existence of suitable, 
reproducible, and reliable in vitro alternatives. Therefore, the 
exploitation of in vivo invasion assays should be restrictive. 

As described in the preceding text, activation and inhi- 
bition of degradative enzymes play essential roles during 
tumour cell invasion. For interpretation of results with regard 
to these enzymes, a clear distinction has to be made between 
detection of enzymatic activity and protein amount, because 
most degradative enzymes are synthesized and secreted as 
inactive molecules and are involved in complex regulations 
of their activity. 

Over the last decade, improved computer technology has 
allowed sophisticated data analysis. However, this tends to 
describe minor differences without biological relevance. For 
example, image analysis for the evaluation of cell spreading 
may give quantitative results, but can also overestimate slight 
morphological changes. Optimal analysis, but not maximal 
amounts of data, should be obtained to investigate a certain 
hypothesis. 


BIOLOGICAL AND TECHNICAL LIMITATIONS 


Metastatic tumour cells usually show phenotypic instabil- 
ity, which leads to gradual shifts in their behaviour and 
diversification of cells to form heterogeneous subpopulations 
that differ in their metastatic properties (Nicolson, 1988b). 
However, most of the common techniques that are currently 
available for the characterization of carcinomas and the eval- 
uation of their potential metastatic behaviour are based on 
statistical analyses and the use of average values. This dif- 
ference between clonal growth and the possibility for single 
cells to establish distant metastasis on the one hand and the 
requirement of most procedures for the use of large numbers 
of cells for the quantitative examination of cell adhesion and 
invasion on the other renders it more difficult to answer the 
question of how a tumour cell becomes metastatic. 
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Figure 10 Influence of culture age on adhesive properties. HT-29P colon 
carcinoma cells were kept in culture for different times (5-15 days after 
passage) before use in a microtitre plate adhesion assay. With increasing 
age of culture (cells were leaving the logarithmic phase of growth), they 
lost their adhesive properties. The adhesion- time curve reached a plateau 
value where the number of adherent cells was at a maximum; after that time, 
relative adhesion decreased because of release of degradative enzymes and 
subsequent destruction of the adhesive molecules or substrate (adhesive 
substrate: collagen |). 


The use of cultured tumour cells inherits many advantages 
and disadvantages (see Basic Tissue and Cell Culture in 
Cancer Research). A significant problem is the stability of 
cell behaviour in culture systems. For example, evaluation 
of adhesive properties and the comparison between cell lines 
with different metastatic behaviour may be influenced by 
culture conditions, such as duration of passage. In Figure 10, 
it is shown that, for example, the quantification of cell 
adhesion to ECM components depends on the age of culture. 
Other possible factors are number of passages, selected 
growth, adhesion media, number of cells used for assays, 
and type of cell preparation, among others. Therefore, all 
experimental data have to be considered with the background 
of this information. Additionally, once cell behaviour is 
compared for cells with different metastatic properties, all 
conditions in the experimental design have to be analogous. 

The choice of experimental designs must also respect 
technical aspects and possible bias of the method used. For 
example, in many assays, washing steps are extremely critical 
and can cause false-negative results or a high non-specific 
background. Adhesion assays require the removal of non- 
adherent cells for quantification of adhesive properties. This 
removal is often done by aspiration and/or washing with 
saline solutions where shear forces interfere with adhesive 
interactions. If fluid flow is too high, weak adhesion can be 
disrupted, but less washing strength increases non-specific 
“background adhesion.” 

A further problem is that specific and non-specific cellular 
events have to be distinguished. For example, to determine 
if chemotaxis towards a stimulating gradient is the moto- 
genic factor for cell movement, it must be ruled out that 
enhanced migration is caused quantitatively by increased 
random migration. The effects on random migration can be 
estimated in a series of different concentrations of the sup- 
posed chemoattractant. Migration in a gradient of increasing 
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concentrations that exceeds rates of random migration is evi- 
dence for chemotactic activity. Some experimental designs 
do not differentiate between enhanced migration and chemo- 
taxis, and these results should be reported as “stimulated (or 
enhanced) cell migration”. 

All chemoattractants act by activation of receptors and sig- 
nalling pathways, which might interfere with target functions, 
such as signalling mediated by adhesion molecules. Choos- 
ing an appropriate attractant is important in many migration 
or invasion assays. Conditioned mediums obtained from cell 
cultures or various growth factors, such as EGF, bFGF, and 
HGF, are widely used. Tissue extracts have also been found 
to act as chemoattractants with some cell types. Cells gener- 
ally respond by migrating towards growth factors for which 
they have receptors. 

Finally, some general remarks are necessary, but will not 
be discussed in detail. All adhesive or invasive interactions 
depend strongly on substrate concentrations, pH, cation con- 
tents, and chosen medium. Antibodies or pharmacological 
substances may also require certain conditions for optimal 
action. When pharmacological stimulation or inhibition of 
cellular processes is investigated, these substances have to 
reach their target structures under living conditions (cell per- 
meable). In addition, because of the assay’s sensitivity, if 
possible stimulators or inhibitors are being assessed, several 
different concentrations of the test substance should be exam- 
ined. Cell labelling has to avoid any interference with cell 
viability and adhesive/invasive properties. To exclude false- 
positive or false-negative results, it is important to include 
controls in each assay. These controls have to determine non- 
specific “background” events (e.g., adhesion to non-specific 
bovine serum albumin), and estimate effects of additives, 
such as reconstitution reagents (e.g., dimethyl sulphoxide). 
Negative results have to be confirmed by positive control 
experiments. Most assays should be performed in multiple 
parallel repeats for statistical analysis of test data. 


PERSPECTIVES 


The development of further models and methods for the 
examination of adhesive interactions will focus on considera- 
tion of in vitro conditions, which allow better simulation of in 
vivo characteristics. Real-time visualization of cellular pro- 
cesses, such as cytoskeletal activity or signal transmission, 
will gain functional understanding. Finally, analysis of com- 
plex interactions between different signalling cascades will 
also take part in the investigation of metastatic behaviour. 
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BIOLOGICAL BASICS 


The endothelial lining, distributed throughout the body, is 
of approximately 1.5kg tissue weight in an adult and rep- 
resents an organ that serves multifunctional purposes. The 
primary function of this organ is the preservation of a mor- 
phological and functional barrier between blood circulation 
and other organs and tissues. The structure is made up of 
a continuous but semi-permeable endothelial cell (EC) layer 
throughout the vascular tree and an underlying subendothelial 
basement membrane. Furthermore, ECs play an essential role 
in numerous cellular interactions, such as those involved in 
haemostasis, inflammation, wound healing, and tissue regen- 
eration. ECs interact with platelets and leucocytes in the 
bloodstream and also with cells from surrounding tissues, 
such as fibroblasts, macrophages, and other immunocompe- 
tent cells. ECs take part in metabolic functions, including 
tissue nutritional support and gas exchange. 

In addition to the role in angiogenesis and vascular sup- 
port of primary tumours (see Invasion and Metastasis), 
ECs play a crucial and active role in the early steps of 
haematogenous metastasis formation. They mediate the first 
contact between circulating, blood-borne tumour cells and 
the metastasis target organ (Auerbach, 1992). Although the 
distribution of many regional metastases can be explained on 
the basis of anatomical and/or mechanical factors, clinical 
and experimental observations indicate that many malig- 
nant tumours preferentially metastasize to particular distant 
organ sites that would not be predicted solely from mechano- 
anatomical considerations and blood flow patterns (Hart, 
1982; Nicolson, 1982). Some organs and tissues, such as 
bones, adrenals, and brain, are served by a small frac- 
tion of the circulating blood volume, but they are often 
involved in metastases from certain primary malignancies, 
whereas others with a high fraction of blood supply, such 
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as the heart, muscles, kidneys, and others, are only spo- 
radically colonized by cancer metastases (Sugarbaker, 1981; 
Nicolson, 1988). 

For some time now, two major hypotheses on the organ 
preference of tumour metastasis have existed. Ewing (1928) 
proposed that the mechanical lodgement of circulating 
tumour cells in the first capillary system encountered was the 
determining factor, and that the haemodynamics of the vascu- 
lar system based on specific anatomical structures predicted 
the locations of secondary tumours. In contrast, Paget (1889) 
postulated in his “seed and soil” hypothesis that successful 
interactions of tumour cells (“seeds”) with the microenviron- 
ment of a particular target organ (“soil”) lead to the formation 
of distant metastases in specific organs. These hypotheses 
are not mutually exclusive, and the development of distant 
metastases at specific organ sites is probably determined by 
anatomical structures with their resulting haemodynamics 
as well as specific interactions between unique circulating 
tumour cells and host organ structures. 

The primary barrier between the circulation and extravas- 
cular tissues consists of the vascular endothelium and its 
subendothelial basement membrane (Nicolson, 1989). For 
the maintenance of normal function, specific interactions are 
required between circulating cells and these structures, and 
comparable interactions between tumour cells and organ ECs 
may be necessary for organ-specific formation of secondary 
tumours (Weiss etal., 1988). For example, specific parts 
of the microcirculation known as high endothelial venules 
(HEVs) are specialized in their interactions with other cells, 
such as lymphocytes, and this may allow transmigration of 
lymphocytes between the bloodstream and lymphatics across 
the vascular barrier (Ford etal., 1976). The specialized 
HEVs, which are morphologically and antigenetically distinct 
from other ECs and also express different antigenic patterns 
between HEV s from different organs, can be specifically rec- 
ognized by circulating lymphocytes. Specific molecules are 
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used by lymphocytes to initiate adhesion and migration into 
particular organs (Gallatin et al., 1983). Similarly, malig- 
nant tumour cells that preferentially colonize certain host 
organs must adhere to and invade in a similar way through 
endothelium and subendothelial basement membranes during 
haematogenic metastasis formation. Alternatively, for some 
blood-borne tumour cells, itis known that they can adhere to 
microvascular ECs and proliferate within the blood vessels 
(Belloni and Tressler, 1990) (Figure 1). 

The endothelium is a single EC layer of considerable bio- 
logical significance that lines the interior of blood/lymph 
vessels and the heart. M any of its complex functions appear 
to involve specific structural and biochemical characteristics 
of the EC surface. These specific molecular structures may be 
permanent or transient, depending on EC functional demands 
and organ type (Pauli et al., 1990). The microcirculation is 
characterized by its own specific vascular structures, includ- 
ing differences in vessel length, diameter, wall thickness, 
receptors, and ultrastructure that vary remarkably between 
different tissues and organs (M anjo, 1965; Rhoden, 1980). 
For example, the continuous endothelium can be either thick 
or thin depending on tissue and the type of ECs. For exam- 
ple, continuous thick capillaries (thickness >2 um) can be 
found in skeletal tissue, cardiac smooth muscle, and geni- 
tal organs. In contrast, continuous thin capillaries (thickness 
<lum) are typically located in tissues of the central ner- 
vous system, lung, dermis, vasa recti of the kidney, spleen, 
thymus, bone marrow, and bone. Morphological studies in 
vivo and in cell cultures have shown that microvascular ECs 
differ structurally according to their microvascular origin. 
ECs from thin capillaries usually grow in culture as flat cells 
of hexagonal shape with large amounts of membrane-related 





Figure 1 Sequence of events during metastatic tumour cell interactions 
with EC monolayer. (a) Tumour cell attachment to ECs, (b) disruption 
of EC-EC contacts and retraction, (c) active migration of the tumour 
cell under the ECs in contact with the underlying basement membrane, 
(d) invasion through basement membrane into host organ and reformation 
of intercellular EC junctions (for further steps of invasion (see M odels for 
Tumour M etastasis). 


cytoplasmic and pinocytotic vesicles on their apical and baso- 
lateral surfaces. Various EC phenotypes can be characterized 
according to their shape, ranging from cubical to elongated 
and stellate, and contents of vacuoles and shapes of nuclei. 

The endothelium maintains its integrity and continuity 
through communication via gap junctions and desmosomes. 
The exception is in the central nervous system, where tight 
junctions are the predominant structures. In addition to homo- 
typic contacts, ECs also have multiple points of attachment to 
the subendothelial basement membrane that contains various 
matrix proteins, such as laminin, proteoglycans (predom- 
inantly heparan sulphate proteoglycans), fibronectins, vit- 
ronectin, and collagens (primarily types III, IV, and V). Since 
variations can be found in the distribution of extracellular 
matrix (ECM) components within the basement membranes 
of different organs, such variations likely play arolein vascu- 
lar heterogeneity and in the regulation of organ haemostasis 
and growth (Carley et al., 1988). 

Although most ECs are morphologically similar, there 
are distinctive regional molecular and structural differences 
in the vascular endothelium (Fenyves etal., 1993) For 
example, the vesiculo-vacuolar organelles, recently described 
organelles found only in the cytoplasm of ECs that line 
tumour microvessels and normal venules, span the entire 
thickness of the vascular endothelium. These organelles 
provide potential transendothelial connections between the 
vascular lumen and the extravascular space. Weibel - Palade 
bodies, which are specific intracellular storage organelles 
for von Willebrand factor (vWF) in large-vessel endothelia, 
are rarely found or absent in ECs derived from the central 
nervous system. Moreover, differences in size and thickness 
of ECs have been found in different organs or tissues. 
Generally, ECs from large vessels appear to be thicker 
than those from microvascular endothelium. Additionally, 
variable surface structures that include adhesion molecules 
for homotypic cell-cell interactions and for anchorage to 
the subendothelial basement membrane as well as other 
molecules, such as lectins, can be differentially expressed 
in large and small vessels (Simionescu et al., 1982; Wang 
et al., 1985). 

ECs in various tissues are functionally and metaboli- 
cally distinct as well as structurally dissimilar (Schnitzer 
etal., 1994). They can participate to various degrees in 
metabolic and haemostatic functions, such as the follow- 
ing: (i) maintenance of a non-thrombogenic luminal sur- 
face, in part, via production of prostacyclins; (ii) regulation 
of the coagulation pathway, clot formation, and fibrinol- 
ysis; (iii) presentation of antigens to lymphoid cells; (iv) 
secretion of chemotactic monokines; (v) active participa- 
tion in leucocyte adhesion and extravasation; (vi) secre- 
tion of angiogenic factors and other growth factors that 
coordinately stimulate neoangiogenesis; (vii) clearance and 
metabolism of vasoactive substances, such as bradykinin, 
endothelin, adenosine diphosphate (ADP), angiotensin 1, and 
thrombin; (viii) control of vasomotion; (ix) regulation of 
perfusion and permeability at the microvascular level and 
responses to and secretion of autocoids such as nitric oxide 
(NO), prostaglandins, epinephrine, and vasopressin; and 
(x) regulation of macromolecular transport between plasma 
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and interstitial fluids via large pores, vesicular transport, and 
specific cell surface receptors. Although the highly regu- 
lated endothelial functions associated with haemostasis and 
metabolism of vasoactive substances undoubtedly contribute 
to the metastatic process of certain tumours, we refer the 
reader to other reviews for more detailed information about 
these topics (Gerritsen, 1987; Weiss et al., 1988; Belloni and 
Tressler, 1990). 

ECs are involved in malignant disease in several ways. 
(i) Growing tumours need to establish their own blood 
supply by the outgrowth of new blood vessels referred to 
as neoangiogenesis. Angiogenesis is induced by the invasion 
and outgrowth of ECs. Models for Tumour Metastasis of 
this book deals extensively with this fundamental process 
of malignant disease. (ii) Tumours can actively alter EC 
function of tumoural or peritumoural ECs. This, for example, 
may result in peritumoural oedema. (iii) One of the first 
events of metastasis is the invasion of tumours into the 
circulation, where tumour cells must actively cross the 
endothelial lining to access blood or lymphatic vessels, a 
prerequisite to systemic progression of malignant disease. 
(iv) In potential metastatic target organs, the endothelium is 
the outer lining of the target organ and thereby the first line 
of defence, but it also mediates the first adhesive interactions 
of the metastasizing, blood-borne tumour cell and the host 
organ. 

The propagation of malignant tumours involves exten- 
sive crosstalk between malignant cells and their stromal 
environment. In this tumour- host microenvironment, the sur- 
rounding stromal tissue actively participates in the induction 
and selection of malignant tumour cells by the production 
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and secretion of growth factors and cytokines. N eoangiogen- 
esis by sprouting of ECs is a critical process in malignant 
tumour growth and is the result of active recruitment of ECs 
by cancer as well as stromal cells. The detailed mechanisms 
and the implication for cancer research and cancer therapy 
are outlined elsewhere in this book. 

Tumours can dramatically alter the permeability and trans- 
port properties of blood vessels (Zhang and Olsson, 1997). 
For example, in brain tumours, a common problem is vaso- 
genic oedema, which can cause subsequent neurological 
symptoms. The peritumoural brain parenchyma shows struc- 
tural and functional changes of the intracerebral microvessels 
and oedema (Groothius and Vick, 1982). 

Within a tumour there are obviously only a few cells 
mobile enough to migrate chemotactically toward blood ves- 
sels, finally invade the basement membrane, and intravasate. 
This process is driven by chemotactic signals like epidermal 
growth factor (EGF) originating partly from the local tumour 
environment and the circulating blood by diffusion (Con- 
deelis and Segall, 2003). After metastasizing tumour cells 
enter the circulation, they will reach potential metastatic tar- 
get organs where ECs mediate specific adhesion processes as 
well as exhibit defensive properties. 

One of the most interesting tumour properties associ- 
ated with organ-specific metastasis is that tumour cells may 
respond to local concentrations of growth factors produced 
by or present in the target organs. A likely source of organ- 
associated tumour cell motility factors are organ microvas- 
cular ECs (Sawada et al., 1996) The EC-produced motil- 
ity factors might interact with other soluble tissue factors 
to promote organ-specific tumour cell invasion (Figure 2) 
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Figure 2 Paracrine and autocrine factors in tumour cell - host organ interactions during various steps of invasion and metastasis. (1) Tumour cell adhesion 
to ECs, (2) adhesion-mediated retraction of ECs with exposure of subendothelial basement membrane, (3) adhesion of tumour cells to basement membrane, 
(4) basement membrane degradation and migration of tumour cells into host organ, (5) survival and growth of tumour cells in host organ. EC - endothelial 
cell; T - tumour cells; ECM - extracellular matrix; BM - basement membrane; full lines - autocrine and paracrine factor interactions; dashed lines - 
cofactors that can interact with autocrine and paracrine signalling and modify cellular reactions. 
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Figure 3 Bidirectional or reciprocal tumour cell- EC interactions. The cellular microenvironment is influenced by factors released from tumour cells, ECs, 
parenchymal cells, or invading leucocytes. These factors can affect tumour cell survival, proliferation, motility, invasiveness, and metastatic properties. 


(Orr et al., 1980; Hujanen and Terranova, 1985). Examples 
are nerve growth factors and neurotrophins that play an 
important role in migration through the blood- brain barrier 
(M enter et al., 1995). ECs are also known to produce specific 
motility-enhancing components of the basement membrane, 
such as fibronectin, laminin, collagen IV, thrombospondin, 
and fragments derived from these molecules. As described 
above, endothelium from various organs possess different 
amounts and proportions of subendothelial matrix compo- 
nents. Therefore, tumour cell chemotaxis may be specifically 
influenced by the composition of the subendothelial basement 
membrane in the target organ (Cerra and Nathanson, 1991). 
Chemokines have recently been involved in organ-specific 
metastasis formation after it was recognized that expression 
of the chemokine receptor CX CR4 governed the localization 
of experimental breast cancer metastases to the liver, lung, 
and bones, that are abundant sources of the corresponding 
ligand CX CL12. Chemokines not only induce chemotaxis in 
cancer cells but also enhanced heterotypic tumour cell- EC 
adhesion via VLA4(a4f1) and VLA5(as5 1) integrins at least 
in some tumour cells (Muller et al., 2001; Parmo-C abanas 
et al., 2004). 

Since some tumour cell lines showed growth inhibi- 
tion during experiments using EC-conditioned medium, 
it was assumed that there was a release of inhibitory 
factors. Growth inhibition correlated with the metastatic 
behaviour of these cell lines (Nicolson and Dulski, 1986). 
Using organ-conditioned medium, various types of growth 


inhibition have been found to be mediated by the secretion 
of growth-inhibitory paracrine factors. One of these inhi- 
bition factors, which was first found in kidney-conditioned 
medium, was purified and identified as transforming growth 
factor beta (TGF-£) (Holley et al., 1980). TGF-8 and other 
cytokines that are released from ECs, such as interleukin- 
6 (IL-6), might have dual roles in the growth regulation of 
malignant cells (Figure 3). IL-6 has potent stimulatory effects 
in the activation of ECs and enhancement of tumour cell 
adhesion, but it was also found that this cytokine decreased 
the cell growth of some tumour cell lines. Other sources of 
growth-inhibitory potential are the immune-competent cells 
that are often found in the tumour microenvironment, such 
as tumour-infiltrating lymphocytes, natural killer cells, and 
macrophages. For example, these cells as well as ECs pro- 
duce activated oxygen derivatives, such as oxygen free rad- 
icals (O27). These radicals are rapidly converted into highly 
reactive radicals (H202, HO-) that are cytotoxic or cytostatic. 

Another mechanism has been proposed for the cytostatic 
or cytotoxic effects of ECs on the circulating tumour 
cells (LaBiche and Nicolson, 1993). To examine whether 
vascular ECs can be treated with various cytokines to 
become cytotoxic against tumourigenic target cells, mouse 
EC monolayers were treated with interferon gamma (IFN- 
y) or tumour necrosis factor alpha (TNF-a). The activated 
ECs, but not untreated control cells, produced significant cell 
lysis of mouse reticulum sarcoma cells and two different 
mouse melanoma cell lines. This effect was dependent on the 
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presence of the ECs because the treatment of the malignant 
cells with IFN-y and/or TNF-a did not produce direct target 
cell lysis. The continuous presence of the cytokines was 
required for the activated EC-mediated tumour cell lysis 
(Li etal., 1991). However, it was subsequently found that 
this result was not due to direct tumour cell cytolysis by 
activated ECs. Although ECs were able to inhibit the growth 
of tumour cells, they were not able to lyse tumour cells 
(Nicolson, 1999). 


PRINCIPLES OF MODEL ESTABLISHMENT 


Isolation and Cultivation 


The data discussed above indicate that microvascular ECs 
and ECM from different organs possess unique character- 
istics that are probably related to their different functions. 
These characteristics are dynamic and dependent on the func- 
tional requirements and microenvironmental conditions of 
the endothelium. 

First, EC cultures were obtained from easily accessible 
sources. For example, human umbilical vein is a useful 
source of ECs (HUV EC) because it is easy to obtain, cells can 
be isolated in quantity, and the cells are generally pure and 
grow well. Bovine aorta has been another easily accessible 
source for ECs. However, these models have the disad- 
vantage that macrovessels are usually not a target site for 
metastatic involvement. In an attempt to obtain ECs from 
microvessels, ECs have been prepared, for example, from 
nasal mucosa, pancreatic islet, mouse haemangioendothe- 
lioma, adrenal cortex, human dermis, or human neonatal 
foreskin. By especially using HUVEC, many aspects of inter- 
action between tumour cells and ECs have been explored 
and fundamental data concerning the role of ECs in can- 
cer progression have been gathered. Such models can be 
easily reproduced and are standardized within the literature. 
However, in the evaluation of these results, consideration 
should be given to the neonatal and macrovascular origin of 
these cells. Further investigation in morphologic and func- 
tional aspects demonstrated the fundamental differences if 
ECs were from different origin. Liver and lung, beside oth- 
ers, are organs frequently colonized by metastasizing cancer 
cells, and ECs from these sites are of increasing interest 
from the point of view of organ-specific metastases forma- 
tion. For example, human liver sinusoidal ECs show their 
typical transcellular fenestrations even after isolation and 
cultivation (Daneker et al., 1998) and this is not observed 
in ECs from other origins. Also, ECs from large vessels 
and capillary and post-capillary venules from the same organ 
demonstrate distinct immunologic and metabolic properties 
(K umar et al., 1987). Reactions of HUVEC to growth factors 
(ECGF, EGF, TGF-a, thrombin) and other cytokines (ILs, 
TGF-8) were different from those found with microvascu- 
lar ECs. Additionally, differences were found between the 
release of cytokines by HUVEC and adult macrovascular 
ECs. Nevertheless, the morphology and antigen expression 
of ECs may be influenced by microenvironmental conditions 


like growth factors, ECM components, or physical conditions 
like tension or shear stress by fluid flow. Interaction with 
leucocytes, platelets, or tumour cells induces rapid changes 
in EC gene expression and morphology. In conclusion, the 
use of microvascular EC cultures derived from specific target 
tissues for models of metastasis appears to reflectin vivo con- 
ditions better than ECs from other sources, but special notice 
should be given to culture and experimental conditions. 

The isolation of ECs is generally performed using col- 
lagenase digestion of ECM and mass gradient selective 
centrifugation followed by several washing steps. Alterna- 
tively, after collagenase digestion, cells can be isolated by 
flow cytometry in combination with a cell sorter or by mag- 
netic bead conjugated antibodies. Once cells are isolated, 
their identity as ECs has to be confirmed by their charac- 
teristic morphology and expression of EC-specific markers, 
such as factor VIII, CD31, or vWF. Functional criteria, such 
as uptake of acetylated low-density lipoprotein (LDL), can 
also be used to confirm cell identity in EC cultures. Usu- 
ally, isolated ECs are not transformed or immortalized. With 
increasing passages, ECs may dedifferentiate and change in 
morphology and functional properties. Increased apoptosis 
of older bovine pulmonary artery ECs in response to can- 
cer cells as well as facilitated transendothelial migration of 
breast cancer cells through older passages of ECs compared 
to younger EC cultures were noted (Merkle et al., 2005). 


Activation of EC 


The functions expressed by ECs are strongly influenced by 
the extracellular environment. 

The basal adhesion of various tumour cells to unstimulated 
ECs is usually very low, but the presence of ILs, IFNs, 
TNF, lipopolysaccharides (LPS), and other mediators of 
inflammation can lead to changes in the expression of 
adhesion molecules on EC surfaces as well as on other cells 
(macrophages, monocytes, lymphocytes, etc.). For example, 
soluble substances, such as TNF-a, IL-1, IL-4, IL-13, IFN- 
y, or TGF-8, initiate expression and enhance the affinity of 
adhesion molecules, such as integrins, selectins, VCAM-1, 
or |CAM-1, which results in increased adhesive interactions 
between cancer cells and ECs (Khatib etal., 1999; Ten 
Kate etal., 2004). However several cytokines like TGF- 
B, TNF, or IFN-y play a dual role as they inhibit E- 
selectin or MHC class Il expression under certain conditions. 
Nevertheless, differences in the mechanisms of leucocyte and 
cancer cell adhesion to ECs have recently been described 
and selectin-independent adhesion has been reported. U pon 
activation, ECs re-localize galectin-3 to the cell surface 
and enable specific adhesive tumour cell-EC interactions 
(Glinsky et al., 2001). 

Another aspect of EC activation by cancer cells is the 
release of NO. It is well known that metastatic cancer cells 
arrested in the microvasculature of a target organ disappear 
within minutes to hours. Activation of ECs either by tumour 
cells, cytokines, bacterial toxins like LPS, or mechanical 
shear stress induces the release of cytotoxic NO. Activa- 
tion of ECs by LPS or cytokines may therefore enhance 
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Figure 4 Principle of identification of tumour cell- binding proteins on microvascular EC surfaces. (a) Labelling (2°!) of microvascular EC surface 
molecules, (b) solubilization using sodium dodecyl sulphate or CHAPS detergent, (c) adsorption of labelled lysate to glutaraldehyde-fixed tumour 
cells, (d) bound EC adhesion molecules occur as radioactive sources on tumour cells, (e) electrophoretic separation of bound adhesion molecules, and 
(f) visualization of EC adhesion molecules by autoradiography. Microvascular EC cell lysates from different organs showed different patterns of adhesion 


molecule expression. 


tumour cell arrest in target organs like liver or lung but 
may as well enhance tumour cell apoptosis and result in 
less efficient metastatic growth (Wang etal., 2002; Qiu 
et al., 2003). One way for tumour cells to overcome this 
cytotoxic response of ECs seems to be through transendothe- 
lial migration. Retraction is another phenomenon observed 
in activated ECs. Factors, such as plasminogen activator, 
released from normal or neoplastic cells cause retraction 
of ECs with subsequent exposure of the underlying ECM. 
Thus, chemotactic reactions and transendothelial migration 
of motile cancer cells are possible (see subsequent text). 
Furthermore, haematopoetic growth factors like granulocyte 
macrophage colony - stimulating factor (GM-CSF) and gran- 
ulocyte colony - stimulating factor (G-CSF) also take part in 
these complex EC activation and inhibition processes. 


Adhesion Molecules 


For investigations on the adhesive properties of various 
malignant cell lines, EC monolayers from human umbil- 
ical vein or bovine aorta (BAEC) have been widely 
used. Although useful for general adhesion studies, dif- 
ferences were usually not observed for metastatic and 
non-metastatic tumour cell adhesion to large-vessel ECs. 
The organ preference of metastasis did correlate, how- 
ever, with the adhesion of tumour cells to microvas- 
cular ECs in many, but not all, experimental systems. 
For example, high lung-colonizing rat rhabdomyosarcoma, 
melanoma, and lymphoma cell lines showed high rates 
of adhesion to lung-derived EC monolayers, whereas cell 
clones of poor metastatic potential had low adhesion 
rates. Metastatic tumour cells adhered to target organ ECs 
and stimulated their retraction at cell junctions adjacent 
to the adherent tumour cells. Subsequently, the tumour 


cells penetrated the EC monolayer, adhered to compo- 
nents of the underlying basement membrane and eventu- 
ally penetrated the subendothelial matrix. This behaviour 
was normally not found in most of the non-invasive, non- 
malignant cells examined. Although different metastatic 
systems may vary in their adhesive properties to ECs 
and their underlying matrix, their adhesive behaviours are 
often related to their metastatic properties (Belloni and 
Nicolson, 1988). 

In general, the subendothelial matrix was found to be a 
better substrate for cell adhesion of most tumour cells than 
the EC surface (see Models for Tumour M etastasis). Also, 
the adhesive behaviours of tumour cells could be modified by 
the organ-specific composition of the subendothelial ECM. 
Using bovine aortic ECs grown on ECM preparations from 
various organs, tumour cells showed adhesion to ECs that 
was dependent on the organ matrix. Thus, EC behaviour 
can be modified by ECM composition, possibly because of 
changes in expression of adhesion and other molecules. 

Some of the organ-associated EC surface determinants 
involved in the adhesion of metastatic tumour cells have been 
identified using affinity procedures (Figure 4). For exam- 
ple, '*|-labelled lysates of ECs were adsorbed on lightly 
glutaraldehyde-fixed tumour cells. After binding, the com- 
ponents were solubilized in detergent and analysed elec- 
trophoretically. In these experiments, the majority of the 
adsorbed radiolabelled proteins migrated in the molecular 
mass region known to contain integrins (~120- 180 kDa). 
H owever, there were also low molecular mass proteins bound 
to the fixed tumour cells corresponding to the molecular 
masses of known glycoproteins, such as annexins, lectins, 
and other receptors. M oreover, it was found that the individ- 
ual protein profiles were unique for each EC type (Belloni 
and Tressler, 1990). 
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Figure 5 Selection of organ-specific antibodies against EC surface molecules. 


A similar technique for the identification of adhesion 
molecules on EC surfaces was developed (tumour 
cell-Western adhesion) where detergent-solubilized EC 
preparations were electrophoretically separated, and EC- 
binding components were detected by adding viable 
biotinylated or radiolabelled tumour cells. For example, using 
this method five EC-derived glycoproteins were identified 
from liver or lung microvessel ECs that interacted with 
murine large-cell lymphoma cells. These lymphoma cells 
bound preferentially to hepatic ECs, and they adhered 
quantitatively on the basis of their organ-specific metastatic 
behaviour. These results suggest that tumour cell adhesion 
is directed, in part, to specific tissue-associated surface 
molecules expressed by the microvascular ECs in different 
organs. Although these adhesion molecules appear to be 
involved in tumour cell interactions with microvascular 
ECs, it is unlikely that these molecules alone can confer 
adhesive specificity to metastatic tumour cells (Nicolson, 
1988; Belloni and Tressler, 1990). 

Another approach used in studies of EC surface molecules 
that are involved in interactions with tumour cells was 
the development of serological procedures, including mon- 
oclonal antibodies against organ-associated antigens on ECs 
(Figure 5). Hybridomas were selected from animals immu- 
nized with ECs from various organs and different species. 
Screening and further selection using binding studies of 
the hybridomas and cells from different organs or species 





a) Isolation of organ-specific ECs (eg., 
organ-specific ECs; (c) immunization of an animal with organ-specific ECs; (d) eae of antibodies against ECs; these polyclonal sera contain antibodies 
against organ-specific, species-specific, and non-specific EC surface antigens; (e) selection of organ-specific antibodies against ECs from various organs; 
(f) remaining preparations contain organ-specific but not non-specific antibodies; (g) EC monolayers from target organ can be used for immunocytochemical 
analysis; (h) organ-specific antibodies react with ECs derived from target organ, but not with ECs from other organs. 


from lung); (b) culture of 


resulted in monoclonal antibodies directed against, but 
not limited to, organ-specific antigens. Using this method, 
antibodies reactive against ECs and other cells, such as 
fibroblasts from one organ but which are not reactive 
against cells derived from other organs, were obtained 
(Doer et al., 1989). 

Immunohistological studies using polyclonal antisera 
against various EC-binding glycoproteins have shown that 
specific organ distribution of EC adhesion molecules is 
quantitatively but not qualitatively different in most tissues. 
At least one of these glycoproteins was identified as a 
galectin (~33kDa) (Lotan et al., 1994). Other components 
were identified as annexin II (~35kDa). Antibodies against 
these adhesion molecules inhibited adhesion of tumour cells 
to microvascular EC monolayers by about 40% (Tressler 
et al., 1993), suggesting that multiple adhesion systems 
(integrins, selectins, annexins) are involved in tumour 
cell- EC adhesive interactions. 

Functional studies on adhesive interactions of ECs with 
circulating cells can be performed using static or dynamic 
adhesion systems. The principles of these techniques are 
described in the chapter Models for Tumour Cell Adhe- 
sion and Invasion, and these procedures can be adapted 
with the modification that EC monolayers are the adhe- 
sive substrates. Since EC - tumour cell interactions appeared 
to be mediated primarily by glycoproteins where the bind- 
ing takes place between the lectin domain of one molecule 
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Figure 6 Paracrine motility factors secreted by microvascular ECs enhance tumour cell migration. (a) Conditioned media are obtained from organ-specific 
microvascular EC cultures, (b) conditioned media are used as chemoattractants in the lower chamber of a Boyden chamber, (c) HSE medium from liver 
ECs contains specific motility factor(s) and increases the number of migrated liver-metastasizing cells, whereas MLE medium from lung ECs has no effect 


(see text). 


with a corresponding carbohydrate, different types of car- 
bohydrates were assumed to be important in determining 
organ-specific adhesive interactions. Therefore, modification 
of terminal sugar moieties or blocking using antibodies 
against specific carbohydrates was used for identification 
of the lectins involved. Thus, an important group of adhe- 
sion molecules identified by these methods were a type 
of lectins called selectins. Selectins are adhesion molecules 
found on tumour cells and normal cells that use carbohy- 
drates as receptor ligands, such as leucocytes/lymphocytes 
(L-selectin), platelets (P-selectin), and ECs (E-selectin). The 
action or expression of EC selectins depends on cell activa- 
tion by ILs, TNF, or toxins. For example, selectins mediate 
the recognition of carbohydrates via Sialyl-L ewis?, Sialyl- 
Lewis, or the MECA-70 antigen and play a central role 
in targeting and the initial contacts between circulating 
tumour cells and ECs of the host organ (Irimura et al., 1986) 
(see also the chapter Models for Tumour Cell Adhesion 
and Invasion). 

The presence of platelets in adhesive interactions can also 
result in enhancement in EC adhesion, and their involvement 
in targeting tumour cells to microvascular vessel walls has 
been demonstrated. Platelets take part in different steps of the 
adhesion cascade, but they appear to be especially important 
in the stabilization of tumour cell- EC and tumour cell- ECM 
adhesion. Specific interactions between tumour cells and 
platelets are mediated by release of activating substances and 
cross-linking of platelets during adhesion of tumour cells to 
ECs and ECM. 


Paracrine Motility Factors 


Almost two decades ago, studies showed that tumour cells 
could preferentially grow in the medium conditioned by the 


target organs for metastatic colonization. Further, more liver- 
and brain-metastasizing tumour cells seeded on a surface 
coated with ECM proteins migrate toward a concentration 
gradient of soluble components extracted from the brain 
or liver. Liver-metastasizing murine colon carcinoma cells 
preferentially migrated toward a concentration gradient of 
liver extract rather than to gradients made from extracts 
of the lung or brain (Sawada etal., 1996). Tumour cell 
motility, chemotaxis (directed motility along a concentration 
gradient), and invasiveness may be tested in vitro, ex vivo, or 
in vivo. In a modification of these set-ups, factors involved in 
tumour cell- EC interactions like transendothelial migration, 
chemotaxis, or degradative enzyme release can be examined. 

While motility and growth responsiveness to soluble fac- 
tors derived from mouse liver, brain, and lung microvessel 
ECs were found, conditioned media were used to examine 
the effects of secreted factors on various tumour cell systems 
and ECs were identified as one source of chemotactic fac- 
tors. For example, mouse liver sinusoidal endothelial cells 
(HSE) and microvascular lung endothelial cells (MLE) were 
used to demonstrate organ-specific motility factors that lead 
to specific enhancement of motility of colon carcinoma and 
large-cell lymphoma cells with different metastatic poten- 
tials (Hamada et al., 1992; Sawada et al., 1996) (Figure 6). 
Highly liver-metastatic cells showed a higher stimulation 
of motility after exposure to HSE-conditioned medium 
than poorly metastatic cells. Additionally, MLE-conditioned 
medium failed to stimulate the motility of these cells. In con- 
trast, the growth properties of colon carcinoma cells were 
not altered after stimulation of poorly and highly metastatic 
cell lines with conditioned medium but highly metastatic 
lymphoma cells were preferentially growth stimulated by 
conditioned medium from liver ECs (Nicolson, 1988). ECs 
derived from lung and liver secrete different tumour cell 
paracrine motility factors, such as C3b complement factor 
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or monocyte chemotactic factor-1 (MCP-1), which appears 
to contribute to the organ preference of tumour cell invasion 
of these tissues by lymphoma cells (Hamada et al., 1992). 


Release of Degradative Enzymes 


ECs are a very important source of degradative enzymes 
required for the penetration of tumour and normal cells 
through the subendothelial basement membranes. Although 
tumour cells themselves are able to secrete various types 
of matrix degradative enzymes, they also can induce secre- 
tion and/or activation of various enzymes by the surrounding 
ECs. This stimulation occurs either directly through adhesive 
tumour cell- EC interactions or indirectly by the release of 
soluble factors that modify the balance between degradative 
enzymes and their inhibitors to enable subendothelial base- 
ment membrane penetration by tumour cells. The analysis 
of soluble factors released by tumour cells that affect the 
balance between degradative activity and inhibition can be 
performed at the transcriptional level by polymerase chain 
reaction (PCR) and real-time PCR, at the translational level 
by Western blotting, or by evaluation of conditioned medium. 
The first and second approaches allow the investigation of 
surface receptors and subsequent signalling cascades that are 
involved in the mediation of enzyme release. EC monolay- 
ers can be incubated with different types of soluble factors, 
such as EGF, platelet-derived growth factor (PDGF), or 
various cytokines. Subsequent changes in mRNA levels of 
degradative enzymes and their inhibitors can be analysed, 
and specific drug-induced modifications of these changes 
allow the identification of candidate signalling mechanisms 
(see also the chapters Models for Tumour Cell Adhesion 
and Invasion and Models for Tumour Cell- Stromal C ell 
Interactions). 

In contrast, conditioned media have been used to investi- 
gate post-translational events that are related to EC stimula- 
tion. EC monolayers can be stimulated with biochemicals 
(soluble factors), radiation or UV exposure, or by physi- 
cal interference (wounding), and the subsequent release of 
degradative enzymes into the culture medium can be exam- 
ined at the protein level by immunological procedures, such 
as Western blotting. Since degradative enzymes are normally 
released as inactive proforms of the enzymes, detection of 
enzyme activity is required for further analysis. A common 
and very simple way to achieve semiquantitative results of 
released enzyme activity is provided by zymogram elec- 
trophoresis. This method uses different types of substrates 
that are added to polyacrylamide electrophoresis gels to visu- 
alize degradative activity by the disappearance of stainable 
substrates in the gel. Using zymogram electrophoresis, the 
secretion of degradative enzymes can be characterized with 
regard to their molecular masses and substrate specificities. 
However, several experimental procedures, such as sodium 
dodecyl sulphate polyacrylamide gel electrophoresis, can 
activate certain enzymes, and activities observed do not nec- 
essarily represent EC function. Other experimental designs, 
however, allow investigators to overcome these limitations. 


For example, using the release of radioactively labelled hep- 
aran sulphate from ECM preparations after y irradiation of 
ECs, the secretion of heparanase was examined (Nicolson 
et al., 1991). Most recently, fluorogenic substrates, which 
allow the measurements of enzyme activity, substrate speci- 
ficity, and kinetics, were introduced. This method is based 
on the degradation of substrates where the resulting prod- 
ucts are fluorogenic and can be detected using fluorescence 
spectrometers. 


Barrier Function 


The vascular endothelium is essential for maintaining proper 
haemostasis, selective barrier, and permeability properties of 
blood vessels, and in mediating responses to various phys- 
iological and pathological stimuli. The homotypic EC-EC 
junctional complex is regarded as critical for the EC bar- 
rier function and is composed of three distinct junctional 
structures. Tight junctions mainly regulate the paracellular 
permeability by forming a “barrier” and “fence” within the 
plasma membrane of adjacent ECs. Adherent junctions reg- 
ulate vascular permeability and add mechanical strength, 
and gap junctions mediate communication between ECs. 
However, malignant tumour cells can influence EC barrier 
functions, including fluid exchange and selective passage of 
larger molecules. Transendothelial electric resistance (TEER) 
was used to quantify the EC barrier function and tumour cells 
can induce a barrier breakdown of the EC barrier function 
determined by TEER (Nakai etal., 2005). As an example 
of these changes, it is frequently seen that tumour masses 
are surrounded by oedema and the fluid exchange between 
blood circulation and tissue is disturbed (Criscuolo et al., 
1988; Zhang and Olsson, 1997). 


Interactions with Coagulation System 


Fibrin deposits in tumour beds are an unintriguing phe- 
nomenon. It has been suggested that these deposits promote 
tumour growth by providing a provisional matrix in which 
tumour cells can grow, invade, and induce the development 
of a vascular network that is crucial for tumour growth. It 
has been shown that procoagulant factors, such as tissue fac- 
tor and thrombin, are not only involved in coagulation, but 
they can also stimulate tumour growth and neovasculariza- 
tion. These actions can also be partly induced by tissue factor 
in a thrombin-independent pathway. Furthermore, the fibrin 
matrix can protect the newly formed micrometastases from 
host defence systems and pool growth factors like vascu- 
lar endothelial growth factor (VEGF). Several mechanisms 
seem to contribute to peritumoural fibrin formation (Rick- 
les et al., 1992). For example, mechanical damage of EC 
integrity and subsequent exposure of the underlying suben- 
dothelial basement membrane can trigger fibrin formation 
by activation of the extrinsic coagulation cascade. A ddition- 
ally, immunological and inflammatory stimuli in the tumour 
microenvironment can initiate responses of the intrinsic coag- 
ulation system. It has also been found that certain tumour 
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cells are able to induce procoagulatory responses, and they 
can release proteases that activate various coagulation fac- 
tors. These enzymes are serine or cysteine proteases that, for 
example, can cleave factor X. 

The procoagulant response of ECs either alone or co- 
cultured with tumour cells can be determined using condi- 
tioned media, as described above. Release or activation of 
different types of coagulation factors can be monitored using 
a variety of techniques that will not be explained in further 
detail in this chapter. Alternatively, fibrinolysis, or the cleav- 
age of thrombin or plasminogen, can be investigated. The 
modification of plasminogen pathways by degradative activ- 
ities is closely related to the degradative properties of tumour 
cells and/or ECs (Ordinas et al., 1990). 

Tumour cells in addition to ECs can be influenced by 
various circulating cells of the blood in different types of 
complex interactions. For example, platelets are frequently 
found in tumour or tumour-surrounding vessels. Their inter- 
actions with ECs or tumour cells include reciprocal activa- 
tion, stimulation of soluble factor release, such as growth 
factors or procoagulatory factors, and secretion of degrada- 
tive enzymes (Honn etal., 1992). For investigations of 
interactions between platelets, tumour cells, and ECs, co- 
culture techniques have been widely used. Their principle is 
based on techniques where one cell type is grown to conflu- 
ence (mostly ECs), and other cells are added to the culture 
(usually tumour cells and/or platelets). Further analysis can 
be performed using microscopy for morphological analyses 
or immunological and/or biochemical methods for func- 
tional investigations. The evaluation of functional responses 
involves examination of signalling cascades within the dif- 
ferent cell types and/or secretion of soluble factors into the 
medium. However, experiments involving several types of 
cells are often difficult to interpret, and slight changes in 
the experimental design or different cell preparations often 
produce different results. 


GENERAL APPLICATIONS 


One of the more interesting phenomena in cancer research is 
that tumours are collections of heterogeneous cells. Inter- 
estingly, ECs are also heterogeneous in their properties 
to a certain degree. EC heterogeneity was apparent when 
immunohistochemical studies demonstrated that ECs could 
be negative for expression of classical EC markers, such as 
factor V III - related antigen vW F. It was found that these neg- 
ative ECs were located in specific parts of the vascular tree, 
and they were functionally distinctive in sinusoidal organs, 
such as liver, lymph nodes, or renal glomeruli. This EC 
heterogeneity was later also found in organ metastases. For 
example, ECs in different tumours and sometimes within the 
same tumour demonstrate differential expression of surface 
molecules. Moreover, it has been shown that tumour cells 
demonstrate different adhesive interactions to ECs derived 
from different organs, and these properties appear to be 
related to their metastatic behaviour. 


The development of in vitro or in vivo models to study 
tumour cell-EC interactions should consider EC hetero- 
geneity as well as their organ-specific microenvironments. 
Unfortunately, many, if not all, EC cell characteristics can 
be time dependent and transient. This includes the expression 
and function of various surface antigens and secreted com- 
ponents and their complex interactions during the metastatic 
process. Furthermore, the endothelial origin of and response 
to various factors that stimulate or inhibit cell growth, motil- 
ity, and/or invasive potential must be considered. M oreover, 
autocrine, paracrine, and hormonal mechanisms can occur 
transiently and change over time. 

Currently, our knowledge of endothelium-dependent vas- 
cular responses, microcirculatory regulation, and tissue 
regeneration is limited, and further investigations in these 
areas and their relevance to understanding pathological phe- 
nomena such as cancer invasion and metastasis are necessary. 
Functional responses and cellular signal transduction stimu- 
lation after tumour cell adhesion to ECs are only partially 
understood, in addition to their downstream responses and, 
ultimately, changes in gene regulation. Exactly how ECs pro- 
mote lysis of their basement membrane and the subsequent 
penetration of tumour cells into the host organ are still under 
investigation, but these mechanisms appear to be very impor- 
tant in determining organ-specific formation of metastases. 


INTERPRETATION OF EXPERIMENTAL RESULTS 


The endothelium is a highly differentiated tissue with striking 
functional and morphologic differences in different organs 
and even in sequential segments of the vascular bed. Fur- 
thermore, ECs are dynamic structures, are highly dependent 
on their microenvironment, and are responsive to mechan- 
ical stress and applied shear forces. Review of the avail- 
able literature shows that tumour cell- EC interactions are 
highly dependent on microenvironmental conditions and the 
activation status of the ECs. Therefore, the origin of the 
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Figure 7 Detection of surface molecules by monoclonal antibodies. The 
scheme shows possible interference of various factors with the ability of 
a monoclonal antibody against one subunit of a heterodimeric molecule 
(e.g., integrins). (a) Antibody recognizes the target molecule, (b) antibody 
binds to a different heterodimer with the same subunit, (c) altered con- 
formation of the molecule (e.g., after cell activation) inhibits antibody 
recognition, (d) steric inhibition after cell binding protects antibody-binding 
site, (e) “clustering” of surface molecules results in steric inhibition. 
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ECs and control of the environmental conditions they are 
exposed to are important issues of the experimental design. 
For example, integrins and other adhesion molecules can be 
modified in their binding affinities, which can be accom- 
panied by alterations in their quaternary structures. On the 
other hand, binding of antibodies is often strongly dependent 
on steric considerations and sometimes on the recognition 
of quaternary structures. Therefore, binding of antibodies to 
specific surface antigens is closely related to the receptor 
activation status. If the binding sequence is located within 
a critical domain, antibody attachment may not occur. In 
contrast, binding of antibodies to various domains of adhe- 
sion molecules can result in activation or inhibition of their 
function, and adhesive properties can be modified. Similar 
problems can arise if surface molecules are investigated using 
immunocytochemical procedures (Figure 7). The detection 
of receptor expression can depend on their functional status 
or the steric availability of the surface antigen. For example, 
surface molecules cannot be visualized by immunocytochem- 
istry if these molecules are bound to their receptors in such 
a way that it results in steric hindrance or occupation of 
the recognition domain for the antibody used. However, the 
ability of antibodies to recognize certain functional forms of 
cellular molecules can also be used in specific experimental 
designs for the investigation of changes in these functional 
properties. 


BIOLOGICAL AND TECHNICAL LIMITATIONS 


The organ-specific heterogeneity of ECs and their potential 
for functional and structural alterations are among the most 
important problems in using in vitro EC models. The 
characteristics of the EC phenotype are dependent on culture 
conditions, adhesive substrates, and cell-cell interactions in 
virtually every experimental system. F or example, expression 
of CD31 on EC surfaces is inducible by various ECM 
components. Additionally, the expression of various antigens 
(e.g, VWF or glycosaminoglycans) and other molecules 
(e.g., plasminogen activator, prostaglandins, or angiotensin- 
converting enzyme) are influenced by the age of the cultures, 
number of passages, and activation status of ECs. Moreover, 
microvascular ECs can deposit an insoluble ECM when 
cultured on plastic or collagen surfaces. Under certain 
culture conditions, such matrices exhibit a filamentous and 
multilayered ultrastructure with typical characteristics of the 
basement membranes formed in vivo. Some types of ECs also 
undergo substantial morphological and functional changes 
during in vitro culturing. Therefore, HUVEC should not 
be used beyond passage 5-6 owing to significant changes 
in their phenotype. This requires frequent new preparations 
from different human sources. Studies on the influence of 
source variability on the success of EC cultures demonstrated 
a strong negative influence of various factors, such as 
smoking behaviour. EC characteristics must be frequently 
tested for functional criteria to obtain comparable ECs. 
Finally, it was demonstrated that some EC lines, such as 
ECs derived from bovine corpus luteum, express different 


EC types within the same vascular segments. Differentiation 
of these cell types by intensive cultivation resulted in 
EC cultures with differences in cytoskeleton structures, 
expression of ECM, and display of adhesion molecules. 
Growth factors, such as endothelial cell-derived growth 
factor (ECGF) and cytokines (eg., GM-CSF or IFNs), 
can influence the growth characteristics of EC cultures, 
depending on the cell type. 

The complex involvement of ECs in microenvironmental 
regulation and their interactions with other cells cannot 
be easily mimicked by in vitro models. This implies that 
there are advantages and disadvantages in various model 
systems, especially if they are used for functional studies. 
In vitro systems are able to focus on individual steps in 
complex processes or functions but this can also result 
in oversimplification. For example, cross-links between EC 
signalling cascades and cellular functions can occur and their 
separation may result in diverting cellular behaviour in vitro, 
which may not reflect in vivo behaviour. On the other hand, 
in vivo models, such as intravital video microscopy, can 
examine tumour cell-EC interactions under physiological 
conditions. However, some influencing factors might not be 
controllable in such in vivo settings, resulting in problems 
in reproducibility of the observed effects. Furthermore, 
injection of human tumour cells into animal models does 
not consider species-related interactions between the tumour 
cells and the host. For example, intravenously injected 
tumour cells can be attacked by the host immune system 
mounting a xenogenic response because many cell surface 
molecules demonstrate genetic and structural variability 
between different species. Therefore, molecular interactions 
between molecules of different origin may be influenced 
by differences in protein structure. Approaches to eliminate 
these problems include the injection of human tumour cells 
into immunodeficient animals or the use of tumour cells 
and animals of the same species. Also, tumour cells must 
maintain their tumourigenic and metastatic potentials for 
obtaining reliable results in these experimental designs. 

In vitro culturing of ECs requires specific and expensive 
medium to propagate the cells. Although the EC growth 
supplements are costly, they ensure optimal results for cell 
survival and growth. Other media, such as those derived from 
various tumour cell cultures, may vary dramatically and their 
effects on reproducibility can be troublesome. 

Many bacterial toxins are potential inducers of EC 
responses, and they are common contaminants of commercial 
sera. They can cause release of various EC cytokines, proco- 
agulative molecules, and other factors as well as induction of 
EC functional changes, such as EC activation. Therefore, it is 
of special importance in experiments using ECs to maintain 
an endotoxin-free environment during cell culture (media, 
sera) and in the experimental assays to be used. 


PERSPECTIVES 


Although our understanding of EC interactions with tumour 
cells and their involvement in organ-specific formation of 
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metastases is increasing, much remains to be learned about 
the pathobiology of these interactions. Many endothelial 
properties are very complex, and the changes caused by 
tumour cell interactions, such as induction of signal trans- 
duction, and crosstalk between various signalling cascades 
remain to be investigated. Microcirculatory regulation and 
involvement of multiple cell systems, such as ECs, leuco- 
cytes, and platelets, in this process make relevant experi- 
mental studies a challenge. Eventually, differences between 
normal vascular function and pathological events may pro- 
vide new therapeutic strategies for treatment of cancer. 
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BIOLOGICAL BACKGROUND 


Metastasis is a process by which tumour cells establish 
new growths at sites in the body distinct from the primary 
tumour. The spread of the tumour cells can occur either 
via lymphatic drainage of the primary site leading to local 
lymph node metastases or via the blood vasculature leading 
to metastases in distant organs. Further spread of tumour 
cells from these sites may also occur, including spread 
from the lymphatic system into the blood vasculature. These 
processes have traditionally been divided into a number of 
specific stages, which include escape of the tumour cell 
from the primary site, survival in the circulation, arrest 
in the capillaries at a new location, migration from the 
capillary into the interstitial space, and establishment of a 
new growth at this new location. These stages represent 
potential barriers, all of which a tumour cell must be 
able to surmount if it is to be successful in forming a 
metastasis. The ability of tumour cells to complete the 
individual stages of this process can be studied using in 
vitro assays, as discussed in other chapters (see M odels for 
Tumour Cell Adhesion and Invasion and Invasion and 
Metastasis), but in vitro assays do not allow an assessment 
of whether an individual cell is able to complete all the stages 
successfully. Such an assessment requires the use of an in 
vivo metastasis model to integrate all the various stages of 
the process. 

The stages of the metastatic process are illustrated in 
Figure 1. The initial stages involve detachment of cells from 
the primary tumour and their invasion into the lymphatic or 
systemic circulation. Since there appear to be few functional 
lymphatics in most tumours (Padera et al., 2002), cells at or 
near the invasive edge of the tumour are likely to be those 
which escape into the lymphatic system. Tumour blood ves- 
sels are often poorly formed owing to the rapid angiogenesis 
that can occur during tumour growth and this may pro- 
vide for easier access of tumour cells into the bloodstream. 
Reduced expression of homotypic cell adhesion molecules 
such as the cadherins may enhance the detachment of cells 
from the tumour mass. Concurrently, increased expression or 
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activation of proteolytic enzymes, such as matrix metallopro- 
teinases, cathepsins or plasminogen activators, or decreased 
expression of their inhibitors (see Invasion and M etasta- 
sis), may assist invasion of the cells into the circulatory 
system. 

Once in the circulatory system, the cells are likely to 
be arrested in the first capillary bed that they encounter 
owing to size constraints and/or to an increased possibility of 
interacting with adhesion molecules expressed on the surface 
of the endothelial cells (or exposed basement membrane) at 
lower flow rates (see M odels for Tumour Cell- Endothelial 
Cell Interactions and Models for Tumour Cell- Stromal 
Cell Interactions). Depending on the location of the primary 
tumour, the first capillary bed will be either the liver (for 
intestinal tumours growing in organs whose blood drains 
into the portal system) or the lung (for tumours in organs 
in other parts of the body). Some of the arrested cells 
may successfully transit through this initial “first-pass” organ 
and move on to other sites, but studies with labelled 
cells have suggested that the proportion of cells which do 
so is low and depends on the cell type. In both cases, 
the cells must be able to survive physical stress in the 
bloodstream, resist the induction of apoptosis or anoikis 
(see Apoptosis), and evade the various components of the 
immune system. Natural killer cells and T cells have been 
implicated in reducing metastasis formation, and this may be 
an important factor if the tumour cells have any degree of 
immunogenicity. 

Following arrest, the cells may establish tight adherence 
to the vessel wall, extravasate into the interstitial space, and 
possibly migrate within this space before starting to prolif- 
erate. Proteolytic enzymes similar to those discussed above 
are likely to be involved in this extravasation stage. Some 
tumour cells can apparently bypass this stage by initiating 
growth while still in the blood vessel. Initiation of prolif- 
eration requires that the cells can either respond to locally 
available growth factors or can make sufficient growth fac- 
tors themselves to achieve autocrine stimulation of growth. 
Meanwhile, they must also be able to avoid or ignore any 
negative growth signals, including apoptotic signals. Even 
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Figure 1 The major steps of the metastatic process with indication of where different classes of molecules may act in the process (From Khokha et al., 


2005, Copyright McGraw-Hill.). 


the initiation of proliferation to form small micrometastases 
may be insufficient to sustain growth to become macroscopic 
metastases (Chambers et al., 2002). Finally, if progressive 
growth to a size greater than about 1mm diameter is to 
occur, the tumour cells must be able to initiate angiogenesis 
to stimulate the formation of new blood vessels. 

As illustrated in Figure 1, similar molecules or classes 
of molecules may be involved in more than one stage of 
this process. For example, proteolytic enzymes are usu- 
ally regarded as being involved in the intravasation and 
extravasation stages, but they may also be involved in the 
growth stimulation stage, since some growth factors that are 
sequestered in the interstitial matrix (eg., vascular endothe- 
lial growth factor (VEGF)) or are bound to binding proteins 
in the circulation (e.g., insulin-like growth factor (IGF)) can 
be released by proteolytic enzyme activity. Similarly, adhe- 
sion molecules may be involved not only in the arrest but 
also in the other stages (e.g., apoptosis or early induction 
of growth) by virtue of their function in signalling cas- 
cades (see Models for Angiogenesis; Models for Tumour 
Cell Adhesion and Invasion and Models for Tumour 
Cell- Endothelial Cell Interactions). Expression of these 
molecules by both the tumour cells and the stromal cells 
can play a role in these processes (see M odels for Tumour 
Cell- Stromal Cell Interactions). This overlap of functions 
for different classes of molecules within the metastatic pro- 
cess can make it difficult to associate specific changes in the 
expression of any given molecule(s) with a specific stage of 
the metastatic process (see Cairns et al., 2003). 


Since these stages are sequential, only a few cells may 
be successful in completing all of them. Thus, an important 
aspect of metastasis is that it is a very inefficient process. 
Following intravenous injection of cells, even the most 
malignant cell populations rarely form metastases with an 
efficiency greater than about 1% and it is often several 
orders of magnitude lower. Similarly, if tumour cells are 
injected into the circulation and recovered from the first- 
pass organ, such as lung, by preparing cell suspensions and 
plating for growth in culture, recovery of viable tumour cells 
is usually below 1% within 2-3days of injection of the 
cells. If the number of cells escaping into the circulation 
from a primary tumour is estimated by taking blood samples 
from efferent veins, it is found that spontaneous metastatic 
efficiency is also very low, although in this case the viability 
of the detected tumour cells is difficult to assess. Whether the 
low efficiency of metastasis formation represents a situation 
in which there is an accumulation of low probabilities of 
surmounting a number of stages, or whether it represents 
a very low probability that a tumour cell can surmount a 
specific stage of the metastatic process (a rate-limiting step) 
is currently unclear and certainly these are not mutually 
exclusive possibilities. Considering that similar molecules 
may be involved in more than one stage of the metastatic 
process, either or both possibilities might occur even for 
metastases arising from the same tumour cell population. 

It has been argued that metastatic inefficiency is purely 
a result of the random chance that any individual tumour 
cell will surmount all the various stages of the process 
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and grow to form metastases. This is consistent with the 
first possibility mentioned earlier and with the findings that 
cells derived from metastases do not necessarily have a 
metastatic efficiency much different from those derived from 
the primary tumour. H owever, as discussed in the subsequent 
text, there is substantial evidence that specific phenotypic 
characteristics can affect the metastatic potential of tumour 
cells. This evidence favours the “rate-limiting step” model 
although it does not rule out roles for both specific and 
random factors. In theory, any stage of the metastatic process 
may be rate limiting but work by Chambers and colleagues 
(2002), who used intravital videomicroscopy (IVVM) to 
track the early stages of metastasis formation in mouse liver, 
found that a major barrier to successful metastasis formation 
occurs at the final “initiation of new growth” stage of the 
process. They observed that most cells could extravasate 
after arrest in the capillaries, that only a small fraction of 
these grew to form micrometastases, and only a fraction of 
these would form macrometastases. In contrast, M uschel and 
colleagues, using green fluorescent protein (GFP)-labelled 
HT-1080 tumour cells, observed that arrest in the lung 
occurred in precapillary arterioles as a result of adhesion to 
the vessel wall (mediated by specific integrins) and, although 
many cells underwent apoptosis, initial growth of metastases 
occurred in the vessel without extravasation (Wang et al., 
2004; Wong et al., 2001). 

One of the most compelling pieces of evidence that 
specific phenotypes are associated with metastasis formation 
is the clinical observation that certain types of tumours 
have a propensity to metastasize to specific organs. Thus, 
many tumour types will metastasize to lung or liver but 
prostate and breast carcinomas also have a propensity to 
metastasize to bone, while small cell lung carcinomas 
often metastasize to brain or bone marrow, and melanomas 
to brain or bowel. These clinical observations have been 
supported by a number of experimental studies, which 
have demonstrated that it is possible to select cells that 
will preferentially metastasize to specific organs. The now- 
classical example of such studies is the selection of the 
B16-F10 population of B16 melanoma cells, which have 
increased ability to form lung metastases (Fidler, 1973). 
These cells were selected by injecting B16 melanoma cells 
intravenously into syngeneic C57BI mice, isolating cells from 
the lung metastases which formed and growing them in 
culture before injecting the cells back into animals to form 
new lung metastases. This cycle was completed 10 times to 
produce the B16-F10 population, which had increased ability 
to form lung metastasis following intravenous injection but 
not when grown locally as a subcutaneous tumour. Selection 
of populations of cells with increased propensity to form 
metastases in many different organs has been reported using 
similar techniques. It has been demonstrated that such cells 
can “home” to the relevant organ even when it is ectopically 
transplanted in the animal. 

These experimental results have provided support for a 
hypothesis about metastasis formation that was postulated 
by Paget more than 100years ago (Fidler, 2003; Paget, 
1989). The so-called “soil and seed” hypothesis was based on 
the idea that tumour cell- host organ interactions can occur 


and that these are more or less favourable for metastasis 
development. Thus the preference of specific tumours for 
metastasis to specific organs can be explained by the concept 
that specific organs provide a more suitable environment for 
both arrest and growth of cells of a particular tumour type. 
Meanwhile, the propensity of many tumours to form lung 
or liver metastases can be explained by the fact that cells 
released into the circulation will tend to be arrested in the 
first-pass organ, thus producing a high cell burden in these 
organs. 

It has also been shown that if multiple (clonal) populations 
of cells are grown from individual tumour cells, there is sub- 
stantial heterogeneity in the metastatic potential of the cells 
from the different clones. This finding was initially inter- 
preted as indicating the presence of pre-existing metastatic 
variants within a cell population but the finding that the 
metastatic properties of these clonal populations tend to be 
unstable has cast doubt on this interpretation. Tumour cell 
populations are genetically unstable (see Genomic I nstabil- 
ity and DNA Repair) and the cells can become heteroge- 
neous in their phenotypic properties during the growth of 
the “clone” (Hill et al., 1984). Nevertheless, “clonal hetero- 
geneity” of metastasis formation is still consistent with the 
concept that specific phenotypes are associated with metas- 
tasis formation, even though these phenotypes may be only 
transiently expressed. Since the early stages of the metastatic 
process may occur over a relatively short time period of a 
few hours to a few days, transient changes in expression of 
one or more genes relevant to these stages may be all that is 
necessary for successful metastasis formation. Conversely, 
phenotypes associated with the growth of the metastasis 
at a new site may need to be more stable and, once the 
micrometastatic growth is established and angiogenesis ini- 
tiated, required properties may be similar to those expressed 
by cells in the primary tumour. An example of the potential 
role of transient changes in gene expression in metastasis was 
reported recently in which tumour cells exposed to hypoxia 
or transiently transfected with the Mdm2 gene were shown 
to be more metastatic when injected intravenously into mice. 
It was postulated that this was due to transiently increased 
resistance to apoptosis (Zhang and Hill, 2004). 

Work demonstrating that loss of expression of specific 
genes (metastasis-suppressor genes) may enhance metastatic 
ability of tumour cells further supports the concept that there 
are specific genetic phenotypes associated with metastasis. 
M etastasis-suppressor genes are strictly defined as those 
which demonstrate a functional suppression of metastasis 
without inhibition of tumour formation and an increasing 
number of such genes are being identified by a variety of 
techniques in cells from different tumour types. Interestingly 
some of these genes function in diverse cell types (i.e., genes 
discovered in one tumour type also suppress metastasis in 
cells of other origins) and some (signalling) pathways are 
beginning to emerge that connect independently identified 
metastasis suppressors (Shevde and Welch, 2003). These 
findings are consistent with the concept illustrated in Figure 1 
that different classes of genes may act at more than one stage 
of the metastatic process. 
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Figure 2 Representation of experimental and spontaneous metastasis assays in mice. Lungs and bones represent two of many tissues that may develop 


metastases in such assays. 


Gene expression profiling of human cancers using DNA 
microarrays has also suggested that specific gene signatures 
may be associated with greater propensity of tumours to 
metastasize. For example, a number of studies, in populations 
of patients with mammary cancers, have identified groups 
of genes expressed in the primary tumour that formed gene 
profiles (gene signatures) capable of predicting the likelihood 
that patients would develop distant disease (Weigelt et al., 
2005). The number of genes in these profiles varies but is 
often in the range of 100 genes. H owever, there has been little 
overlap in the genes identified as part of the predictive profile 
in the different studies and in most cases, no mechanistic 
linkage between the known or suspected function of the 
products of these genes and the metastatic process has been 
established. 

These microarray studies have raised an interesting conun- 
drum. Ramaswamy et al. (2003) pointed out that detecting 
such a “metastatic gene signature” inaDNA microarray anal- 
ysis implies that the genes involved in establishing metas- 
tases are widely expressed in the cells of the primary tumours 
(otherwise their differences in expression level would not be 
detected in the microarray analysis) - an interpretation that is 
at odds with the concept that cells expressing metastatic phe- 
notypes are rare within primary tumours. This interpretation 
has been disputed on the grounds that multiple interactions 
are involved in the metastatic process and that different genes 
may be involved in different stages of the process (Fidler and 
Kripke, 2003; Hunter et al., 2003), but identification of the 
specific roles in the metastatic process (if any) of the many 
genes identified in such analyses may be necessary before 
this conundrum can be resolved. There are also significant 
technical and statistical considerations that limit the interpre- 
tation of results from microarray studies (Tinker et al., 2006). 


PRINCIPLES OF MODEL ESTABLISHMENT 


Although many variations in the applications of in vivo 
metastasis models have been utilized, there are essentially 
three types of model (usually in rodents) (Figure 2). In 
spontaneous metastasis models, a primary tumour grows 
at some location in the body and the formation of metas- 
tases is monitored at one or more different locations (e.g., 
lymph nodes, bone or lung). Two distinct versions of this 
model are animals in which the primary tumour arises spon- 
taneously, such as that which occurs in many genetically 
engineered mouse (GEM) tumour models (see Transgenic 
Technology in the Study of Oncogenes and Tumour- 
Suppressor Genes; Genetic M odels: A Powerful Technol- 
ogy for the Study of Cancer and Models for Tumour 
Growth and Differentiation), or the primary tumour is ini- 
tiated by implantation of tumour cells or tumour pieces, such 
as for xenografted human tumours into immune-deficient 
mice (see Human Tumours in Animal Hosts). In experi- 
mental metastasis models, tumour cells obtained from culture 
or by preparing a cell suspension from a tumour, are intro- 
duced directly into the circulation (e.g., by intravenous, intra- 
portal, or intra-arterial injection) and growth of metastases 
is monitored at various times later. For most rodent mod- 
els, intravenous or intraportal injection results in metastases 
observed in the lung or liver, respectively, unless specific 
selection has been undertaken for the tumour cells to form 
metastases in other organs. Following intra-arterial injec- 
tion, metastases in a wide range of organs may be observed. 
The experimental metastasis model is believed to provide an 
intermediate level of complexity, since it bypasses the initial 
events associated with escape of the tumour cells into the 
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circulation. However, it remains unknown whether cells that 
escape from a primary tumour and go on to form metastasis 
necessarily have all the same characteristics as cells injected 
from a prepared cell suspension. For example, it is often 
argued that cells escaping from a primary tumour may do so 
as small clumps or in emboli rather than as single cells. Also, 
cells escaping from a primary tumour have been exposed to 
microenvironmental conditions in the tumour that may not 
be accurately reproduced in the prepared cell suspension. 

A very important factor in the choice of a metastasis 
model is that it should be appropriate for the question being 
asked. Issues that need to be considered include whether a 
syngeneic tumour model or a xenografted human tumour 
model will be used. Both models can assess propensity 
for lymph node or blood borne metastasis depending, to 
some extent, on the site of tumour growth in the animal. 
The simplest model to handle is a transplantable rodent 
tumour and there are many highly metastatic rodent tumour 
models available. Such models are often rapidly growing 
and the primary tumour may become very large before 
spontaneous metastases are macroscopically detectable. One 
solution to this problem is to excise the primary tumour 
by surgery or ablate it with radiation to allow additional 
time for metastases to develop. Such a strategy can also 
be used to provide information about the kinetics of the 
seeding of spontaneous metastases from a primary tumour. 
It always needs to be established that such rodent models 


simulate the relevant clinical scenario. One situation where 
this may not be the case is in the use of chemically or virally 
induced tumours. Such tumours are usually immunogenic to 
a detectable degree. Such immunogenicity may not prevent 
the growth of a primary tumour from a large cell inoculum 
but may prevent the growth of small metastases. 

For xenografts, various immune-deprived hosts are avail- 
able, particularly nude or SCID mice (see Human Tumours 
in Animal Hosts). There have been reports that xenografted 
human tumours have a greater likelihood of metastasizing if 
grown in SCID mice (Xie et al., 1992). There is also strong 
evidence that the site of tumour implantation affects the for- 
mation of spontaneous metastases and that more metastases 
are likely if the tumour is transplanted into an orthotopic 
rather than ectopic site (i.e., if the transplanted tumour is 
growing in the organ of origin of the tumour) (Radinsky 
and Fidler, 1992). The sites of metastasis formation are also 
more likely to conform to the pattern observed in clini- 
cal practice for that tumour type. An attractive refinement 
of this model is to use tumour cells labelled with fluo- 
rescent proteins (see Figure 3) or with a luciferase gene, 
which provides the possibility of direct visualization of 
the growth of the tumour and its metastasis in situ using 
microscopy (Hoffman, 2005). However, one potential diffi- 
culty with such markers is that they may cause toxicity in 
the transfected cells or induce an immune reaction (Paris and 
Sesboue, 2004). 





(c) 


Figure 3 Illustration of metastases visualized using fluorescently labelled cells. (a) lung metastases in a mouse injected with a mixture of tumour cells 
labelled with EGFP or DsRed. (b,c) lymph node metastasis from a human cervical carcinoma orthotopically transplanted to grow in the cervix of a SCID 
mouse. The tumour in the cervix has been removed so that the lymph node metastases can be more easily seen. (Reproduced from Cairns and Hill, 2004 


by permission of Springer). 
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A second refinement of this model is the transplanta- 
tion of human tissue (eg., foetal bone) into SCID mice 
(Nemeth etal., 1999; Shtivelman and Namikawa, 1995). 
These so-called SCID-hu models can then be used as recip- 
ients for the growth of human xenografts and have been 
reported to show similar organ preference for metastasis for- 
mation to that seen in clinical practice. Such metastases 
appear to occur preferentially in the transplanted human 
tissue as opposed to the same murine tissue. These mod- 
els are believed to recapitulate both the “soil” and “seed” 
aspects of Paget's original hypothesis, although they suf- 
fer from the same potential drawback as all xenograft 
models, namely, that the use of immune-deficient hosts 
severely limits the possibility to study factors involving 
immune responses that might influence metastasis develop- 
ment. 

In recent years a large number of GEM models have 
been developed that have characteristics of human can- 
cers (Hirst and Balmain, 2004; Khanna and Hunter, 2005; 
Meuwissen and Berns, 2005; Singh and Figg, 2005; see 
also Advantages and Limitations of Models for Can- 
cer and Malignant Cell Progression; Transgenic Technol- 
ogy in the Study of Oncogenes and Tumour-Suppressor 
Genes and Genetic Models: A Powerful Technology for 
the Study of Cancer). Early versions of these models 
involved expression of the oncogene in the whole ani- 
mal or in all the cells of a specific organ. More recently 
developed versions include (i) switch on/off systems for 
temporal regulation of gene expression, such as tetracy- 
cline or hormonally regulatable fusion constructs such as 
the myc-oestrogen receptor (myc-ER) system; (ii) condi- 
tional gene expression systems including the Cre-Lox and 
Flp-FRT recombinase systems, which can allow spatial and 
temporal control of somatic mutations in individual organs; 
(iii) a “hit and run” strategy that allows a recombinational 
excision step to occur in vivo resulting in random acti- 
vation (both spatially and temporally) of a mutant onco- 
gene (e.g., Kras2 allele) that mimics the sporadic nature 
of human cancers. Although a number of these models 
develop metastases, currently very few mimic the com- 
plete spread of metastatic disease found in humans with the 
same type of cancer. Many of these models are accessible 
through the Mouse Models of Human Cancer Consortium 
(http://emice.nci.nih.gov). 

The study of the mechanisms of metastasis using the newer 
models is at an early stage and it is unknown what new 
insights will emerge from such studies. It has been demon- 
strated that genomic background might play a significant 
role in metastasis formation in different individuals using 
the early genetically engineered polyoma middle T antigen 
(MMTV-PyMT) mammary tumour model. This model was 
developed in the FVB mouse strain and demonstrates a high 
incidence of metastatic mammary tumours at an early age. 
Cross breeding these mice with a wide range of other inbred 
strains of mice demonstrated that the genetic background of 
the mice had a significant impact on the latent period before 
tumour growth and on the extent of metastases that develop. 
Recent studies using this model have suggested that genetic 


polymorphisms in the affected individual may play a role in 
metastasis development (Hunter, 2003, 2006). 

The models involving conditional expression of suspected 
human oncogenes in specific tissues or organs, such as 
the mammary gland, provide excellent opportunities for 
investigation of the role of such genes in tumour progression. 
For example, recent work by Chodosh and colleagues (Boxer 
et al., 2004; M oody et al., 2002) has demonstrated that when 
(conditional) expression of the c-myc or neu oncogene in 
breast tissue is reversed, the induced mammary cancers and 
their lung metastases regress completely, but that the tumours 
will grow again upon re-expression of the oncogene and that 
a fraction of tumours eventually escape from such control 
and grow in the absence of induced expression of the specific 
oncogene. These observations illustrate the potential of GEM 
models, but whether they will prove to be more accurate than 
transplanted xenograft models in simulating the metastatic 
characteristics of human cancers remains an area of current 
debate. 


INTERPRETATION OF EXPERIMENTAL RESULTS 


One of the disadvantages of GEM models is their expense, 
since the latency for tumour development and metastases 
for most such models is measured in months and the 
proportion of the animals that actually develop metastasis 
may be significantly lower than primary tumour incidence. In 
this context, experimental metastasis models provide several 
advantages. The time course for metastasis development 
is shorter and metastasis formation is more reproducible 
and consistent. Furthermore, with experimental metastasis 
models there is control of the tumour cell input into the 
model, thereby allowing quantitation of the efficiency of 
metastasis formation. Such quantitation can be done at the 
end of the experiment by counting the number of metastatic 
nodules formed and relating it to the number of cells injected, 
or it can be done at earlier stages of the process using labelled 
cells. Quantitative comparisons of metastasis formation by 
different cell populations require that there is a known 
relationship between the number of nodules detectable and 
the number of cells injected. For highly metastatic cell 
populations, a linear relationship exists only over a certain 
range of cell numbers injected (+2 x 10° tumour cells per 
mouse) and number of metastatic nodules formed (<100 per 
mouse lung). When high cell numbers are injected, non- 
specific factors may increase nodule formation while large 
numbers of nodules per lung prevent accurate counting of all 
the nodules, leading to an underestimate of the true number 
(Hill et al., 1986). 

Early studies using radiolabelled tumour cells indicated 
trapping of essentially all the cells in their first pass through 
a capillary bed and, particularly in the lung, suggested 
that there is rapid death and loss of the majority of cells 
over the initial 24-48h. More recent studies by Chambers 
etal., using the IVVM technique and/or with cells labelled 
with fluorescent markers, have indicated a slower loss of 
the cells, suggesting that the radiolabel may have played 
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a role in the early death of the injected cells. These 
studies have helped to define important features of the 
steps involved in the process of cellular extravasation and 
survival at distant metastatic sites (Chambers et al., 2002). 
The incorporation of easily observable genetic markers, such 
as GFP, lac Z or luciferase, into GEM models will allow 
further study of these mechanisms and will potentially allow 
such observations to be extended to spontaneous metastasis 
models (Hoffman, 2005). 

An alternative approach for quantitation of the early stages 
of micrometastasis formation is to remove the lungs (or 
other organ) at various times after injection, to prepare 
a cell suspension, and to plate the cells in culture for 
colony formation to assess the number of surviving tumour 
cells in the organ. Although some normal fibroblasts may 
also grow in such cultures, it is usually easy to identify 
the colonies of tumour cells by their morphology. To test 
whether the recovered tumour cells retain metastatic ability, 
such cell suspensions can also be injected back into mice. 
One such study (Young and Hill, 1986) found that the 
tumour cells recovered from the lung within a few days 
after intravenous injection had increased metastatic ability 
relative to the initially injected cell population, but that 
cells recovered at 3 weeks after injection, when there were 
macroscopic metastatic nodules, did not. They interpreted 
these findings as an indication of the presence of a transient 
metastatic phenotype that was expressed by cells remaining 
in the lung at short times after injection but which decayed 
over the course of the early microscopic growth of the 
metastases. 


BIOLOGICAL LIMITATIONS AND TECHNICAL 
CONSIDERATIONS 


Biological limitations of in vivo metastasis models include 
those that limit the questions that can be asked and those 


Table 1 Technical factors affecting metastasis assays. 


Technical factor Issues 


that affect the extent to which a model is similar to the 
clinical situation. In vivo models are limited by the fact 
that it is difficult to observe the progress of individual 
cells through the various steps of the metastatic process. In 
spontaneous or experimental metastasis studies, what occurs 
between the time the cells are injected and metastases are 
observed can usually only be surmised, based on measured 
properties of the cell populations that are injected. Thus, if 
cells with decreased expression of adhesion molecules or 
increased expression of metalloproteinase activity form more 
metastases, this is often interpreted to mean that arrest and/or 
invasion are important factors in controlling metastasis 
formation by such cell populations. Whether the cells that 
actually formed the metastases (a very small fraction of 
the total number of cells injected) were expressing these 
specific properties is not known. Furthermore, as illustrated 
in Figure 1, whether the association of expression of such 
properties with a specific stage of the metastatic process is 
necessarily correctis also not Known. This “black box” aspect 
of the in vivo assays has been alleviated to some extent by 
the use of the IVVM technology and/or the use of labelled 
cells which allow observation of the tumour cells in vivo 
(Al-M ehdi et al., 2000; Chambers et al., 2002), but the issue 
of whether the properties of the cell population as a whole 
reflects the properties of the small fraction of cells which 
form metastasis, remains largely unexplored for technical 
reasons. Addressing this question requires the examination of 
the properties of individual cells at various stages during the 
metastatic process, using techniques which do not prevent 
determination of whether the individual cells can actually 
grow to form a metastasis. 

Many different factors can affect the performance and 
reliability of metastasis assays. These factors have been 
extensively reviewed by Welch (1997) and a summary of his 
analysis is presented in Table 1 (see also Hill et al., 1986). 
For both spontaneous and experimental metastasis assays, 
important considerations include the health and care of the 


Comments 





Recipient animal 


(human tumours) 
Health of recipient animals 
transport 
Immunogenicity of cells 


Animal age and gender 


Site of injection of primary tumour 


Ectopic organs (human) 


Preparation of cells for experimental 
metastasis assay 

of harvesting cells 
Culture conditions 


Syngeneic (rodent tumours). Immune 
suppressed such as SCID or nude mice 


Latent or viral infections. Stress of recent 


Many chemically or virally induced tumours 
in rodents are immunogenic 


Orthotopic versus ectopic 

Transplantation into SCID mice 

Level of cell viability, number of cells 
injected. Presence of clumps of cells. M ethod 


Confluence of culture, acidity of culture, 
length of time in culture 


Tumours grown in SCID mice have been 
reported to have higher metastatic propensity 
than when grown in nude mice 

Good health very important for reproducible 
results 

Immunogenicity can reduce metastatic 
potential 

Variations in metastatic potential with age and 
sex have been observed even for tumours that 
are not hormonally dependent 

Orthotopic transplantation usually leads to 
increased metastases 

Human organs may demonstrate metastatic 
deposits from human tumour cells when same 
mouse organ does not 

All factors can modify the number of 
metastases observed 


Can modify the number of metastases 
observed 
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animals being used and whether there is an immune incom- 
patibility between the animals and the tumour cells. For 
spontaneous metastases the site of the tumour can affect the 
number and site of metastases. For experimental metastases, 
the handling and culture of the tumour cells prior to injection 
into the host animal can either increase or decrease metastasis 
formation, depending on the conditions. For example, both 
high confluency in the culture and the presence of clumps 
of cells in the suspension can increase metastasis formation, 
whereas poor cell viability will reduce metastasis formation. 
A related issue is that it is desirable to maintain the tumour 
cell cultures with regular passages in vivo alternating with 
those in vitro or by frequent return to frozen stock. Tumour 
cells, which have been maintained in long-term culture with- 
out in vivo exposure, may demonstrate decreased metastasis 
efficiency, presumably due to the development of immune 
incompatibilities between the cells and the host animals. 

The development of the orthotopic transplantation app- 
roach arose from investigation of the reason for the find- 
ings that human xenografts growing subcutaneously in SCID 
or nude mice rarely produced metastases. Orthotopic mod- 
els can often provide good correspondence with the general 
patterns of metastatic spread for different types of human 
tumour and provide for opportunities to address specific 
questions associated with these specific patterns. The intro- 
duction of the SCID-hu model with transplanted human 
tissue adds further to this approach and provides a link 
between in vitro studies of cell growth in such human tissue 
and in vivo formation of metastases in this tissue. Ortho- 
topic transplantation in rodent tumour models has not been 
so extensively studied but there is evidence that there is 
increased metastasis following such transplantation. The abil- 
ity to manipulate the genetic background of rodent models 
makes them attractive for studying specific aspects of the 
metastatic process. One important issue in this context is 
that the host mice in GEM models are not immune-deficient, 
as is the case for xenografts. 

One feature of all metastatic models is that there is 
usually substantial heterogeneity in the number of metastases 
observed from one animal to another. This is particularly 
true with spontaneous models (see Figure 4) but it is also an 
issue for experimental metastasis models (Hill et al., 1986). 
Analysis of data from an experimental metastasis model 
demonstrated that the range in the numbers of metastases 
observed in different mice, injected with the same number 
of tumour cells from the same cell suspension, was much 
greater than that expected from statistical considerations. 
Furthermore, when two different cell types were injected 
into the same mice at the same time, the heterogeneity that 
was observed in the number of metastases arising from the 
two different cell populations was not correlated between 
the individual mice (Hill et al., 1986). The reason for this 
heterogeneity is not well understood but it implies that there 
are significant uncontrolled variables. How these variables 
relate to the animals and/or the cells and their interaction 
at different stages of the metastatic process remains to be 
determined. The practical result of the heterogeneity is that it 
is necessary to do comparison studies with groups containing 
a minimum of 5-10 mice and to analyse the results using 


Spontaneous metastases 


Number of metastases 





KHT PyMT 


Figure 4 Metastatic heterogeneity. The range of spontaneous lung metas- 
tasis observed in mice bearing (i) transplanted rodent KHT tumours 
(n = 40), (ii) spontaneously arising primary mammary tumours initiated 
by a transgenic MMTV-PyMT gene (n = 21). Each point represents the 
number of lung metastases in an individual mouse. The bar represents the 
median value (data from K alliomaki and Hill, unpublished). 


non-parametric statistical tests. It is also important to run 
controls at every stage of a series of experiments because 
there can be significant week-to-week variations in the 
efficiency of metastasis formation. 


PERSPECTIVES 


A clear understanding of the critical steps in the process of 
metastasis and the differences that exist in the abilities of 
different tumour cells to form metastases remains elusive. 
The recent work, using IVVM technology and careful 
cell counting techniques to track cells during experimental 
metastasis formation, has re-emphasized the later stages of 
the process. Whether the ability to grow at the new site is 
the limiting factor in metastasis formation in all organs, or 
with all tumours, remains to be established but experience 
over the last 30years, which has identified a wide level 
of heterogeneity in metastasis-related factors, suggests that 
this is unlikely. These studies do, however, focus attention 
back on the seed and soil hypothesis of Paget and on 
issues associated with early growth of metastases. They are 
consistent with the increasing recognition of the importance 
of cell-cell and cell- matrix interactions in the control of 
cellular phenotype and with the fact that genes that have 
been isolated as metastasis-specific code for a wide range of 
functions including those that relate to cell growth. 
Metastases arise from single cells (or a small clump of 
a few cells), so it is the properties (and interactions) of 
individual cells rather than of populations of cells that are 
critical for metastasis formation. The environment in which 
a cell exists in a primary tumour can have a significant 
bearing on its behaviour, thus in the context of the soil and 
seed hypothesis it is appropriate to think of the properties 
of the seed in terms of the cell and its microenvironment in 
the primary tumour. In parallel, the concept of soil should 
include the idea of the metastatic cell interacting with and 
modifying its new microenvironment. M any micrometastases 
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apparently do not ever grow to form macrometastases. 
This raises the issue of whether phenotypes associated with 
metastasis formation necessarily represent stable changes and 
further to what extent they are truly metastasis-specific rather 
than reflecting more extreme versions of properties expressed 
by many of the cells in the primary tumour. 

The newer models for metastases, such as the SCID-hu 
model and the GEM models, are opening up new ways to 
address some of these issues. Another possible model is 
naturally occurring cancers seen in pet dogs and cats (K hanna 
and Hunter, 2005). Significant anatomic and physiologic 
similarities exist between dogs and humans and have been the 
basis for their use in biomedical research for over 70 years. 
The use of new technologies, such as DNA microarrays and 
proteomics, is providing more rapid ways to identify gene 
expression changes in cell populations. In combination with 
techniques such as laser capture microdissection, it will be 
possible to examine gene expression in small numbers, and 
perhaps individual, metastatic cells. The application of these 
new technologies will certainly increase our understanding 
of the complexities of the metastatic process and provide 
information that can be more directly related to human 
disease. However, the continued development of a more 
comprehensive range of metastatic models remains a priority. 
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THE DRUG DEVELOPMENT PROCESS 


There are two basic elements for anticancer drug 
development: efficacy and selectivity. The search for highly 
efficacious compounds may be achieved by a rational 
approach or an empirical approach. After the selection 
of a candidate compound with in vitro and preliminary 
in vivo testing, extensive preclinical pharmacological and 
toxicological studies need to be performed to establish 
optimal therapeutic conditions in terms of dose, schedule, 
and route of administration and thus to assess the possible 
therapeutic potential. The toxicological profile and the 
selectivity of effect play a crucial role in determining the 
success or failure of a drug development. 

In the United States, the Food and Drug Administration 
(FDA) plays an important role in each stage of evaluation, 
monitoring, and approval from investigational new drug 
(IND) application for phase | to phase III clinical trials, 
to new drug application (NDA), and to postmarketing 
surveillance (Food and Drug Administration, 1995). The 
approximate time period required for each step of the process 
is given in Table 1. 

The evaluation of new anticancer agents starts from in vitro 
experimentation, usually with small quantities of compounds. 
Preliminary testing in rodents allows the selection of the lead 
candidate compound(s) for further preclinical pharmacologi- 
cal and toxicological studies (Table 1) using mice, rats, and 
dogs. At this stage, scale-up synthesis is required and compli- 
ance with the regulatory guidelines for good manufacturing 
practice (GMP) and good laboratory practice (GLP) should 
be enforced. In clinical trials, the guidelines for good clinical 
practice (GCP) need to be followed. 

An IND application to the FDA consists of the following: 
an introductory background statement; general investiga- 
tional plan; the clinical trial protocol including investigator 
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data, facility data, and institutional review board (IRB) data; 
chemistry, manufacturing, and control data; environmen- 
tal assessment; pharmacological and toxicological data; and 
previous human experience. The following information is 
usually part of the protocol: study design, criteria for patient 
eligibility, recruitment plan, pretreatment evaluation, treat- 
ment or intervention plan, grading toxicities or side effects, 
criteria for therapeutic response or outcome assessment, crite- 
ria for removal from study, biostatistics, subject registration, 
and randomization procedures, quality assurance, protec- 
tion of human subjects, informed consent procedures, and 
references. 

When an IND application is submitted to the FDA, 
there will be a 30-day safety review period before phase 
| clinical trials can be started (Table 1). The phase | 
trial is mainly a dose-finding study to explore the safety, 
the tolerated doses, pharmacokinetics, and toxicities. It 
usually enlists 20-100 patients and takes several months. 
The phase II trial uses up to several hundred patients 
with specified tumour type(s). In this phase, the aims 
are to determine therapeutic effects, toxicities, and any 
unexpected complications. The study may take up to 2 years 
to complete. The phase III trial is an expanded study 
enlisting hundreds to several thousand patients and usually 
involves multiple medical centres. Efficacy and toxicity are 
evaluated for a range of tumours under specified regimens 
of treatment. The phase III trial may take 2-4years to 
complete (Table 2). When safety and therapeutic efficacy 
are established, the NDA can be submitted to the FDA 
for review and approval. Postmarketing surveillance is an 
important aspect for the manufacturers and FDA and involves 
adverse-reaction reporting, sampling, testing, and inspections 
(see Clinical Trial Design for Anticancer Therapies). 

The rational approach of drug development includes select- 
ing a molecular target and the development of molecular 


Table 1 The new drug development process. 
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Preliminary testing Preclinical research and development Clinical studies NDA review Postmarketing surveillance 
Timerange Range:1-3 years Range: 2-10 years Range: 2 months—7 years 
Vary Average: 18 months Average: 5 years Average: 24 months A dverse-reaction 
reporting 
Phase 1 
Discovery and Phase2 
evaluation Phase 3 
Design ra Survey 
Targeting Scale-up Sampling 
Synthesis and 
purification 
M odelling Animal testing: Accelerated Testing 
Pharmacokinetics development and Inspections 
review > 
Synthesis Toxicology Sponsor answers any 
M echanism Short term question from review 
Invitro and Long term 
preclinical in vivo >= 
testing 
IND NDA NDA 
Submission to FDA Submission to FDA A pproval by FDA 
30-day safety review 
Table 2 Clinical trials in humans. 
Approximate percentage of 
Phase Number of patients Length Purpose drugs successfully tested 
| 20- 100 Several months Dose finding, safety, and 70 
toxicity 
I Up to several hundred Months to 2 years Short-term safety and 33 


Il Hundreds, up to several 
thousand 


2-4 years 


entities of drugs. Owing to the similarity of biological and 
molecular make-up between tumour and normal cells, the 
strategies for developing agents for cancer therapy include 
(i) inactivation or blocking the molecular process that leads 
to carcinogenic transformation; (ii) exploiting the differ- 
ences between normal and tumour cells at the molecular, 
biochemical, and cellular levels and gaining a selective 
advantage towards therapeutic aims; (iii) eliminating or 
inhibiting tumour cells with cytotoxic agents, cytodiffer- 
entiating agents, biomodulating agents, or reversing agents 
of multiple drug resistance (MDR); and (iv) approaches of 
combination therapy with therapeutic agents with different 
mechanisms or modalities of treatments. 

In this chapter, we will concentrate on the methods and 
models of new drug development and on overcoming the 
drug resistance that would affect the therapeutic end results 
of cancer treatment. 


CRITERIA FOR SELECTING CANDIDATE LEAD 
COMPOUNDS 


It is usually difficult to select a candidate compound for 
further development. The decision is of great importance 


effectiveness 
Safety, dosage, and 
effectiveness 


25-30 


since drug development takes a long period of time to test, 
to evaluate, and to meet regulatory requirements and it might 
easily cost as much as $50 million or more to develop and 
to market a new drug. 

For every 10 000 compounds screened, approximately 500 
may show antitumour activity in vitro. Among these, 100 
may be worthy of testing in animals. Of these 100 com- 
pounds, 10 may meet the criteria to perform extended 
pharmacological and toxicological studies to obtain enough 
information to warrant clinical trials in humans. Past experi- 
ence (Food and Drug Administration, 1995) suggests that 
for the phase | trial only 70% of drugs are successfully 
tested. For the phase II and phase III trials only about 
33 and 25% of drugs are successfully tested, respectively 
(Table 2). 

There are several criteria for selecting a candidate com- 
pound, including potency, pharmacological properties, tox- 
icity, feasibility of formulation, and degree of difficulty of 
synthesizing or producing a sufficient quantity (Chou et al., 
2001, 2005b; Rivkin et al., 2005; see Rational Drug Design 
of Small Molecule Anticancer Agents: Preclinical Discov- 
ery). Pharmacoeconomic considerations such as spectrum of 
usage and market share can also be factors. 
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MODELS FOR NEW DRUG SCREENING 
AND TESTING 


The US National Cancer Institute (NCI) has played a very 
important role in antitumour screening and testing for the 
past four decades. Its approach and policy have evolved 
through the decades and created models that have a long- 
lasting impact (Driscoll, 1984; Chabner, 1990; Johnson, 
1990; Sikic, 1991). 


Historical Models and Their Evaluation 


The NCI established the Cancer Chemotherapy N ational Ser- 
vice Center (CCNSC) to support the research efforts of 
investigators in the discovery of new agents for cancer treat- 
ment. The main models used then were murine leukaemias, 
for instance, L1210 and P388, as index tumours for in vivo 
screening. This was followed by additional tumour models 
used to follow up the initial lead. 

In 1985, the NCI changed its cancer drug- screening 
programme by (i) emphasizing primary in vitro screening 
using an organ-site-oriented approach, (ii) using human solid 
tumour cell lines, (iii) using small amounts of compounds 
for the primary screening, and (iv) a renewed commitment 
to use screening as a method for exploring natural products 
from diverse sources (e.g., plants, marine organisms, and 
microbes). 

During 1990-1992, the NCI Cancer Drug Screen was 
established. The main feature is in vitro exposure (48 hours) 
of a panel of 60 human tumour cell lines at 5 different 
concentrations with 10-fold serial dilution. Crude extracts 
are usually evaluated at a single concentration. The SRB 
(sulphorhodamine B) protein stain assay (see subsequent 
text) was used to generate 60 dose-effect curves for each 
compound. It should be noted from the mass-action law 
principle (Chou, 1976, 1991b, 2006) that 1000-fold dilution 
with five or more dose densities would be too broad to 
have smooth dose- effect curves, although it would provide 
some efficacy indications. This programme also provides 
the development of the “mean graph” (Paull etal., 1989) 
to interpret the relative sensitivities of each of the tumour 
cell lines to an individual agent and the development of 
computer-based “Compare Program” (Paull et al., 1989) for 
recognition of these patterns of effectiveness. By comparing 
the correlation with a representative seed compound, such as 
Taxol, vinblastine (VBL), or adriamycin, potential clues to 
understanding the mechanism of antitumour action may be 
obtained. 

For example, VBL, Taxol, and numerous compounds 
that target microtubules showed similar patterns in the 
“mean graph” and a strong correlation in the “Compare 
Program”, although both inhibitors and promoters of tubulin 
polymerization were present. 


Molecular Targeting and Cell-based Drug Screen 


In early 1990, the NCI launched a major effort to char- 
acterize and define molecular targets with the 60 human 


tumour cell lines (Chabner, 1990; Johnson, 1990; Sikic, 
1991). The data suggest that a combination of biolog- 
ical patterns of effectiveness with information on spe- 
cific molecular targets will enhance the recognition of 
novel agents. So far, the molecular targets that have 
been characterized in the screen include MDR-1, H-, N- 
and KRAS, BCL2, SKC, P53, MDM2, Gı and Gz check- 
points, DT diaphorase, thymidylate synthase, microtubule, 
DNA topoisomerase, and so on. The length of the list is 
increasing (see Regulation of the Cell Cycle, Cell Cycle 
Checkpoints, and Cancer; Telomerase Signalling by 
Cytokines; Signalling by Tyrosine K inases; Transforming 
Growth Factor-8 and Cancer; Wnt Signal Transduc- 
tion; Signalling by Ras and Rho GTPases; p53 Family 
Pathway in Cancer; The Retinoblastoma Tumour Sup- 
pressor; Models for Angiogenesis; Anti-angiogenic and 
Anti-stromal Therapy; and Rational Drug Design of 
Small Molecule Anticancer Agents: Preclinical Discov- 
ery). 

The tumour cell lines used for experiments are usually 
obtained from various sources: (i) generated by individ- 
ual laboratories from experimental animals, whether they 
are spontaneous tumours or carcinogen-induced tumours, 
and from human tumour specimens (see Advantages and 
Limitations of Models for Cancer and Malignant Cell 
Progression and Basic Tissue and Cell Culture in Can- 
cer Research) and (ii) cell lines generated by transgene 
procedures (see Transgenic Technology in the Study of 
Oncogenes and Tumour-Suppressor G enes). Large collec- 
tions of animal and human tumour cell lines are available 
commercially from the cell bank of the A merican Type Cul- 
ture Collection (ATCC) (Rockville, MD, USA), but they are 
mainly unmodified cells (see Basic Tissue and Cell Cul- 
ture in Cancer Research; Human Tumours in Animal 
Hosts; and Models for Tumour M etastasis). Drug-resistant 
cells are usually generated either in vivo in animals or in 
vitro in tissue culture by continuous exposure with gradually 
increasing sublethal doses or concentrations of an antitu- 
mour agent. Depending on the drug and tumour type, the 
time required for generating a drug-resistant tumour cell line 
ranges from several months to several years (Chou et al., 
2001). If the selecting agent is from a natural source, MDR 
cell lines can be obtained frequently. So far, the panels of 
60 human tumour cell lines used by the NCI are not MDR 
cell lines. 


The In Vitro Assays 


Cytotoxic effects of an antitumour agent on the growth 
of various tumour cell lines in vitro are evaluated under 
specified conditions. Typically, the cells are cultured at an 
initial density of 5 x 104 cells mL~!. They are maintained 
in a 5% CO>-humidified atmosphere at 37°C in RPMI 
medium 1640 (or other medium) containing penicillin (100 
units mL~+), streptomycin (100 ug mL), and 10% heat- 
inactivated foetal bovine serum. For cell suspension cultures, 
cytotoxicity assays are performed by using the XTT micro- 
culture tetrazolium method (Scudiero et al., 1988) in 96-well 
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microtitre plates. The absorbance at 450nm and 630nm is 
measured with a microplate reader. For the monolayer cell 
cultures, they are determined in 96-well microtitre plates by 
the SRB method described by Skehan et al. (1990) for mea- 
suring the cellular protein content. The protein-bound dye is 
extracted for determination of the absorbance at 570 nm ina 
96-well microtitre plate reader. For the massive screenings, 
the microplate may contain many more wells and may use 
robotic operations. The experiments are usually carried out 
in duplicate or triplicate. Each run entails 5- 6 concentrations 
of the drug being tested. The |Cso values are determined by 
the median-effect equation and plotted (Chou et al., 1983; 
Chou and Talalay, 1984; Chou and Chou, 1988) using com- 
puter software. The most updated version of the software is 
CompuSyn (Chou and Martin, 2005). 


A Model for Solid Tumours In Vitro: Hollow-fibre 
Assay 


The traditional xenograft models of human tumours in 
nude mice or severe combined immuno deficiency (SCID) 
mice are rather expensive, time consuming, and require 
10- 300mg of compounds, depending on the potency. In 
the newly adopted hollow-fibre assay system (Casciari et al., 
1994), human tumour cell lines are implanted within a 
polyvinylidene hollow fibre. The fibres are heat-sealed before 
implantation into i.p. or s.c. compartments in the same nude 
mouse. Three fibres are simultaneously inserted into both 
compartments in the same mouse. Thus, the antitumour effect 
of an agent can be simultaneously evaluated against three 
individual tumours growing in two separate physiological 
compartments of the same animal. The hollow fibres are 
removed after 1 week to examine the tumour cell viability 
using SRB or XTT assays (Scudiero et al., 1988; Skehan 
et al., 1990). 


The Knockout Models for Multidrug Resistance 


To assist in the understanding of the mechanism of action 
and the physiological functions of the transporter pro- 
teins, the generation of gene knockout models is often 
very useful (see Genetic Models: A Powerful Technol- 
ogy for the Study of Cancer). Borst and co-workers have 
obtained mice with single and double knockout in mdrla 
and mdrlb genes (Schinkel etal., 1997). They found that 
P-glycoprotein (Pgp, see subsequent text) is an important 
component of the blood-brain barrier and is involved in 
the absorption and elimination of several clinically used 
drugs. The fact that the multidrug resistance protein (MRP) 
is ubiquitously expressed, although at very low levels, in 
the liver and some other organs suggests that it exerts 
a common function. The development of knockout mice 
for Mrp and other transporters would greatly improve the 
understanding of their mechanisms and physiological func- 
tions. 

Several physiological functions of MRP have been sug- 
gested. These include protection against environmentally 


present heavy metal oxyanions, modulation of the activ- 
ity of ion channels, transport of leukotriene C4 and glu- 
tathione, glucuronate and sulphate conjugates, and transport 
of GSH through a co-transport mechanism (Rappa et al., 
1999). The importance of MRP in the protection of nor- 
mal tissue from the toxicity of anticancer agents such as 
etoposide had been established. A total block of MRP has 
been found to be compatible with life, suggesting that MRP 
inhibitors can be safely used for treating cancer patients 
(Rappa et al., 1999). 

Recently, the transporter was found in drug-resistant 
cell lines with low levels of Pgp and MRP, but with 
high levels of drug transport, particularly for mitoxantrone. 
This was designated BCRP, MXR, and ABCP by dif- 
ferent groups of investigators (Kuska, 1999; Ross etal., 
1999). By searching a computerized database looking for 
sequences similar to a signature adenosine triphosphate 
(ATP)-binding motif found in the known ATP-binding cas- 
cade (ABC) genes, at least 50 human ABC genes have been 
found. Because the expression level of BCRP/M X R/ABCP 
is so low in adult tissues, it might be an excellent candi- 
date for an inhibitor to target and enhance the effect of 
chemotherapy without affecting normal cells (Higgins, 1995; 
K uska, 1999). 


THE NATURAL PRODUCT APPROACH FOR DRUG 
DEVELOPMENT 


From the earliest days of recorded history, plants have 
been used to treat diseases or reduce suffering. As isolation 
techniques and synthetic capability improve, single entity 
drugs, such as aspirin and morphine, both of which originated 
from natural products, emerge. Two of the earliest anticancer 
drugs, vincristine and vinblastine, both conceived in 1950s 
are still in use today. These vinca alkaloids were isolated 
from the M adagascar periwinkle. This prompted the National 
Cancer Institute of the United States and other institutions 
in the world in the 1960s to imitate large-scale projects 
to collect samples from plants, micro-organisms, minerals, 
and marine creatures, and test them for cytotoxicity and 
anticancer activity. Today, more than 60% of all cancer 
drugs are derived from or inspired by compounds found 
in nature. Some of the most widely used cancer drugs are 
closely related to taxoids, camptothecins, etoposides, and 
antibiotics. Plants, animals, or micro-organisms created these 
compounds for self-protection, for prey weapons, and so 
on. Many of the molecules that evolved have the right 
size or shape to bind to macromolecules such as protein 
receptors or nucleic acids, and many of these molecules are 
optimally metabolically stable inside the living species. Thus, 
learning from Mother Nature provides obvious advantages 
over blinded random screenings although the latter allow 
testing huge numbers of molecules in a short time. So far, 
the high-throughput screening technology and combinatory 
chemistry, despite intense efforts, have not yet produced 
fruitful results mainly due to the fact that drug development 
requires human factors such as pharmacology/toxicology and 
scientific judgements. 
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Paclitaxel (Taxol®), originally isolated from pacific yew 
tree Taxus brevitolia, promotes tubulin polymerization, 
stabilizes microtubules, blocks the formation of mitotic 
spindle, and arrests cell division. Many other molecules 
from nature, despite chemical structural dissimilarity to 
paclitaxel, share the same mechanism of action. These 
include discodermolides from the marine sponge Dis- 
codermia dissoluta, eleutherobins from the marine soft 
coral, Eleutherobia albiflora, dictyostatin-1 from the marine 
sponge Spongia_dictyoceratida, laulimalies from the marine 
sponge Cacospongia mycofigiensis, and epothilones from 
myxobacterium Sorangium cellulosum in soil (Chou et al., 
2001). 

Epothilones, unlike paclitaxel, are not substrates of MDR 
pumps. Molecular modifications by total synthesis and by 
pharmacological, toxicological, and therapeutic optimiza- 
tions (Rivkin et al., 2005; Chou et al., 2005b) have lead to a 
series of new epothilones that have remarkable antitumour 
properties and therapeutic indices. One of the lead com- 
pounds, 26-trifluoro-9,10-dehydro-12,13-deoxyepothilone B 
(fludelone), has recently been shown to achieve the first fully 
documented “therapeutic cure” of human tumour xenografts 
in nude mice (Chou etal., 2005b). Fludelone suppressed 
human mammary carcinoma M X -1 xenograft tumour growth, 
shrank tumour size, and rendered tumour disappearance (i.e., 
complete remission) without any relapse for over 15% of 
the mouse’s lifespan (i.e, over 4months). Most remark- 
ably, it also led to therapeutic cure of human colon car- 
cinoma HCT-116 xenograft tumour by oral administration 
without any tumour relapse for over 7.5months (Chou 
et al., 2005b). 


THE HIGH-THROUGHPUT STRATEGY 


The large number of compounds from biodiversified sources 
and combinatorial chemistry libraries require high-efficiency 
assay procedures. In recent years, high-throughput assay sys- 
tems for optical, colourimetric and fluorescence readers have 
been developed from 96-well microplates to those consisting 
of as large as a 1536-well format for microplate analysis. The 
availability of robotic systems is replacing labour-intensive 
manual work with increased workload and efficiency. The 
efficiency of drug development is also facilitated by the 
identification of small molecules that bind with high-affinity 
acceptor molecules (e.g., cell-surface receptors, enzymes, 
antibodies) so as to mimic or block their interaction with 
natural ligands. Assuming that peptides can be used as anti- 
tumour agents, on the basis of a “one-bead, one-peptide” 
approach (Lam etal., 1991), one can greatly enhance the 
production and rapid evaluation of random libraries of mil- 
lions of peptides so that receptor-binding ligands of high 
affinity can be rapidly identified and sequenced. By using 
the split synthesis approach, the first cycle consisted of dis- 
tributing a pool of resin beads into separate reaction vessels 
each with a single amino acid, allowing the coupling reac- 
tion to go to completion, and then repooling the beads. 
This cycle was repeated several times to extend the peptide 


chain. In this fashion, each bead should contain only a single 
peptide species. To develop a rapid approach for screen- 
ing the library to find beads containing peptides able to 
bind to any particular acceptor molecule, acceptor molecules 
were coupled to an enzyme (alkaline phosphatase) or to 
fluorescein and added in soluble form to the peptide bead 
library. 

Typically, a few beads were intensely stained and were 
visible to the naked eye and easily seen with a low- 
power dissecting microscope (bead diameter 100-200 wm 
against a background of countless nonactive beads. With 
the aid of tiny forceps coupled to a micromanipulator, the 
intensely stained beads could be removed for analysis. Each 
bead was washed with 8 mol L~! guanidine hydrochloride to 
remove the acceptor complex and then the peptide sequence 
contained on the bead was determined by placing it on a glass 
filter, which was inserted into a peptide microsequencer. A 
library containing several million beads could be screened in 
about 10 Petri dishes in half a day. Subsequently, it could be 
washed with 8molL~! guanidine hydrochloride and reused 
for screening new acceptors. This micromethod is likely to 
be extended to other applications, such as polynucleotides or 
deoxypolynucleotides. 


GENETIC APPROACHES FOR DRUG 
DEVELOPMENT 


The process of therapeutic drug development evolved from 
the experience-based herbal medicine to evidence-based 
pharmaceuticals. In the modern era, it has further progressed 
to gene-based biotechnological products and gene therapy. 
The combinatorial chemistry and platform technology aided 
by computer modelling of chemical molecules and chiral 
properties and structural folding hold new promise and 
challenges in the new millennium. 

Large genetic databases now include portions of all of the 
human genome. A variety of technologies make it possible 
to catalogue the expression of large numbers of genes in 
specific organs and tissues and to compare healthy and dis- 
eased states and drug-sensitive and drug-resistant conditions 
(Lindpaintner, 2002). Disease- or pathology-associated and 
mutated genes isolated through biotechnology are now num- 
bered in the thousands. In addition, the scientific success 
in positional cloning has been impressive, and the number 
of positionally cloned disease genes is increasing (Darby, 
1997). With the rapid rate of accumulation of genetic infor- 
mation, new drug-screening models and targets will facilitate 
the discovery of new and better drugs. 

Expression profiling technologies and positional cloning 
are the two main approaches to drug targeting (Scangos, 
1997). Expression profiling technologies include subtraction 
hybridization, computerized comparisons of gene libraries 
from different tissues, serial analysis of gene expression, 
and differential displays. Differential expressions have been 
correlated with disease states, but it has been difficult to 
determine which differentially expressed genes are the cause 
rather than the effect, and which, if targeted by a drug, 
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could reverse the disease process. The positional cloning 
approaches have identified and cloned genes involved in 
human diseases, including cancer, Alzheimer’s disease, obe- 
sity, diabetes, and asthma. The problem is that although these 
genes provide insight into the cause of disease, they are lim- 
ited in what they can deliver for therapeutic intervention. 
For example, positionally cloned genes often encode proteins 
of unknown biochemical or physiological function, leading 
to a situation where it is difficult or impossible to set up 
screening assays for inhibitors. More important, position- 
ally cloned genes often contribute to a disease phenotype 
by virtue of being defective Since drugs most often are 
inhibitors of their targets, these genes most often are inap- 
propriate screening targets. However, one may be able to 
use the identified gene to understand the biochemistry and 
regulatory process of the pathway and, thereby, identify an 
optimal point of intervention (Scangos, 1997). An important 
question for drug development is what genes and proteins 
exist in the target cells that, when inhibited by a drug, will 
reverse the effects of the disease gene and restore homeostatic 
balance. 


THE DIRECTIONS AND APPROACHES FOR NEW 
DRUG DEVELOPMENT 


The amount of information generated by the computer 
era can easily overwhelm the capability to digest them. 
For drug development, massive screening including high- 
throughput screening is a relatively simple part because it 
is just mechanical. The real challenge is how to evaluate 
the lead compounds in depth with pharmacological and tox- 
icological expertise and judgement. Overly depending on 
machinery and peripheral pharmacokinetic parameters with- 
out emphasizing efficacy and toxicities (i.e, pharmacology 
and toxicology/pathology) can lead to severe consequences 
of mis-lead candidates, of reduced productivity and increased 
liability. 

The “targeted” regulatory anticancer drug developmen- 
tal research usually involves inhibitors of regulatory recep- 
tor and regulatory pathways. The main advantages of this 
approach, particularly for cytotoxic anticancer agents, are 
that they are usually less toxic and that the inhibitors can 
be small molecules or micromolecules such as monoclonal 
antibodies with high selectivity of action. The main dis- 
advantages are that they usually produce cytostatic tumour 
suppression effects rather than cytocidal tumour remission 
or curative therapeutic effects. In addition, the complex reg- 
ulatory pathways or networks involve kinetics or dynamics 
that our contemporary knowledge cannot cope with. One way 
to improve the insufficient efficacy of the targeted regulatory 
drug is to use drug combinations (e.g., cytotoxic agents). For 
the design and data analysis of the drug combination studies, 
see the later part of this chapter. 

As a result of rapid progress in biotechnology, numerous 
specialized or mission-oriented small biotechnology compa- 
nies have emerged since 1980s. However, the percentage of 
success has been relatively low and the majority of can- 
cer chemotherapeutic agents have not been replaced with 


new biotechnology products. While research and develop- 
ment budgets of the top 20 pharmaceutical companies have 
skyrocketed by 71% from 1996 to 2001, the number of 
new drug entities approved during the same period has 
actually decreased by more than 40% (Renfrey and Feath- 
erstone, 2002). Clearly, the new equipment technology and 
new biotechnology have thus far not lived up to the original 
expectations. It should be emphasized that whether the tar- 
gets and networks are new or old, the ultimate determinants 
for a leading cancer drug candidate compound are still high 
therapeutic efficacy and low toxicity. All other factors are of 
secondary importance. 

In cancer statistics as a whole, during the past 50 years, the 
age-specific cancer death rate remains unchanged, whereas 
the age-specific death rate of cardiovascular diseases has 
improved 58%. This trend occurs despite the availability of 
robotic high-throughput technology, combinatory chemistry, 
and the improved knowledge in genomics and proteomics. 
Major pharmaceutical companies with enormous resources 
and manpower are still facing shortage in pipelines. 

There can be many reasons behind this less-than-expected 
progress. One apparent reason is the general lack of empha- 
sis on how to properly conduct the preclinical pharmaco- 
logical and toxicological research, which is most directly 
related to new drug development. A recent renewed inter- 
est in classic fundamentals in synthetic organic chemistry 
(see Rivkin etal., 2005 for a mini-review) and innova- 
tive pharmacology/toxicology evaluations have in fact led 
to the de facto documented “therapeutic cure” against a 
human tumour xenograft in nude mice (Chou et al., 2005b) 
by a totally synthesized lead compound, fludelone, which 
is a microtubule stabilization antitumour agent. In these 
studies, the therapeutic cure is defined by tumour sup- 
pression, shrinkage, and complete remission without any 
relapse for over 15% of the lifespan and some experi- 
ments have lasted as long as 300days. The therapeutic 
cure has been estimated to be equivalent to killing can- 
cer cells to over 10 millionth of 1% of the existing cancer 
cells in nude mice, for instance, >9 log cell kills (Chou 
et al., 2005b). 


RESISTANCE TO ANTICANCER DRUGS 


Innate or acquired resistance in chemotherapy remains a 
serious obstacle towards the chemotherapeutic treatment of 
cancer and infectious diseases. Various mechanisms of drug 
resistance exist, which include drug metabolism (decrease in 
drug activation or increase in drug inactivation), transport 
(decrease in drug influx or increased drug efflux), drug 
target alteration (increased target levels, altered function 
of target, or decreased affinity of drug for target), DNA 
repair (increased repair of DNA damage or mutations in 
mismatch repair genes), and apoptosis (altered function 
and regulation that change the ability of tumour cells to 
execute programmed cell death). Among these mechanisms, 
the most well characterized mechanisms of MDR involve 
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P-glycoprotein 170 (Pgp) (Kartner and Ling, 1989; Juliano 
and Ling, 1996; Ueda et al., 1999). 


MULTIDRUG RESISTANCE (MDR) 


The original concept of MDR was introduced in 1970 by 
Biedler and Riehm of the Sloan-K ettering Institute in New 
York (Biedler and Riehm, 1970). They found that cells 
resistant to drugs that had no structural or mechanistic 
similarities showed cross-resistance. In some cases, the 
resistant cells expressing Pgp show collateral sensitivity 
to unrelated compounds and become more sensitive, when 
compared with the parent (non-MDR) cells (Chou etal., 
1998, 2005a). However, there is apparently no unifying 
theory for a simple explanation of the MDR problem (Laing 
and Tew, 1997). 

There are at least three types of MDR that have been 
characterized: (i) classical Pgp-mediated M DR, in which the 
causal relationship between resistance and overexpression 
of Pgp has been clearly demonstrated in vitro; (ii) atypical 
MDR, which involves drugs that interact with DNA topoi- 
somerase that has decreased enzyme levels and/or a mutated 
structure; and (iii) non-Pgp-mediated MDR, in which resis- 
tant cells do not show elevated Pgp levels of expression, but 
instead, show increased levels of MRP and lung resistance 
protein (LRP) or the expression of other members of the 
ABC transporter gene family (Gottesman and Pastan, 1993; 
Kuska, 1999; Mizuno et al., 2003). 

Despite an overwhelming number of papers on MDR1 
expression and Pgp activity in tissue culture systems of 
M DR, the relationship of M DR1 with the clinical observation 
of MDR remains weak. Although a strong correlation has 
been obtained in haematological malignancies, it is premature 
to generalize the association in solid tumours (K ellen, 1994; 
Antoney and K aye, 1999; Robert, 1999). The fact that MDR1 
is just one of many polypeptides in the ABC superfamily 
related to drug resistance may weaken the correlation since 
the contribution of multiple factors such as the involvement 
of Pgp, MRP, apoptosis antagonists Bcl-2 and Bcl-X_, and 
compartmentalization were not simultaneously analysed. 


EXPRESSION OF MDR7 GENE IN HEALTH 
AND DISEASE 


The identification of Pgp as an ATP-dependent pump, which 
could confer resistance to a variety of hydrophobic com- 
pounds cytotoxic to cancer cells, raised the possibility of 
normal function of Pgp (Kellen, 1994; Antoney and Kaye, 
1999; Bates et al., 1999; Robert, 1999). Monoclonal anti- 
body labelling of the tissue distribution of Pgp revealed 
the plasma membrane localization on the positive cells. 
For the epithelial cells of jejunum, ileum, and colon, the 
major location was on the mucosa. For the brush bor- 
der of proximal tubule cells of the kidney and the biliary 
face of the hepatocytes of the liver, and also placenta, the 


Pgp expression was most evident. Although mdr knockout 
mice are viable, mice in which mdr genes have been inten- 
tionally inactivated have major alterations in pharmacoki- 
netics and tissue distribution of substrates for Pgp. The 
physiological role of Pgp in health and disease has thera- 
peutic implications for pharmacological inhibition of Pgp. 
The importance of Pgp in MDR in cancer suggests that 
the efficacy of administered chemotherapeutic agents can 
be enhanced and MDR can be reversed by Pgp block- 
ers (Chou et al., 1998, 2005a). An alternative procedure to 
the pharmacological approach to circumvent Pgp-mediated 
MDR in cancer cells is to prevent the biosynthesis of 
the transporter by selectively affecting its transcription. 
These include the use of antisense, ribozymes, and triplex- 
forming oligonucleotides targeted against different regions 
of the MDR1 gene. In either case, exploitation for selec- 
tivity against tumour over normal tissues is an impor- 
tant determinant for beneficial therapeutic effects (Mizuno 
et al., 2003). 


THERAPEUTIC APPLICATION OF THE MDR1 GENE 


Cloning and sequencing of MDR1 cDNA provide some 
insight into the structure of Pgp (Figure 1), but have no 
link to the development of more potent MDR-reversing 
agents (Chou et al., 2005). The phenotype of MDR can be 
conferred on drug-sensitive cells by the expression of Pgp. 
However, the reversal of MDR in CCRF-CEM/VBL cells 
by ningalin (the most potent MDR-reversing agent known 
so far) cannot fully account for the megafold increase in 
the sensitivity of these cells to the exposure of VBL (Chou 
et al., 2005a). The possibility of using genetic materials for 
gene therapy has promoted the development of MDR1 gene 
transfer and expression methodologies (Aran etal., 1999). 
One of the goals is to protect drug-sensitive cells (such 
as bone marrow progenitor cells) from cytotoxic effects 
in cancer chemotherapy. In vitro and animal models have 
been established. However, it remains to be seen whether 
the genetic advantage gained by cells expressing transgenic 
MDR1 will be sufficient to fulfil the expected goals. Clinical 
trials have already been performed to determine the stability 
of expression of the MDR1 gene and its ability to confer 
chemoprotection on bone marrow cells. To date, the success 
of these studies has been limited by the inefficiencies of 
delivery of genes into human bone marrow cells. As a 
dominant selectable marker, the MDR1 gene still has to 
prove its efficacy in vivo to ascertain stable expression of 
non-selectable genes of interest by drug selection in the 
appropriate disease animal model (Aran et al., 1999). 

Since the MDR1 gene confers MDR in vitro and in vivo, 
mdr1 transgenic mice could serve as an in vivo model for 
new anticancer drug evaluation. Unfortunately, these mdr1 
transgenic mice have not lived up to the original expectation 
because after several generations of inbreeding, the level 
of expression of human MDR1 became too low (Aran 
et al., 1999). 
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Figure 1 The amino acid sequence of human P-glycoprotein (Pgp) - a two-dimensional drawing of Pgp with numbers referring to amino acid residues in 
the linear sequence. The ATP-binding domains and the putative drug-binding domains are shown for each half of the molecule. Pgp is a single polypeptide 
consisting of 12 transmembrane and helical segments. Putative N-linked carbohydrates located in the first extracellular loop are indicated in the diagram. 
(From Lam et al., 1991; Gottesman and Pastan, 1993; Kellen, 1994; Robert, 1999). 


APOPTOSIS AND MDR 


Programmed cell death (apoptosis) is mediated by degrada- 
tion of DNA and anumber of cellular proteins. The discovery 
of the BCL family of proteins by Tsujimoto and Croce 
(1986) as apoptosis antagonists suggested a novel mechanism 
of MDR and a new approach to therapeutic interventions 
(see Apoptosis). 

The BCL2 (B-cell leukaemia/lymphoma 2) gene products 
are one subfamily of proteins that determine how particular 
cells die in response to particular physiological or pharma- 
cological environments. BCL 2 is widely expressed in human 
tumours, and by inhibiting cell death it may allow tumour 
cells to accumulate the mutations that in turn may cause the 
cell to become invasive. Studies of programmed cell death in 
the nematode Caenorhabditis elegans have provided many 
important leads to the understanding of apoptosis. Recent 
findings in the JNK pathway, cell death signalling via Fas 
and TNF receptors, Bcl-X,_ for protecting cancer cells in 
vitro against drug-induced apoptosis, and the enhancement 
of chemosensitivity of cancer cell apoptosis by overexpres- 
sion of Bcl-X have all added to the complexity in this field 
(Clynes et al., 1998). 


REVERSAL OF ANTICANCER MDR 


A plethora of agents have been developed that modify, mod- 
ulate, or reverse the MDR phenotype (Chou etal., 1998, 
2005a). There are diverse classes of compounds that inter- 
act with Pgp (Table 3). Many anticancer agents from natural 
sources, such as VBL, vincristine, doxorubicin, paclitaxel, 
actinomycin D, and their analogues, are MDR substrates. 


Table 3 Diverse classes of compounds that interact with Pgp. 


Antineoplastic drugs M odulators/chemosensitizers 


Vinblastine, vincristine 


Doxorubicin, daunomycin, 
mitoxantrone 


Verapamil, diltiazem, bepridil 
Azidopine, nitrendipine, nifedipine 


Bisantrene Immunosuppressants or 

Etoposide, teniposide Cardio-vascular agents 

Topotecan Cyclosporin SDZ PSC-833 

Mitomycin C FK 506 

Mithramycin Rapamycin 

Actinomycin D Terfenadine 
Trifluoperazine 
Quinidine 

Other agents Quinine, quinicrine 

Colchicine Reserpine 

Rhodamine 123 Forskolin 

Ethidium bromide 

Erythromycin 

K etoconazole Peptides 

Ardeemin Gramicidin D 

Diketopiperazine Valinomycin 

Gypsetin 


Steroid hormones 


Aldosterone 
Cortisol 
Tamoxifen 

M egestro 
Dexamethasone 


Photoaffinity drug analogues 
Azidopine 
|odoarylazidoprazosin 
N-(p-Azido-3-iodophenethy!)- 
spiperone 

Tamoxifen aziridine 


Other natural products, such as colchicine, rhodamine 123, 
erythromycin, ardeemin, and gypsetin also interact with Pgp 
(Kellen, 1994). Steroid hormones such as aldosterone, cor- 
tisol, and dexamethasone; calcium blockers such as vera- 
pamil and diltiazem; quinolines such as quinidine, quinine, 
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Table 4 Resistance modifiers. 


Early generation Later generation 





of NAA, it completely reversed the VBL drug resistance 
in CCRF-CEM/VBL 9 cells. The analogue of NAA 5- 
N-acetyl-8-demethylardeemin (NA DM A) showed a effect 


Verapamil Dexverapamil similar to NAA (Figure 2). Recently, MDR-reversing 
plea ore o o agent ningalin-3 (N-3) has been found to enhance the 
Quinine XR 9051 sensitivity of CCRF-CEM /V BL 1000 cells to VBL as 
Progesterone GF 120918 much as 6.2-million-fold (Chou et al., 2005a). Although 
Tamoxifen S-9788 | inhibition of Pgp by N-3 is a contributing factor for 
Amiodarone Ardeemin the profound enhancement, the Pgp-inhibition alone 


Trifluoperazine 


and quinicrine; immunosuppressants such as cyclosporin A, 
rapamycin, and FK 506; peptides such as gramicidin D and 
valinomycin; and calmodulin antagonists such as trifluop- 
erazine and chlorpromazine are also modulators of Pgp. 
These resistance modifiers have undergone structural mod- 
ification to reduce undesirable side effects, such as from 
verapamil to dexverapamil, and from cyclosporin A to SDZ 
PSC 833 (Table 4). Of these, verapamil, trifluoperazine, 
cyclosporin A, and nifedipine have been subjected to phase 
I/Il clinical trials (Volm, 1998). 


ASSESSMENT OF MDR-REVERSING AGENTS 


Evaluation of anew M DR-reversing agent consists of many 
important aspects. Using 5-N-acetylardeemin (NAA), as an 
example, (Chou etal., 1998) and ningalins (Chou etal., 
2005a), these include the following: 


1. Reversal of drug resistance: For CCRF-CEM and 
CCRF-CEM/VBL oo cells, the presence of 15 pmol = 


100 CCRF-CEM 


is insufficient to explain the extraordinary megafold 
enhancement. The details underlying this phenomenon 
remain to be explored. 

2. Improvement of therapeutic efficacy: In nude mice bear- 
ing MX-1 mammary carcinoma xenografts, treatment 
with doxorubicin 1.5mgkg- QD x 5 i.p. reduced the 
tumour size by 44%, whereas with doxorubicin and 
NAA (50mgkg~?) combination, the tumour size was 
reduced by 75%; 2 of 8 mice were tumour free, but 
one mouse died of toxicity. Retrospectively, this exper- 
iment may be improved by administrating doxorubicin 
via i.v. infusion and increasing the dose of NAA to 
100 mg kg: i.p. since NAA is non-toxic in vivo at high 
doses. 


Although the extraordinarily potent reversal of MDR 
by ningalins in vitro cannot be fully translated to in 
vivo, their usefulness in drug combination against human 
tumour xenografts in nude mice can be clearly demon- 
strated (Chou etal., 2005a). As shown in Figure 3, the 
combination of the suboptimal dose of Taxol (10mgkg~?, 
iv.) with ningalin-5 (N-5) (15mgkg-?, i.p.), or 
ningalin-6 (N-6) (20 mgkg~?, i.p.) with a Q4D schedule had 
been used. 
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Figure 2 Dose- effect curves for vinblastine (VBL) against the cell growth of human leukaemic cells in the absence and presence of M DR -reversing agents, 
with (o) varying (VBL) alone, (e) varying (VBL) with constant (NAA) (15 pmol L-1), and (W) varying (VBL) with constant (NADM A) (15 pmol L-}), Top, 
CCRF-CEM lymphoblastic leukaemic cells; bottom, CCRF-CEM/VBL 499 leukaemic cells 760-fold resistant to VBL. The concentrations of the ardeemins 
used were about half of their ICs5ọ values toward CCRF-CEM cells. (From Chou etal., 1998, with permission from the National Academy of Sciences 
U.S.A.) 
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Figure 3 Therapeutic effects of Taxol alone and in combination with ningalin-5 (N5) and ningalin-6 (N6) in nude mice bearing human colon carcinoma 
HCT-116 xenograft. HCT-116 tumour tissue 50 mg per mouse implanted s.c. on day 0. Treatment on days 14, 18, 22, 26, 30, 34, and 38 as indicated by the 
arrows. Taxol was given i.v. and N5 or N6 was given i.p. with doses as indicated. Body weight was measured as total body weight minus tumour weight. 
(From Chou et al., 2005, Cancer Chemotherapy and Pharmacology 56, 379- 390. With kind permission of Springer Science and Business M edia.) 
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N5 and N6 as a single agent yielded no significant ther- 
apeutic effects. Taxol (10 mg kg~t) had potential therapeutic 
effects, which suppressed tumour growth but had insuffi- 
cient efficacy to shrink the tumour. Impressively, the com- 
bination of Taxol with N5 or N6 resulted in total tumour 
disappearance in all mice without any relapse even after 
52 days following tumour transplantation (Figure 3a). In this 
experiment, the body weight of the mice in all groups 
were monitored every 2-4days. One of the unique fea- 
tures of HCT-116 xenografts in nude mice is the observation 
that body weight of the mice decreases when tumour size 
increases (Figure 3b). It is remarkable that in the Taxol + N5 
or N6 treated groups, HCT-116 tumours disappeared but 
the body weight of the nude mice recovered far above 
other groups suggesting that these ningalin compounds in 
combination with Taxol are relatively non-toxic in curative 
treatments. They not only markedly increased the efficacy 
of Taxol but also decreased the toxicity of Taxol toward the 
host. This dual benefit is the best scenario of drug combina- 
tion therapy that a cancer researcher can dream of. Similar 
therapeutic dual benefit results have also been observed in 
vivo with N-3, a compound that reverses MDR in vitro as 
much as 6.2-million-fold (Chou et al., 2005a). 

A more elaborate and more defined drug combination 
study in vivo in a nude mouse model using the combination 
index (Cl)-isobologram method of Chou and Talalay (1984) 
has been described recently (Chou et al., 2004). 


3. Toxicity toward the host: whether it has little or no 
cytotoxicity or side effects when compared with other 
MDR-reversing agents. For NAA there was no apparent 
toxicity other than the reversible body-weight drop at 
150mgkg-! QD x 8 i.p. By contrast, verapamil at 
150mgkg-! QD x 3 i.p. led to a 40% lethality towards 
the mice. 

4. Preferential synergism in MDR over the parent tumour 
cells: In our earlier studies, we observed that NAA is 
slightly more potent in inhibiting CCRF-CEM/VBL i099 
cells than in inhibiting the parent CCRF-CEM cells 
(i.e. collateral sensitivity) (Chou etal., 1998), and we 
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conducted classical drug combination studies for VBL 
and NAA. As shown in Figure 4, VBL +NAA showed 
much stronger synergism in CCRF-CEM/VBL yo cells 
than in CCRF-CEM cells. These results suggest an extra 
therapeutic value of NAA in combination with VBL, a 
classical MDR substrate. 

whether 
and how much an MDR-reversing agent increases intra- 
cellular accumulation of cancer chemotherapeutic agents. 
Intracellular accumulation of [7H]VBL in CCRF-CEM 
cells was increased twofold by 30 pmol L~* of verapamil 
and threefold by 30 umol L}? of NAA. 

whether the M D R-reversing agent alters 
the elimination (efflux) kinetics of a drug under investiga- 
tion. For the efflux kinetics for preloaded [?H]VBL in 
CCRF-CEM cells, drug elimination was biphasic with 
an initial half-life of 12 minutes and 6-phase half-life 
of 105 minutes. In the presence of 30 umol L} of ver- 
apamil, the half-lives for the two phases were prolonged 
to 18 and 210 minutes, respectively. In the presence of 
30.molL~! of NAA, these half-lives were extended to 
29 and 380 minutes, respectively (Figure 5). Thus, NAA 
not only resulted in a higher intracellular concentration 
of VBL but also prolonged the retention half-life of the 
preloaded VBL. 

whether an MDR-reversing agent 
binds specifically to a particular MDR pump protein. Evi- 
dence that NAA interacts directly with the transporter, 
Pgp, was obtained by examining its effect on the inhibi- 
tion of photoaffinity labelling of [3H Jazidopine, a photoac- 
tivatable substrate of Pgp (Sikic, 1991). The membrane 
functions from CCRF-CEM parent cells showed little or 
no [?H]azidopine binding, whereas the binding to the 
membrane fractions isolated from CCRF-CEM/VBL 99 
cells expressing Pgp was competitively displaced. 
whether the revers- 
ing agent sensitizes the cells of various subtypes of 
MDR such as Pgp, MRP, and LRP. Enhancement of 
doxorubicin cytotoxicity by NAA (1-50ymolL~+) in 
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Figure 4 Synergism between vinblastine (VBL) and MDR-reversing agent, 5- V-acetylardeemin (NAA), in combination against the growth of CCRF-CEM 
and its subline resistant to VBL, CCRF-CEM/VBL i990. C/<1, CI = 1, and CZ > 1 indicate synergism, additive effect, and antagonism, respectively (Chou 


and Talalay, 1984; Chou, 1991). 


12 


PRECLINICAL MODELS FOR HUMAN CANCER 





6 
vu p 

Tv y 

UO 

= 

Ww 

QY 

We 

jag 

U - NAA 

A 30 umol I} 
a 

5 -2 4VRPL 
ka 30 umol I} 
£ 

P 

S 

I Control 
(m (DMSO) 





Time (min) 


Figure 5 Reduced rates of efflux of preloaded [3H ]vinblastine (VBL) 
in CCRF-CEM cells by the M DR-reversing agents 5- V-acetylardeemin 
(NAA) and verapamil (VRPL). [3H]VBL was preloaded for 30 minutes 
at 37°C and, washed twice at 4°C with fresh medium. NAA or VRPL 
was added at 0 minutes and incubated at 37°C for various periods. 
(From Chou et al., 1998, with permission from the National Academy 
of Sciences U.S.A.) 
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Figure 6 Enhancement of doxorubicin (DX) cytotoxicity by NAA. 
Six concentrations of DX were tested for cytotoxicity in (e) SHP-77 
(MDR*++MRP*), (A) SW2R120 (LRP*), (©) SW2R160 (MDR*), 
and (o) SW 1573 (wild-type) cells in the presence and absence of NAA. 
The concentrations required for 50% inhibition of cell growth (ICs in 
wmolL~1) were determined by the median-effect plot using computer 
software (Chou and Hayball, 1996). Fold of increase in efficacy of DX 
is based on fold of decrease in ICsọ. NAA alone showed little or no 
cytotoxicity in these cell lines. (From Chou et al., 1998, with permission 
from the National Academy of Sciences U.S.A.) 














human cancer cell lines expressing different MDR phe- 
notypes was studied in culture (Figure 6). For SHP- 
77 (MDR-Pgp* + MRP*) cells, the 1Cs9 of doxorubicin 
was reduced 260-fold to 0.009 umol L7} by 6 pmol L-1 


of NAA. In contrast, for SW 1573 (parent), SW2R120 
(LRP*), and SW2R160 (MDR™) cells, the doxoru- 
bicin ICs) values were reduced 3-, 7-, and 50-fold, 
respectively, by 20,.molL~! of NAA. Therefore, NAA 
markedly enhanced the efficacy of doxorubicin against 
SHP-77 (MDR-Pgp+ +MRPt) and SW2R160 (MDR- 
Pgp*) cells, but had little effect in enhancing the efficacy 
of doxorubicin against SW2R120 (LRP*) or SW1573 
(parental cells). 


MULTI-HIT AND MULTI-TARGET APPROACH 
AGAINST MDR: DRUG COMBINATIONS 


As indicated above, there are many possible mechanisms that 
confer drug resistance. For MDR, there are MDR1, MDR2, 
M RP1, MRP2, MRP6, LRP, and so on. In addition, the ABC 
superfamily has numerous genes (Higgins, 1995; Kuska, 
1999) that may be relevant to drug resistance. It is reasonable 
to expect that a single agent alone is insufficient to overcome 
multifactorial MDR. Therefore, multidrug combination is a 
logical way to combat drug resistance. 

This approach can be divided into the following categories: 
(i) combining drugs with different mechanisms of action, 
(ii) combining MDR substrates with non-MDR substrates, 
and (iii) combining MDR substrates belonging to different 
subclasses. 

The outcomes of drug combination can be synergistic, 
antagonistic, or additive. There is no simple way to predict 
the outcome quantitatively even at the in vitro level, and in 
animal models or clinics it will be much more complex. 

The goal of drug combination is to (i) increase therapeutic 
efficacy by synergism, thus lowering the dose(s) of the 
drugs; (ii) reduce toxicity or side effects against the host 
by reducing the dose due to synergism; (iii) minimize or 
reverse the drug resistance or delay the development of drug 
resistance - increased therapeutic efficacy leads to a decrease 
in the length of therapy, which in turn decreases the risk of 
developing resistance; and (iv) achieve selective synergism 
against the target and/or selective antagonism toward the 
host, hence increasing the therapeutic index (Chou, 1991; 
Chou et al., 1994; Chou, 2006). 

There are general rules that can be generated from 
past experience with drug combination studies. First, drugs 
with different mechanisms of actions or different modes 
of effect usually generate more synergism than those with 
similar modes of action. Second, on the basis of the mass- 
action principle, synergism is usually more prominent at 
high-dose or high-effect levels than at low-dose or low- 
effect levels. Third, one should not attempt to predict or 
to interpret synergism or antagonism based on individual 
drug mechanisms alone since it tends to be oversimplified. 
Synergism or antagonism can be due to drug transport, 
metabolism, and so on, unrelated to mechanism per se. For a 
simple case such as inhibition of tumour cell growth in vitro, 
it can be the combined results of cytocidal and cytostatic 
effects, and nobody knows from a live cell to a dead cell 
how many steps are involved that can be the target step(s) 
for the component drugs. 
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Although the main focus for the pharmaceutical industries 
and academic drug discovery programmes is to search for 
individual new chemical entities or new therapeutic modes 
of action, in the treatment of neoplastic disease and infectious 
disease such as AIDS, monotherapy has been frequently 
proved inadequate and combination therapy should be used 
(Chou and Talalay, 1984; Chou, 2006). The main problem, 
however, is that most clinical trials are still at the stage 
of trial and error in which there is no direct evidence 
that a particular combination may give a synergistic effect. 
In addition, there is a great deal of confusion regarding 
data analysis and interpretation owing to a lack of a clear 
definition of “synergism” (Chou, 1998, 2006) during the 
past decades. Until recently, there is a consensus that the Cl 
and isobologram should be used for a valid quantification of 
synergism and antagonism (Chou, 1991; Chou and Hayball, 
1996; Chou and Martin, 2005). 

Because synergism is an effect that is more than an 
additive effect and antagonism is less than an additive effect, 
a clear definition of “additive effect” is of crucial importance 
in any meaningful quantitation of synergism or antagonism. 
So far, only two methods, namely, the isobologram (Chou 
et al., 1983; Chou and Talalay, 1983) and the CI method of 
Chou and Talalay (1984), Chou and Chou (1988, 1990a,b), 
Chou (1991, 2006) involve a vigorously derived equation for 
defining what “additive effect” is. 


QUANTITATION OF SYNERGISM AND 
ANTAGONISM 


The median-effect equation of T. C. Chou (Chou, 1976; Chou 
and Talalay, 1984) and the median-effect plot (MEP) are 
derived on the basis of the mass-action law principle (Chou 


and Chou, 1990): 
fa _ (2) 1 
fu \Dm 1) 


where D is the dosage or concentration of a drug, fa and 
fa are the fractions affected and unaffected, respectively, 
by the drug, Dm is the median-effect dose, signifying 
the “potency” of the drug, and, the exponent m signifies 
the “shape” or sigmoidicity of the dose- effect curve (i.e., 
m = 1, hyperbolic; m>1, sigmoidal; m<1, negative (flat) 
sigmoidal). The linear correlation coefficient of the MEP, 
r signifies the “conformity” of the data to the method of 
analysis. Rearrangement of equation (1) gives 


i= ar | (2) 


and 





D = Da| fa |" 8) 


Thus, as the m and Dm values are known, the dose 
and effect can be interchanged. The logarithmic form of 
equation (1) gives a linear equation: 


log 22 = mlog D — mlog Dn (4) 
u 


Therefore, Chou’s M EP of log D against log ( fa/fu) yields 
an x-intercept of log Dm and thus the Dm value and the slope 
of the plot (i.e., the m value) can be easily obtained (Chou 
and Talalay, 1984; Chou, 1991). 

The median-effect principle has been extended to the anal- 
ysis of the dose- effect relationship for multiple drugs. The 
multidrug effect equation was derived from the inhibition of 
the enzyme kinetic models via mathematical induction and 
reduction. The resulting general equation was then used to 
define the CI equation of Chou and Talalay (1981, 1984) and 
Chou et al. (1997): 


(D)1 
~ (Dx) 


(D) 
(Dx)2 





(5) 


for a two-drug combination, where the denominators are the 
doses of each drug alone that produce x% effect and the 
numerators are the dose of the two drugs combined that also 
produce x% effect. Equation (5) allows the determination of 
the Cl value, where C/<1, CJ =1, and C/J>1 indicate 
synergism, additive effect, and antagonism, respectively 
(Chou and Talalay, 1984). 

On the basis of the median-effect equation, (Dx) for 
each drug for a given effect (fa) can be determined by 
equation (3). Thus, when Dy : D2 = P : Q for Di2 = Dı + 
D2, we obtain from equation (5) the two-drug CI algorithm 
for computer simulation: 


O Di 2[P/(P + Q)] 
O (Dolfa falt /m) 
Di 210/(P + Q)] 
(Dml fa/(1 — fa)l'/ma} 





(6) 





It should be noted that when C/ = 1, it also describes the 
classic isobologram for two-drug combination as illustrated 
by Chou etal. (1983) and Chou and Talalay (1984). One 
review article alone (Chou and Talalay, 1984) has been 
cited in over 1320 scientific papers in biomedical literature 
(www.wos.isiknowledge.com, 2006) as indicated in Chou, 
2006. 

Computer software has been developed for automated 
analysis (Chou et al., 1983; Chou, 1991; Chou and Hayball, 
1996; Chou and Martin, 2005). This mass-action law - based 
method has gained popularity in the past two decades. 
According to the ISI web search (Institute for Scientific 
Information, Philadelphia, Pa, 1983-2006), the median- 
effect principle of Chou and the CI equation of Chou- Talalay 
and its computer software have been cited in over 2600 
scientific papers published in over 270 different biomedical 
journals as indicated in Chou, 2006. 
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EXPERIMENTAL DESIGN FOR DRUG 
COMBINATIONS 


Because each drug may have different “potencies” and may 
have different “shapes” of dose- effect curves, it is essential 
to have a dose- effect curve (dose-effect relationship) for 
each drug before contemplating drug combination analysis. 
A typical old-fashioned experimental design is to vary the 
dose of each drug alone for the dose- effect curve parameters, 
and then use a “non-constant ratio” design of combination 
(e.g., keeping the dose of one drug constant while varying 
the doses of the second drug). In this design, the CI value 
at each combination of data points can be calculated (Chou 
and Talalay, 1984; Chou, 1991). However, the most efficient 
design is to vary the dose of each drug alone and then make 
a mixture of the drugs, and then serially dilute it. Thus, 
the combination is at a “constant ratio” of combination. 
In effect, the mixture is treated as the third drug in the 
two-drug combination. In this design, not only can the CI 
values at each combination of data points be calculated but 
we can also simulate the CI values at all effect levels. 
In addition, the classical isobologram can be automatically 
generated. By contrast, in a one-constant ratio design, only 
the normalized isobologram can be constructed (i.e., the dose 
(D) is normalized by Dx for x% inhibition) (Chou and 
Talalay, 1984; Chou, 1991; Chou and Chang, 2000). 


SELECTIVITY OF SYNERGISM AND ANTAGONISM 


Most researchers have paid attention to the synergis- 
tic efficacy against the target (eg., tumour cells, HIV), 
but neglected the possibility of synergism against the 
host, which produces side effects or toxicity. In a series 
of classical studies by Chang etal. (1985, 1987), 4- 
hydroperoxycyclophosphamide (4-HC) was combined with 
another anticancer agent, etoposide (VP-16), for purging 
leukaemic cells in autologous bone marrow transplantation. 
At high dose- high effect levels, the combination showed a 
synergistic effect against the proliferation of human promye- 
locytic leukaemic cells (HL-60), but showed antagonism 
towards the bone marrow progenitor cells as measured by 
CFU-GM and BFU-E (Chang et al., 1985). In another study, 
3’-azidothymidine (AZT) and interferon-a2, (IFN) showed 
strong synergism against HIV proliferation, but showed only 
moderate synergism against bone marrow progenitor cells 
(Berman et al., 1989). 


RATIONAL APPROACH TO THE CLINICAL 
PROTOCOL DESIGN FOR DRUG COMBINATIONS 


With a quantitative method for synergism and antagonism 
readily available, we no longer take the risk of trial-and-error 
methods for conducting drug combination clinical studies. 
Although in vitro data under simple and defined conditions 
may not be fully applicable for in vivo or clinical situations, 


the quantitative method at least provides directions to answer 
the following questions (Chou, 1991, 1998, 2006): 


1. Selection of candidate for combination: Among many 
antineoplastic drugs with different mechanisms of action, 
which pair, triplet, or quadruplet of drug combination has 
better synergism than others? 

2. Pattern of synergism/antagonism: If synergism is 
observed, does synergism occur similarly at different 
effect levels or different dose levels? 

3. Combination ratio: Does an equimolar ratio of combi- 
nation yield a greater synergistic effect than other combi- 
nation ratios? 

4. Schedule dependency: Do two drugs that are adminis- 
tered simultaneously or in a sequential order or reverse 
order produce similar degrees of synergism? 


All of the above questions are important and relevant to 
the rational approach to clinical drug combination protocol 
design. For a more detailed review and discussion see Chou 
et al. (1994, 1997) and Chou (1998, 2006). The introduction 
of the polygonogram (Chou and Chou, 1998) has facilitated 
the prediction of multidrug (n > 2) combinations from the 
two-drug combinations (Chou and Martin, 2005). 
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PRINCIPLES OF MODEL ESTABLISHMENT 
IN CANCER IMMUNOTHERAPY 


Immunotherapy of cancer comprises a number of different 
strategies such as cancer vaccines, monoclonal antibodies, 
recombinant cytokines, and adoptive cellular transfer. Thus 
models to evaluate or improve cancer immunotherapy may 
be diverse, but all have to mimic the clinical situation of the 
malignant disease as well as the interplay of different sets 
of effector cell populations that mount the anti-neoplastic 
immune response. The choice of a specific model criti- 
cally depends on the complexity of the immune response 
induced. Conditions might differ between a model evaluat- 
ing a stimulatory approach such as tumour vaccination and 
a model assessing the efficacy of adoptive immune cell or 
antibody transfer. In tumour vaccination, the intricate inter- 
actions of different immune cell subsets have to be simulated. 
In adoptive cell therapy, the tumour model needs to represent 
immunogenicity and inherent immune-suppressive properties 
of the targeted human cancer. Similarly, the choice of an ade- 
quate model for antibody-based therapy is determined by the 
mechanism by which the antibody exerts its effects. Thus, 
if the antibody is primarily applied as a targeting device 
to deliver radioactive isotypes or to transmit pro-apoptotic 
stimuli to the target cell, the priority is to choose can- 
cer models that adequately represent the antigenic make-up, 
orthotopic dissemination pattern, and resistance mechanisms 
of the tumour. In this setting, chimaeric immunodeficient 
mice allowing for establishment of primary human tumour 
cells might prove most representative of the clinical situa- 
tion. Yet chimaeric models that support growth of human 
cancer cells lack a functional immune system as the nec- 
essary prerequisite for xenograft survival. If, however, part 
of the efficacy of the antibody-mediated therapy depends on 
antibody dependent cellular cytotoxicity, not only the tumour 
target, but also a functional immune system needs to be 
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represented. Here an in vivo model with a murine tumour 
either showing antigen homology with the human neoplasm, 
or transgenically expressing the target antigen would need 
to be chosen in order to assess the antibody therapy in 
the framework of a functionally intact immune system. The 
recent development of multiply gene-deleted immunodefi- 
cient mouse models such as NOD/SCID/yc knockout mice, 
represents a ground-breaking advancement in this field, as 
these mice allow not only for reliable xenogeneic engraft- 
ment of human cancer but also for establishment of a 
functionally intact human immune system including antigen- 
presenting cells as well as T, B, and NK cells. These models 
might open new avenues for evaluation of the complex mech- 
anism induced by tumour-vaccine strategies on which we will 
focus our discussions in this chapter (see Transgenic 
Technology in the Study of Oncogenes and Tumour- 
Suppressor Genes; Genetic Models: A Powerful Tech- 
nology for the Study of Cancer and Gene Knockouts in 
Cancer Research). 

Tumour susceptibility to immunotherapy depends on a 
number of factors. These include the degree of both MHC 
class | and II expression for presentation of tumour antigens 
to CD8 and CD4 T cells, adequate costimulation, sensi- 
tivity to pro-apoptotic stimuli as well as tumour escape 
mechanisms. Thus, effective activation of effector mecha- 
nisms is only one aspect. Equally important is the inhibition 
of tumour-dependent tolerogenic mechanisms counteracting 
any attempts at stimulating a clinically protective immune 
response. One of the reasons why immunotherapy models in 
the past have indicated efficacy for strategies, which in subse- 
quent clinical trials did not prove successful in patients, is the 
paucity of models that simulate the clinical setting of dissem- 
inated disease. While it has been recognized for a number of 
years that in bulk disease the tumour itself subverts the antitu- 
mour response by a number of mechanisms such as inhibition 
of dendritic cell (DC) maturation, expansion of regulatory 
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T cells (Tregs), and secretion of inhibitory cytokines, it is 
only very recently that combinatorial approaches stimulat- 
ing the anti-neoplastic immune response, in conjunction with 
measures directed at reverting immune suppression, have 
been assessed. 

In this chapter, we have placed the focus on (i) tumour 
cell vaccination, (ii) DC-based approaches, and (iii) strate- 
gies to overcome immune-inhibitory mechanisms. For each 
approach, models for cancer vaccination need to be tailored 
to the specific immunotherapeutic strategy under investi- 
gation, as well as to the disease targeted (see Antibody 
Therapy for Cancer and Cancer Vaccines). 


GENERAL APPLICATIONS 


Objectives in Tumour Vaccination 


The primary aim of cancer vaccine approaches is the 
activation of host T cells capable of recognizing tumour 
target antigens. For this to occur, tumour cells or tumour 
antigens must be presented to T cells with the appropriate 
receptor specificity in a stimulatory context to allow for 
T-cell priming. In addition, activation of the helper arm of the 
T-cell response is essential to facilitate adequate expansion 
of tumour-specific cytotoxic T lymphocytes. In principle, for 
effective T-cell stimulation two signals are required: The 
first signal is mediated via recognition of the antigen- MHC 
complex by the respective T-cell receptor, the second signal 
is delivered by costimulatory surface molecules or in a 
paracrine fashion via cytokines that enhance effector cell 
responses (Bernard etal., 2002). However, most tumours 
lack costimulatory molecules and MHC expression is often 
low. In the absence of adequate costimulation, however, T 
cells become anergic to the presented antigens. In contrast, 
mature professional antigen-presenting cells (APCs) such 
as DCs express MHC and costimulatory molecules to high 
levels, and are thus highly effective in priming naive T cells. 
In a mechanism called cross-priming, tumour-infiltrating 
DCs take up and process tumour antigens and migrate to 
the draining lymph nodes, where the antigens are presented 
to effector T cells. 

Yet, it is not only the tumour cells themselves that fail 
to induce an adequate T-cell response. The tolerogenic envi- 
ronment generated by the tumour extends to the patrolling 
APCs. In the presence of bulk or disseminated neoplas- 
tic disease, DCs exhibit a profound maturation defect and 
acquire a tolerizing phenotype such that, although tumour 
antigen is taken up and processed, presentation may result in 
T-cell unresponsiveness rather than activation (von Bergwelt- 
Baildon etal., 2006). T-helper 2 type cytokines expressed 
by tumours also favour a tolerogenic environment, modulat- 
ing APC function, as well as skewing the composition of 
the T-cell compartment towards expansion of Tregs capa- 
ble of downregulating cytotoxic T-cell responses. Thus, in 
addition to shifting the afferent phase of the anti-neoplastic 
response towards tolerance rather than immune activation, 
the efferent arm of the anti-neoplastic response is equally 


inhibited by a number of mechanisms downtuning the 
effector cell response. The challenge in tumour vaccina- 
tion, therefore, is twofold: first, tumour antigen needs to 
be presented in a stimulatory context regardless of whether 
T cells are directly activated by the vaccine or whether 
scavenging APCs take up tumour antigen at the vaccina- 
tion site for presentation in a cross-priming process. Second, 
negative immune regulatory mechanisms mediated by the 
tumour itself need to be counteracted to allow the success- 
fully stimulated anti-neoplastic immune response to take 
effect. With these dual challenges in mind, models for 
tumour vaccination have become more complex, incorporat- 
ing immune cells that act on different levels of the immune 
response. 


Tumour Cell-based Vaccines 


In tumour cell-based vaccination one has to distinguish 
between approaches in which tumour cells are modified 
ex vivo to enhance their immunogenicity and strategies in 
which the neoplastic cells are altered in vivo by injection of 
vectors directly into the tumour such as in the oncolytic virus 
approach. 


Improving Costimulation 


One of the advantages of tumour cell-based vaccines is that 
the entire antigen repertoire of the tumour is presented to 
the immune system. However, antigens need to be presented 
in a stimulatory context for induction of an effective anti- 
cancer response. One way to achieve this aim is to employ 
transduced tumour cells, genetically modified to express 
cytokines, capable of increasing the recruitment and acti- 
vation of effector T cells such as the interleukins (IL)-2, 
-4, -7, -12 or tumour necrosis factor alpha (TNFa). Also, 
cytokines that increase expression of class | antigens such 
as interferon (IFN)-y or even foreign MHC molecules might 
serve to increase tumour immunogenicity (Glouchkova et al., 
2003). Alternatively, a combination of paracrine stimulators 
and the T-cell costimulatory surface molecules have proved 
effective in stimulating an antitumour response. In addition to 
the classical costimulatory molecules, B7.1 (CD80) and B7.2 
(CD86) belonging to the IgG superfamily, CD40 ligand and 
CD70, members of the TNF family, are known to be involved 
in the modulation of immunological responses (Dilloo et al., 
1997; Taraban etal., 2006). Because of the broad range 
of its immunostimulatory capacity, surface expressed CD 40 
ligand (CD40L) seems to be a particularly promising can- 
didate for tumour-vaccine generation. CD40 ligand/receptor 
interactions play a key role in immune cell crosstalk facilitat- 
ing APC maturation and augmenting immunological effector 
function by providing effective T-cell help (Dilloo etal., 
1997; Grossmann etal., 1997). Physiologically, activated 
T-helper cells transiently express CD40L in addition to IL-2, 
a cytokine known for its T-cell stimulatory capacity. When 
employed in a murine leukaemia vaccine model, the combi- 
nation of transgenically expressed CD40L and IL-2 results 
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in induction of a protective, antileukaemic immune response 
that is superior to stimulation with either CD40L or IL-2 
alone (Dilloo etal., 1997). These observations in murine 
model systems have been transferred into effective clini- 
cal vaccine trials with long-lasting protection in high-risk 
patients with acute leukaemia and tumour responses observed 
in chronic lymphocytic leukaemia (Wierda etal., 2000; 
Rousseau et al., 2006). In addition to haematological malig- 
nancies, CD40L also proved a powerful stimulus for induc- 
tion of an anti-neoplastic response in solid tumour models. 

One prerequisite for vaccine efficacy is facilitation of 
rapid expansion of effector cells. This is of particular rel- 
evance in highly proliferative cancers where anti-neoplastic 
cytotoxic cells may have to counteract a large malignant 
cell burden. Also identification of signals required for opti- 
mal differentiation of naive CD8* T cells into effector and 
memory cells is critical for the design of effective vac- 
cines. Here, recent evidence underscores the importance of 
CD70 costimulation for priming and expansion of memory 
CD8* T cells even in the absence of CD4* T-cell help 
(Taraban etal., 2006). Thus CD70-mediated cross-linking 
of CD27 expressed on T cells induces T-cell prolifera- 
tion, cytokine production, and memory cell formation. As a 
result CD70-mediated costimulation considerably enhances 
the magnitude and quality of the CD8* T-cell response 
as first exemplified for antiviral immune reactions. Effi- 
cacy of transgenic CD70 expression for vaccine generation 
was further documented in a number of murine disease 
models including plasmocytoma, adenocarcinoma, fibrosar- 
coma, and melanoma. In the human system, it has been 
shown that a melanoma cell line adenovirally transduced with 
CD70 induces a potent antitumour immune response in vitro 
(Braun-Falco and Hallek, 2001). 


The Role of Chemokines in Tumour Vaccination 


When aiming for direct activation of effector cells, the critical 
distinction between the use of genetically modified tumour 
cell- based vaccines and antigen-loaded professional APCs 
is the inherent migratory capacity of the professional APCs. 
In DC vaccination, the professional stimulator cells migrate 
to the draining lymph node where T cells with the appro- 
priate receptor specificity become activated. In contrast, in 
tumour cell - based vaccine, effector cells need to be recruited 
to the vaccination site. Thus in vaccination with geneti- 
cally modified tumour cells, the inclusion of chemokines 
among the transgenically expressed immunomodulators is 
a logical choice to enhance the number and range of 
host T lymphocytes that encounter the relevant tumour 
antigen. 

In several models of neoplastic disease, we, and others, 
have shown that a combination of cytokines with chemokines 
in a genetically modified tumour-vaccine results in improved 
efficacy due to recruitment of effector cells to the vaccination 
site and promotes interaction of T cells with the relevant anti- 
gens and costimulatory signals (Dilloo et al., 1996, 1997). 

Until now over 50 chemokines have been identified with 
biological activities directed against various cell types. A gain 
the choice of the chemokine/cytokine combination depends 


on whether one aims for direct activation of effector cells at 
the vaccination site or whether cross-priming effects are the 
desired route for stimulation of the anti-neoplastic immune 
response. Thus, when specifically targeting lymphocytes or 
NK cells as effector cells, lymphotactin (LTN) has been 
proven highly effective by recruiting CD4* as well as 
CD8+ T cells and NK cells to the vaccination site. LTN 
in combination with IL-2 was shown to protect mice from 
outgrowth of pre-existing neoplastic disease in a highly 
proliferative leukaemia model. This concept translated well 
into the clinical setting. Here 3 out of 15 children with 
neuroblastoma vaccinated with an HLA-matched, LTN- and 
IL-2-secreting allogeneic neuroblastoma cell line showed 
measurable tumour responses (2 complete responses/1 partial 
response), and all children displayed an increase in tumour- 
binding antibody titres (Rousseau et al., 2003). 

Owing to its pleiotropic mode of action, macrophage 
inflammatory protein 1 alpha (MIP-1q@) is another promising 
chemokine for immunotherapy of cancer. M IP-1œ exerts its 
dominant chemotactic activity on monocytes and DCs, CD4* 
and CD8* T cells, and NK cells. MIP-1q@ also has activating 
properties and stimulates both monocyte and NK cell activity. 
In a leukaemia/lymphoma vaccine approach we chose to 
complement the chemotactic activity of MIP-1a on cytotoxic 
effector cells and APCs, with cytokines targeting the same 
cell populations. Thus, we effectively combined MIP-la 
with IL-2 or granulocyte-macrophage colony-stimulating 
factor (GM-CSF), with the aim to enhance effector cell 
stimulation as well as cross-priming events as the two main 
principles of tumour vaccination (Zibert et al., 2004). While 
both combinations proved effective in mice with residual 
leukaemic disease, vaccination with MIP-la- and GM- 
CSF-secreting vaccine cells was superior, inducing durable 
antileukaemic protection. 

W hile classically recognized as a cytokine, GM-CSF itself 
has been shown to attract bone marrow-derived DCs to 
the vaccination site (Huang etal., 1994). GM-CSF also 
stimulates tumour cell lysis and enhances the antigen- 
presenting capacity of monocytes and DCs. These biologic 
properties are considered the reason why GM-CSF asa single 
immunogen has proved most effective at stimulating a potent 
anti-neoplastic immune response in numerous solid tumour 
models (Kinoshita et al., 2001). 

The major advantage of tumour cell-based vaccines is 
that the antigen repertoire resembles the patient’s original 
tumour (Hodi and Dranoff, 2006). Disadvantages of the 
autologous approach are that expansion of tumour cells to the 
numbers required for vaccination or generation of long-term 
tumour cell lines is often difficult to achieve and that primary 
malignant cells of many cancers are relatively resistant 
to transduction by vectors currently available for clinical 
trials. Despite these logistic disadvantages, the tumour- 
based vaccine approach is now being used in clinical trials 
for a variety of cancers with noteworthy responses in 
some of these studies. Thus, in patients with metastasized 
melanoma vaccinated with irradiated autologous tumour cells 
retrovirally transduced with the GM-CSF gene, long-term 
survival of >5 years was observed in 6 out of 28 patients 
(Luiten et al., 2005). 
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Vectors for Tumour-Vaccine Generation 


Depending on the tumour-vaccine strategy and the target cell, 
one may opt for different vector systems to achieve optimal 
expression of cytokines or other costimulatory and chemotac- 
tic molecules. For genetic modification of autologous tumour 
cells, gene-transfer systems that allow for highly efficient 
target cell transduction even in the absence of cell prolifer- 
ation are warranted, while the use of genetically modified 
allogeneic MHC-matched tumour cell lines for vaccination 
generally involves stable transgene expression as mediated 
by retroviral or lentiviral vectors (Rousseau et al., 2003). An 
important consideration when aiming for bulk transduction of 
high numbers of primary vaccine cells is the fact that viral 
vectors differ in their ability to grow to high titres and in 
their transduction efficiency of primary, especially quiescent 
cells. Thus, in most autologous tumour vaccination studies 
a rapid and highly efficient but transient gene-transfer sys- 
tem is desired. In this regard, viral vector systems, based 
on adeno- or herpes simplex viruses, have proved useful. 
The principal advantages of adenoviral vectors are their abil- 
ity to efficiently infect a broad range of non-dividing target 
cells, achieve high levels of transgene expression, accommo- 
date relatively large segments up to 35 kb of foreign genes, 
and generate high titre virus preparations that can be further 
concentrated by centrifugation. M ajor disadvantages of this 
vector are a strong immune response against viral proteins 
and the possibility of recombination with wild-type virus. 
M ultiply-deleted adenoviral vectors can counteract some of 
these disadvantages. Also, new protocols for fast generation 
of recombinant adenoviruses now allow for a rapid inser- 
tion of new immunomodulatory molecules into the vector 
backbone. 

Transgene expression mediated by herpesviral vectors 
(HSV) is also transient. However, new developments of 
HSV hybrid vectors, for example, with adeno-associated 
virus, can induce stable expression of the transgene (Heister 
et al., 2002). Like adenoviral vectors, HSV targets a broad 
range of susceptible target cells including cells of differ- 
ent haematopoietic lineages. The capacity for introduction 
of foreign genes is exceptionally high, up to 150kb in HSV 
amplicon vectors, and high titre vectors can be obtained. 
Major disadvantages are the toxicity observed upon HSV 
infection and the inherent risks due to possible recombina- 
tion events with wild-type virus or unfavourable immune 
responses against HSV proteins. Helper virus-free ampli- 
con viruses, which do not support de novo synthesis of 
HSV proteins, reduce some of these risks. We have docu- 
mented the versatility of HSV as a highly pleiotropic vector 
system extending to vaccine generation in solid tumours 
and leukaemia. Indeed HSV vectors have demonstrated 
highly superior transduction rates in primary leukaemic lym- 
phoblasts compared to other vectors currently available for 
clinical trial (Zibert et al., 2005). The dichotomy of immune 
evasion and activation mechanisms is the hallmark of HSV 
infection, as, in addition to immune activation, HSV has 
also developed highly sophisticated mechanisms of immune 
escape. Thus, when utilizing HSV vectors, this critical aspect 
of HSV needs to be considered. However, the potential 


effects of HSV-mediated immune stimulation and evasion 
in vaccination strategies may differ for solid tumours and 
leukaemia. In solid tumours, the cytolytic effect of helper 
virus- dependent HSV vectors on infected target cells may 
be an important aspect that may even be exploited to aug- 
ment efficacy. When employed as a replication-competent 
oncolytic vector by direct intratumoural injection in vivo, 
HSV does exhibit certain characteristics of xenogenizing vec- 
tor systems. Oncolytic herpesviral vectors are instilled locally 
at the tumour site where they preferentially replicate and 
result in tumour cell lysis, while a concurrent systemic anti- 
neoplastic immune response is induced (Latchman, 2005). 
Of particular note, cross-priming might be the dominating 
mechanism in vaccines modified by helper virus- dependent 
HSV vectors. Thus, the immunostimulatory capacity of her- 
pesviral protein expression after vaccination may in part be 
based on target cell toxicity with cellular destruction facili- 
tating the uptake of tumour-specific antigens by professional 
APCs. 

A number of strategies take advantage of the so-called 
cross-presentation effect. This includes lytic vectors for 
genetic modification of tumour cells as well as the transgenic 
expression of GM-CSF when employing tumour cell - based 
vaccines. While CD8* T cells once activated can detect 
tumour cells by recognition of MHC l-bound peptides 
derived from endogenous tumour proteins, priming of these 
tumour-specific CD8* T cells in most cases requires inter- 
action with specialized APCs that take up antigen from 
an exogenous source. Exogenous antigens are readily pro- 
cessed by APC and presented by MHC class II molecules 
for activation of CD4* helper functions. DCs as profes- 
sional APCs are unique in that they are also capable of 
displaying exogenous peptides on MHC class | molecules 
for recruitment of cytotoxic CD8* T cells into the immune 
response, a process that has been termed cross-priming. A nti- 
gen uptake by immature DCs is mediated by macropinocy- 
tosis and by receptor-mediated endocytosis via the C-type 
lectin-receptor DEC-205, Fc receptors, or integrins (Decker 
et al., 2006). DCs also utilize chaperones such as heat shock 
proteins (HSPs) to facilitate cross-presentation of antigens 
(M anjili etal., 2002). While the process of cross-priming 
is recognized as a biological phenomenon, it is not always 
very efficient, and failure of antigens to access the MHC 
class | pathway in tumour-infiltrating APCs may be one 
of the mechanisms by which tumour cells escape immune 
surveillance. For assessment of these cross-priming effects in 
tumour vaccination, a complete immune system is required, 
which in case of an in vivo model largely precludes the 
assessment of such strategies in chimaeric xenograft models. 
The recent development of multiply gene-deleted immunod- 
eficient mice such as NOD/SCID/yc knockout mice repre- 
sents a ground-breaking advancement in this field, as these 
mice allow not only for reliable xenogeneic engraftment 
of human cancer but also for establishment of a function- 
ally intact human immune system including T, B, and NK 
cells (Ishikawa et al., 2005). Similarly, in the clinical setting 
effective activation and interaction underlie the cross-priming 
effect, which may not always be possible in heavily pre- 
treated patients. 
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Therefore, as an alternative to tumour cell-based vac- 
cination, DCs have increasingly moved into the focus of 
immunotherapy applications. Here, the professional APCs 
are generated in large quantities ex vivo and pulsed with 
tumour antigen prior to application, obviating the need 
for endogenous recruitment of DCs into the anti-neoplastic 
immune response. 


Dendritic Cell Vaccines 


Physiologically, human DCs originate from bone marrow 
precursors, home to almost all tissues and lymphoid organs, 
while they are barely detectable in the peripheral blood. 
In humans, different subsets of DCs have been identified: 
plasmacytoid DCs primarily found in blood and lymphoid 
tissues and myeloid DCs which comprise Langerhans’ cells, 
as well as interstitial DCs (Decker et al., 2006). In contrast 
to immature DCs that may be tolerogenic, solely mature DCs 
are able to prime naive effector T cells. About 10 years ago 
it became possible to generate DCs from either monocytes 
or haematopoietic precursor cells, which has sparked a series 
of clinical trials. 

The first evidence that DC vaccination strategies can 
induce a protective anticancer response was provided in 
murine models. These models demonstrated that vaccina- 
tion with bone marrow-derived DC pulsed with tumour 
antigens can prevent tumour outgrowth or even eradicate pre- 
established cancer in mice. These treatment models simulate 
the situation of patients suffering from residual malignant 
diseases and thus resemble the clinical setting most closely. 

Mouse models have also formed the basis to test the 
immunogenic capacity of different strategies for pulsing DC 
with antigen, such as loading with single defined tumour 
antigens versus an antigen-pool, representative of the entire 
tumour. These early DC vaccine models documented that the 
single antigen approach, as well as the use of tumour lysate 
can show efficacy in a variety of cancers. On a cautionary 
note, however, they also provided the insight that the usage 
of monovalent vaccines might favour the development of 
antigen-loss escape mutants and that polyvalent vaccines 
representing the complete antigenic repertoire of the tumour 
can induce autoimmunity if tumour lysate- pulsed DCs 
are applied in conjunction with additional stimuli such as 
CD4OL and/or IL-2 (Ikeda et al., 1997; Roskrow et al., 1999; 
Rousseau et al., 2006). These experiments illustrate that, if 
the immune system is overstimulated, in addition to induction 
of a highly effective anti-neoplastic response, the threshold 
of self-tolerance may be broken. 


DC Migration and Route of Vaccine Administration 


Another critical requirement for DC vaccines to take effect 
is the capacity of the injected DCs to migrate from the appli- 
cation site or site of antigen uptake towards secondary lym- 
phoid organs. This fundamental feature of DCs is coordinated 
by different chemokines, matrix, and adhesion molecules. 
With the help of CCR7-deficient mice, the CCR7 receptor 


was identified to be critically involved in directing migration 
of dermal and epidermal DCs (Ohl et al., 2004). 

Assessment of the migratory capacity of ex vivo - generated 
DCs also influences the choice of the application route. Here 
the most informative model systems are the early clini- 
cal studies, although there are no clinical studies formally 
comparing all the different routes and schedules of DC 
application. Administration of a DC vaccine is possible via 
subcutaneous, intradermal, intravenous, or intranodal injec- 
tion (Decker et al., 2006). When analysing the distribution 
of labelled DCs in humans, it was found that intravenously 
injected DCs localize primarily to the lungs and redistribute 
to liver, spleen, and bone marrow (M ackensen et al., 1999). 
Still, in one of the most successful clinical DC vaccina- 
tion studies to date, DCs were administered intravenously to 
prostate cancer patients suggesting that in spite of failure to 
adequately trace DC trafficking they must still be capable of 
accessing lymphoid tissues. Following intradermal injection 
of radioactively labelled DCs, less than 5% of vaccine cells 
have been detected in the lymph nodes. In one of the few 
comparative studies, intradermal injection of DCs resulted in 
threefold more efficient trafficking to regional lymph nodes 
than subcutaneous DC application (Ridolfi etal., 2004). 
While these results seemingly speak in favour of the intra- 
dermal route, the doses that can be delivered intradermally 
are significantly lower than those that can be delivered by 
intravenous or subcutaneous DC administration. Although 
overall the migration of ex vivo- generated DCs is rather inef- 
ficient, it can be improved by preconditioning of the vaccine 
site with inflammatory cytokines. This principle has recently 
been assessed in murine models in which the adjunctive treat- 
ment with the toll-like-receptor (TLR) 7/8 agonist imiquimod 
enhances the antitumour response by stimulating trafficking 
of DCs from the vaccine site to the draining lymph nodes 
(Nair et al., 2003). The underlying mechanism of imiquimod- 
based conditioning is the release of type 1 IFNs and other 
inflammatory cytokines such as TNFa and IL-12. While the 
TLR 7/8 agonist acts predominately on plasmacytoid cells, 
efficacy of myeloid DC vaccines is also augmented with 
improved priming of anti-neoplastic cytotoxic T cells. Con- 
versely there are indications that type II IFNs such as IFN-y 
downregulate the migratory capacity of myeloid DCs pre- 
venting trafficking towards the CCR7 ligands CCL19 and 
CCL21 (Alder et al., 2006). 

Thus murine models are instrumental to the development 
of new therapeutic avenues and are readily available as 
screening tools for different vaccine approaches. However, 
as they do not entirely reflect the situation in cancer patients, 
itis only by carefully designed studies that the various issues 
in DC vaccination can be adequately addressed. This pertains 
to questions such as various sources for DC and tumour 
antigen, different maturation protocols, application route, and 
dose as well as timing of DC application in conjunction with 
other treatment modalities. The first clinical study on DC 
vaccination was reported in 1996 (Hsu etal., 1996). Since 
then more than 100 clinical studies of DC vaccines in cancer 
patients have been conducted. These early clinical studies 
themselves may now serve as models, and lessons learnt from 
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careful data analysis may be employed to further improve DC 
vaccine approaches (Figdor et al., 2004). 


Ex vivo Generation of Dendritic Cells 


Over the past years, several protocols have been developed 
for large-scale ex vivo generation of DCs either from CD 14+ 
monocytes or from CD34+* haematopoietic precursor cells 
allowing for preparation of considerable amounts of vaccine 
cells. A decisive advantage of CD34t-derived DCs is the 
initial expansion step mediated by cytokines such as stem 
cell factor (SCF) and foetal liver-tyrosine-kinase 3 (FLT-3) 
ligand prior to DC differentiation. This allows for large 
numbers of DCs to be generated from a relatively small cell 
culture inoculum over a cell culture period of several weeks 
(M ackensen etal., 2000). Possibly due to the Langerhans’ 
cell component contained in the CD34* cell-derived DC 
pool, it is suggested that CD 34+-derived DC might be more 
efficient in priming of CD8* T cells. Efficacy, however, 
seems to critically depend on the maturation stimulus chosen, 
as clinical efficacy was significantly lower in a follow-up 
study with IFN-a-induced maturation (Banchereau etal., 
2005). M onocyte-derived dendritic cells (MoDCs) have the 
advantage of a considerably shorter generation time of only 
5- 10 days. Yet, the yield is low and ranges from 10 to 40% of 
monocytes seeded (Sorg et al., 2003). Still, from a production 
point of view, MoDCs are simpler to generate, as they require 
fewer cytokines for differentiation and result in a more 
homogeneous cell population following differentiation. Y et, 
the numbers of CD14* monocytes obtained by adherence 
from the mononuclear cell fraction of whole blood samples 
are usually small and require multiple blood samplings. 
As an alternative, CD14* cells may be selected by an 
immunomagnetic device from a steady state aphaeresis 
product, a more efficient but also more expensive approach. 
Although immunological as well as clinical antitumour 
responses have been documented following vaccination with 
DCs generated from either CD14+ (Nestle etal., 1998) or 
CD34 cells (Banchereau et al., 2001), to date there are no 
clinical protocols that formally compare their efficacy. 
These early studies also documented considerable clinical 
responses that were not corroborated in later studies. Two 
meta-analyses Summarizing clinical outcome have been per- 
formed with complete remission documented in 12 and 4% of 
patients, respectively (Decker et al., 2006). Yet, as destruc- 
tion of alarge tumour mass requires induction of a very high 
number of tumour-specific cytotoxic immune cells, the fact 
that tumour regression is observed at all and that complete 
remissions are achieved in patients with advanced disease, 
documents the potency of the DC vaccine approach (Figdor 
et al., 2004). Also, responsiveness to vaccination strategies 
might differ between tumour entities with haematological 
malignancies seemingly more receptive to immune attack, 
as shown by successful vaccination in follicular lymphoma 
patients using idiotype-loaded DCs with a clinical response 
rate of 39% (Timmerman et al., 2002). Still, it would seem 
that an established tumour is not the appropriate setting to 
ultimately evaluate efficacy of vaccination approaches. To 
this end, clinical response criteria would also need to be 


harmonized. Currently, they differ from study to study, rang- 
ing from reduction in tumour volume to time to progression 
and overall survival, impeding comparison from one trial 
to the next. Another matter of controversy is the value of 
measurable anti-neoplastic immune response for prediction 
of clinical efficacy. Again, standardization of DC generation 
and immune-monitoring protocols for ELISPOT and flow- 
cytometry analysis of intracellular cytokine production or 
tetramer staining of peptide-specific cytotoxic T lympho- 
cytes would be required to answer this question (Decker 
et al., 2006). 

In advanced disease, efficacy of immunotherapy is further 
impeded by immunosuppressive mechanisms by which the 
cancer cells themselves subvert the treatment effect. Thus, 
another reason for the overall low response rates of DC 
vaccines is that, with few exceptions, these studies were 
carried out in patients with bulk or metastasized disease. As 
the next step in vaccine design, treatment protocols need 
to be extended to patients with small tumour burden or 
minimal residual disease, with the vaccine as consolidation 
therapy in an adjuvant setting. Also, for further optimization 
of DC-based cancer immunotherapy, maturation protocols, 
the choice of antigen, as well as the specific method of 
antigen loading appear critical. 


DC Maturation 


Maturation of DCs produced to clinical scale ex vivo is 
a decisive factor that influences efficacy of the vaccine. 
Depending on the choice of antigen, DC maturation is 
performed prior to antigen loading as is the case with peptide- 
pulsed DC or during the loading process. Thus those loading 
processes that require DCs to take up and process antigen 
for presentation are commonly performed in semi-mature 
DCs. There is an array of maturation stimuli currently used 
for vaccine generation preventing comparability between 
studies. Still there is overall agreement that maturation 
is mandatory to induce a potent anti-neoplastic immune 
response. The majority of clinical studies use a cytokine 
cocktail termed ITIP including inflammatory cytokines such 
as IL-18, IL-6, and TNFa, as well as prostaglandin E2 
(PGE) for induction of the chemokine receptor CCR7 
(De Vries etal., 2003). Recent studies suggest that these 
cytokines in combination with engagement of different 
pathogen receptors such as the TLRs result in synergistic 
DC activation (Decker et al., 2006). The choice of maturation 
stimulus also affects the migration capacity of the injected 
DCs. Thus IFN-y has been shown to enhance the secretion 
of IL-12, shifting the immune response to the desired Th1 
type while at the same time downtuning the migratory 
potential of DCs. Also, the extent to which the degree 
or nature of maturation influences the ability of DCs to 
respond to subsequent activation stimuli in vivo needs 
to be considered. Here so-called semi-mature DCs might 
have an advantage (Felzmann et al., 2005). Maturation can 
further be supported in vivo by endogenous inflammatory 
and danger signals such as HSPs or uric acid released 
upon tumour destruction (Shi etal., 2003). Also, adjuvant 
treatment of the vaccination site with imiquimod creates 
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a stimulatory environment in vivo. Recruiting both CD8* 
and CD4+ T cells into the anti-neoplastic response is 
another objective in augmenting vaccine efficacy. To this 
end, DC maturation via the CD40 receptor has been shown 
to provide additional T-cell helper functions as a prerequisite 
for generation of long-lasting protective immunity (Decker 
et al., 2006). 


Antigen Sources and Methods of Loading 


Tumour-specific peptides, whole proteins, tumour cell 
lysates, and tumour-derived messenger RNAs are among 
the most prominent classes of antigenic material used 
for DC loading in recent clinical trials (Decker etal., 
2006). However, there is still no clinical study available 
that formally compares the immunogenicity of different 
antigen sources. According to theoretical considerations, 
the use of single, defined antigens, or epitopes should 
minimize the risk of inducing autoimmune phenomena 
caused by contaminating self-antigens and allows for rapid 
and convenient detection of specific immune responses using 
tetramer technology. On the other hand, single antigen 
approaches harbour some important disadvantages including 
high sensitivity towards immune escape phenomena and 
identification of the restricting HLA elements in the case 
of peptides. M oreover, single antigens do often fail to enter 
both MHC class I- and II -dependent antigen presentation 
pathways, which is, however, required for efficient induction 
of antigen-specific anticancer immunity via combined action 
of CD8* cytotoxic and CD4* helper T cells. Antigenic 
preparations comprising multiple immunogens (e.g., peptide 
mixtures, tumour lysates, and total tumour mRNA), will aid 
to present a broad spectrum of potential tumour antigens 
towards the immune system and may, therefore, allow 
for in vivo selection of highly immunogenic antigens by 
the recipient’s immune system. However, these antigen 
preparations are often less well defined and more laborious to 
prepare. This applies, in particular, to “good manufacturing 
practice” (GMP) conditions, which now represent the 
standard for generation of immunotherapeutic agents for 
clinical trials. Irrespective of the antigen source used, 
efficient entry into MHC class | and MHC class II 
presentation pathways is mandatory and will rely on efficient 
cross-presentation of exogenous antigens to CD8* cytotoxic 
T cells. 

On the basis of these considerations, peptide- or 
single-protein-based approaches have predominantly been 
employed in high-prevalence cancer entities for which 
tumour epitopes are well defined, such as prostate cancer, 
renal cell carcinoma, and lymphoma. In this regard, one 
clinical trial is of particular interest, as a significant 
survival advantage (25.9 vs 21.4 months, p = 0.01) could be 
demonstrated for the vaccine group compared to the placebo 
group (Small et al., 2006). In that particular trial, metastatic 
prostate cancer patients received repeated injections of 
autologous APCs loaded with a fusion protein comprised 
of prostatic acid phosphatase, an antigen overexpressed 
in the majority of prostate cancers, and GM-CSF as an 
immunostimulatory cytokine enhancing antigen presentation 


capacity. While the relative contribution of the GM-CSF 
vaccine component was not formally addressed in this trial, 
the data, nevertheless, indicate that measures to increase 
antigen uptake, processing, and presentation are promising 
strategies to enhance vaccine efficacy as discussed in more 
detail in the following text. In rare tumour types and, in 
particular, in paediatric malignancies, tumour antigens are 
often less well defined. In this setting, DC-based vaccine 
approaches will often have to rely on whole tumour cell 
lysate as the source of antigen. Geiger et al. administered 
tumour lysate- pulsed DCs to paediatric cancer patients with 
relapsed solid tumours refractory to standard therapy and 
found significant regression of multiple metastatic sites in 
1 patient and durably stable disease status in 6 out of 
10 patients (Geiger etal., 2001), thus demonstrating the 
feasibility of whole tumour lysate- based DCs vaccines in 
the clinical setting. Recent developments shift the focus 
from targeting tumour antigens to antigens derived from 
the tumour microenvironment, such as the vasculature or 
stroma, with the aim to attack those structures that support 
tumour growth and survival. Alternatively anti-angiogenic 
substances are used in conjunction with DC vaccines 
targeting tumour antigens to enhance efficacy. 

W hile these particular results are encouraging, the propor- 
tion of patients showing clinical benefit from DC vaccination 
remains unsatisfactorily low in many clinical trials. There- 
fore, several groups have evaluated strategies to optimize 
antigen delivery to DCs in preclinical models. Convention- 
ally, protein antigen delivery to DCs is achieved by simple 
coincubation usually during the final maturation step of 
DC vaccine generation; RNA uptake may be facilitated by 
additional electroporation. In a novel strategy for targeted 
antigen delivery to DCs, the immunogenicity of DCs loaded 
with either antigen alone or antigen- antibody immune com- 
plexes (ICS) was compared. Significantly superior antitu- 
mour immunity, which was dependent on Fcy receptor 
l- and IIl- mediated enhancement of CD8* T-cell prim- 
ing, was found in mice treated with IC-loaded DCs (Schu- 
urhuis etal., 2006). A complementary approach involves 
the endocytosis receptor DEC-205 (CD 205), which is highly 
expressed on DCs and enhances efficiency of antigen pre- 
sentation. Such strategies for improved antigen uptake open 
the avenue for in vivo DC loading. After initial studies 
demonstrated improved immunogenicity of an anti-D EC-205 
antibody conjugated to a model antigen in vivo, these obser- 
vations were then extended to a clinically relevant melanoma 
mouse model, in which injection of the melanoma tumour- 
antigen tyrosinase-related protein 2 (TRP-2) conjugated to 
an anti-DEC-205 antibody provided cure from pre-existing 
metastatic disease in the majority of animals (M ahnke et al., 
2005). As this protection is depended on both, melanoma- 
specific CD4* and CD8* T-cell responses, efficient in vivo 
cross-presentation of the exogenous antigen TRP-2 via the 
MHC class | pathway was successfully achieved. In a com- 
plementary approach, HSPs, which physiologically serve 
as molecular chaperones in numerous cellular processes, 
have also emerged as promising novel fusion partners for 
antigenic peptides or proteins for DC targeting (M anjili 
et al., 2002). In addition to facilitating antigen uptake and 
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processing, HSP - peptide complexes enhance DC matura- 
tion via upregulation of MHC and costimulatory molecules 
such as CD80, CD86, and CD83. As HSPs are physio- 
logically induced by heat stress, controlled preheating of 
tumour cells prior to lysate preparation may represent a sim- 
ple and convenient way for optimizing antigen loading of 
DCs. 


BIOLOGICAL LIMITATIONS OF TUMOUR 
VACCINES AND PERSPECTIVES FOR 
IMMUNOTHERAPY DESIGN 


Immune Evasion Strategies of Cancer 


In the past, immunotherapeutic approaches to cancer have 
mainly focused on boosting the afferent and efferent arms 
of the adaptive immune system, that is, optimizing anti- 
gen presentation and T-cell effector function. However, 
cumulating experimental and clinical evidence from the 
past years suggests that tumours have developed a num- 
ber of mechanisms to evade the attack of the immune 
system. The in-depth analysis of these evasion strategies 
in suitable animal models and patients has recently iden- 
tified a number of promising targets for future therapeu- 
tic approaches. Following malignant transformation, tumour 
cells secrete a variety of paracrine factors that condi- 
tion the micromilieu to promote tumour outgrowth. These 
molecules include angiogenic growth factors to ensure vas- 
cularization and oxygen supply; stimulators of metastasis 
such a matrix metalloproteinases (M M Ps); and immunoin- 
hibitory factors including transforming growth factor beta 
(TGF £), IL-10, and soluble Fas (Kim etal., 2006). In the 
following section, we will briefly discuss two of the cur- 
rently most prominent areas of research regarding immune 
evasion tactics of cancer cells and delineate the role of 
indoleamine-2,3-dioxygenase (IDO) and Tregs in subverting 
anti-neoplastic immune responses. Indeed recent evidence 
suggests that not only the tumour cells themselves but also 
cells from the tumour stroma are critically involved in these 
processes (Gajewski, 2006) (see The Biology of Tumour 
Stroma). 


Role of Indoleamine-2,3-Dioxygenase (IDO) 
in Immune Evasion of Cancer 


Others and we have analysed human multipotent mesenchy- 
mal stroma cells (MSCs), which represent the progenitor 
cells for many of the tumour stroma constituents, for their 
immunosuppressive properties. Taken together, these studies 
have revealed, that MSCs efficiently inhibit the proliferation 
and/or effector function of various immune cell types includ- 
ing T cells, B cells, NK cells, and DCs (Rasmusson, 2006). 

With regard to the molecular mechanisms of stroma- 
mediated immunosuppression, involvement of soluble factors 
such as TGF 8, hepatocyte growth factor (HGF), and PGE, 


have been suggested, although their exact role remains con- 
troversially discussed in the literature (Rasmusson, 2006). 
Our group has recently shown, that IFN-y-induced expres- 
sion of the tryptophan-catabolizing enzyme IDO functions 
as a novel T-cell inhibitory effector mechanism in human 
MSCs, and this observation has been confirmed in subse- 
quent studies (Meisel etal., 2004; Krampera et al., 2006). 
IDO, which is induced by inflammatory cytokines, repre- 
sents the rate-limiting enzyme in tryptophan metabolism and 
catalyses the conversion from tryptophan to kynurenine. The 
mechanism by which IDO inhibits T-cell proliferation is 
thought to be due to depletion of tryptophan from the cellular 
microenvironment and/or the cytotoxic effects of kynurenine 
breakdown products. 

With regard to its physiological role, constitutive expres- 
sion of IDO in trophoblasts has been identified as a 
crucial tolerogenic effector pathway preventing foetal rejec- 
tion (Munn etal., 1998). Other even more clinically rel- 
evant evidence for the immunosuppressive role of IDO 
comes from mouse models of asthma, multiple sclerosis, 
and autoimmune colitis in which IDO activation or inhibi- 
tion results in amelioration or exacerbation of autoimmune 
disease, respectively. Prompted by these intriguing obser- 
vations, researchers have asked whether IDO expression in 
tumours might act as a relevant immune resistance mecha- 
nism. These studies have revealed that a variety of primary 
human tumour entities including prostatic, colorectal, and 
renal cell carcinomas, as well as melanomas constitutively 
express IDO, both in tumour cells and stromal components, 
including tumour-infiltrating DCs (Uyttenhove et al., 2003). 
Subsequent histopathological studies have elucidated that in 
colorectal and ovarian cancer, high intratumoural level of 
IDO expression is significantly associated with inferior sur- 
vival, pointing at a pathogenetic role of IDO in tumour 
progression. 

Having identified IDO as a promising target for immuno- 
therapy of cancer, suitable in vivo models had to be estab- 
lished to analyse the impact of IDO inhibition on cancer 
development. As the expression of IDO in relevant mouse 
tumour models is less prominent than in human cancer, 
Uyttenhove and co-workers made use of transgenic IDO 
expression in mouse P815 mastocytoma cells. They could 
demonstrate, that |DO-expressing tumours do resist immune 
rejection and that pharmacological inhibition of IDO by 
1-methyltryptophan (1-MT) is able to sensitize tumours to 
immunologic control (U yttenhove et al., 2003). In a comple- 
mentary approach, Muller and co-workers made use of the 
observation that in mice IDO expression is under the negative 
control of the cancer suppressor gene Bin1. By using Binl~/~ 
tumour cells they showed that pharmacologic IDO inhibition 
potentiates the efficacy of cancer chemotherapy in a synergis- 
tic fashion (M uller et al., 2005). This latter observation is of 
particular interest as it demonstrates that immunotherapeutic 
approaches might prove most beneficial in combination with 
other anti-neoplastic interventions including cytotoxic ther- 
apy. In addition, the identification of IDO as a potent and 
widespread tumoural immune resistance mechanism, as well 
as the availability of suitable mouse models for analysing the 
impact of IDO inhibition on tumour growth has stimulated 
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the development of small molecule inhibitors of IDO as 
potential pharmaceutical agents in anti-neoplastic therapy. 


Regulatory T Cells in Cancer — A Promising New 
Target for Breaking the Tolerance towards Tumour 
Immunotherapy 


In clinical trials, various immunotherapeutic approaches have 
demonstrated efficacy in terms of immune system stimula- 
tion. Objective tumour responses, however, are observed only 
in the minority of patients. In addition to the above mentioned 
immune-inhibitory factors secreted by tumour and stroma 
cells, Tregs have emerged as novel players in the immuno- 
suppressive network impeding efficient immune-mediated 
tumour control, and may also represent novel targets for ther- 
apeutic intervention. 

Tregs, initially identified in mice, suppress the proliferation 
and effector function of autoreactive CD4+ and CD8* 
T cells and, thus, protect from autoimmunity (Toda and 
Piccirillo, 2006). In addition, Tregs appear to be involved 
in downregulation of immune reactions towards infectious 
agents, allogeneic transplants, and tumours. In humans, 
Tregs reside within the CD4* T-cell population and express 
high levels of the IL-2 receptor œ chain CD25. The in 
vivo suppressive function of Tregs critically depends on 
the intracellular expression of the transcriptional repressor 
forkhead box P3 (FoxP3), as well as the lymph node 
homing receptors CCR7 and CD62L. MSCs have also 
been implicated in supporting Treg expansion, although 
the underlying molecular mechanism is not entirely clear. 
On the basis of the presumed role of Treg in suppression 
of anti-neoplastic immune responses and their distinctive 
immunophenotype, clinical studies have investigated the 
frequency and function of Tregs in the peripheral blood of 
tumour patients. These studies have revealed that Tregs are 
indeed selectively increased in cancer patients most likely 
as the consequence of peripheral expansion from naive Treg 
precursor cells. Moreover, immunohistological analyses have 
demonstrated a high proportion of CD25-high FoxP3* Tregs 
in tumour-infiltrating lymphocytes and an inverse correlation 
between FoxP3 expression and survival in ovarian cancer 
patients (Beyer and Schultze, 2006; Wolf et al., 2005). 

On the basis of these findings, several approaches to 
enhance antitumour immunity by depletion or functional 
inhibition of Tregs have recently been proposed. One promis- 
ing strategy aims at inhibiting Treg-mediated immunosup- 
pression via selective in vitro or in vivo depletion of 
lymphocytes expressing high levels of CD25. In vitro deple- 
tion of Tregs from lymphocyte preparations for adoptive 
immunotherapy is usually achieved by magnetic bead- based 
negative selection using high affinity CD25 antibodies. 
For in vivo Treg removal, Dannull and co-workers have 
recently tested a recombinant IL-2 diphtheria toxin con- 
jugate (denileukin diftitox) in a clinical trial. This study 
demonstrates selective elimination of CD25-expressing Tregs 
from the peripheral blood of cancer patients without affect- 
ing other cellular subsets. Moreover, administration of the 
IL-2 diphtheria toxin conjugate prior to tumour vaccination 


with tumour RNA - pulsed DCs was shown to significantly 
enhance vaccine-mediated antitumour immunity in metastatic 
renal cell carcinoma patients (Dannull et al., 2005). Another 
approach comes from the observation that in mice adminis- 
tration of low doses of cytostatic agents such as cyclophos- 
phamide and fluarabine induces selective inhibition of Treg 
function in vivo. Thus, the combination of any form of in 
vivo Treg depletion and subsequent immunotherapy either by 
tumour vaccination or by adoptive cell transfer holds great 
promise and warrants investigations in future clinical trials. 

In the setting of high-dose chemotherapy and haematopoi- 
etic stem cell transplantation (HSCT), a different strategy 
of combination immunotherapy might prove useful. Here, 
relapses after transplantation have been attributed to lack 
of immunological antitumour protection due to profound 
and prolonged immunodeficiency during the initial post- 
HSCT period. At the same time the post-transplant phase 
has recently emerged as an ideal setting for immunother- 
apy approaches. Indeed application of autologous tumour 
vaccines, and/or adoptively transferred cytotoxic effector 
cells in the lymphopenic state represents a paradigm change 
and has resulted in effective antitumour responses even in 
patients with residual disease (Dannull etal., 2005; Dud- 
ley etal., 2005). There are several reasons why the lym- 
phopenic state favours induction and expansion of cytotoxic 
T cells directed against low affinity epitopes such as self- 
and tumour antigens. In the setting of lymphopenia, home- 
ostatic expansion of tumour-specific T cells is enhanced 
owing to lack of competition for growth-supporting cytokines 
and absence of Tregs that can attenuate the T-cell-mediated 
antitumour responses. Clinically, there have been ground- 
breaking reports that in the lymphopenic state adoptive 
transfer of pre-activated tumour-reactive T cells or expanded 
tumour-infiltrating cells is efficacious and shows clinical 
antitumour responses (Dudley et al., 2005). Also, in immune- 
deficient cancer patients antimicrobial immunity has been 
enhanced by a combination of vaccination and pre-activated 
T-cell boosts (Rapoport et al., 2005). As the expansion of 
tumour-specific effector cells may not be sufficient in the 
absence of adequate T-cell help, the combination of a DC- 
based tumour vaccine along with a Treg-free effector cell 
boost containing cytotoxic and helper T cells, as well as NK 
cells may prove advantageous. 

In summary, experimental and clinical data clearly indicate 
the prominent role of Tregs in preventing effective antitu- 
mour immunotherapy in cancer patients. The availability of 
clinical-grade reagents and pharmacological substances for 
in vitro and in vivo Treg depletion does now allow for eval- 
uation of the therapeutic potential of these novel approaches 
in prospective clinical studies. In these trials, multimodal 
treatment strategies incorporating Treg inhibition/depletion, 
immune system stimulation, and perhaps even administra- 
tion of cytotoxic agents appear most promising. However, 
potential pitfalls of therapeutic approaches using Treg deple- 
tion should also be taken into account. In this regard a 
recent report has demonstrated that when employing thera- 
peutic approaches using Treg depletion, enhanced antitumour 
responses might be achieved at the cost of systemic autoim- 
munity. Moreover, for particular types of cancer, high Treg 
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infiltration of tumour biopsies has been shown to correlate 
with superior locoregional tumour control paradoxically indi- 
cating a potentially beneficial effect of this cell type in certain 
malignant diseases. Therefore, a thorough analysis of the role 
of Tregs in specific tumour entities using disease specific 
mouse models combined with clinical pathology studies of 
the impact of Treg frequency and functionality on outcome 
is a clear prerequisite for future clinical trials. 


Combining Immunotherapy with Anti-Neoplastic 
Chemotherapy - Exploitation of the 
Haematoprotective Effects of 
Chemotherapy-resistance Genes to Improve 
Immunotherapy 


In addition to escaping from immune-mediated tumour con- 
trol, the high proliferative potential of distinct types of 
tumours, in particular, haematologic malignancies, likely 
represents another cause for clinical inefficiency of cancer 
immunotherapy. Therefore, the combination of chemothera- 
peutic cytoreduction and cancer immunotherapy is an auspi- 
cious scenario for future research. Cytotoxic agents, however, 
do generally impede immune responses via unspecific cyto- 
toxicity directed against highly proliferating cells. This is 
especially true, when repetitive cycles of chemotherapy are 
administered. In this setting, protection of adoptively trans- 
ferred immune cells from chemotherapy-induced toxicity 
using retroviral transfer of chemotherapy-resistance (CTX-R ) 
genes holds promise. 

Currently, a number of CTX-R genes are available, which 
allow generation of resistance against many of the anti- 
neoplastic agents used in modern haemato-oncology. Dihy- 
drofolate reductase (DHFR) is a key enzyme in folate 
metabolism and is the target of antifolate drugs acting as 
competitive DHFR inhibitors such as methotrexate (MTX). 
A number of DHFR mutants that still catalyse the physiologic 
reaction of the enzyme but are no longer inhibited by MTX 
have been identified and shown to mediate resistance to folate 
antagonists and, in particular, MTX. Cytidine deaminase 
(CDD) is an enzyme involved in the deamination of cytotoxic 
cytosine analogues such as cytosine arabinoside (Ara-C) 
and gemcitabine, preventing the intracellular accumulation 
of active metabolites. CDD overexpression in leukaemic, as 
well as physiologic haematopoietic cells has been shown to 
result in increased Ara-C resistance. The multidrug resistance 
protein 1 (MDR1) is a member of the group of ATP-cassette 
containing, membrane-associated efflux pump proteins, and 
its (over)expression confers resistance against a variety of 
drugs of clinical relevance such as anthracyclins (e.g., dox- 
orubicin, idarubicin), etoposide, taxoids, and vinca alkaloids 
(e.g., vincristine). 

Retroviral (over)expression of all three CTX-R genes 
mediates cellular resistance against the associated cytotoxic 
drugs in primary human haematopoietic cells, as well as in 
murine HSCT models. MDR1 also has been tested success- 
fully in NOD/SCID xenotransplantation experiments, and 
long-term gene expression has been demonstrated in a pri- 
mate model. Of note, long-term maintenance of the MDR1 


transgene in the host genome also has been observed in 
clinical phase | studies (Abonour etal., 2000). In con- 
trast to the two other drug-resistance genes, MDR1 allows 
for efficient in vivo enrichment of genetically protected 
haematopoietic cells during repetitive chemotherapy applica- 
tion as has been demonstrated in animal models (Sorrentino 
et al., 1992). This should lead to improved protection of 
the lympho-/haematopoietic system during repetitive rounds 
of chemotherapy treatment as required for the treatment of 
relapsed leukaemias. On the other hand, overexpression of 
mutant DHFR, and probably also CDD on its own, does not 
support in vivo enrichment of transduced cells and protec- 
tion most likely resides mainly within the progenitor cell 
compartment (Persons et al., 2004; Rattmann et al., 2006). 

The primary focus of strategies employing transfer of 
CTX-R genes has conventionally been protection from 
chemotherapy-induced myelotoxicity. In the setting of 
tumour-directed immunotherapy, however, this technology 
may be used to generate chemoresistant lymphocyte prepa- 
rations for adoptive immunotherapy, which facilitate sub- 
sequent application of serial chemotherapy courses while 
maintaining a vaccine-induced antitumour response. Such an 
approach of retroviral CTX-R gene transfer into differenti- 
ated immune cells will also greatly reduce the inadvertent 
risk of insertional mutagenesis, which has evolved to be 
a serious clinical problem in the setting of haematopoi- 
etic stem cell- directed retroviral gene transfer. Here, non- 
random preferential transgene integration into chromosomal 
regions comprising proto-oncogenes facilitated |eukaemoge- 
nesis in a considerable proportion of patients in a French 
gene therapy trial for severe combined immunodeficiency 
(Hacein-Bey-Abina et al., 2003). Retroviral gene transfer 
into mature immune cells, however, obviously does not carry 
that risk according to clinical studies of suicide gene transfer 
into donor lymphocytes for adoptive immunotherapy post- 
allogeneic haematopoietic stem cell transplantation (Recchia 
et al., 2006). 

Thus, one promising future approach for cancer therapy 
combines vaccine strategies with adoptive immunother- 
apy using CTX-R gene modified immune cell prepara- 
tions followed by sequential application of anti-neoplastic 
(and/or Treg depleting) chemotherapy. Detailed studies of 
this approach are greatly facilitated by a number of read- 
ily available syngeneic mouse tumour models, and well 
established, efficient gene-transfer protocols for murine 
lympho-/haematopoietic cells. Moreover, the transfer of these 
models into clinical practice appears feasible, as modern 
immunomagnetic cell separation technologies allow for gen- 
eration of highly pure immune cell preparations under GM P 
conditions as a prerequisite for targeted CTX-R gene transfer 
and subsequent clinical application of these preparations as 
investigational medicinal products in clinical trials. 


SUMMARY AND CONCLUSION 


The available data from clinical trials of cancer vaccines 
do provide clear evidence for a therapeutic benefit of this 
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approach, which is, however, currently confined to a minority 
of patients. At the same time, many of the recent advances 
in the field delineating the inhibitory pathways that prevent 
the elimination of tumour cells by the immune systems, hold 
considerable promise to optimize clinical efficacy of tumour 
vaccination. This may particularly hold true, when in future 
immunotherapy studies patients with low tumour burden 
instead of bulky or metastasized disease will be preferentially 
included. The most encouraging novel concepts that warrant 
incorporation into comprehensive cancer immunotherapy 
strategies include multimodal approaches combining tumour 
vaccination with concepts of targeting tumour-associated 
tolerogenic mechanisms. One way to achieve this aim is to 
combine chemotherapeutic cytoreduction with adoptive cell 
therapy to augment the effector cell pool, while depleting 
Tregs. In this regard, the availability of “fully humanized” 
mouse xenograft models will be instrumental for rapid 
evaluation of these new concepts in an experimental setting 
that is close to clinical application and may thus support a 
swift transfer from bench to bedside. 
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INTRODUCTION 


Gene therapy has been investigated for the treatment of 
cancer, and, in some cases, has reached clinical trials. 
Here we discuss preclinical models of cancer gene ther- 
apy in a variety of approaches (see Tables 1 and 2). These 
include cancer-directed gene transfer strategies (tumour- 
Suppressor gene transfer, gene knockdown, suicide gene 
transfer, oncolytic viruses, and tumour vaccine approaches 
in immunomodulatory gene therapy), as well as gene 
transfer directed at the host (including anti-angiogenic, 
immunomodulatory, and drug-resistance gene therapy) (see 
also Transgenic Technology in the Study of Oncogenes 
and Tumour-Suppressor Genes; Genetic M odels: A Pow- 
erful Technology for the Study of Cancer; Models for 
Angiogenesis; Models for Drug Development and Drug 
Resistance and Models for Immunotherapy and Cancer 
Vaccines). 


TUMOUR-SUPPRESSOR GENE THERAPY 


Most of the known mutations in cancer involve either gain 
of function of transforming oncogenes or loss of func- 
tion of tumour-suppressor genes. Despite the presence of 
multiple mutations in cancer cells, correction of a single 
critical lesion is often sufficient to abrogate the malig- 
nant phenotype. To this end, tumour-suppressor gene ther- 
apy typically focuses on genes regulating critical cellu- 
lar processes, which are commonly mutated in a variety 
of cancers. Most tumour-suppressor gene therapy stud- 
ies have focused on replication-defective adenoviral vec- 
tors as gene delivery vehicles, because they infect a wide 
range of tissues and can be generated in high titres to 
facilitate more efficient gene transfer, and because they 
do not integrate into the host genome (a safety con- 
cern for insertional mutagenesis, described later in this 
chapter). 
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TP53 


The TP53 (or P53) tumour-suppressor gene is the most 
frequently mutated gene in human cancers (see also p53 
Family Pathway in Cancer), and has consequently been 
the most thoroughly studied for tumour-suppressor gene 
therapy. The P53 protein plays a central role in determin- 
ing cellular response to genomic stress and DNA dam- 
age. Numerous preclinical studies of TP53 gene transfer 
have demonstrated impressive results against a variety of 
human cancer cell lines with mutant or defective P53 sta- 
tus, resulting in tumour cell apoptosis in vitro and inhi- 
bition of tumour incidence and progression in xenograft 
models. Additionally, TP53 gene transfer in tumour cells 
with a wild-type TP53 status can be effective when com- 
bined with DNA-damaging radiation or chemotherapy (Lang 
et al., 1999). 

Bossi etal. (2004) showed that specifically targeting 
tumour cells may not be necessary for safe, effective TP 53 
gene therapy. In this study, retroviral transfer of wild-type 
TP53 into normal mouse bone marrow did not impair cell 
viability or subsequent haematopoietic reconstitution of irra- 
diated mice, indicating that gene transfer of wild-type TP 53 
was not detrimental to normal marrow cells. Co-transplant 
of TP53-transduced marrow with TP 53-transduced 32D v-src 
leukaemic cells increased tumour-free animal survival to 65 
versus 10% without gene transfer, indicating the efficacy of 
TP53 gene transfer into normal and leukaemic haematopoi- 
etic cells. 

Despite the success of TP53 gene therapy in these and 
numerous other preclinical studies, its efficacy in clinical 
trials has thus far been less effective and limited, indicating 
a potential role for approaches involving other tumour- 
suppressor genes, individually or in combination. 


PTEN 


The PTEN gene (also known as MMAC1) encodes a phos- 
phatase that controls cell cycle entry and progression by 
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Table 1 Gene therapy approaches for cancer treatment. 


Approach Goal 





Tumour-suppressor gene therapy 
function 


Gene knockdown 
genes 


Suicide gene therapy 

Oncolytic viruses 
Anti-angiogenic gene therapy 
Immunomodulatory gene therapy 


Lytic destruction of tumour 
Inhibition of tumour angiogenesis 


Drug-resistance gene therapy 
haematologic protection 


Table 2 Advantages and disadvantages of gene therapy approaches. 


Restore defective tumour-suppressor 
Reduce expression of tumour-promoting 


Conversion of prodrug to cytotoxic drug 


Enhance antitumour immune responses 


Enhanced antitumour chemotherapy with 


Examples Targeted cells 
TP53, PTEN, FHIT Tumour 
Antisense, ribozymes, RNAi Tumour 
HSV-tk, CD Tumour 
ONY X-015 Tumour 


Endothelial vasculature 


Dendritic cells 
Tumour, dendritic cells 


Endostatin, angiostatin, interferons 


Antigen genes (gp100, MUC1) 
Co-stimulator molecule genes 
(CD40L) 

Cytokine genes (IL-1, IL-12) 


MDR-1, DHFR, MGMT 


Tumour, dendritic cells 
Haematopoietic stem cells 


Approach 


Advantages 


Disadvantages and limitations 





Tumour-suppressor gene therapy 


Gene knockdown 


Suicide gene therapy 


Oncolytic viruses 


Anti-angiogenic gene therapy 


Immunomodulatory gene therapy 


Drug-resistance gene therapy 


Specific correction of a tumour-promoting mutation 
should not adversely affect normal cells 
Uses non-immunogenic human genes 


Specific correction of a tumour-promoting mutation 
should not adversely affect normal cells 


Bystander effect allows for toxicity to neighbouring 
unmodified tumour cells 


Specifically targets destruction of tumour cells 


Infection produces additional oncolytic viruses capable 


of further tumour destruction 


Targets a common requirement for solid tumour 
formation 
Inhibits tumour metastasis 


Enhances normal immune response, potentially to a 
variety of tumours 


Enhances chemotherapy against a variety of solid 
tumours 


In vivo selection allows expansion of gene-modified 
cells without a high degree of gene transfer 


Co-transfer of other therapeutic genes allows in vivo 
selection for both genes 


Requires a high degree of gene transfer to target 
all tumour cells 

Repairing a single defect may not inhibit survival 
of some tumours 

Must be tailored to the specific mutations present 
in the tumour 


Requires a high degree of gene transfer to target 
all tumour cells 

Repairing a single defect may not inhibit survival 
of some tumours 

Must be tailored to the specific mutations present 
in the tumour 


Limits to gene transfer efficiency and range of 
bystander effect may allow survival of some 
tumour cells 


Specificity of destruction relies on common, but 
not all-pervasive, tumour defects (i.e., p53) 
Potential toxicities due to administration of live 
virus 


Not suitable for treating haematological 
malignancies 

Could potentially affect normal angiogenesis in 
growth and healing 


Could potentially affect immune responses in 
non-tumour tissues 


Problematic for treatment of haematological 
malignancies, due to enhanced chemoprotection 
of haematopoietic cells 

Risk of insertional mutagenesis of haematopoietic 
stem cells from gene transfer using integrating 
vectors 


negatively regulating signalling through the phosphatidyli- 
nositol 3-kinase (PI3K) pathway (Cully etal., 2006). The 
PI3K-PTEN signalling pathway is one of the most commonly 
altered pathways in human cancers. Only a small portion of 
these signalling alterations are due to deletions or mutations 
in the PTEN gene, as silencing of wild-type PTEN expres- 
sion occurs in some tumours. 


In tumour xenograft models in nu/nu (nude) athymic 
mice, PTEN gene therapy has had varying effects. Injec- 
tion of PTEN adenovirus into established human bladder 
cell tumours in nude mice resulted in the complete elimina- 
tion of a tumour cell line lacking PTEN, but only transiently 
inhibited growth of tumour cells possessing wild-type PTEN 
(Tanaka and Grossman, 2003). In another study, infection 
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of a human prostate tumour cell line with PTEN adenovirus 
prior to mouse implantation did not reduce tumour formation, 
but did decrease lymph node metastases (D avies et al., 2002). 
Treatment with PTEN adenovirus in orthotopic and ectopic 
glioma xenograft models resulted in decreased tumour vas- 
cularization even in the presence of pro-angiogenic signals 
(Abe et al., 2003), suggesting that PTEN may play different 
roles in apoptosis, metastasis, and vascularization depending 
on the type of tumour (M cNeish et al., 2004). 

The tumour specificity of PTEN-induced apoptosis has 
been demonstrated in studies involving gastric (Hang et al., 
2005) and colorectal (Saito et al., 2003) cancer cells con- 
taining wild-type PTEN genes. In these studies, PTEN gene 
transfer significantly increased in vitro apoptosis of the can- 
cer cells compared to PTEN gene transfer into normal cells 
of the same tissue type, as well as significantly reducing 
tumour growth in nude mice. Given the wild-type PTEN 
gene status of these tumour cells, these studies suggest that 
PTEN gene therapy may be effective in some cancers with 
wild-type PTEN. 


FHIT 


Another promising candidate for tumour-suppressor gene 
therapy is the fragile histidine triad gene, FHIT. FHIT spans 
the most active human chromosome fragile site, and is 
frequently altered by deletion or chromosomal translocation 
in cancers. The FHIT protein belongs to a family of 
nucleotide hydrolases and transferases. Loss or marked 
reduction of FHIT expression has been found in 60% of 
all human primary tumours, particularly in breast, lung, 
oesophageal, stomach, and bladder cancers. 

FHIT gene transfer using adenovirus or adeno-associated 
virus (AAV) vectors can induce apoptosis in human cervi- 
cal, oesophageal, and pancreatic tumour cell lines in vitro 
(Dumon etal., 2001; Ishii etal., 2001), but not in normal 
human bronchial epithelial cells (Ishii etal., 2001). Effi- 
cacy of FHIT gene therapy has also been demonstrated in 
an in vivo model of N-nitrosomethylbenzylamine (NM BA) 
carcinogen-induced tumours in heterozygous Fhit+/~ defi- 
cient mice. In this model, the size and incidence of 
fore-stomach and upper-gastrointestinal tumours were sig- 
nificantly reduced when mice were orally administered 
AAV-FHIT 42days after NMBA (Ishii et al., 2003), indi- 
cating that FHIT gene transfer can reduce or eliminate 
pre-existing tumours. 


GENE KNOCKDOWN THERAPY 


An exciting emerging therapeutic strategy to treat cancer 
cells is to target and silence genes involved in tumouri- 
genesis or metastasis. The technology for this strategy is 
rapidly evolving. Antigene oligonucleotides targeting DNA 
and antisense oligonucleotides targeting mRNA have been 
studied over a decade with mixed results, both in labora- 
tories and clinical trials, due to poor pharmacokinetics, low 


tumour penetration, and low hybridizability (El-A need, 2004; 
Stein et al., 2005). Another class of RNA molecules called 
ribozymes are capable of site-specific cleavage of target 
mRNA in a catalytic manner. Ribozymes have been demon- 
strated to be superior to antisense oligodeoxynucleotides, 
however, the development of this strategy is more difficult 
than expected (Wright and Kearney, 2001). The most recent 
and promising gene knockdown method is siRNA, 21-23 
nucleotide-duplex short interfering RNAs which are able to 
silence genes by a sequence-specific ribonucleic acid inter- 
ference (RNAi) mechanism (see also RNA Interference). 

Targets for RNAi in cancer include overexpressed onco- 
genes, angiogenic receptor genes, and multidrug resistance 
(MDR) genes. The RAS gene is frequently mutated in com- 
mon human cancers, such as pancreatic and colon cancers. 
A retroviral vector expressing SIRNA targeting the specific 
oncogenic KRASY* allele in human tumour cells resulted 
in the loss of anchorage-independent growth and tumouri- 
genesis in vitro and in a xenograft model (Brummelkamp 
et al., 2002). Another target is the PI3K gene, which is active 
in breast cancers. siRNAs designed to knockdown PI3K 
were tested in three breast cancer cell lines with different 
developmental stages. The experiments showed significant 
Gı phase arrest, significant decrease in cell viability, and 
induction of apoptosis (Reagan-Shaw and Ahmad, 2006). 
Lyn kinase knockdown by siRNA has also been shown to 
induce apoptosis in primary and drug-resistant BCR-ABL1* 
chronic myelogenous leukaemia cells (Ptasznik et al., 2004). 
For drug-resistant human pancreatic and gastric carcinoma 
cells, siRNAs designed to inhibit MDR-1 expression could 
reverse their drug-resistant phenotype to a drug-sensitive 
phenotype (Nieth et al., 2003). A more detailed list of siR NA 
targets can be found in other reviews (Izquierdo, 2005; Lu 
et al., 2005). 

Similar to other antisense gene therapies, the development 
of siRNA therapy faces a number of challenges, especially 
for the route of delivery. Systemic injection could pro- 
vide broader treatment applications; however, it could also 
decrease gene transfer and induce interferon (IFN) response 
pathways. Current delivery methods include cationic lipo- 
somes, nanoparticles, adenovirus, retrovirus, and lentivirus 
(Izquierdo, 2005). Gene knockdown therapy with siRNA 
is still in its infancy, with numerous obstacles remaining, 
including effective siRNA design and high costs of gener- 
ating siRNA. But with the current successes in inhibiting 
proliferation and inducing apoptosis of cancer cells in vitro 
and in xenograft models, siRNA gene knockdown therapy is 
well on its way to being developed into an effective strategy 
in cancer gene therapy. 

The greatest difficulty in tumour-suppressor gene therapy 
or expression knockdown approaches for cancer treatment 
remains the technical limitations of the efficiency of gene 
transfer into the target cell population - namely, all cells of 
a tumour. A pproaches to address this difficulty include using 
suicide genes with “bystander” toxicity, replicating oncolytic 
viruses, targeting of tumour angiogenesis, enhancing antitu- 
mour immune responses, or the use of drug-resistance genes 
for chemoprotection and selection. 
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Figure 1 Suicide gene therapy using the HSV-tk gene. Transfer of HSV-tk into tumour cells allows those cells to convert the ganciclovir prodrug to an 
active form, which is toxic to the tumour cell. The activated cytotoxic drug can spread to neighbouring tumour cells, termed the bystander effect. 


SUICIDE GENE THERAPY 


Suicide gene therapy, also known as gene-directed enzyme 
prodrug therapy (GDEPT), is a two-step process: transfer 
of a suicide gene encoding a prodrug-activating foreign 
enzyme into tumour cells, typically delivered by naked 
DNA or replication-defective viral vectors, followed by 
administration of the prodrug, which is then activated into 
a cytotoxic drug (Kirn etal., 2002). In addition to direct 
cytotoxicity from the drug in tumour cells expressing the 
suicide gene, a “bystander effect” has been found to result in 
killing of surrounding non-genetically-modified tumour cells 
after the administration of the prodrug (Figure 1). 

The most extensively studied suicide gene systems are 
herpes simplex virus thymidine kinase (HSV-tk) with gan- 
ciclovir (GCV) or acyclovir (ACV) prodrugs, and bacterial 
cytosine deaminase (CD ) with 5-fluorocytosine (5-FC) pro- 
drug. HSV-tk encodes a herpetic enzyme that catalyses the 
phosphorylation of nucleoside analogues, such as GCV and 
ACV. Phosphorylated nucleoside analogues can kill tumour 
cells by inducing cell cycle arrest, apoptosis (Wei etal., 
1998), and non-apoptotic mechanisms (El-Aneed, 2004). 
Bacterial CD can de-aminate 5-FC to the chemotherapeu- 
tic drug 5-fluorouracil (5-FU) (Evoy et al., 1997). To reduce 
systemic toxicity due to immunogenic non-mammalian sui- 
cide genes, human enzymes have also been assessed for 
suicide gene therapy, including deoxycytidine kinase (dCK ), 
carboxypeptidase A (CPA), and cytochrome P450 (CYP). A 
more complete list and pharmacokinetics of enzyme- prodrug 
systems can be found in other reviews (Niculescu-Duvaz and 
Springer, 2005). 

Some of the suicide gene therapy systems have entered 
phase III in clinical trials, but new improvements still con- 
tinue to be made in the laboratories to increase efficacy 
of enzymes and prodrugs, develop better delivery meth- 
ods, and reduce systemic toxicity. Mutation in enzymes is 
a popular strategy in searching for better potency. Several 
mutants in active sites of the HSV1-tk gene, through semi- 
random sequence analysis, were found to render tumour 


cells substantially more sensitive to both GCV and ACV 
(Black etal., 2001). Mutations of human dCK can also 
be achieved through high-resolution structure analysis to 
increase its efficiency (Sabini et al., 2003). Improved under- 
standing of the structure of enzyme- prodrug interaction 
could also help in designing more efficient prodrugs. 
Transfer of multiple genes or multiple copies of a single 
gene could provide another improvement strategy. Trans- 
fer of two copies of HSV-tk into tumour cells results in 
enhanced GCV sensitivity and the bystander effect (Kim 
et al., 2000). 


ONCOLYTIC VIRUS THERAPY 


Wild-type oncolytic viruses, initially used to treat cancer, 
met with limited success owing to high cellular toxicity. 
Genetically engineered oncolytic viruses can dramatically 
decrease the risk and enhance their antitumoural potency. 
They are replication-selective viruses targeting and growing 
inside cancer cells and often induce cancer cell apoptosis or 
necrosis. Through tumour evolution, cancer cells developed 
virus-friendly environments, such as decreased IFNs and 
other immunological antiviral responses (Bell et al., 2003). 
The initial route of administration for oncolytic viral cancer 
therapy is intratumoural injection, where the viruses either 
induce cellular death by releasing more viruses through lytic 
replication cycle or induce immune responses to tumour cells. 
However, the effectiveness of this route of administration 
is limited to the area surrounding the tumour, and by its 
transient effect. In contrast, systemic administration can 
provide a broader search-and-destroy route for cancer cells 
through minimizing the host immune response against the 
viruses, and increasing the specificity of the viruses to cancer 
cells. 

Intrinsic oncolytic viruses such as reovirus, Newcastle dis- 
ease virus (NDV), vesicular stomatitis virus (VSV), and 
autonomous parvovirus (Thorne etal., 2005) utilize com- 
mon pathways or changes in cells that also occur during 
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Figure 2 Oncolytic virus therapy using ONY X-015 adenovirus. ONY X-015 virus is only capable of replicating in cells defective for P53 activity, a 
common mutation in tumours. ONY X-015 replication results in cell lysis and production of new ONY X-015 viruses, which can then infect additional 


P53-defective tumour cells. 


carcinogenesis, including uncontrolled cell division, disabled 
apoptotic or p53 pathways, and evasion of host and cellular 
immunity. Reovirus replication selectivity relies on activated 
RAS signalling pathways. Infection of reovirus, a double- 
stranded RNA virus, leads to activation of dsRNA -activated 
protein kinase (PK R). Activated PKR phosphorylates eukary- 
otic initiation factor (elF)-2a, preventing translation of viral 
transcripts (Strong et al., 1998). Many human cancers have 
activated Ras signalling pathways, which inactivate PKR, 
allowing reovirus to replicate in cancers. Although the safety 
records for those intrinsic selective oncolytic viruses are 
attractive owing to the asymptomatic and mild diseases 
caused upon infection, their oncolytic potential may be lim- 
ited due to their relative avirulence in human tissues (Thorne 
et al., 2005). 

The advantages of genetically modified viruses are the 
abilities to design enhanced tumour specificity and oncolytic 
potentials. One of the most commonly used genetically mod- 
ified oncolytic viruses is adenovirus with E1B55K deletion 
(11520), also known as ONYX-015 (Figure 2). The E1B 
gene product E1B55K inactivates P53 protein during viral 
infection, inhibiting P53-mediated cell cycle arrest and apop- 
tosis. Adenovirus with E1B55K deletion is able to replicate 
in many types of cancer cells with P53 inactivation, and 
kills cancer cells without killing normal cells with normal 
P53 function (Bischoff etal., 1996; Heise etal., 1997). In 
recent studies, a late function, viral MRNA export, may play 
a more important role in determining tumour selectivity, and 
induction of acellular heat shock response could significantly 
improve ONY X-015 therapy (O'Shea etal., 2004; O'Shea 
et al., 2005). Other deleted genes for genetically modified 
oncolytic viruses include genes for proliferation, inhibition of 
the PKR/IFN pathways, and other immune effectors, which 
have been discussed in other reviews (Aghi and M artuza, 
2005; Thorne et al., 2005). 

With the increasing understanding of virus and host inter- 
action, better designs and strategies are being developed in 
the field of oncolytic viral therapy. For treatment of patients 
with metastatic disease, systemic injection could be more 


beneficial. One popular strategy for this is redirecting viral 
surface receptors specifically for tumour cell antigens. For 
example, mutated haemagglutinin (H) protein of measles 
virus generates receptor-blind virus which cannot bind to 
normal cellular receptors SLAM (CD150) and CD46 (Vong- 
punsawad et al., 2004). When the C-terminus of mutated 
H-protein from measles virus is fused to single chain anti- 
body, the virus can target and fuse specifically with receptor- 
positive target cells. Adenoviral expression vector with this 
modification showed strong toxicity against EGFR-positive 
tumour cell lines and tumour xenografts (Nakamura et al., 
2004). Another strategy is using tumour- or tissue-specific 
promoters to control viral gene expression. However, expres- 
sion levels with tumour- or tissue-specific promoters are 
typically lower than with native viral promoters. To increase 
oncolytic potency, foreign genes can be introduced into an 
oncolytic viral genome. Those “payload” genes include toxic 
transgenes, prodrug-converting enzymes, or immunostimula- 
tory genes (Hermiston and Kuhn, 2002). 

Besides improvement of viral designs, combination ther- 
apy studies have also yielded promising results. Treating 
patients with chemotherapy in conjunction with intravenous 
infusion of ONY X-015 has been shown to be safe and 
feasible, resulting in the presence of viral particles in malig- 
nant tissue but not in adjacent normal tissue (Nemunaitis 
et al., 2003). Another study showed synergistic antitumour 
effects of combined immune effector cell population with 
an oncolytic viral therapy both in vitro and in vivo (Thorne 
et al., 2006). Since the safety of those replicating viruses has 
not been assessed adequately, the necessity of using high titre 
of viruses in clinics still remains a controversial topic (Cher- 
najovsky et al., 2006). Nonetheless, oncolytic viral therapy 
has a promising future in cancer therapy. 


ANTI-ANGIOGENIC GENE THERAPY 


Angiogenesis is the formation of new blood vessels from 
pre-existing vessels upon the stimulation of the endothelial 
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cells by a paracrine mechanism (see also Angiogenesis 
and Models for Angiogenesis). Angiogenesis is one of the 
characteristics of tumour progression and a prerequisite for 
certain metastatic cancers. Conventional cancer therapies 
have their limitations, such as limited delivery to tumour 
and heterogeneity of tumour cells. The anticancer strategy of 
attacking new blood vessels generated for tumour growth has 
some obvious advantages, such as relatively easier delivery 
to endothelial cells, targeting different types of tumours, and 
the prevention of metastasis from fully invasive cancer. 

It has been widely accepted that there is an angiogenic 
switch controlled by pro- and anti-angiogenic molecules. 
More than 20 endogenous activators and inhibitors have 
been characterized (Tandle etal., 2004), and angiogenic 
vascular endothelial growth factor (VEGF) signalling has 
been identified as the rate-limiting step during tumour 
angiogenesis (Tortora et al., 2004). Angiogenesis inhibitors 
can be divided into two classes: direct and indirect (see 
also Anti-angiogenic and Anti-stromal Therapy). Direct 
angiogenic inhibitors inhibit endothelial cell proliferation, 
migration, tube formation, and can also induce endothelial 
cell apoptosis. Indirect angiogenesis inhibitors block the 
expression of angiogenic growth factors and their receptors 
on tumour cells. 

Both direct and indirect inhibitors have been used in anti- 
angiogenic therapy studies. Direct anti-angiogenic inhibitors 
include thrombospondin, angiostatin, endostatin, and V itaxin; 
indirect angiogenic inhibitors include Iressa (ZD1839) and 
Herceptin and IFN-œ (Kerbel and Folkman, 2002). M any of 
those anti-angiogenic inhibitors have entered phase | or II 
clinical trials. Only a few inhibitors will be discussed in the 
following text. 

Although endostatin and angiostatin are both inhibitors of 
endothelial cell migration and proliferation, their mechanisms 
of inhibition are different. Endostatin, a 20-kDa internal frag- 
ment of the w chain of type XVIII collagen (O'Reilly et al., 
1997), binds to #581 integrin and inhibits VEGFR and cyclin 
D1. Angiostatin, a 38-kDa internal fragment of plasminogen, 
is one the most potent inhibitors of angiogenesis. It binds to 
catalytic subunits of F(1)F(0) ATP synthase on the cell sur- 
face of endothelial cells to inhibit proliferation and migration 
(Wahl et al., 2005). Low doses of angiostatin has been shown 
to decrease mobility and VEGF expression in melanoma 
cells, resulting in fewer micrometastases (Y ang et al., 2004). 
In a prostate cancer PC3 cell line xenograft model, combined 
intratumoural injection of adenovirus expressing an endo- 
statin- angiostatin fusion protein with another adenovirus 
expressing a soluble form of endothelium-specific receptor 
tyrosine kinase Tie2 led to a complete regression of a nearby 
tumour as well, indicating a novel treatment for localized 
human prostate cancer (Raikwar et al., 2005). 

IFNs have been used as antiviral and cytotoxic agents 
for certain leukaemias and some bladder cancers (K erbel 
and Folkman, 2002). Two decades ago, IFNs were found 
to inhibit the motility of vascular endothelial cells in vitro 
and angiogenesis in vivo. Angiogenic factor bFGF is linked 
to tumour progression and is downregulated in human car- 
cinomas by IFN-œ and -6 (Singh etal., 1995). However, 


the anti-angiogenic potential of IFN-a is dependent on fre- 
quent administration of low doses and not at high doses 
(Slaton et al., 1999). Combined therapy of TNP-470, an 
analogue of the antibiotic fumagillin which inhibits endothe- 
lial migration and proliferation, with IFN-a2a exerts anti- 
angiogenesis synergistically in vitro and in vivo (M inischetti 
et al., 2000). 

Anti-angiogenic gene therapy has utilized a broad range of 
vectors to deliver anti-angiogenic inhibitors. Those vectors 
include non-viral vectors, such as naked DNA, antisense 
RNA, cationic liposomes, as well as viral vectors, such as 
adenoviruses, AAVs, retroviruses, and lentiviruses (Tandle 
et al., 2004). Despite lacking accepted surrogate markers 
for in vivo measurement of the anti-angiogenic effect in 
patients, anti-angiogenic gene therapy has demonstrated 
success both in laboratories and in clinics, with a lack of 
dose-limiting toxicity. However, since there are redundancies 
in angiogenic factors, downregulating one or two factors 
may not completely eliminate angiogenesis in the long run. 
Developing a better understanding of tumourigenesis will 
help in the designing of more effective anti-angiogenic gene 
therapy. 


IMMUNOMODULATORY GENE THERAPY 


Although tumours can frequently be recognized by T 
cells as abnormal, the immune system can fail to mount 
an effective response for a number of reasons, includ- 
ing insufficient T-cell activation, T-cell tolerance, or a 
lack of immune effector functions to support the T-cell 
response. To address this issue, gene therapy approaches 
have been developed to enhance antitumour immunologic 
responses. These approaches include enhancing presentation 
of tumour antigens, providing stronger co-stimulatory signals 
for T-cell activation, and increasing cytokine production for 
immune cell recruitment and activation (see also Models for 
Immunotherapy and Cancer Vaccines and Signalling by 
Cytokines). 

The target cell types for gene transfer for immunotherapy 
include tumour cells (for generating tumour vaccines) as 
well as cells with normal physiological roles in immunity, 
such as dendritic cells, cytotoxic T lymphocytes, and natural 
killer cells. More recently, mesenchymal stem cells (MSCs) 
have also been studied for cancer gene therapy, due to their 
potential for homing to tumour sites. 


Antigen Gene Vaccine Therapy 


One gene therapy approach for enhancing the immune 
response to cancer is the transfer of antigen-encoding genes 
for increased antigen presentation to, and activation of, 
cytotoxic T lymphocytes. The genes used for this approach 
are derived either from the specific tumour to be treated 
or from another unrelated foreign antigen that can elicit 
a potent immune response in order to “cross-prime” the 
immune system. A number of antigen genes have been 
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tested in mouse models, including gp100 (Kaplan etal., 
1999; Wan et al., 1999), TRP 2 (K aplan et al., 1999), MART1 
(Ribas etal., 1999), and MUC1 (Gong etal., 1997b; Liu 
et al., 2004), and have resulted in varying degrees of success 
in protecting animals from subsequent tumour challenge 
in pre-immunization models or in reduction of pre-existing 
tumours. 

The preferred target cells for antigen gene transfer are 
dendritic cells, since these professional antigen-presenting 
cells express the MHC class | and II and co-stimulatory 
molecules necessary to elicit physiologically relevant, potent, 
and regulated T-cell responses. Although “pulsing” of den- 
dritic cells with antigen-derived peptides has been used 
for antigen display without the need for gene trans- 
fer (see also Models for Immunotherapy and Cancer 
Vaccines), gene modification of dendritic cells has the 
added benefit of providing a continuing supply of anti- 
gen, without the need for identifying specific peptides 
within the antigen that are capable of eliciting a strong 
response. 

The results from preclinical studies suggest that strong 
and sustained antitumour responses may ultimately require 
transfer of multiple tumour antigen genes to generate a 
more diverse immune response to a tumour and to guard 
against poorly immunogenic antigens or the development of 
tumour resistance due to downregulation of specific tumour 
antigens. To this end, cell-cell fusion between tumour cells 
and dendritic cells has been used for presenting tumour 
antigens without requiring identification and transduction 
of specific antigen genes. Treatment with fused dendritic- 
tumour cells has been successful in generating immune 
responses and inhibiting tumour formation in a number 
of mouse studies (Gong etal., 1997a; Siders etal., 2003; 
Tanaka et al., 2001). 


Co-stimulatory Molecules 


In addition to antigen recognition, robust cytotoxic T lym- 
phocyte activation relies on signalling through co-stimulatory 
molecules, such as B7.1 and B7.2, on antigen-presenting 
cells signalling through CD28 on T cells. A second approach 
to gene therapy for improved immune response to can- 
cer involves transfer of genes for co-stimulatory molecules 
to increase cytotoxic T lymphocyte response, without the 
need for identification of specific tumour antigens. Target 
cells for this approach include tumour cells (to turn them 
into functional antigen-presenting cells) and dendritic cells 
(to increase normal co-stimulatory signalling or allow auto- 
activation). 

One attractive target for co-stimulatory gene transfer is 
CD40L (CD154), the ligand for the surface receptor CD40. 
CD4OL is transiently expressed on activated leukocytes, 
including mature CD4* T cells and CD8* T-cell subsets, 
while CD40 is constitutively expressed on a variety of cell 
types, including antigen-presenting cells (activated B cells, 
activated monocytes, and dendritic cells). Binding of CD40L 
to CD40 on dendritic cells is a key event in dendritic cell 
activation, resulting in increased proliferation, secretion of 


a number of cytokines, and upregulation of expression of 
co-stimulatory and accessory molecules, including ICAM -1 
and B7. 

The use of dendritic cells for CD40L gene therapy has 
the potential advantage of allowing for immune responses 
to multiple tumours with a single generalized approach. In 
murine B16 melanoma and CT26 colon adenocarcinoma 
models, intratumoural injection of dendritic cells transduced 
ex vivo with a CD40L adenoviral vector resulted in tumour- 
specific cytotoxic T-cell responses, significant tumour growth 
delay, and increased animal survival (Kikuchi et al., 2000). 
Transplant of splenocytes from these mice resulted into 
protection of naive recipient mice from subsequent tumour 
challenge. Additionally, when B16 tumours were established 
in opposite flanks of mice, injection of CD40L-transduced 
dendritic cells into one tumour resulted in regression of both 
tumours. 


Cytokine Gene Therapy 


One reason for insufficient immune responses to tumours 
is a failure of T-helper cells to secrete cytokines to sustain 
the cytotoxic T lymphocyte response. Enhancement of this 
immune response by systemic administration of cytokines 
is typically associated with dose-limiting toxicities, includ- 
ing inflammatory reactions and vascular leakage in inter- 
leukin (IL)-2 clinical trials. The goal of cytokine gene 
therapy for cancer is to provide sufficient local cytokine 
levels at the tumour site to stimulate the immune response 
without causing systemic dosing toxicities. A number of 
cytokines have been assessed for this purpose. M any studies 
have focused on IL-2 and IL-12, although other cytokines 
including IL-1, IL-4, IL-7, TNF-a, IFN-y, and GM-CSF 
have also been tested individually or in combination, as 
all of these cytokines have been implicated in promoting 
antitumour immune responses (see also Signalling by 
Cytokines). 

In numerous mouse solid tumour models, potent antitu- 
mour responses have been observed using cytokine gene 
transfer involving intratumour infusion of DNA or viral 
vectors, or injection of gene-modified normal fibroblasts, 
dendritic cells, or tumour cells. Complete tumour regres- 
sion and protection from subsequent tumour rechallenge have 
been observed in models of IL-2 (Gunji et al., 1996), IL-7 
(Miller et al., 2000), IL-12 (Fernandez et al., 1999; Nishioka 
et al., 1999; Shimizu et al., 2001), and IFN-y (Nomura et al., 
1999) gene transfer. Clinical cytokine gene therapy trials 
have also been undertaken, typically involving combinations 
of cytokine genes with or without other immunomodulatory 
genes. 

MSCs have also been assessed as delivery vehicles for 
the IF N-8 gene, which can mediate a number of antitumour 
activities, including anti-angiogenic, antiproliferative, and 
immunomodulatory effects. MSCs have been shown to home 
into sites of tissue injury or cellular turnover, and mouse stud- 
ies have demonstrated that tumours can also provide suitable 
environments for human MSC targeting, engraftment, and 
proliferation (Nakamizo et al., 2005; Studeny etal., 2002, 
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2004), supporting the use of MSCs for targeting antitumour 
therapeutics. 

Studeny etal. (2002) demonstrated that intravenous 
injection of human MSCs into nude mice with established 
human metastatic melanomas in lung resulted in preferential 
integration of the MSCs into the tumours, but not into 
normal lung tissue. Transduction of human MSCs with 
an adenovirus containing the human IFN-£ gene resulted 
in significantly reduced tumour size and increased animal 
survival when MSCs were coinjected with the melanoma 
subcutaneously into the mouse flank. In a second study of 
established lung metastases of breast carcinoma or melanoma 
in severe combined immunodeficiency (SCID) mice, three 
weekly intravenous injections of one million human MSCs 
transduced with IFN-£ significantly improved survival to 
a median of 70-80days after tumour inoculation versus 
30- 40 days for untreated mice, although it was not curative 
(Studeny et al., 2004). 


DRUG-RESISTANCE GENE THERAPY 


Transfer of drug-resistance genes into haematopoietic stem 
cells has been developed as an approach to circumvent 
chemotherapy-induced myelosuppression. The major goal of 
drug-resistance gene therapy for cancer is to confer protec- 
tion to haematopoietic progenitor cells from drug toxicity 
while allowing for enhanced antitumour chemotherapy. This 
strategy results in the selective expansion of drug-resistant 
cells and may allow more dose-intensive chemotherapy regi- 
mens to treat drug-resistant tumours (Figure 3). H aematopoi- 
etic stem cells are the ideal target for this approach based 
on their accessibility, multilineage differentiation potential, 
and capacity for self-renewal. To date, the majority of 
the gene transfer studies have used recombinant murine 
leukaemia retrovirus-based vectors. However, this class of 
retrovirus requires a breakdown of the nuclear membrane 
during cell division for viral integration, limiting the trans- 
duction efficiency of quiescent stem cells, and has also been 
associated with insertional mutagenesis (discussed later in 
this chapter). More recently, HIV-based lentiviral vectors 
have been shown to stably transduce non-dividing cells, 
increasing the potential for gene transfer into stem cells. 
Despite the difficulties in transducing stem cells, studies have 
shown that drug-resistance gene transfer into only a small 
number of early progenitors is sufficient for selection and 
repopulation of the marrow and for conferral of chemopro- 
tection in vivo. 

Gene transfer of the MDR-1, dihydrofolate reductase 
(DHFR), and O°-methylguanine-DNA methyltransferase 
(MGMT) genes have each demonstrated the ability to 
increase cellular resistance to chemotherapeutic agents (see 
also Models for Drug Development and Drug Resistance). 
The most widely studied of these genes has been MDR-1, 
which encodes the 170-kDa ATP-dependent transmembrane 
efflux pump P-glycoprotein, capable of expelling a number 
of lipophilic drugs from the cell, including anthracyclines, 
Vinca alkaloids, actinomycin D, and paclitaxel. Increased 


drug resistance following MDR-1 gene transfer into human 
and murine haematopoietic cells has been documented in 
many studies. In initial murine studies, gene transfer of 
human MDR-1 resulted in preferential survival of trans- 
duced haematopoietic cells in vivo after treatment with MDR 
chemotherapy. Expression of human MDR-1 in long-term 
repopulating stem cells was shown by serial transplantation 
of transduced murine marrow with paclitaxel selection, and 
resulted in MDR-1 expression 17months after the initial 
transduction, demonstrating that continuous expression can 
be maintained with in vivo selection. Simultaneous resistance 
of MDR-1 transduced haematopoietic cells in vivo and sen- 
sitization of TP 53-transduced murine breast cancer cells was 
shown in tumour-bearing Balb/C mouse recipients following 
treatment with paclitaxel, resulting in a significant decrease 
in tumour growth (Hanania and Deisseroth, 1997). 

Gene transfer of the DHFR gene is used to protect 
haematopoietic cells from antifolate chemotherapeutic agents 
such as methotrexate (MTX) and trimetrexate (TMTX), 
which bind and inhibit the DHFR enzyme resulting in deple- 
tion of nucleotides necessary for DNA synthesis in dividing 
cells. Variant forms of DHFR such as L22Y and F31S 
exhibit reduced affinity for antifolates while maintaining 
enzymatic activity, and therefore gene transfer of these vari- 
ants provides increased cellular protection from antifolates. 
Mice transplanted with retrovirally transduced haematopoi- 
etic cells expressing a drug-resistant human DHFR vari- 
ants were protected from MTX -induced cytopenia (Williams 
et al., 1987). Improved survival of tumour-bearing mice 
with MTX treatment following transplant of marrow trans- 
duced with the F31S variant DHFR was demonstrated in 
a mammary adenocarcinoma model (Zhao etal., 1997). 
In a chronic myeloid leukaemia model in mice trans- 
planted with L22Y DHFR transgenic marrow, coadministra- 
tion of TMTX and the nucleoside transport inhibitor prodrug 
nitrobenzyl-mercaptopurine-riboside phosphate (NBM PR-P) 
significantly delayed tumour onset, and improved animal 
survival (Sweeney etal., 2003). This resulted in a com- 
plete prevention of tumour emergence as long as the drugs 
were administered, although the leukaemia quickly became 
detectable once chemotherapy was halted. 

The 0®-alkylguanine-DNA  alkyltransferase enzyme, 
encoded by the MGMT gene, increases cellular resistance 
to alkylating agents including the chloro-ethylating agent 
1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and the methy- 
lating agent temozolomide (Figure 3). Mutant forms of 
MGMT are resistant to inhibition by the alkyltransferase 
modulator O®-benzylguanine (BG), and confer increased 
cellular resistance to the combination of BG and alky- 
lating chemotherapeutic agents compared with wild-type 
forms. Two well-characterized mutants, G156A and P140K, 
have been shown to protect transduced marrow from BG 
and BCNU or temozolomide-induced myelosuppression and 
result in significantly improved animal survival in mouse 
transplant models (Ragg etal., 2000; Sawai etal., 2001). 
Following drug treatment in these studies, the proportion of 
MGMT-transduced cells increased to nearly 100% in bone 
marrow (Ragg et al., 2000) and peripheral blood (Ragg et al., 
2000; Sawai et al., 2001), and secondary marrow transplants 
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Figure 3 Gene therapy using a drug-resistant MGMT gene. (a) Chemotherapy using DNA -alkylating agents, such as temozolomide (TMZ), can be 
toxic to tumour cells lacking the drug-resistance gene, but are also toxic to normal haematopoietic cells. (b) Transfer of a drug-resistant MGMT gene into 
haematopoietic cells confers chemoprotection from the combination of TM Z and BG, allowing enhanced antitumour chemotherapy without myelosuppression. 
This has the added effect of selectively expanding the haematopoietic cells expressing the drug-resistance gene. 


demonstrated that selection occurred at the stem cell level 
(Ragg etal., 2000; Sawai etal., 2001). MGMT-associated 
selection in vivo was best demonstrated in a mouse model 
in which G156A transduced marrow in non-myeloablated 
transplants was enriched up to 940-fold with BG and BCNU 
administration (Davis etal., 2000). In a tumour xenograft 
study involving BCNU-resistant SW 480 human colon cancer 
cells, transplant of G156A -transduced marrow into tumour- 
bearing nu/nu athymic mice resulted in protection from a 
dose-intensive regimen of BG and BCNU and a significant 
delay in tumour growth (K oç et al., 1999). These results pro- 
vide strong evidence that MGMT-transduced marrow may 
increase the therapeutic index of BG and alkylating agents 
to allow aggressive cancer treatment. 

MGMT chemoprotection has also seen further progress in 
a large animal model of gene transfer. Transplant of marrow 
transduced with P140K MGMT in a canine model resulted 
in protection from myelosuppression by temozolomide and 
allowed for in vivo selection and multilineage repopula- 
tion of transduced haematopoietic cells (Neff et al., 2005), 
further reinforcing the potential for drug-resistance gene ther- 
apy for cancer beyond small animal models. Additionally, 
G156A MGMT gene transfer and in vivo selection of human 


CD34 cells have been demonstrated using BG and BCNU 
in NOD/SCID mouse repopulating studies (Zielske etal., 
2003). Clinical trials using MGMT gene transfer for cancer 
treatment are currently underway. 

These animal models indicate that drug-resistant gene 
transfer can lead to enrichment of drug-resistant bone 
marrow, which may allow more intensive chemotherapy reg- 
imens to treat tumours resistant to conventional chemother- 
apy. However, the success of this strategy will ultimately be 
determined in the ongoing clinical trials. It is of note that 
these powerful drug-selection approaches can also be used 
to co-select for a second therapeutic gene present within 
the same vector, and this strategy has also been directed 
towards the treatment of genetic disorders of the haematopoi- 
etic system. 


INSERTIONAL MUTAGENESIS DUE TO GENE 
THERAPY 


Insertional mutagenesis resulting in cancer has long been 
considered a statistically rare possibility when utilizing 
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replication-defective murine y-retroviral vectors for somatic 
gene transfer, based on the limited occurrence of malig- 
nancies (Li etal., 2002) reported in over two decades of 
animal and clinical marrow transduction studies. However, 
with a successful clinical gene therapy trial for X-linked 
severe combined immunodeficiency (X-SCID), the theoreti- 
cal potential for insertional mutagenesis became a reality, as 
vector-linked T-cell malignancies arose in three of nine chil- 
dren who had experienced significant T-cell reconstitution 
following gene therapy (Cavazzana-Calvo et al., 2005). Con- 
sequently, there is currently a great deal of focus on improv- 
ing the safety of retroviral gene transfer and on developing 
more sensitive animal models for assessing and characteriz- 
ing the risk of insertional mutagenesis and haematological 
malignancies as a consequence of gene therapy targeting 
haematopoietic cells. 

One approach for developing these sensitive models is to 
utilize transgenic animals that have increased susceptibility to 
transformation, as in tumour-prone Cdkn2a knockout mice. 
Using this model, Montini et al. (2006) found increased 
haematological malignancies following three rounds of 
transduction of lineage-marker negative Cdkn2a~/~ mouse 
marrow progenitor cells using a y-retroviral vector con- 
taining the gene for green fluorescent protein. Interestingly, 
the same construct in a lentiviral vector did not result in 
increased tumour formation compared to mock-transduced 
cells, demonstrating that lentiviral vectors may be safer than 
standard y-retroviral vectors for haematopoietic gene ther- 
apy. This animal model, or others, may prove sensitive 
enough to allow the study of the mutagenic risks posed by 
specific therapeutic genes or transduction protocols, as well 
as assessments of vector modifications for improved safety 
in clinical gene transfer into haematopoietic cells for treating 
cancer and haematologic diseases. 
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INTRODUCTION 


Breast Carcinoma 


Earlier detection of breast cancer through screening and 
improvements in surgery and adjuvant therapy has increased 
survival rates, but it is still the leading cause of death from 
malignant disease in western women. The majority present 
with apparently localized disease, but many relapse owing to 
the presence of occult micrometastases that ultimately fail to 
respond to therapy. 

Changes within breast lobules, notably atypical lobular 
hyperplasia and lobular carcinoma in situ (LCIS), are gener- 
ally recognized as risk markers for subsequent development 
of carcinoma. Ductal carcinoma in situ (DCIS) appears to 
predispose to cancer, whereas there is no evidence that inva- 
sive carcinomas arise directly from LCIS. However, it is 
still not clear whether all in situ carcinomas are inherently 
capable of evolving into malignant metastatic cancers, but 
in view of the heterogeneity observed within these lesions, 
this is unlikely. With an increasing number of cases of DCIS 
being identified by mammography, it is important for further 
analysis at the molecular level to define those that are most 
likely to progress. 

Recently, a number of genetic alterations that shed more 
light on the aetiology and progression of breast cancer 
have been identified. The discovery of two genes (BRCA1 
and BRCA2) associated with familial breast cancers may 
seem of little relevance to the majority of sporadic cases, 
which are not genetically linked. However, their cloning 
and structural analysis has yielded insights into the control 
of proliferation, differentiation, and response to therapy of 
mammary epithelial cells. Recently, an understanding of 
the role of the BRCA genes in DNA double-strand break 
repair has led to the rational design of chemotherapeutic 
regimes to which such genetically altered cells are exquisitely 
sensitive. Secondly, overexpression of c-erbB2/HER2 is an 
independent prognostic indicator in breast cancer, linked 
with a higher probability of brain and visceral metastases, 
shorter survival, and a poor response to therapy. Human 
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breast cancers represent a heterogeneous set of diseases (and 
indeed cell types within the same tumour mass) with complex 
aetiology that are difficult to model accurately; nevertheless, 
specific aspects of their behaviour may be accessible with 
carefully chosen systems. 


Experimental Models 


We accept that much of cancer is genetically determined, 
but even when a specific gene (e.g., BRCA1) is known to 
predispose to cancer, the host genetic background can con- 
tribute significantly to its effects. Therefore, the same gene 
in mouse and man will never give exactly the same incidence 
and spectrum of cancers. Nevertheless, manipulation of genes 
by mutation, overexpression, or the “knockout” of cancer 
suppressor genes has proved very useful in both providing 
experimental cancers for study and also determining the func- 
tion of these genes. Similarly, animals can be exposed to 
carcinogenic chemicals, toxins, irradiation, viruses, and so 
on, and cancers may ensue. In many cases, the exposures 
are acute and high dose, and this may give quite different 
(often more highly immunogenic) tumours than those that 
arise from chronic, lower-dose exposure. 

Cell lines derived from normal rodent or human breast 
epithelium (and subsequently transformed) or from human 
cancers may yield insights into the genetic bases of oncogen- 
esis and progression, although in each case, we must question 
whether the manipulations that the cells underwent (and the 
conditions under which they were cultured) have modified 
their behaviour. 


Role of Experimental Breast Cancer Models 


It is important to define from the outset, what purpose the 
“model” is designed to serve, as there are different imper- 
atives if one is aiming to study, for instance, oncogenic 
transformation, the process of chemical or viral carcinogen- 
esis, chemoprevention, metastatic progression, or the biol- 
ogy or therapy of primary or secondary cancers. The next 
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sections will outline a variety of commonly used models, 
and later sections will consider their utility for different 
applications. 


IN VITRO MODELS 


Although the main purpose of this chapter is to discuss 
animal models of breast cancer, the increasingly sophisti- 
cated in vitro test systems should not be ignored. These 
have contributed significantly to our understanding of the 
molecular events in oncogenesis and progression and are 
increasingly used to explore gene expression and function 
in 3D and effects of modifying microenvironmental condi- 
tions, including cell-cell and cell- matrix epigenetic influ- 
ences (Figure 1). Human mammary epithelial cells (HM ECs) 
can now be cultured, and initial essential steps in tumori- 
genesis shown to involve loss of senescence checkpoints 
and immortalization. By selectively expressing (or knock- 
ing out) different genes, alone or in combination, insights 
have been gained into the “key players” in this process. 
In vitro transformation models have suggested that differ- 
ent HMEC subtypes (e.g., basal or luminal epithelial cells) 


may have different susceptibilities to different oncogenes 
and may represent the precursors of different histological 
types of breast cancers (Dimri et al., 2005). This approach, 
coupled with gene expression microarrays of isolated cell 
subpopulations and cancers, is leading to a detailed molecu- 
lar classification of breast cancers and “molecular portraits” 
of tumours with different probabilities of metastasis (includ- 
ing differential organ tropisms) and drug sensitivity (Wang 
et al., 2005; Bertucci et al., 2004; van't Veer etal., 2005). 
Recently, HMECs were transfected with major oncogenes 
(e.g, MYC, RAS, SRC ) and used to show that gene expres- 
sion profiles could be derived that reflected specific pathway 
activation. When subsequently tested in human cancers, these 
profiles correctly predicted the pathway deregulation(s) and 
sensitivity to targeted therapeutic agents (Bild et al., 2006). 

HMECs can also be immortalized by hTERT or human 
papilloma virus, and cells such as MCF10M (breast epithelial 
cells from a woman with fibrocystic disease) or the immortal- 
ized MCF10A and transformed sublines such as MCF 10AT 
expand the repertoire of cell lines available (M iller, 2000). 
Non-tumorigenic M CF10F cells have also been transformed 
with chemical carcinogens and HRAS, and although these 
agents themselves are not characteristic of human disease, 





Figure 1 


(a) Three-compartment cellular spheroids produced in a rotating culture vessel (RCCS) using wild-type immortalized human mammary fibroblasts 


(HM F), human mammary endothelial cells (HME) and MCF-7 mammary carcinoma cells. The image shows H&E sections of heterologous tumour spheroids 
harvested at 14 days. x160 magnification. (b) Immunohistochemical staining of RCCS manufactured spheroids (containing M CF-7, HM F, HME cell lines) 
for human endothelial cells using an antibody against CD31 after 7 days of culture. The cells are clearly seen to be located centrally as well as peripherally 
suggesting movement and subsequent proliferation in the central core of the tumour spheroids. x80 magnification. (c) Staining for individual cell types 
in the three-compartment heterologous tumour spheroids after 14 days of culture. Images demonstrate immunoperoxidase staining using antibodies against 
human vimentin as cell specific markers for HMF. x160 magnification. (d) Staining for individual cell types in the three-compartment heterologous tumour 
spheroids after 14 days of culture. | mages demonstrate immunoperoxidase staining using antibodies against a human pan-cytokeratin as a marker for MCF-7. 
x 320 magnification. (Reproduced from Kim et al. 2004 by permission from Springer-Verlag GmbH.) 
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the transformed cells nevertheless expressed increased levels 
of ErbB2 and ErbB3 oncoproteins, which may render them 
useful for certain applications (Calaf et al., 2005). 

The use of 3D and mammosphere cultures has led to 
the identification of putative stem cells in both mouse 
and human breast tissues (Smalley and Ashworth, 2003; 
Dontu and Wicha, 2005). The recent isolation from breast 
cancers of cells with the properties and putative markers of 
stem cells (e.g., CD44+, CD24~, Oct-4*) that are highly 
tumorigenic in severe combined immunodeficient (SCID) 
mice will provide the means to explore their molecular 
phenotype in more detail and also survey their response to 
therapeutic interventions (Ponti et al., 2005) (see Stem Cells 
and Tumourigenesis). 

Three-dimensional in vitro models can also be used to 
mimic some of the mechanisms involved in invasion and 
metastasis (Kim et al., 2004). Recently, human breast cancer 
cells derived directly from in situ or invasive tumours were 
found to be capable of dramatically enhanced clonogenic 
growth when cultured in close apposition to serum-activated 
myofibroblasts (Samoszuk et al., 2005), again emphasizing 
the need for the appropriate microenvironment for expression 
of full malignant potential. Interestingly, fibroblasts isolated 
from both normal breast and cancers inhibited growth of non- 
tumorigenic MCF10A cells, but only the former were able 
to inhibit growth of transformed M CF10AT cells (Sadlonova 
et al., 2005). Bissell and colleagues, by using “designer 
microenvironments”, have highlighted the dominant role of 








tissue and nuclear organization in controlling gene expres- 
sion, and these considerations need to be taken into account, 
especially if expression arrays are performed on cells grown 
in “standard” 2D tissue culture conditions (Bissell etal., 
2005). The idea that cancer stem cells also require a pre- 
cise structural “niche” is also an intriguing concept (Bissell 
and Labarge, 2005). 


RODENT MODELS 


MMTV-Induced and Syngeneic Mouse Models 


Some of the first mouse tumour models were developed from 
inbred strains with a naturally high incidence of breast can- 
cer (e.g, A, GR, BR6, C3H, DBA, and RIII). This was 
due to transmission of the mouse mammary tumour virus 
(M MTV). The oncogenicity is a consequence of the effects of 
enhancer sequences within the long terminal repeat (LTR) of 
the integrated MMTV proviral genome on the transcriptional 
promoters of proto-oncogenes such as the members of the 
Wntl, Notch1, and Fgf families (Figure 2). The viral target 
is a multipotent stem cell, which acquires additional muta- 
tions during tumour progression (Callahan and Smith, 2000). 
Interestingly, the frequency with which integration sites are 
rearranged is influenced by the virus and host mouse strains, 
and the common co-activation of particular genes (e.g., Wnt1 


Tumours develop with long latency 


Virus 





MMTV viral particles are 
transmitted to offspring in milk 


(6-12 months) but can be passaged to syngeneic recipients. 
Progression to metastatic lesions can occur 


Oncogenesis is due to insertional activation, by the viral 
RNA (copied to cDNA), of cellular proto-oncogenes such 
as Wntl, Wnt3, Int2/Fgf3, Hst1/F gf4, Int3 


DNA NYQKYRIOROO— Activated oncogene 


Figure 2 Development of M M TV -induced tumours. The MMTV viral particles are transmitted in the milk to the offspring, which then develop tumours 
after a long latency (6-12 months). Progression to metastatic lesions can also occur. The mechanism of action of the transformation is due to the virus 
releasing its viral RNA into the mammary epithelial cells. cDNA produced by the activity of reverse transcriptase enzymes inserts itself into the DNA near 
an oncogene and thereby activates it. The expression of the oncogene leads to oncogenic transformation of the cells. 
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plus F gf3) has suggested that they may cooperate in tumori- 
genesis, which has been borne out by studies in bi-transgenic 
mice. 

These models have been criticized because they are gen- 
erally hormone independent and do not in general resemble 
human breast cancers histologically. However, many trans- 
genic tumour models, even when they are induced by known 
human breast tumour oncogenes such as ERBB2, present as 
undifferentiated tumours rather than differentiated adenocar- 
cinomas. Also, the specific genes involved in the MMTV 
model may not adequately represent human tumours, since 
WNT1 and WNT3 are not usually mutated in the commonest 
subtype (invasive ductal carcinoma). Nevertheless, signalling 
pathways through which these genes ultimately exert their 
effects may be implicated in both species. 


Spontaneously Arising Rodent Tumour Models 


Some tumours also arise in mice that do not harbour MMTV 
(although at much lower frequency) and in general their 
aetiology is not well defined. Human breast tumours show 
varying degrees of oestrogen responsiveness, and in toto 
the various mouse models span the spectrum from highly 
endocrine dependent (growing only during pregnancy and 
regressing following parturition) to hormone independent. 
Several excellent reviews cover the contributions of mouse 
mammary biology to human breast cancer research and com- 
pare them with human malignancies (Cardiff et al., 2002; 
Wagner, 2004). Rat mammary tumours may occur sporadi- 
cally with a low incidence and a few useful models encom- 
passing both hormone-responsive and hormone-independent 
lines have been developed, for example, 13762 NF and 
its metastatic subline MTLn3, and HOSP1 (Nicolson, 1988; 
Eccles et al., 1996). 


%e 


Sprague-Dawley rats 50-55 days old 


(a) 1x20 mg dose of DMBA by intubation 





Rats 35-50 days old 
50 mg kg"! NMU i.p. 


(b) 


Tumours Induced by Chemical Carcinogens 
and Radiation 


Chemical carcinogenesis as practised 20-30years ago 
traditionally utilized chemicals such as 7,12-diethylbenzan- 
thracene (DMBA) and benzypyrene (BP). Rat mammary 
tumours can be induced by the use of DMBA, N- 
methylnitrosourea (NMU), and also by high doses of 
oestrogen (Figure 3). The former two agents often induce 
mutations of the ras oncogene (rare in human breast cancer), 
and thus provide only limited models of human mammary 
oncogenesis (Blackshear, 2001). 

The primary hosts treated with carcinogens generally 
develop multiple lesions of varying malignancy and hormone 
dependence, and these have proved useful for intervention 
studies with Tamoxifen and other oestrogen antagonists. 
Metastases are rare, and owing to the effects of the car- 
cinogen, lung primary tumours were sometimes mistaken for 
secondary tumours. 

More recently, a DMBA-induced rat tumour was trans- 
planted into athymic mice and a cell line (UHKBR-01) 
derived from it expresses oestrogen receptor (ER) and pro- 
gesterone receptor (PR) (Chow etal., 2003). This may be 
a useful model for investigating responses to anti-endocrine 
and other forms of therapy, but its merits compared with 
other models remains to be established. The RAMA series 
of cell lines, also derived from a DM BA-induced rat tumour, 
exhibit different degrees of differentiation and malignancy, 
collectively mimicking many stages of tumour progression. 

In the prepubertal period, human mammary tissue has 
enhanced susceptibility to radiation-induced oncogenesis, 
and this effect has been mimicked by the use of alkylating 
agents (such as NMU) in immature rats (Ariazi et al., 2005). 
If the rodent is an accurate model of young women in this 
respect, this suggests that carcinogenesis studies should be 





Multiple tumours (4-6 per rat) 
100% incidence at 8 weeks 





Multiple tumours (5-6 per rat) 
100% incidence at 12 weeks 

10% incidence metastases if 

dosed before day 50 


Figure 3 Chemical induction of mammary tumours in rats. The two common methods to induce mammary tumours in rats consist of (a) injecting DM BA 


by intubation or (b) administering NMU by the i.p. route, 
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carried out in cells from immature tissues in order to identify 
their full oncogenic potential. 

Exposure of rats to radiation in mid-life was associated 
with a reduced risk of developing cancer, consistent with 
epidemiological data. Later work showed that oestrogen 
enhanced radiation oncogenesis with complex effects related 
to dose level and fractionation (Bartstra et al., 2000). What is 
more, breast irradiation elicited persistent global alterations 
in the mammary gland microenvironment, conducive to 
the survival of transformed cells (Barcellos-Hoff, 1998). 
Such models may help to delineate the risks associated 
with diagnostic or therapeutic X -irradiation and the potential 
added risk of hormone replacement therapy. 

Now that genetic changes implicated in human breast can- 
cer are emerging, it is increasingly possible to model these 
in rodents to study their role in tumorigenesis and progres- 
sion. Interestingly, the HER2/neu oncogene - overexpressed 
and of prognostic significance in about 30% of human breast 
cancers - was discovered in a chemically induced rat neurob- 
lastoma. However, its oncogenic potential was due to muta- 
tion, whereas in human cancers HER2/neu oncogenicity was 
associated with overexpression of the normal protein. Inter- 
estingly, alternatively spliced forms of HER2 resembling the 
spontaneous activated forms have now been described in 
human cancers (Siegel et al., 1999) and a more detailed anal- 
ysis has recently identified somatic mutations of the HER2 
kinase domain in 2-5% of breast, colorectal, and gastric 
cancers (Lee et al., 2006). More recently, transgenic mice 
harbouring either mutant rat neu or human wild-type HER2 
in the mammary gland have provided additional valuable 
experimental tumour models (see Transgenic M odels). 


Hormonally Induced Tumours 


Tumours induced in rats by oestrogen pellets are usually 
initially hormone dependent or hormone sensitive. Following 
oestrogen withdrawal, residual cells may persist, which, at 
least in some cases, represent a steady state of cell division 
and cell loss rather than a Go state. Such models are useful 
for studying the emergence of hormone independence and 
testing agents to maintain dormancy for therapeutic benefit. 
Oestrogen may also potentiate oncogenesis induced by other 
means. For example, radiation-induced transformation of 
MCF-10F cells was increased in the presence of oestrogen 
(Calaf and Hei, 2000); other examples are discussed in 
the preceding text. There are several reviews of the three 
“classical” rat breast tumour models (NMU, DMBA, and 
oestrogen-induced) and their applications (e.g., Briand, 1983; 
Eccles et al., 1994). 


XENOGRAFTS 


Human Breast Carcinoma Cell Lines Used 
as Xenografts 


There are a relatively small number of commonly used 
human breast carcinoma cell lines (Table 1) but these have 




















Table 1 Examples of breast carcinoma xenograft models. 
Hormone 
Tumour Origin sensitive Features 
MCF7 Pleural effusion ¥ IDC, amplified 
NRas, high ErbB3 
MDA MD 231 Pleural effusion N IDC, activated K ras, 
mutant p53, EGFR 
MDA MB 361 Brain metastasis +/- AC, high ErbB2, and 
B3 
MDA MB 435 Pleural effusion N IDC 
MDA MB 468 Pleural effusion N AC, high EGFR, 
PTEN~, mutant p53 
and Rb 
CAL51 Pleural effusion N DC 
IIB-BR-G Primary breast N DC, amplified 
cancer c-myc and c-fos 
ZR-75-1 Ascitic effusion Y DC, high ErbB2 
and B3, high FGFR1 
SK-BR-3 Pleural effusion N DC, high ErbB2 
and B 3, amplified 
c-Myc, mutant p53 
BT-20 Primary breast N DC, high ErbB2, B3 
cancer and EGFR, mutant 
p53 
T47D Pleural effusion Y DC, high ErbB4, 
mutant p53 
GI 101 Breast tumour N DC 
recurrence 
BT549 Primary breast N DC, mutant p53 and 
cancer Rb 
BT474 Primary breast Y DC, High ErbB2, 
cancer B3, B4, 
mutant p53 
Hs578T Primary breast N CS, Activated H Ras, 
cancer high ErbB 3, mutant 
p53 
UISO-BCA- Primary breast Y IDC 
NMT-18 cancer 
L56Br-X1 Lymph node N Mutant BRCA1 
metastasis 


Y - yes; N - no; +/— - moderate response; IDC - invasive ductal carcinoma; CS - 
carcinosarcoma; AC - adenocarcinoma. 


been well characterized (Lacroix and Leclercq, 2004). The 
most popular one is MCF7, which is oestrogen sensitive, 
and generally only grows as a xenograft if the athymic 
mice hosts (which have naturally low oestrogen levels) are 
hormonally supplemented. Other common cell lines are the 
MD Anderson (MDA) series, some of which (e.g, MDA MB 
435) will metastasize from mammary fat pads in athymic 
mice. There are a few BRCA mutant cell lines available, but 
a xenograft (L56Br-X 1) was established from a lymph node 
metastasis. Subsequently, a cell line that expresses mutant 
BRCA1 mRNA but no protein was derived (Johannsson 
et al., 2003). 

The use of long-established cell lines, most of which were 
derived from pleural effusions or metastases, has been criti- 
cized (Burdall et al., 2003). It is also noteworthy that some 
have questioned whether MDA MB 435 is a bona fide breast 
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carcinoma, as it displays features of melanoma (Rae et al., 
2004). However, it also expresses breast- and epithelial- 
specific markers and can be induced to express milk lipids 
(Sellappan etal., 2004). Similarly, MDA MB 231 (derived 
from a pleural effusion) has mesothelial cell characteristics. 
It is notable that both are poorly differentiated and highly 
metastatic, which could represent loss of secretory epithelial 
features (epithelial-mesenchymal transition or lineage infi- 
delity) or a non-mammary origin. Suffice to say that they 
should be used with caution, and if possible, key findings 
confirmed in other breast cancer cell lines/xenografts. N ew 
cell lines and xenografts directly established from breast can- 
cers are increasingly employed now that conditions for their 
establishment are better defined. 


Choice of Host Strain for Xenografts 


Although athymic nu/nu mice of various genetic back- 
grounds (e.g., Balb/C, NCr) or SCID animals are nowadays 
the most commonly used host, nu/nu rats, chick embryos, 
and zebra fish embryos have also been explored. Differences 
have been noted in the ability of different types and strains 
of immunodeprived rodent to support metastasis. Nude rats 
are useful for studies requiring surgical manipulations that 
would be difficult in mice, but appear to have more resid- 
ual immune function, and hence can be less “permissive” of 
xenograft growth. Also, differences in patterns of metastasis 
between athymic rats and mice injected with the same human 
tumour cells have been noted. SCID mice, lacking both B- 
and T-cell immunity, and bg mice with lower NK activ- 
ity (or the triple deficient bg-nu-xid) should theoretically be 
more susceptible than athymic mice. Although they are the 
preferred host for some malignancies (e.g., lymphoreticular 
neoplasms and colon carcinomas), they are not universally 
superior, and breast cancers generally do not grow and dis- 
seminate any more readily than in other strains. SCIDs and 
nu/nu mice can develop spontaneous lymphoreticular neo- 
plasms that frequently manifest as swellings in the groins 
and axillae, and could be mistaken for lymphatic metastases 
unless checked histologically. 


GENETICALLY ENGINEERED MODELS 


Transgenic Models 


Some excellent transgenic models of breast carcinoma have 
been developed that seem to mimic many aspects of human 
tumour biology including, in some cases, metastasis. Both 
transgenic rat and mouse models have been established, 
and also a system in which cells from the mammary 
epithelium are removed, transfected with genes of interest 
using retroviruses, and returned to the fat pad of the donor 
animal, avoiding the necessity for germ-line transduction 
(Edwards et al., 1996). p53™!! mammary epithelium has also 
been transplanted into cleared mammary fat pads of wild- 
type p53 BALB/c hosts, demonstrating the role of p53 


downregulation in the formation of mammary tumours (J erry 
et al., 2000). 

Some transgenic animals have been designed specifically 
to produce lesions that mimic early stage disease (DCIS) in 
order to study the determinants of progression to invasive 
disease. Genes of interest can be readily and specifically 
targeted to the mammary gland using breast specific pro- 
moters (e.g., WAP, BLG) or by fusing genes to the LTR of 
MMTV. The MMTV promoter is active in both ductal and 
alveolar cells throughout the development of the mammary 
gland, especially during pregnancy. The WAP promoter is 
only active in the mid-pregnant mammary gland and (like 
BLG) is preferentially activated in alveolar cells. These sys- 
tems have been used to study the oncogenic potential of 
key genes such as RAS, MYC, cyclin D1, ERBB2, TGFa, 
HGF, MMP3, and WNT1 (Hutchinson and Muller, 2000; Li 
et al., 2000). 

The polyoma virus middle T antigen (PyMT) under the 
control of the MMTV gene promoter induces rapidly devel- 
oping mammary carcinomas with a propensity for lung 
metastases (Dankort and Muller, 2000). This MMTV/PyMT 
strain has been crossed with other transgenic models to 
study the specific effect of genes of interest (see subsequent 
text). A nother viral oncogene SV 40 encodes the large tumour 
antigen (T-Ag). T-Ag is a potent inducer of cellular trans- 
formation, based on interactions with Rb and p53, and has 
been used under the Wap gene promoter to model DCIS and 
further tumour development in BALB/c mice (Schulze-Garg 
et al., 2000). 

The main problem with the two promoter genes com- 
monly used (MMTV and WAP) is that they are endocrine 
sensitive and therefore do not allow analysis of the effects 
of hormones on tumour progression. New techniques such 
as tissue-specific recombination and knock-in technologies 
can bypass this effect, as well as preventing early embry- 
onic lethality. As an example, the activated neu/ErbB2 gene 
under the control of the endogenous ErbB2 promoter can 
be expressed specifically in the mammary gland after induc- 
tion of Cre recombinase. This produces a model that mimics 
the pathogenesis of ERBB2-positive human breast cancers 
better than the MMTV model (Andrechek etal., 2003) 
(see Transgenic Technology in the Study of Oncogenes 
and Tumour-Suppressor Genes). 

As an alternative model, the rat prostate steroid binding 
protein c3(1) gene has been shown to induce mammary 
carcinomas in female mice, which share some histological 
similarities with human breast cancer. The fusion of this 
gene with the SV 40-T-Ag has allowed the development of 
mammary tumours in a hormone-independent manner (Green 
et al., 2000). 

Animals expressing a human oncogene such as ERBB2, 
where the gene not only provides the initiating stimulus 
for oncogenesis but is also an ideal target for therapy, are 
of particular interest. Early work used the rat neu gene 
(which is mutated) as a transgene to induce metastatic 
tumours at a high frequency. There are now strains of 
“wild-type” c-erbB2 transgenic mice that develop (with a 
long latency) mammary cancers that metastasize to the lung, 
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although again a proportion carry somatic mutations in the 
transgene. 


Gene Knockouts 


Other genes (tumour suppressors) can also be studied using 
knockout transgenic models, although these are more prob- 
lematic. Loss of function of BRCA1 by mutation is respon- 
sible for a significant proportion of familial breast cancers. 
The homozygous knockout mouse fails to survive and the 
heterozygote does not develop tumours. However, if the 
second allele in these mice is mutated in the mammary 
glands, they proceed to develop abnormalities and later 
mammary cancers, which, like their human counterparts, 
show increased genetic instability. This is not a perfect 
model since in women loss of only one allele is suffi- 
cient to confer a very high risk of developing breast can- 
cer. To counter this effect, Xu etal. used an inducible 
system in which exon llof Brcal was excised by Cre 
recombinase in the mammary epithelium. After a long 
latency, the mice developed mammary tumours mimick- 
ing the human phenotype, and the role of BRCA1 in 
DNA repair and maintenance of genome integrity could 
be unravelled (Xu etal., 1999). The same phenomenon 
was observed in conditional Brca2 knockouts (Cardiff 
et al., 2000). 

Brca2 heterozygote mice also fail to develop breast 
tumours (although lymphomas and other tumours occur) and 
again the homozygous knockout is lethal. In an attempt 
to overcome this, Yan etal. exposed Brca2+/- mice to 
chemical carcinogens, but surprisingly, they were less sus- 
ceptible than normal mice (Yan etal., 2004). Although 
at first sight counterintuitive, these findings are consis- 
tent, with the cells being more sensitive to DM BA -induced 
apoptosis (due to their DNA repair defect) and smoking 
appearing to decrease breast cancer risk in BRCA2 muta- 
tion carriers. In another example, mice carrying a mutant 
p53 1724"9-4is under WAP control were generated to study 
the role of p53 mutation in the development of mammary 
tumours (Hutchinson and Muller, 2000). Conditional p53 
knockouts under the control of endogenous promoters are 
used to study the effect of different genetic backgrounds 
and interactions with other genetic changes (Lubet et al., 
2000). 


Bi-transgenic Models of Breast Cancer 


Additional transgenic models have been developed by 
interbreeding strains to obtain information on the com- 
binatorial (additive or antagonistic) effects of specific 
genes on tumour progression (Table 2). MMTV/PyMT 
mice crossed with gene knockout mice illustrated the 
role of urokinase plasminogen activator (uPA) on metas- 
tasis (Bugge et al., 1998). p53-deficient mice crossed with 
a number of transgenic strains, including MMTV /Wntl, 
WAP/IGF1, Brcal heterozygotes, or the conditional Brca2 


Table 2 Transgenic models for breast cancer. 





Promoter Gene Combinations 
M ouse mammary ErbB2 (Neu) p53, TGF-a 
tumour virus log 
terminal repeat 
(MMTV-LTR) 
Wntl FGF3, p53, pRb, ER, 
ErbB2 
Myc Bcl2, Met 
ras 
Cyclin D1 
HGF 
MMP3 
ERa SV-40 T-Ag 
Cox2 
p53 Wntl, BRCA1, IGF-1 
Heregulin Myc 
b-catenin 
Notch4 TGF£B, pRb 
pMT Plasminogen, CD44, 
TGF-£ RII, Ron 
Whey acidic protein SV-40 T-Ag Bcl2, p53, Bax, Kras 
(WAP) 
p53 Wntl, BRCA1 
HGF 
IGF-1 
TGFa p52, myc 
ErbB2 p53 
myc Bcl2 
C3(1) promoter from rat SV-40 T-Ag Bcl2, p53, Bax, Kras 
PSBP 
Cytomegalovirus HHCR-2 
Bovine B-lactoglobulin IGF-II 
Cyclin E 
M etallothionein TGFa p53, myc 


(Reproduced from Ottewell et al., 2006 by permission from Springer-Verlag GmbH.) 


and Brcal knockouts, all showed an increase in ER- 
mammary tumour formation (Hutchinson and M uller, 2000) 
(Jonkers etal., 2001). Brcal©°/“°-MMTV-Crep53+/— ani- 
mals were used to show that oophorectomy modified 
mammary tumour development (Bachelier etal., 2005). 
MMTV/Neu plus MMTV/TGFa strains exhibited a syner- 
gistic interaction in the induction of mammary tumours, 
and tumour progression mimicked human breast cancer 
(Lenferink etal., 2000). Crossing M MTV/Wnt1l transgenic 
mice with Neu overexpressing mice led to the forma- 
tion of ER-negative tumours, while Wnt1 induced tumours 
were ER-positive. This allowed exploration of the mech- 
anism of ER-positive or ER-negative mammary tumour 
formation, as well as providing a tool to study the 
mechanisms underlying anti-oestrogen resistance (Zhang 
et al., 2005b). 

Interestingly, cyclin D1- deficient mice were found to be 
resistant to mammary carcinomas induced by neu/ErbB 2 and 
Hras but not by those induced by Myc or Wntl, suggest- 
ing that different subsets of tumours may be differentially 
dependent on cyclin D1 (Sutherland and Musgrove, 2002) 
with implications for therapies targeting this pathway. Simi- 
larly, WA P-T-Ag transgenic mice crossed with those carrying 
a germ-line deletion of the Statha gene showed delayed 
progression of mammary carcinomas, suggesting that this 
transcription factor could be a potential target for therapy 
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(Ren etal., 2002). Expression of Met and Myc in primary 
mammary epithelial cells transplanted into the mammary fat 
pad demonstrated cooperation in the induction of mammary 
tumour formation (Welm et al., 2005). 


SPECIAL CONSIDERATIONS/METHODS 


Injection Site and Conditions to Enhance Growth 
and/or Metastasis 


It is now recognized that tumours grown s.c. are less likely 
to metastasize than those grown in the anatomically correct 
(orthotopic) site. Several studies have shown that transfection 
of human angiogenic cytokines, implantation of xenogeneic 
tumour cells s.c. with M atrigel and/or “helper” host cells such 
as fibroblasts, can increase tumour growth and/or malignant 
potential (Noel etal., 1993). These devices presumably 
mimic the orthotopic microenvironment to some extent, or at 
least overcome some of the defects of the xenogeneic/ectopic 
environment. The ability of the microenvironment to modify 
tumour cell behaviour (or select distinct subpopulations of 
cells) has recently been highlighted by proteomic studies of 
orthotopically mammary fat pad (M FP) gown MDA MB 231 
cells compared with in vitro cultured cells. Using activity- 
based protein profiling, which applies active site-directed 
probes to determine the functional state of the enzymes 
present in whole proteomes, J essani et al. identified clear 
differences in the activity of the human tumour-derived 
enzymes (and also contributions from murine host tissues) 
in vivo (Jessani et al., 2005). 

Breast carcinoma xenografts are not particularly easy to 
grow direct from clinical samples (the success rate is around 
30%), but this has been improved by the use of tissue 
fragments and/or the procedures described earlier (Price, 
1996; Yang et al., 2000). 


Host-modifying Effects 


It is not only the local microenvironment but also the host 
genotype that can profoundly influence tumour growth and 
metastasis. Using the metastatic PyMT transgenic model, 
Hunter et al. identified inbred strains of mice that suppressed 
metastasis (Hunter, 2005). One locus on chromosome 19 
(Mtesl) co-localized with the murine orthologue of the 
human breast cancer metastasis suppressor gene BRMS1, 
suggesting that allelic variations at this site may significantly 
modify the metastatic potential (Hunter et al., 2001). 


Metastatic Breast Cancer Models 


Human breast cancers metastasize to regional lymph nodes, 
and distant metastases in bone, liver, lung, and brain are 
common. Few, if any, rodent models fully mirror the patterns 
and frequency of the human metastatic disease, especially 


when grown s.c. or in the mammary fat pad. Nevertheless, 
models have been developed that mimic at least some aspects 
of disseminated disease, although often following direct 
inoculation of cells into the venous or arterial circulation 
(Table 3). 

For tumours arising in mice, metastasis in the primary 
host is rare (Ottewell et al., 2006). However, dissemination 
to the lungs, nodes, viscera, and brain can be promoted by 
sequential selection, cloning, or transfection of oncogenes 
in cell lines derived from these tumours and subsequently 
transplanted into syngeneic hosts (Barnett and Eccles, 1984; 
Vousden etal., 1986). Several other useful transplantable 
mouse mammary tumour models have been developed from 
Balb/C mice harbouring MMTV. Cell lines such as 64pT 
are non-metastatic, whereas 4TO7 gives lung colonies after 
i.v. injection and a subline 4TO7cg metastasizes from the 
orthotopic mammary fat pad site. Gravekamp et al. showed 
that tumour growth, angiogenesis, metastasis, expression 
of certain potential antigen targets (eg., Mageb), and 
levels of CD8* T cells varied in mice of different ages 
(Gravekamp et al., 2004). These findings have implications 
for the preclinical evaluation of vaccination strategies for 
older patients. 

Hyperplastic alveolar nodules (HAN) can also be isolated 
from these strains and have been used to study additional 
genetic changes required for tumorigenesis and metastasis. 
For example, cathepsin L and osteopontin were upregulated 
in invasive lines (e.g., D2A1) developed from HAN cells 
(M orris et al., 1993). A spontaneously arising, transplantable 
ER* medullary breast carcinoma in C57BLI/6 mice that is 
also highly metastatic to lung and liver has been described 
(Ewens etal., 2005). However, the most commonly used 
model is the 4T1 tumour, from which lines that sponta- 
neously metastasize to several sites including bone have been 
developed (Lelekakis et al., 1999). Gene profiling of these 
lines has revealed a key role of the extracellular matrix in 
metastasis (Eckhardt et al., 2005). 

Transplantable metastatic rat mammary tumours, either 
spontaneously arising or induced by chemicals or oestrogen, 
are also available (e.g, HOSP1, MTLn3 and the RAMA 
clones). The latter have been extensively used to identify 
genes (such as osteopontin, S100A4 etc.) that have a role in 
breast tumour progression (Zhang et al., 2005a; Moye et al., 
2004). ENU 1564 (derived from an A-ethyl-nitrosourea- 
induced carcinoma) has a high incidence of brain and bone 
metastases when injected via the left ventricle (M endes et al., 
2005). 

MDA MB 231 and MDA MB 435 human cell lines are 
most frequently used to generate brain or bone metastases; 
commonly, this requires injection of cells into the carotid 
artery or left ventricle of the heart, respectively (Minn et al., 
2005). Clones selected for differential organ colonization 
(MDA-231B0 and MDA MB231BR) were shown to express 
different levels of parathyroid-related hormone (Yoneda 
et al., 2001), and array analysis is extending the list of 
“organotropic” genes. Lung and liver are also colonized if the 
cells are introduced into peripheral or hepatic portal venous 
systems (Price, 1996). It has also been reported that BT 474 
and GI-101 generate microscopic lung (and in the latter case 
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Table 3 Examples of metastatic breast carcinoma models. 


























Tumour system Cell line/clone Hormone sensitive Site M etastasis 

MOUSE 

471 67NR N MFP Non-metastatic 

471 168FARN N MFP Weakly metastatic to LN 
471 66c14 N MFP Weakly metastatic to L 
471 47 1.2/4T1.13 N MFP Highly metastatic to L, LN, B 
4TO7cg N MFP L, peritoneal invasion 
64pT N MFP N on-metastatic 

E0771 C57bl6 E0771 Y SC L, peritoneal/V invasion, ascites 
MT1 TC1 clone 5 N SC L 

MT1 TC3 clone 2 N SC L,LV,LN,V 

MT3 N SC L,LN 

SM1 N SC L,LV,LN,V 

RAT 

HOSP1 P N MFP L, LN 

HOSP1 PV LV 

13762 NF MTLn3 N MFP L, LN 

13 762 NF MTC N MFP N on-metastatic 

Rama 37 N MFP Non-metastatic 

Rama 37 Ca2-5-LT1 N MFP L 

EMR-86 Y L, LN 

TRANSGENIC 

PyVMT M et? N MFP L 

PyVMT Db? N MFP Non-metastatic 
WAP-SV 40-T-Ag N (LN, LV) 

C3(1)-T-A g/p53-/- N L, LN, LV 
XENOGRAFT 

MCF7 LCCI Y MFP L,B, LN 

MDA MB 231 N V/PV L,LV 

MDA MB 231 MDA MBBO N C B 

MDA MB 231 MDA MBBR N C BR 

MDA MB 435 NM-2C5 N MFP Non-metastatic 

MDA MB 435 LM3 N MFP M oderately metastatic L, LN 
MDA MB 435 CL16 N MFP Highly metastatic L, LN 
MDA MB 435 F-L N C L,B 

MDA MB 361 C B 

GI-101 GILM3 N MFP L, LN 

MDA MB 468 468LN N MFP LN 

SUM 1315 N MFP L,B? 

CAL51 N P LV 











Y - yes; N - no; MFP - mammary fat pad; IV - intravenous; IC - intracardiac; SC - subcutaneous; PV - portal vein; IP - intraperitoneal; 
L - lung; LN - lymph node; B - bone; BR - brain; V - viscera; LV - liver (less frequent sites in parentheses). 


aCell lines derived from transgenic tumours and transplanted to new hosts. 
Metastases to human bone fragments implanted SC. 


lymph node) metastases detectable by immunohistochemistry 
or PCR. 

SUM 1315, derived from a human breast cancer metas- 
tasis, when implanted orthotopically in NOD/SCID mice 
disseminated to lung and s.c. implanted human bone frag- 
ments, but not to the mouse bone, suggesting species-specific 
osteotropism (K uperwasser et al., 2005). A variant of MDA 
MB 468 has been developed with an enhanced propensity for 
metastasis to lymph nodes (Vantyghem et al., 2005). This 
was achieved by isolation of rare lung metastases, identi- 
fied from GFP transfected cells that were grown out under 
Geneticin selection. The “tagging” of tumour cells for easier 
(and non-invasive) detection and quantitation of disseminated 
disease (See Imaging) will revolutionize further development 
of such models. 

Few of the transgenic models develop spontaneous metas- 
tases to sites other than the lung, and in most (except 
the PyMT and WAP-T-Ag), the incidence is low and/or 
the appearance late, making them inappropriate for routine 


preclinical testing of new therapies. C3(1)T-Ag mice are 
reported to develop metastases at a frequency of around 
62% and this increases to 88% in lung, liver, adrenal gland, 
and lymph nodes if they are crossed with p53 null mice 
(M aroulakou et al., 1997). 


APPLICATIONS/USES OF MODELS 


Pre-Malignant Conditions/Progression 


A number of transgenic systems provide good models of 
the development of DCIS and further progression through to 
metastases. These models include WAP/SV 40-T-Ag trans- 
genics (Schulze-Garg etal., 2000), MMTV-PyMT mice 
and transplantable sublines (Namba et al., 2004), and the 
MMTV-Wntl model (Ottewell etal., 2006). Additionally, 
an inducible transgenic mouse model that overexpresses 
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Myc at different stages of mammary gland development has 
been used to examine the time-dependence of oncogenesis 
(Blakely et al., 2005). 

In addition to HMEC cell lines, normal human breast tis- 
sues have been transplanted as xenografts. These cells/tissues 
persist and remain viable for long periods, and can be used 
to explore the effects of hormones, carcinogens, and putative 
promoters on oncogenicity (Miller, 2000). Hras transgenic 
rats have also been used as a model to screen potential car- 
cinogens (Tsuda et al., 2005). 


Genes Involved in Oncogenesis and Metastasis 


A number of models have been used for microarray studies 
to identify genes involved in breast tumour development, 
and transgenic systems, where the process is driven by a 
known oncogene, have been particularly informative. For 
example, cell lines from transplanted MMTV -PyMT tumours 
revealed that different genes were involved at different stages 
of tumour development: Ccnd1 and Cdk4 in pre-malignant 
stages and IGF and TGF£ in the malignant transition 
(Namba et al., 2004). Analysis of MMTV-PyMT tumours 
confirmed that the metastasis-specific 17 gene expression 
signature identified in clinical samples (Ramaswamy et al., 
2003) was evident in this metastatic model (Qiu et al., 2004). 
Additionally, cancer-prone mice can be crossed with gene 
knockouts to explore the role of candidate genes specifically 
in the formation of metastasis, for example, uPA as described 
earlier (Bugge et al., 1998), CD44 (Lopez et al., 2005), the 
type II TGF-8 receptor (Forrester et al., 2005), and RON. 
The latter effects were linked to deficiencies in MAP kinase 
and PI3 kinase activity (Peace etal., 2005) and provide 
validation of RON and these signalling cascades as targets 
for therapy. 

Gene expression profiling of tumours from transgenic 
models driven by Myc, ErbB2, ras, pyMT, or SV40-T-Ag 
identified genes differentially regulated by these specific 
oncogenes that might provide additional potential novel 
targets for therapy (Desai etal., 2002). The WAP-HGF 
transgenic tumour model indicated a role for MET signalling 
as well as osteopontin in tumorigenesis and metastasis. Serial 
analysis of gene expression (SAGE) of p53 null mouse 
mammary epithelial cells transplanted into the mammary 
fat pads of syngeneic hosts allowed the identification of 
relevant biomarkers for future human studies of mammary 
oncogenesis (Hu etal., 2004). Useful pairs of cell lines 
derived from PyMT transgenic tumours with high (M et-1) 
or low (Db-7) metastatic potential in athymic mice have 
recently confirmed a key role for osteopontin in metastasis 
(Jessen et al., 2004). Osteopontin was previously shown to 
be important in a rat mammary carcinoma model, MDA -M B- 
435 xenografts and is also associated with poor prognosis in 
patients. 

X enograft models (mainly M DA -M B-435 and MDA-MB- 
231) have also been used to identify metastasis-associated 
genes (Sloan etal., 2004; Bandyopadhyay etal., 2005; 
Kluger et al., 2005) or organ-specific gene expression sig- 
natures, for example, tropism for bone (Minn etal., 2005), 


lung, or lymph nodes (Montel etal., 2005). These studies 
can identify potential new targets for therapy. 

A series of NMU-induced rat tumours that mimic ER* 
intermediate-grade breast cancer has also been subjected 
to gene expression microarray analysis (Chan et al., 2005). 
Such techniques will enable correlation of data from animal 
models and human disease, and will be especially interesting 
if tumours that progress to higher-grade malignancy are 
included. In an elegant study, motile cells collected directly 
from orthotopic MTLn3 rat mammary carcinomas were used 
to derive a gene signature for invasion (Wang et al., 2004). 


Prevention/Intervention Studies 


The C3(1)/T-Ag model has been widely used to investi- 
gate putative chemopreventive agents such as difluoromethy- 
lornithine (DM FO), dihydroepiandrosterone (DHEA), and 
9-cis retinoic acid, since the tumours develop over a well- 
defined time course (Green et al., 2000). Other active agents 
include anti-angiogenic compounds and non-steroidal anti- 
inflammatory drugs (NSAIDS). So far, all agents tested seem 
to affect the promotion stage, offering the possibility that they 
may be useful in preventing the transition from DCIS to inva- 
sive carcinoma. M any other transgenic breast cancer models 
have also been used in prevention studies, notably those 
driven by Tgfa, Neu, Wnt1, Myc, and Cyclin D1 (reviewed in 
Shen and Brown, 2005; K avanaugh and Green, 2003). Since 
equivalent trials in women are in their infancy, it remains 
to be seen whether the preclinical findings translate into the 
clinic, and which model(s) are most informative. Future work 
will explore the use of combination interventions and should 
also seek changes in gene expression in mouse models that 
may predict response and clarify key mechanisms of action 
in humans. 

The MMTV-Cre BRCA1 transgenic model, which lacks 
one allele of the BRCA1 gene, was utilized to evaluate 
the chemopreventive effect of Tamoxifen. In this study, 
Tamoxifen increased the growth of mammary tumours, 
many of which were ER-negative (Jones etal., 2005). 
Nevertheless, this agent is being used in women who are 
at high risk of developing breast cancers, and one US trial 
was unblinded early because of apparently beneficial effects 
in the treatment arm (Fisher et al., 2005). Interestingly, in 
an earlier (but small) study, BRCA2 carriers, but not BRCA1 
carriers, showed reduced ER* breast cancer incidence with 
Tamoxifen (King et al., 2001). These studies deserve more 
detailed comparisons to determine if the mouse studies are 
predictive of response in subsets of women. 


Evaluation of Therapeutic Agents and Preclinical 
Drug Development 


Metastasis is the most frequent cause of death from cancer 
and the majority of therapeutic agents are designed to treat 
systemic disease. H owever, only relatively recently have new 
therapies been tested in models that mimic metastatic human 
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cancers, and even now, truly “adjuvant” preclinical studies 
are relatively rare. Animal models have been criticized for 
failing to predict the response of patients to new agents. 
However, with the growing realization of the importance 
of cellular context and microenvironment, it may be simply 
the use of inappropriate models that gives misleading results 
(Kamb, 2005). 

A comprehensive survey of the clinical predictive value of 
in vitro human cell lines, xenografts, and murine tumour allo- 
grafts recently showed that the former two (but not the lat- 
ter) were generally predictive under a compound-orientated 
approach, that is, were able to discriminate compounds 
with clinical utility in Phase II trials (Voskoglou-Nomikos 
et al., 2003). Interestingly, only non-small cell lung cancer 
and ovarian carcinoma xenografts (but not colon or breast) 
predicted activity in the respective malignancies. Also, re- 
evaluation of data has shown that if clinically relevant doses 
of agents are used the data are generally predictive of the 
potency of the compound, although not necessarily of the 
responsive tumour type (Kerbel, 2003). This implies that in 
many cases it is the molecular pathology of the cancer (rather 
than its histotype) that determines sensitivity, and this will be 
increasingly important in the evaluation of targeted therapies 
compared with broad-spectrum cytotoxic agents. 

Human tumour xenografts remain the primary test sys- 
tem for evaluation of novel (especially molecularly targeted) 
therapies and exploration of mechanisms of resistance (Rit- 
ter et al., 2004) (Table 3). Those xenografts that metastasize 
from orthotopic sites or following i.v. or intracardiac injec- 
tion (Table 1) are of particular interest and have, for example, 
shown the efficacy of Herceptin against skeletal lesions 
(Khalili et al., 2005) and that of CX CR4 chemokine recep- 
tor inhibition against lung and lymph node metastases (Liang 
et al., 2005; Muller et al., 2001). Athymic and SCID mice, 
however, have abnormal immune (and endocrine) systems, 
and therefore have limitations for some therapeutic applica- 
tions (e.g., active immunotherapy, vaccines). 

Transgenic mice represent the most “patient-like” models 
of cancer; a known genetic aberration is introduced into the 
germ line of an immunocompetent animal, is seen as “self” 
by the host, and in some cases leads to the development of 
metastatic disease. However, it remains to be proved in most 
cases that the strong overexpression of a single oncogene 
(or “knockout” of a suppressor gene) results in cancers 
whose biology accurately mimics that of the human diseases 
where multiple genetic and environmental factors contribute 
to tumour progression. Also, well-established and/or simpler 
models still have their place. A bolus i.v. injection of 
enzymatically prepared tumour cells may not be appropriate 
for studying the process of metastasis. H owever, the resulting 
tumour colonies of relatively uniform number, size, and 
organ location may be invaluable for comparing access and 
activity of drugs or biological agents where such variables 
need to be carefully controlled. The art of using experimental 
models (for targeted therapies in particular) lies in choosing 
the most appropriate one for the particular problem being 
addressed. 

Transgenic breast tumour model systems might be con- 
sidered ideal for developing novel targeted therapies, since 


their pathology is driven by a known oncogene or lack of a 
suppressor gene, for example, erbB2 and Brcal. In practice, 
they have several drawbacks relative to “standard” xenograft 
models for the high throughput that is required for preclinical 
testing of new drugs, where multiple analogues, dose lev- 
els, and sometimes combination therapies must be evaluated. 
Transgenic tumour models show relatively high variability, 
long latency, and the development of multiple tumours and 
this makes analysis of effects of therapy time consuming 
and expensive. The frequency (and sites) of metastases is 
also unpredictable. However, they are useful in late-stage 
drug development (e.g., to further evaluate a clinical candi- 
date) or for strategies where a functional immune response 
is required. 

The WAP-HGF breast cancer model is suitable for eval- 
uating therapies designed to target the MET pathway. The 
C3(1)/T-Ag model has been used to demonstrate the effi- 
cacy of cytokine (IL-2/IL-12) therapy as well as anti- 
angiogenic agents such as endostatin (Green etal., 2000) 
and VEGF receptor inhibitors (Huh etal., 2005). An 
MMTV/Neu-MMTV/TGF-a bigenic model was used to test 
the therapeutic effects of an EGFR inhibitor (Lenferink 
et al., 2000). MMTV /ras, MMTV/myc transgenic mice, and 
MMTV/ras/myc animals have allowed the comparison of 
responses to doxorubicin and paclitaxel and evaluation of 
the role of the host genetic background in response to treat- 
ment (Bearss et al., 2000). As ER-positive tumours induced 
by MMTV/Wntl changed their expression to ER-negative 
when treated with Tamoxifen, this model provides a tool 
to study the mechanisms underlying the development of 
anti-oestrogen resistance (Zhang et al., 2005b). Conditional 
transgenic models such as those repressing the expression of 
oncogenes (e.g., Myc, activated neu, and Wnt1 ) can be used 
to explore the therapeutic consequences of oncogene down- 
regulation on the progression and recurrence of the tumour 
(Tilli and Furth, 2003). 

Neu, PyVMT, and M UC-1 transgenic breast cancer models 
(primary and transplanted) have been used to explore vacci- 
nation strategies (M ukherjee et al., 2003; Sakai et al., 2004), 
where immunocompetent hosts are essential (see M odels for 
Immunotherapy and Cancer Vaccines). Neu transgenic 
mice have also contributed to the development of therapeutic 
monoclonal antibodies, including Herceptin. These exper- 
imental studies (recently confirmed in patients) suggested 
that part of the potency of Herceptin can be attributed to 
antibody-dependent cellular cytotoxicity (Yamaguchi et al., 
2005). In these examples, transgene expression was confined 
to the mammary gland by using the MMTV-LTR for tissue 
targeting. However, in humans, c-ERBB2 is also expressed 
at low levels in other cell types, for example, gastrointesti- 
nal epithelia, bile and pancreatic ducts, heart, and kidney, 
which is a possible drawback to these models (in common 
with xenografts) since normal tissue toxicities (e.g., cardiac 
with Herceptin) were not observed. The more recent use of 
endogenous promoters may overcome this problem. 

Primary tumours can be used to generate cell lines for 
reintroduction into mice of the transgenic strain (provided 
it is inbred, such as FVB/n). The transgene will still be 
seen as “self” but the tumour numbers can be controlled and 
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usually grow more reliably. Such strategies have been used 
in Neu and PyMT transgenic strains (Noblitt et al., 2005). 
In the latter example, a cell line was developed (MT1A 2) 
and was transplanted into syngeneic FVB/n mice and used 
to test EphA 2-targeted gene therapy. An immunocompetent 
model is of value where potentially immunogenic adenoviral 
vectors are being used, as they enable modelling of strategies 
to overcome this potentially limiting aspect of the therapy. 
A further consideration, especially where host immunity is 
important, is the effect of age on responsiveness, and this has 
been addressed in syngeneic transplantable tumour models 
(Gravekamp et al., 2004). 


Hormonal Influences and Anti-endocrine Therapies 


M any of the experimental rodent breast cancer models do not 
show stable hormone dependence; if evident at inception, it 
is often lost during progression or transplantation. Pituitary 
grafts have been used to study the effects of prolactin (PRL) 
on tumour incidence, although since growth hormone (GH) 
is also secreted, this may interfere with interpretation of the 
results. More recently, transgenic mice that have elevated 
levels of each hormone have been developed, and PRL 
was shown to enhance tumour development (Wennbo and 
Tornell, 2000). 

MCF-7 (being reliably hormone-sensitive) is most fre- 
quently used to test anti-oestrogens, although new ER* 
xenografts established directly from patients’ breast cancers 
are now being established (Fichtner et al., 2004). An MCF-7 
cell line transfected with the aromatase gene has been devel- 
oped to compare Tamoxifen with aromatase inhibitors (or 
their combination) (Brodie etal., 2005a) and explore the 
underlying molecular mechanisms of response. Several lines 
that have developed resistance to Tamoxifen or aromatase 
inhibitors have proved useful in defining the underlying 
molecular events (Brodie et al., 2005b). 


ASSAYS 


Detection and Quantitation of Metastases 


Originally, metastases (or lung colonies following i.v. injec- 
tion) were directly observed and the numbers (generally on 
the surface of organs) counted. Sometimes organ weight was 
taken as an indicator of metastasis burden, but this can be 
highly inaccurate. If gross metastases were not evident, his- 
tological sections could be taken and the metastasis number 
(and in some cases area) recorded. In order to improve quan- 
titation and sensitivity, a variety of molecular techniques 
have been developed. For example, tumour cells can be 
detected by immunohistochemistry with antibodies directed 
against epithelial markers (for bone marrow or blood sam- 
ples) or tumour antigens, and quantified by image analysis. 
However, examination of a limited number of samples may 
miss small tumour deposits. 


The use of molecular markers has enabled earlier detec- 
tion and more accurate quantitation of micrometastases and 
has increased the sensitivity of metastasis assays enor- 
mously. With this, and other new techniques, however, there 
have arisen the problems of determining whether the cells 
detected are truly clonogenic and whether identification of 
cancer-associated genetic sequences is sufficient evidence of 
metastasis. PCR/RT-PCR probes for tumour markers have 
been used, but again there are technical issues (Zippelius 
et al., 1997). 


Imaging 


Tumour cells have been genetically “tagged” with a variety 
of markers to assist their detection in vivo. However, it is 
possible that expression of the tag may be downregulated, 
or the cells expressing it selectively destroyed (particularly 
in immunocompetent hosts), such that counting of positive 
lesions might underestimate the total number. 

Cells expressing green fluorescent protein (GFP) or red 
fluorescent protein (RFP) have the advantage that, unlike 
the LacZ system, the cells can be visualized directly via 
microscopy. The latest generation of proteins have such high- 
intensity fluorescence that non-invasive whole-body optical 
imaging of metastases in nude mice has recently been 
achieved. MDA MB 435 cells expressing GFP were shown 
to develop lung metastases within 5 weeks, and spread in 
liver and lymphatics was also detected (Li et al., 2002). GFP 
nude mice have also been used to visualize host- tumour 
interactions and vascularization after implantation of RFP- 
labelled tumour cells (Yang etal., 2003). This technique 
allows real-time quantitation of the growth of metastases, and 
their inhibition by novel agents, even in bone (Peyruchaud 
etal., 2001). In addition, using 2-photon microscopy, it is 
possible to directly image the movement of cells within 
tumours as an index of their invasiveness (Condeelis and 
Segall, 2003). New developments in semiconductor quantum 
dot technology will undoubtedly enhance this field, allowing 
greater sensitivity and multiplexed imaging of molecular 
targets (Gao et al., 2004). 

Luciferase-transfected tumour cells are now widely used 
to non-invasively and sequentially monitor the development 
of internal tumours and metastases (Figure 4). MDA MB 
231/luc* cells injected into the arterial circulation spread 
selectively to bone and have been used to determine respon- 
siveness to bisphosphonates and stromal dependence (van 
der Pluijm et al., 2005). Similarly, 4T 1/luc syngeneic mouse 
breast cancer cells implanted orthotopically metastasize to 
bone, lung, and liver and are useful for studies of tumour 
progression and response to therapy (Hiraga et al., 2005). 
There are now sophisticated “reporter” systems available 
with the capability of indicating not only the location and size 
of tumour deposits, but also gene expression, biochemical 
reactions, drug distribution, and activity (Maggi and Ciana, 
2005). These developments will have a great impact in the 
future utilization of experimental models and will have the 
added benefit of reducing the numbers of animals required 
for drug development. 
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Figure 4 The firefly luciferase gene is transfected into tumour cells, which 
are then injected into mice. When its substrate, luciferin, is subsequently 
administered, luciferase in the tumour results in strong bioluminescence 
readily detected by external imaging devices. This approach is inherently 
more sensitive that fluorescence detection and very small lesions can now 
be identified. The image depicts a Balb-c nu/nu mouse 4 weeks after 
intracardiac inoculation with 100000 M DA -M B-231 luciferase-expressing 
breast cancer cells (left cardiac ventricle). Multiple bone metastases are 
evident (spine, long bones, rib, mandibles). The image was obtained using 
a Xenogen IVIS 100 machine. (Reprinted from Cancer Res, 65. Van Der 
Pluijm, G etal.. Interference with the microenvironmental support impairs 
the de novo formation of bone metastases in vivi, 7682-7690. Copyright 
(2005). Reprinted with permission from the American Association for 
Cancer Research.) 


“Conventional” imaging techniques such as magnetic reso- 
nance (MR), positron emission tomography (PET), and ultra- 
sound have also been applied successfully to a wide variety 
of animal models; resolution and sensitivity are increasing as 
technology improves. New developments include the use of a 
gadolinum-based contrast agent to image the ErbB 2 receptor 
(Artemov et al., 2003) and assessment of MYC expression 
using a °M -Tc peptide-nucleic acid chimaera (Tian et al., 
2005). These examples of molecular imaging are likely to 
be the forerunners of assays that will enable us to define not 
only where a tumour is but also what oncogenes are driving 
it, helping to select suitable targets for therapy, and ultimately 
detecting in situ responses as they occur. 


CONCLUSIONS AND PERSPECTIVE 


Over the last several decades, in vitro and in vivo models 
of increasing sophistication have been designed to assist in 
the elucidation of the nature of oncogenic events and tumour 
progression. Breast cancers, because of their major impor- 
tance, have been particularly well represented. While it is 
clear that no single model will suffice to encompass all 
aspects of human disease (which is itself extremely hetero- 
geneous), there are now a variety of systems that together 
provide most of the necessary tools for studies of basic 


breast cancer biology, the underlying genetic and molecu- 
lar mechanisms, tumour- host interactions, and therapeutic 
interventions. Increasingly complex in vitro models are being 
devised whereby tumour cells can be made to interact with, 
or invade normal tissues, bridging the in vitro- in vivo divide. 
In terms of in vivo models, there is a wide range of syngeneic 
and xenogeneic tumours available, and the increasing use of 
orthotopic (anatomically correct) sites of implantation, and 
of “tagged” cells and reporter systems for sensitive detection 
of disseminated cells (and functional readouts), has enhanced 
our ability to study and treat cancers and metastatic disease. 

Finally, the most dramatic breakthroughs have come 
from the development of genetically engineered mice in 
which oncogenes targeted to specific tissues or knockout 
of suppressor genes has led to transgenic strains with high 
incidences of breast cancers. These can be used for primary 
intervention/prevention studies, or, if on a suitable inbred 
genetic background, can yield new transplantable tumour 
models for studies of progression. Furthermore, the crossing 
of transgenic strains enables interactions among oncogenes, 
suppressor genes, and host modifier genes to be explored. 
Once the models that best mimic specific human cancer 
types have been defined, we will have ideal systems in which 
new therapies specifically targeting the underlying molecular 
abnormalities may be tested, and ultimately preventative 
treatments that will short-circuit the oncogenic process in 
women who are at risk due to hereditary factors or lifestyle. 
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INTRODUCTION 


Prostate cancer is a significant cause of cancer morbidity 
and mortality with a projected US incidence of 230000 
cases diagnosed and 37000 deaths by 2006 (Jemal etal., 
2006). It is assumed that prostate cancer develops through 
a multi-step process of genetic alterations, which transform 
prostate-derived epithelial cells into a phenotypically malig- 
nant disease. Insights from ongoing clinical and laboratory 
research have increasingly led to the identification of molec- 
ular events involved in the development and progression of 
the disease. 


Normal Prostate Anatomy 


The prostate gland is composed of three histologically 
distinct zones (peripheral, central, and transition), which 
share a common fibromuscular stroma and fibrous capsule 
(Kabalin, 2002). The peripheral zone occupies most of the 
gland (70-75% of gland volume) and contains small ductal 
acini admixed with stroma. The central zone (20-25% 
of gland volume) encompasses the ejaculatory ducts and 
occupies the broad proximal base of the prostate and 
is a rare site for cancer initiation. The transition zone 
includes glandular tissue, which arises directly from the 
intra-prostatic urethra and comprises a small volume of an 
adult prostate (5- 10%). The majority of prostate cancers 
(PCas) arise in the peripheral zone (approximately 75%) or 
the transition zone (approximately 25%). Tumours which 
primarily arise in the central zone are rarely found. In 
contrast, benign adenomas/hypertrophy in the prostate occurs 
almost exclusively from growth of glandular tissue in the 
transition zone (see Male Genital Tract). 

In contrast to the human prostate, the mouse prostate is 
composed of four distinct glands (anterior, ventral, dorsal, 
lateral) without a common stroma or capsule. Histologically, 
the mouse anterior prostate (AP) and dorso-lateral prostate 
(DLP) lobes resemble the human central and peripheral 
zones, respectively (Shappell et al., 2004). 


The Cancer Handbook 2nd Edition. Edited by Malcolm R. Alison 
© 2007 John Wiley & Sons, Ltd. 


Theories of Prostate Cancer Development 


Studies have identified a number of environmental and 
genetic risk factors, which play a role in the development 
of prostate cancer. Diet is the most thoroughly investigated 
environmental risk factor for prostate cancer, as diets high 
in fat or low in cruciferous vegetables, lycopene, or certain 
micronutrients (especially selenium and vitamin E) are 
associated with increased risk of prostate cancer (Chan and 
Giovannucci, 2001). Although twin studies imply a strong 
component of genetic risk factors, for most patients, the 
specific genes responsible for inherited risk of the disease 
have not been identified consistent with a polygenetic low- 
penetrant trait (Lichtenstein et al., 2000). Genetic markers 
have been identified from some studies in high-risk families. 
Putative genes associated with increased risk for prostate 
cancer may involve increased androgen activity or immune 
surveillance (Carpten et al., 2002; Chen, 2001). 


Premalignant Histologic Changes Associated 
with Prostate Cancer 


Proliferative inflammatory atrophy (PIA) has been proposed 
as the earliest discernible precursor lesion to separate nor- 
mal epithelium leading to the development of prostate cancer 
(De Marzo etal., 1999). PIA is characterized by atrophic 
areas with associated foci of proliferating cells (Cheville and 
Bostwick, 1995). Prostate intraepithelial neoplasia (PIN) is 
characterized by irregular nuclei, altered glandular architec- 
ture of crowding and stratification with preservation of the 
basement membrane, which may represent a premalignant 
lesion associated with later development of prostate cancer 
(Bostwick, 1989). High-grade prostate intraepithelial neopla- 
sia (HGPIN) occurs most commonly in the peripheral zone 
and many studies have observed acquired genetic and epige- 
netic abnormalities in PIN more similar to invasive cancer 
than normal prostate glands (Ashida et al., 2004; Henrique 
et al., 2006). 
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Histologic and Molecular Features of Prostate 
Cancer 


M orphologically, adenocarcinoma of the prostate is typically 
marked by invasive malignant glands from well to poorly 
differentiating architecture. Immunohistochemical character- 
istics of prostate cancer include expression of androgen 
receptor (AR), prostate-specific antigen (PSA), and pro- 
static acid phosphatase (PAP). Focal expression of neu- 
roendocrine (NE) markers (including chromogranin A and 
neuron-specific enolase) are often present, and have been 
associated with a more aggressive form of the disease (A bra- 
hamsson, 1999). Genetic studies have identified multiple 
chromosomal abnormalities that are associated with cancer 
(including gains of 7p, 7q, 8q, Xq and loss of 8p, 10q, 13q, 
and 16q) (Elo and Visakorpi, 2001). 


Clinical and Molecular Features Associated 
with Progression of Prostate Cancer 


A majority of patients are diagnosed with clinically localized 
prostate cancer. In the fraction of patients who develop 
recurrent prostate cancer, unique clinical features which 
dominate the disease include: (i) exquisite initial sensitivity 
to androgen depletion therapies; (ii) relentless progression 
to an androgen-independent (Al) form of prostate cancer 
resistant to hormonal manipulations; and (iii) predilection to 
develop osteoblastic bone metastasis. Each of these will be 
discussed in turn. 

The effect of surgical castration is one of the earliest 
and most striking demonstrations of hormonal dependence 
of any cancer (Huggins et al., 1941). Androgen-deprivation 
therapy (ADT) plays an important part in therapy for many 
patients with prostate cancer, usually as medical castration 
with GnRH agonists with or without the use of non-steroidal 
anti-androgens (bicalutamide or flutamide). In current thera- 
peutics, most patients on ADT are treated with GnRH agonist 
therapy (Samson et al., 2002). Despite high initial response 
rates for patients with metastatic prostate cancer treated with 
ADT, after a sufficient time most patients will progress 
to develop androgen-independent prostate cancer (AIPC). 
Studies which address mechanisms of progression to AIPC 
have focused on mechanisms related directly or indirectly to 
preservation of AR signalling (Scher and Sawyers, 2005). 

A unique feature of the natural history of prostate cancer is 
a predilection for metastatic spread to bone (Logothetis and 
Lin, 2005). Normal bone physiology is regulated by a balance 
between bone formation mediated by osteoblasts and bone 
destruction mediated by osteoclasts. Metastatic spread of 
prostate cancer to bone produces a pronounced osteoblastic 
reaction with sclerotic new bone formation readily apparent 
on bone radiographs or bone scintography. Clinically, the 
early spread of advanced prostate cancer to bone means that 
skeletal related events including bone pain and compression 
fractures often dominate the premorbid state of these patients. 

The field of prostate cancer has focused on developing 
model systems that will maximally capture the above- 
described clinical features of this disease while concomi- 
tantly providing opportunities for testing new therapeutics. 


Several such in vivo models are described in the follow- 
ing sections. The models have been divided as those that 
have been developed in immunocompetent versus immuno- 
compromised host backgrounds with a section on cell lines 
derived from such models and bone metastatic models. 


MODELS IN IMMUNOCOMPETENT HOSTS 


Rodent and Canine Models 


Rodent models of prostate carcinoma were the earliest ones 
described for studying the PCa tumour biology. Establish- 
ment of rat models is a good alternative to murine mod- 
els since the mouse prostate/seminal vesicle complex is 
extremely small for tissue manipulations and identification 
of neoplastic distributions. 

M ost rodent models of prostate cancer have been generated 
with the use of genotoxic chemical compounds or hormone 
implants, but they are limited owing to prolonged latent 
periods before tumour induction. Several rat strains such 
as Fischer F344, Noble, and Wistar Unilever have limited 
application since they do not develop spontaneous prostate 
carcinomas, though such spontaneous tumours are observed 
in the ACI strain but in the ventral lobe - a site absent 
in the human prostate (Gupta, 2004). Lobund-Wistar (LW) 
rats also develop spontaneous metastasizing adenocarcinoma 
in the prostatic complex that develop in two stages as 
premalignant stage | and spontaneous refractory stage II 
(Pollard and Suckow, 2005). Likewise, the Dunning R-3327 
rat prostate model was also developed from a spontaneously 
occurring adenocarcinoma and was subsequently used for 
generating several sublines varying in growth rates, androgen 
sensitivity, differentiation, and metastatic properties (Pfundt 
et al., 2005). Several rodent models have been useful in 
evaluating effects of chemotherapy and other therapeutics 
(Gupta, 2004). 

Spontaneous occurrence of prostate carcinoma, which is 
also observed in dogs, is Al in nature. Studies have explored 
the canine model for stages of prostate cancer formation and 
bone metastasis (A quilina et al., 1998; Rosol et al., 2003). 


Genetically Engineered Transgenic Models 


It is important to develop animal model systems that closely 
mimic human tumourigenesis (Van Dyke and Jacks, 2002). 
In this attempt, oncogenes, oncoproteins (or genes that pro- 
mote cell proliferation and survival), and tumour-suppressor 
genes are frequently utilized to generate transgenic mod- 
els to study stages of tumour development or gene-specific 
contributions towards neoplastic progression. Our current 
molecular understanding of prostate cancer progression has 
also tremendously benefited by such models, and several key 
transgenic models are presented. Because of space limita- 
tions, we will focus on highlighting only those genetically 
engineered models that have had significant impact in our 
understanding of prostate cancer biology and progression; 
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the reader is directed to several excellent and comprehen- 
sive reviews for a detailed description (K asper, 2005; Winter 
et al., 2003). The Bar Harbor classification system was put in 
place when characterizing new transgenic models in prostate 
cancer (Shappell et al., 2004). This chapter will utilize the 
characterization as described in the original publications and 
not as recommended by the Bar Harbor classification system. 

Several transgenic models have utilized the prostate- 
specific rat probasin (PB) promoter to study the effect of 
oncoproteins specifically expressed in the dorsolateral lobe 
of the murine prostate gland (Greenberg et al., 1994). Within 
the PB promoter, the —426 to +28 region that encompasses 
the regulatory androgen-responsive region (ARR; —244 to 
—96) and the key AR binding sites (—236 to —223 and —140 
to —117) is sufficient for supporting prostate specificity and 
robust gene expression. However, this “minimal version” 
of the promoter has a significantly lower activity than the 
full-length 12-kb PB promoter. A satisfactory compromise 
has been the third-generation composite ARR 2PB promoter 
(Zhang et al., 2000), which duplicates the ARR linked to the 
minimal promoter and maintains tissue specificity and high 
transgene expression. Occasionally, another prostate-specific 
promoter from the PSA gene and few other gene promoters, 
that are not strictly prostate-specific in their gene delivery, 
have been utilized in transgenic studies. 


Bona Fide Candidate Oncogenes and Other Genes 
Implicated in Prostate Cancer Progression 


Several oncogenes, such as ras (Scherl etal., 2004) and 
Bcl2, (Bruckheimer etal., 2000) or other genes, such as 
Fos (Voelkel-Johnson etal., 2000), Fgf7 (Foster etal., 
2002), F gf8b (Song et al., 2002), and Igf1 (K onno-Takahashi 
et al., 2003) have been overexpressed within the murine 
prostatic epithelium. In some cases, epithelial hyperplasia 
and PIN was observed; however, these cellular abnormalities 
did not progress to adenocarcinomas. Even prostate-specific 
overexpression of AR, a crucial nuclear hormone receptor 
correlated with acquisition of the Al phenotype (Scher and 
Sawyers, 2005), did not result in prostatic adenocarcinoma 
(Stanbrough et al., 2001). These results suggested that these 
genes, including AR, are positive regulators of cell growth 
in normal prostate epithelium but that their mere expression 
is not sufficient for prostate cancer development. In the 
subsequent text, we describe those transgenic models that did 
progress to an obvious adenocarcinoma including metastases 
in some cases. 


SV40 T-Antigens Expression of the two non-structural 
oncoproteins (the ~78-kDa large T-antigen and the ~19-kDa 
small t-antigen) of the Simian tumour virus 40 (SV 40) in 
transgenic mice results in effects ranging from hyperplasia 
to invasive carcinoma accompanied by metastasis. Large 
T-antigen inhibits tumour suppressor functions of p53 and 
the retinoblastoma family (Rb family) members, while the 
transforming function of small t-antigen is associated with 
binding to the cellular phosphatase pp2A (Ahuja etal., 
2005). Because the loss of wild-type P53 and RB has been 
implicated in development and progression of prostate cancer 


(Bookstein etal., 1990), this approach has been widely 
utilized in generating transgenic models of prostate cancer 
(see Table 1 for a side-by-side comparison of these models). 

All models, except the LADY model (Kasper, 2005), 
express both the large T and small t antigens. Several of these 
models utilized the prostate-specific PB (minimal or long 12- 
kb PB promoter) or PSP94 promoters while others chose 
promoters with broader tissue specificity. The transgenic 
adenocarcinoma of the prostate (TRAMP) model was one 
of the first models to demonstrate a prostate epithelium- 
specific expression of the SV 40 early genes and a capture 
of the entire continuum of prostate cancer from PIN to 
distant metastases. A similar model generated in the rat 
did not metastasize (Cho et al., 2003). A common trait of 
the SV 40 T-antigen models of prostate cancer is the NE 
feature of the adenocarcinomas, which has been a subject 
of controversy in the field. Some investigators feel that 
clinically NE prostate tumours are infrequent, while others 
have reported that 30-100% of human prostate cancers 
have focal or extensive NE differentiation especially in Al 
cancer (A brahamsson, 1999). Human NE cells do not contain 
detectable levels of AR. Accordingly, NE differentiated foci 
of prostate carcinomas in both the cryptidin2 and the LADY 
models were AR negative and were suggested to be derived 
from a preexisting Al cell population that lacks the AR. 

In contrast, emergence of NE phenotype in the TRAMP 
model is suggested to be an epithelial to NE switch (K aplan- 
Lefko et al., 2003) instead of a preexisting NE population. 
Synaptophysin (a marker of NE cells) was detected in only 
2.5% of the PIN lesions in intact TRAMP mice but in all of 
the poorly differentiated lesions, that appeared post-castration 
(Gingrich etal., 1997), 55% also expressed AR. No NE 
phenotype was reported in the PSP94 model. 


Neu-Induced Prostate Cancer HER2/neu has been exten- 
sively correlated with Al cancer progression. Overexpression 
of constitutively active Neu cDNA (point mutation V 664E in 
the transmembrane domain) in the mouse prostate (Li et al., 
2006) driven by the mouse PB gene promoter (J ohnson et al., 
2000) caused PIN after a prolonged latency (~12 months at 
58% penetrance) with a further progression to invasive carci- 
noma (~18 months, 12% penetrance) but no metastasis. The 
model was generated in a C57BL/6] genetic background and 
was not NE in origin. 


c-MYC Overexpression MYC gene copy number is fre- 
quently increased in human prostate tumours including their 
occurrence during PIN. Moreover, MYC resides at the 8q24 
locus, which is frequently amplified in prostate cancers. Pre- 
viously, MYC transgenics failed due to inadequate c-Myc 
expression. In the current study (Ellwood-Y en et al., 2003), 
human MYC dose was controlled by expressing it from the 
minimal PB promoter (Lo-M yc), or the composite ARR2PB 
promoter (Hi-M yc). Both types of engineered models devel- 
oped PIN and invasive carcinoma with a 100% penetrance 
but after different latent periods. Hi-M yc progressed from 
PIN to cancer in half the time than Lo-Myc. No NE differ- 
entiation or obvious metastases were observed. The model 
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was further utilized to derive an expression signature for c- 
myc-driven murine prostate cancer, which included reduction 
of Nkx3.1 (tumour suppressor) during PIN and loss during 
cancer. 


Tumour Suppressors in Prostate Cancer 


Abrogating gene expression of putative tumour-suppressor 
genes has been an alternative and attractive avenue to 
identify specific genes and related signalling networks that 
contribute to multiple stages of prostate tumour initiation 
and progression. These include MXI1 (potent antagonist 
of MYC oncoproteins) at 10q24-26, NKX3.1 at 8p21, 
and PTEN (phosphatase and tensin homologue deleted on 
chromosome 10) at 10q23.3 (Elo and Visakorpi, 2001). 
Loss of heterozygosity (LOH) at 8p21 is frequent in PIN, 
suggesting a role for NKX3.1 in prostate cancer initiation; 
however, NKX3.1 remains unmutated in prostate cancers 
(Shen and Abate-Shen, 2003). Likewise, high rates of LOH 
are observed at the 10q23.3 region containing the human 
PTEN gene in prostate cancer and other human malignancies 
(Mulholland etal., 2006). However, gene knockouts of 
none of these genes progressed beyond prostatic epithelial 
hyperplasia and dysplasia. Pten homozygous mutants are 
embryonically lethal but heterozygotes develop PIN after 
a lengthy latency (>14months) at ~40% penetrance (Di 
Cristofano etal., 2001), which never advance to invasive 
prostate carcinomas. 

PTEN emerged as a “favourite” gene in the field of 
prostate cancer, despite the fact that Ptent+/- mice failed 
to develop invasive cancers, when invasive prostate ade- 
nocarcinomas were observed in Pten*/~; p27KiP!+/— and 
Pten*/~; p27*'P-/- compound mutant mice (Di Cristo- 
fano etal., 2001). p27*'P! restrains cell cycle progression 
by inhibiting Cyclin E-Cdk2 complexes. This compound 
mutant model was the only prostate cancer transgenic model 
after the “TRAM P era” that had progressed from PIN to inva- 
sive adenocarcinoma with complete penetrance but it did not 
metastasize. Mice singly deficient in p27*'?! do not develop 
prostate cancer, although p27*!'?! expression inversely corre- 
lates with aggressiveness of prostate cancer as well as overall 
patient survival. Two important observations emerged from 
this study which essentially directed the field in the same 
intellectual direction: (i) Pten protein expression was never 
lost in PIN and prostate carcinoma lesions in Pten+/~ and 
p27'P1 double mutants suggesting that PTEN may be hap- 
loinsufficient in prostate tumour progression, that is, a further 
reduction in dose of PTEN could hasten the neoplastic pro- 
cess. (ii) Loss of a single PTEN allele was insufficient for 
tumour progression; however, it was probably sufficient for 
tumour initiation and a second “hit” (as in a p275! loss) 
allowed the tumour to progress, as also dictated by K nud- 
son’s “two-hit” hypothesis (K nudson, 1971). 


PTEN Dose in Prostate Cancer Homozygous inactivation 
of PTEN is generally associated with advanced cancer and 
metastasis (Mulholland et al., 2006); however, loss of one 
PTEN allele is more frequent in a vast majority of prostate 
cancers at presentation. To provide genetic evidence to 


support the notion that PTEN is haplosufficient in prostate 
tumour suppression and that its dose is a key determinant in 
cancer progression, two approaches have been reported. 

The first approach (Trotman etal., 2003) generated a 
hypomorphic Pten mouse mutant series by using transcrip- 
tional interference and homologous recombination. P ten dose 
in this series followed as Pten+/+> PtenhY/+> Ptent/-> 
Pten'Y/- (mutants in which embryonic lethality due to 
complete Pten inactivation was rescued). Ptent⁄ mice 
developed hyperplasia, dysplasia, and low-grade prostate 
intraepithelial neoplasia (LGPIN), while Pten"Y/— developed 
HGPIN with complete penetrance at 8- 10 weeks, of which 
one-fourth progressed to invasive carcinoma by 8 months. 

The second approach utilized a prostate-specific Pten con- 
ditional knockout strategy using the widely popular Cre/L oxP 
recombinant system by expressing Cre recombinase from 
prostate-directed promoters. The results from such studies are 
summarized in Table 2. Except the MMTV promoter, all pro- 
moters targeted specifically only to the prostatic epithelium. 
All prostate-specific Pten-null models developed invasive 
adenocarcinoma with full penetrance but with varying peri- 
ods of latency. Interestingly, surviving epithelial cells in the 
carcinomas were P ten null. A denocarcinomas were androgen 
responsive as demonstrated in castration studies (Wang et al., 
2003). Some differences observed in rates and intensities of 
neoplastic progression were clearly attributed to the promoter 
strengths thus controlling Cre expression levels; however, 
influences due to mice strains cannot be ruled out (e.g., 
two groups reported significantly different outcomes from a 
cross between ARR2PB-Cre4+ and Pten!P/'%P with respect 
to progression, metastases, and survival rates). Nonetheless, 
these studies supported the theory that a certain thresh- 
old level of Pten is required for its tumour-suppressive 
function. 


Pten Compound Mutant Models Encouraged by the 
success of Pten+/-; p27KiP!+/- and Pten+/-; p27K!pl—/— 
compound mutants and the idea that two innate genetic hits 
or a Pten dose below a certain threshold may be necessary 
for the progression of prostate cancer, several investigators 
combined Pten heterozygotes with multiple other tumour- 
suppressor genes to investigate their collaborative roles 
in prostate carcinogenesis. Although these attempts did 
not always result in a transgenic mouse capturing the 
entire spectrum of prostate neoplasia, they have provided 
interesting insights into the sequence and type of genetic 
abnormalities that may be involved in progression towards a 
lethal phenotype. 


Contribution of Nkx3.1 Combining Pten heterozygotes 
with Nkx3.1 null mice (Kim etal., 2002) only led to 
an increased incidence of HGPIN/early carcinoma lesions. 
Unlike Pten, authors saw a loss of Nkx3.1 protein expression 
without LOH in both LGPIN and HGPIN lesions. An 
additional disruption of the p27*'?! alleles in the P ten/Nkx3.1 
compound mutants (Gao etal., 2004) not only enhanced 
incidence of prostate carcinogenesis but also highlighted 
dose-dependent functions of p27*'P!. Heterozygosity and 
nullizygosity of p27'P! resulted in opposite phenotypes in 
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Table 2 Conditional Pten knockouts in prostate cancer. 





M odel Host strain Hyperplasia LGPIN/ HGPIN Invasive carcinoma M etastasis Reference 
ARR?2PB-Cre4; Pten!9*P/oxP C57B1/6xDBA2/ 4 weeks 6 weeks (100% 9 weeks (100% 12-29 weeks, lymph Wang et al. 
129/BalbC penetrance) penetrance) nodes and lung with (2003) 
45% penetrance, no 
bone metastasis but 
increased 
osteopontin, 21% 
death 
(—426)PB-Cre; Pten!°*?/'%» C57BL6/| 48 - 64 weeks Observed >48 weeks, None reported Trotman et al. 
(P tenP*? ) (increased eventually (2003) 
latency in complete 
comparison to penetrance 
pc2) 
ARR>PB -Cre4; C57BL 6/) 8- 16 weeks 9- 16 weeks ~16- 24 weeks, None reported Trotman et al. 
P ten !0%P/10xP (Ptan Pc? ) complete (2003) 
penetrance 
PSA-Cre; Pten!0xP/loxp 1290 1la/FV B 16- 20 weeks 16- 36 weeks 40- 56 weeks 1/9 case of Ma et al. (2005b) 
(100% metastatic 
penetrance) adenocarcinoma in 
lymph node but 
metastatic locus was 
tiny 
MMTV-Cre; P ten !0*P/l0xp C57BL 6/129 Few days after 2 weeks Focal invasion at None observed Backman et al. 


birth 


prostate cancer, thus arguing against a simple model of 
haploinsufficiency in prostate cancer (Fero etal., 1998). 
Overall, these studies suggested that a loss of Nkx3.1 protein 
expression may precede cancer progression, that is, a tumour 
initiating genotype, while a combined loss of Pten and 
p27'P1_ may then aid in tumour progression. 


Combination with TRAMP A similar idea that Pten LOH 
may contribute towards accelerating prostate tumour progres- 
sion was also supported in the Pten*/- x TRAMP model 
(K wabi-A ddo et al., 2001) where the rate of tumour progres- 
sion was significantly quicker, thus resulting in decreased 
survival in comparison to wild-type TRAMP mice. 


Contribution of TSC2 Loss of Pten results in constitutively 
active phospho-A kt, but a constitutively activated version of 
Akt (myristoylated Akt which will always be at the mem- 
brane; MPAKT model) did not lead to adenocarcinoma of 
the prostate (M ajumder et al., 2003). It is important to deter- 
mine downstream effectors of Akt that are most critical 
for the genesis of prostate cancer. Tscl/Tsc2 heterodimer is 
another tumour suppressor, in addition to Pten, that flanks 
Akt. Prostate tumourigenesis arising from P ten inactivation 
was markedly accelerated by Tsc2 heterozygosity (100% 
invasive carcinoma in 5- 9 months) in a Pten/Tsc2 heterozy- 
gote cross (Ma etal., 2005a). Tsc2 heterozygotes did not 
present any prostatic epithelial abnormalities. This suggested 
that both Pten and Tsc2 are haploinsufficient for suppression 
of prostate tumourigenesis initiated by Pten heterozygosity. 
Surprisingly, another group (M anning et al., 2005) failed to 
observe the development of prostate cancer in a similar set of 


14 weeks, death 
due to other 
malignancies 


(2004) 


double mutant mice again highlighting importance of host- 
specific genetic make-up. 


Contribution of Rb Because the SV 40 T-antigen (basis of 
the TRAMP model) targets two tumour suppressors, p53 
and Rb, that lead to prostate cancer, it was interesting to 
determine the specific roles of these genes in prostate can- 
cer. Dual inactivation of Ink4a/Arf (regulators of Rb and 
p53 pathways, respectively) and Pten tumour-suppressor 
genes (You et al., 2002) resulted in reduced latency in PIN 
in Ink4a/Arf-/~ Pten*/— mice (27 weeks) as compared to 
Ink4a/Arf +/+ Pten*/~ mice (49 weeks) without ever pro- 
gressing to prostate adenocarcinomas. This indicated a role 
for these tumour suppressors in earlier stages of neoplastic 
lesions. A remarkable frequency of p16!%*48/pR b alterations 
(J arrard et al., 2002), but not of p144*F , implicated Rb inacti- 
vation as a critical determinant in prostate cancer progression. 
However, embryonic lethality of Rb-/~ mice (H ooper, 1994) 
impeded a direct evaluation of this gene in prostate cancer. 
This became possible with a prostate-targeted conditional 
Rb gene deletion (Maddison etal., 2004) which resulted 
in loss of Rb-mediated cell cycle control causing the ini- 
tiation of prostate hyperplasia but was insufficient to cause 
malignancy. However, this model had left p107 and p130 
(Rb family members) intact which might have functionally 
compensated for Rb deficit. Taken together, the observations 
created more contradictions than clarification with respect to 
Rb function in prostate carcinogenesis (see The R etinoblas- 
toma Tumour Suppressor). 

Van Dyke and colleagues (Hill et al., 2005) suggested a 
clearer role for the Rb family in a novel mouse model that 
captured both initiation and progression of prostate cancer. 
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ARR2PB composite promoter driven expression of truncated 
SV 40 large T-antigen (TgAPT 121) inactivated all Rb family 
members, leaving p53 and other targets functional. TgAPT 121 
mice demonstrated PIN and adenocarcinoma at >12 weeks, 
which progressed to complete penetrance with focally inva- 
sive lesions at >36 weeks. A surprising observation was a 
Pten-dependent and p53-independent apoptotic increase in 
this model. Furthermore, Pten hemizygosity (TgAPT 121 x 
Pten*/~) resulted in complete penetrance at >12 weeks and 
Pten protein loss in focally progressed lesions. The overall 
message from this study is that Rb loss, in addition to acting 
as a tumour initiator, imposes selective pressures on specific 
pathways to aid in prostate cancer evolution. 


Contribution of p53 p53 is known to have a reciprocal 
relationship with Pten (Trotman and Pandolfi, 2003). p53 
mutations and deletions are common in advanced prostate 
cancer as opposed to primary prostate tumours. Such clin- 
ical observations laid the foundation for this elegant trans- 
genic study (Chen et al., 2005). Transgenic mice that had 
prostate-specific deletion of Pten (Pten?“-/-) as well as 
p53 (Trp53°*-/-) were generated. p53 loss did not initiate 
prostate tumours but accelerated the progression of tumours 
initiated by loss of Pten. Pten’°-/-; Trp53P°°-/- mice 
developed invasive adenocarcinomas by 11 weeks, whereas 
Pten?*-/~ developed those after 4- 6 months and Trp53 °-/— 
had normal prostates. Double mutants had decreased survival 
but no distant metastases was found. This study challenged 
the classical “two genetic hits” hypothesis for tumour pro- 
gression. M ore importantly, it demonstrated that the genetic 
hits in prostate cancer are not random but specific and 
sequential events and underscored the importance of cellu- 
lar senescence as a tumour suppressor in prostate cancers. 
It highlighted the role of p53 loss in tumour progression as 
Opposed to initiation and its temporal cooperation with Pten. 

Taken together, the two last described studies have clari- 
fied the specific contributions of Rb and p53 deficiencies; the 
two genes are targeted by SV 40 large T-antigen, where the 
former aids in initiation, while the latter, in progression of 
prostate adenocarcinomas. Interestingly, neither of these two 
models developed NE tumours, as seen in SV 40 T-antigen- 
dependent models. 


Advantages and Limitations of Genetically Engineered 
Mouse Models 


Well-defined transgenic models of prostate cancer have 
tremendously boosted our knowledge of the molecular pro- 
gression of this disease and these models are assets in the cur- 
rent era of targeted therapy. Specific roles of the oncogenes 
and tumour suppressors in this cancer type are now under- 
stood better (in tumour initiation versus tumour progression) 
and several models are able to recapitulate all stages of 
the disease from hyperplasia, PIN, invasive adenocarcinoma, 
and metastasis. The tumours originate and progress in the 
prostate gland and in immunocompetent hosts, allowing the 
analysis of contributions of host’s immune response. Per- 
haps the biggest limitations of these genetically engineered 


models are (i) dependence on the host genetic strain which 
may or may not reveal the true contribution of the transgene 
in prostate cancer, (ii) dependence on strengths of the rat 
promoters utilized which are absent in humans, (iii) ability 
to look at contributions/interactions of only 2-3 genes at 
a time, (iv) inability to monitor oncogene/tumour suppres- 
sor effects on PSA (currently the best available non-invasive 
biomarker to follow prostate disease progression), and (v) the 
fact that most genes have been expressed or ablated in the 
prostate epithelium, thus ignoring the importance of epithe- 
lial- stromal interactions. 


MODELS IN IMMUNOCOMPROMISED HOSTS 


Xenografts Models 


An alternative means to develop prostate cancer models is 
the in vivo xenografting of human prostate tumour tissue 
fragments in immunocompromised severe combined immun- 
odeficient (SCID) or nude mice. This strategy allows direct 
interrogation of molecular mechanisms underlying prostate 
cancer biology as well as efficacy of therapeutics on human 
prostate tumours under various clinical stages (i.e., androgen 
dependent (AD) or Al grown in male or castrated/female 
hosts, respectively) all the while providing the ease of mon- 
itoring serum PSA in most cases. Table 3 summarizes some 
such common xenograft series used for PCa studies, along 
with the status of the genes equated with prostate can- 
cer, if known. Several prostate cancer cell lines (described 
later in this chapter) that have been developed either from 
these xenografts or even from some of the genetically engi- 
neered models, maintain tumourigenic characteristics allow- 
ing them to be grown as tumours in immunodeficient mice, 
are not included in this table. The xenograft strategy suf- 
fers from the disadvantage that it is unable to capture stages 
of prostate cancer initiation (unlike genetically engineered 
models) since xenografting of primary prostate cancer tissue 
has been successful only in highly advanced malignancies. 
At this stage, most cancers are poorly differentiated and 
are genomically unstable, which in turn makes serial pas- 
saging and maintenance of original xenograft characteristics 
extremely challenging. It is of note also that most of the AD 
xenograft models were derived from patients whose disease 
was characterized as androgen independent. This “reversion” 
of androgen sensitivity has yet to be adequately explained. 
Three graft sites have been utilized for implanting 
xenografts: subcutaneous, orthotopic, and sub-renal capsule 
(Wang etal., 2005a). The subcutaneous establishment of 
tumours is the easiest and most cost-effective but it is an 
unnatural site of tumour evaluation and it results in low rates 
of tumour establishment. Moreover, the xenograft method- 
ology has not allowed for full expression of metastatic 
potential of the tumours. Some of these issues can be some- 
what addressed by an orthotopic prostate transplantation of 
the xenografts but it requires exquisite technical expertise 
because of the size and anatomy of the murine prostate. 
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Table 3 Commonly used xenograft models in prostate cancer. 





X enograft AD Al AR status PSA production M etastasis Reference 
CWR22 series + + M utated + CWR22R Nagabhushan et al. 
(micrometastases to (1996), Navone et al. 
bone) (1998) 
LuCaP series + + + except + except LuC aP Bone marrow, lung, Reviewed in 
LuCaP 49 49 lymph nodes M arques et al. 
(2006) 
PC series + + + except +/— Lung, bone, other sites Navone et al. (1998), 
PC-346l (in PC3 sublines) van Weerden and 
Romijn (2000) 
MDA series + + except + except MDA Skeletal metastases Navone et al. (1998) 
MDA PCa40, PCa40, MDA 
MDA PCa 44 PCa 44 
LAPC series + + WT + Bone marrow (LAPC-4) Craft et al. (1999), 
Klein et al. (1997) 
LNCaP series + + M utated + Lymph nodes, bone Aalinkeel et al. 
(2004), Horoszewicz 
et al. (1983) 
BM 18 model + = + + Bone McCulloch et al. 
(2005) 
WISH-PC2 model (derived from - + Null — Liver, bone Pinthus et al. (2000) 
small cell carcinoma of the 
prostate) 
PCa model from peripheral blood n/a n/a n/a n/a Lung Pretlow et al. (2000) 
of patient 
‘+4", present; ‘—', absent; n/a, not available. 


Note: PTEN status of some of the xenografts models is known and has been described (Vlietstra et al., 1998). 


Sub-renal capsule grafting of xenografts allows for a very 
high tumour intake rate (>90%) for both benign and malig- 
nant tissue (Wang et al., 2005b), perhaps due to a readily 
available blood supply at this site. A novel combination of 
sub-renal capsule prostate tumour xenografting with a sub- 
sequent transplant in an orthotopic prostate site resulted in 
a metastatic prostate cancer line, PCal-met (Wang etal., 
2005b). Serial orthotopic grafting of this subline demon- 
strated metastasis to multiple organs including the bone, 
a frequent metastatic site of human prostate cancer. This 
unique model of in vivo metastatic prostate cancer displays 
most characteristics of late stage disease (the lethal pheno- 
type; Loberg et al., 2005) as well as PSA expression and can 
now be utilized to understand biological mechanisms and test 
therapeutics to target advanced stage cancer. 


Epithelial—Stromal Interactions in Prostate Cancer 


Epithelial- stromal interactions are a critical determinant 
of optimal hormonal responses for the development of 
organs such as the prostate gland (Cunha etal., 2003, 
2004). A critical interplay of these interactions has also 
been highlighted in cancer initiation as well as progression 
(Bhowmick and Moses, 2005). In addition, the tumour 
microenvironment plays an important role in accelerating 
tumour cell growth as well as cancer stem cell regulation 
(Bissell and Labarge, 2005). 

The prostate gland develops from the urogenital sinus 
(UGS) which consists of the urogenital mesenchyme (UGM ) 


and the urogenital epithelium (UGE). Landmark tissue 
recombination studies by Cunha etal. (2003, 2004) clar- 
ified that it is the mesenchymal fraction that determines 
the prostate identity and it is the “androgenic effects” or 
paracrine signals from the stromal ARs that are required 
for the complete development of the prostate when the 
epithelial ARs are still lacking. These observations were 
further supported using testicular feminization mice. Use of 
oestrogen receptor-alpha (ERa) knockouts in tissue recom- 
binant experiments highlighted the importance of both stro- 
mal and epithelial ERa in the estrogenic response of the 
prostate. 

The stromal component plays an equally important role 
in prostate carcinogenesis, especially hormonal carcinogen- 
esis. Hormonal carcinogenesis, like normal prostate devel- 
opment, is independent of epithelial AR but dependent on 
the stromal ARs. Embryonic rat UGM and BPH-1 (non- 
tumourigenic human prostatic epithelial cell line) recombi- 
nants underwent normal prostatic development in untreated 
immunocompromised hosts but malignant transformation 
in hosts treated with testosterone and estradiol (Cunha 
et al., 2003). BPH-1 cells lack AR as well as ER and 
do not undergo tumourigenesis. Changes in the epithe- 
lium as well as the stroma are a prerequisite for prostatic 
carcinogenesis. 

Despite these observations, all the models described until 
now have mostly ignored this important concept of stro- 
mal- epithelial interactions and have only focused on the 
tumour epithelial cells. One transgenic model study condi- 
tionally inactivated the transforming growth factor 6 receptor 
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Il (TgfBrll) gene (Bhowmick et al., 2004) in mouse fibrob- 
lasts (Tgffr2%°*° ), as opposed to the epithelium that led 
to development of PIN. Despite several studies providing 
evidence for the role of cancer-associated fibroblasts in 
advancing the tumourigenic potential of the prostate epithe- 
lial cells (such as reciprocal interactions between prostate 
cancer cells and bone stroma) (Hsieh et al., 2004), the pos- 
sibility of occurrence of loci-specific genetic or epigenetic 
changes in the prostate tumour mesenchyme (as a result of 
prostate epithelial tumourigenesis) is as yet unexplored. Such 
ideas can be potentially explored using the mouse prostate 
reconstitution (MPR) model described below. 


Mouse Prostate Reconstitution Model 


Success of the prostate tissue recombination studies per- 
formed by Cunha and colleagues formed the basis of 
the development of MPR system (Thompson et al., 2000). 
The mouse prostate reconstitution enzymatically dissociates 
murine UGS epithelial and mesenchymal cells, reconstitutes 
them with collagen matrix with their subsequent implantation 
under the renal capsule. Physical separation of the epithelial 
and mesenchymal cell populations of the UGS allows expres- 
sion of “tracking markers” or specific genes in defined cell 
types without any cell-type selection as seen with in vitro 
cell culturing. The MPR system is fundamentally different 
from a classical transgenic system since the genetic alter- 
ations can be induced in a small percentage of cells (UGS 
cells), as opposed to the entire host or in all cells of a spe- 
cific tissue type, which then grow around normal cells and 
microenvironment, thus mimicking initiation of the human 
cancer. Cancer cells, in a paracrine fashion, then induce spe- 
cific neoplastic cytokines and growth factors, which aid in 
tumour progression. On the basis of the current status of the 
MPR model system, it is being miscatalogued here under the 
immunocompromised section, but holds a future promise for 
interrogation of human epithelial and mesenchymal tumour 
cell populations in immunocompromised hosts. 

The first reconstitution model showed a functional coop- 
eration between the ras and myc oncogenes in prostate 
tumourigenesis (Thompson et al., 2000). The ras oncogene 
expression in the stromal cells induced PIN in the epithe- 
lial cells while myc expression alone only induced hyper- 
plasia. However, the two together induced prostate cancer 
within 4 weeks. It was the finding from an MPR system that 
prostate cancer induced by a combination of Ras and M yc 
produced high levels of TGF81. Ras+ Myc studies were 
further refined using other inbred strains of mice but this 
combination never metastasized. When this same combina- 
tion was generated on a p53-null background (i.e., p53-null 
UGS), it resulted in highly aggressive adenocarcinomas that 
micrometastasized to the bone. This result is very similar to 
the recent prostate-specific transgenic study (Hill et al., 2005) 
that loss of p53 helps promote prostate tumour progression, 
and suggests results obtained in epithelial transgenic stud- 
ies can be extended to evaluate them in clinically relevant 
settings using the M PR technology. 

The MPR model system has been utilized to study effects 
of specific genes on induction of benign prostatic phenotypes, 


prostate carcinogenesis, and metastasis (Thompson et al., 
2000). They have also been employed to study metastasis- 
related genes, testing chemotherapy agents, and as gene 
therapy models. In more recent times, they are being used to 
identify prostatic stem cells, reconstitution from a single UGS 
as opposed to multiple UGS, and their adaptation to grow in 
immunocompromised hosts so as to study specific alterations 
within human epithelial and mesenchymal populations. 


MODELS TO STUDY BONE METASTASIS 


Up to 95% of prostate cancer metastases to the bone are 
osteoblastic in nature with the remaining comprising mixed 
blastic/lytic lesions (Logothetis and Lin, 2005). At present, 
the murine xenograft models are the system of choice for 
studying bone metastasis. PC3 (Takeuchi et al., 1996) and 
LNCaP (Teitelbaum, 2000) cells labelled with GFP demon- 
strated metastasis to the bone. M ice with orthotopic implan- 
tation of LNCaP 23.8 and LuCaP 35 cells were found to be 
positive for PSA on the bone marrow RT-PCR indicative of 
micrometastasis (Y onou et al., 2003). Despite the demonstra- 
tion of increased metastatic potential in the orthotopic models 
of bone metastasis, they have not been able to produce 
reliable bone metastases, evident from the many failed exper- 
iments (Zhang et al., 2001, 2003). Notably, the Ras + M yc 
MPR model described earlier as well as a few genetically 
engineered models have demonstrated metastasis to the bone. 

Owing to the difficulty in producing bone metastasis 
models, studies using the direct injection method to study the 
prostate cancer cell- bone metastases interactions have been 
actively pursued. Foetal bone implants possess good potential 
to sustain the growth of DU145, LNCaP, and PC3 cell lines 
(Nemeth et al., 1999) in contrast to the human adult bone 
(Yonou etal., 2003). Another model (Tsingotjidou etal., 
2001) to study prostate cancer metastasis to adult human 
bone employed bone implantation from patients undergoing 
total joint arthroplasty into the hind limbs of pretreated SCID 
mice. The study highlighted the ability of the tumour cells 
to generate an osteolytic response in order to further their 
metastatic potential. 

Shtivelman and co-workers observed that small cell lung 
cancer cells had a preference to metastasize to human foetal 
lung and bone marrow, as opposed to the homologous mouse 
organs (Shtivelman and Namikawa, 1995). This observation 
inspired the generation of the SCID human model of 
bone metastasis (Nemeth et al., 1999) although the rates 
of osteolytic changes and metastasis were low. In a refined 
approach (Yonou et al., 2003), use of calcellous adult bone 
achieved 65% metastasis rate using PC3 cells. 

Bone resorption and osteoclastogenesis is regulated by 
binding of the receptor activator of nuclear factor kB ligand 
(RANKL) to its receptor RANK on the membrane of the 
osteoclast precursors (Teitelbaum, 2000). This interaction 
is crucial for the differentiation as well as the activation 
of osteoclasts. A study with RANK:Fc, a recombinant 
soluble fusion protein-mimic of osteoprotegrin (OPG), using 
the SCID mouse bone metastasis model showed that both 
the osteolytic tumour formation and the progression of 
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established lesions could be blocked using RANK :Fc therapy 
(Whang et al., 2005). 


Cell Lines Derived from Mouse and Rat Prostate 
Cancer Models 


Several cell lines have been derived from the murine and rat 
prostate cancer models detailed above. Some of the available 
cell lines are described below; however, the reader is referred 
to comprehensive reviews on this subject (Sobel and Sadar, 
2005a, b). The development of such in vitro cell culture 
models offers unlimited and cheap resources to the research 
community to study various stages of prostate cancer easily. 

Clonal cell lines of the R3327-5 variant line from the 
Dunning tumour R-3327/132 were used to study the differ- 
ential expression of the invasive and metastatic properties of 
this prostate model (Luo et al., 1997). Cell lines established 
from MPR models are a great resource of specific sets of 
genetically matched clonal cell lines derived from the pri- 
mary tumour. The generation of such cell lines is helpful 
in the identification of metastasis-related genes. The most 
commonly used PCa cell lines include LNCaP derived from 
lymph node metastasis, PC3 from a patient bone lesion, and 
DU145 isolated from a brain metastasis. Further, two AD, 
PSA producing cell lines DuCaP and V CaP were established 
by Pienta’s group from metastatic lesions of the dura mater 
and the vertebra respectively (K orenchuk etal., 2001; Lee 
et al., 2001). Cell lines such as PC3M variants, LNCaP C4- 
2, LNCaP C4-2b, CWR22R, LAPC4, and CL-1 have been 
shown to produce bone metastasis in various model systems. 
Inoculation of PAIII cells derived from a LW rat with spon- 
taneous advanced stage II AIPC resulted in local as well 
as metastatic lung tumours in LW rats (Chang and Pollard, 
1977). The MatLyLu R-3327 subline is a rapidly growing, 
androgen-independent, highly metastatic, poorly differenti- 
ated adenocarcinoma cell line used in a syngeneic rat model 
for the study of skeletal metastases (Liepe et al., 2005). The 
MATLyLu intracardiac injection model of prostate carcinoma 
extends our understanding about the involvement of PTHrP 
in the formation of osteoblastic metastases (Mundy, 1997). 
The Hi-M yc transgenic mouse was used to generate a novel 
AD, AR overexpressing line M yc-CaP, developed from the 
primary prostate cancer cells isolated from a 16-month-old 
transgenic mouse. The cell line can be successfully used to 
produce xenografts and hormone refractory sublines (Watson 
et al., 2005). 

In summary, preclinical models of prostate cancer offer 
development of translational and pharmacogenomic studies 
across the patient populations. The variety of prostate cancer 
models available offers a broad perspective on the disease 
when these models are used for biomarker discovery and 
drug development studies. The field of prostate cancer has 
gone through the exploratory and developmental phase, that 
is, the identification of prostate cancer-specific functions of 
the tumour suppressors as uncovered by the transgenic stud- 
ies. With a further refinement of the xenograft and prostate 
reconstitution model systems, a therapeutic discovery and 


evaluation platform that will take into account the func- 
tional, temporal, and spatial collaborations of the prostate 
cancer- related genes is envisioned. 


REFERENCES 


Aalinkeel, R., et al. (2004). Gene expression of angiogenic factors correlates 
with metastatic potential of prostate cancer cells. Cancer Research, 64, 
5311- 5321. 

Abrahamsson, P. A. (1999). Neuroendocrine cells in tumour growth of the 
prostate. Endocrine-Related Cancer, 6, 503-519. 

Ahuja, D., etal. (2005). SV40 large T antigen targets multiple cellular 
pathways to elicit cellular transformation. Oncogene, 24, 7729-7745. 
Aquilina, J. W., et al. (1998). High grade prostatic intraepithelial neoplasia 
in military working dogs with and without prostate cancer. The Prostate, 

36, 189- 193. 

Ashida, S., et al. (2004). M olecular features of the transition from prostatic 
intraepithelial neoplasia (PIN) to prostate cancer: genome-wide gene- 
expression profiles of prostate cancers and PINs. Cancer Research, 64, 
5963- 5972. 

Backman, S. A., etal. (2004). Early onset of neoplasia in the prostate 
and skin of mice with tissue-specific deletion of Pten. Proceedings of 
the National Academy of Sciences of the United States of America, 101, 
1725 - 1730. 

Bhowmick, N. A. and Moses, H. L. (2005). Tumor-stroma interactions. 
Current Opinion in Genetics and Development, 15, 97- 101. 

Bhowmick, N.A., et al. (2004). TGF-beta signaling in fibroblasts modulates 
the oncogenic potential of adjacent epithelia. Science, 303, 848- 851. 
Bissell, M. J. and Labarge, M. A. (2005). Context, tissue plasticity, and 
cancer: are tumor stem cells also regulated by the microenvironment? 

Cancer Cell, 7, 17- 23. 

Bookstein, R., et al. (1990). Promoter deletion and loss of retinoblastoma 
gene expression in human prostate carcinoma. Proceedings of the 
National Academy of Sciences of the United States of America, 87, 
7762 - 7766. 

Bostwick, D. G. (1989). Prostatic intraepithelial neoplasia (PIN). Urology, 
34, 16- 22. 

Bruckheimer, E. M., et al. (2000). The impact of bcl-2 expression and bax 
deficiency on prostate homeostasis in vivo. Oncogene, 19, 2404- 2412. 

Carpten, J., et al. (2002). Germline mutations in the ribonuclease L gene in 
families showing linkage with HPC1. Nature Genetics, 30, 181- 184. 

Chan, J. M. and Giovannucci, E. L. (2001). Vegetables, fruits, associated 
micronutrients, and risk of prostate cancer. Epidemiologic Reviews, 23, 
82- 86. 

Chang, C. F. and Pollard, M. (1977). In vitro propagation of prostate 
adenocarcinoma cells from rats. Investigative Urology, 14, 331- 334. 
Chen, C. (2001). Risk of prostate cancer in relation to polymorphisms of 

metabolic genes. Epidemiologic Reviews, 23, 30- 35. 

Chen, Z., etal. (2005). Crucial role of p53-dependent cellular senescence 
in suppression of Pten-deficient tumorigenesis. Nature, 436, 725- 730. 
Cheville, J. C. and Bostwick, D. G. (1995). Postatrophic hyperplasia of the 
prostate. A histologic mimic of prostatic adenocarcinoma. The American 

Journal of Surgical Pathology, 19, 1068- 1076. 

Cho, Y.M., et al. (2003). Age-dependent histopathological findings in the 
prostate of probasin/SV 40 T antigen transgenic rats: lack of influence of 
carcinogen or testosterone treatment. Cancer Science, 94, 153- 157. 

Craft, N., etal. (1999). Evidence for clonal outgrowth of androgen- 
independent prostate cancer cells from androgen-dependent tumors 
through a two-step process. Cancer Research, 59, 5030 - 5036. 

Cunha, G. R., etal. (2003). Role of the stromal microenvironment in 
carcinogenesis of the prostate. International Journal of Cancer. J ournal 
International du Cancer, 107, 1- 10. 

Cunha, G. R., et al. (2004). Hormonal, cellular, and molecular regulation 
of normal and neoplastic prostatic development. The J ournal of Steroid 
Biochemistry and Molecular Biology, 92, 221- 236. 

De Marzo, A. M., etal. (1999). Proliferative inflammatory atrophy of the 
prostate: implications for prostatic carcinogenesis. American J ournal of 
Pathology, 155, 1985 - 1992. 





MODELS FOR PROSTATE CANCER 11 


Di Cristofano, A., et al. (2001). Pten and p27KIP1 cooperate in prostate 
cancer tumor suppression in the mouse. Nature Genetics, 27, 222 - 224. 

Ellwood-Y en, K., et al. (2003). M yc-driven murine prostate cancer shares 
molecular features with human prostate tumors. Cancer Cell, 4, 223- 238. 

Elo, J. P. and Visakorpi, T. (2001). Molecular genetics of prostate cancer. 
Annals of Medicine, 33, 130- 141. 

Fero, M. L., et al. (1998). The murine gene p27Kip1 is haplo-insufficient 
for tumour suppression. Nature, 396, 177- 180. 

Foster, B. A., etal. (2002). Enforced expression of FGF-7 promotes 
epithelial hyperplasia whereas a dominant negative FGFR 2iiib promotes 
the emergence of neuroendocrine phenotype in prostate glands of 
transgenic mice. Differentiation; Research in Biological Diversity, 70, 
624 - 632. 

Gabril, M. Y., etal. (2002). Prostate targeting: PSP94 gene pro- 
moter/enhancer region directed prostate tissue-specific expression in a 
transgenic mouse prostate cancer model. Gene Therapy, 9, 1589- 1599. 

Gao, H., et al. (2004). A critical role for p27kip1 gene dosage in a mouse 
model of prostate carcinogenesis. Proceedings of the National Academy 
of Sciences of the United States of America, 101, 17204-17209. 

Garabedian, E. M., et al. (1998). A transgenic mouse model of metastatic 
prostate cancer originating from neuroendocrine cells. Proceedings of 
the National Academy of Sciences of the United States of America, 95, 
15382 - 15387. 

Gingrich, J. R., etal. (1997). Androgen-independent prostate cancer 
progression in the TRAMP model. Cancer Research, 57, 4687 - 4691. 
Greenberg, N. M., etal. (1994). The rat probasin gene promoter 
directs hormonally and developmentally regulated expression of a 
heterologous gene specifically to the prostate in transgenic mice. 

Molecular Endocrinology (Baltimore, MD), 8, 230- 239. 

Gupta, S. (2004). Prostate cancer chemoprevention: models, limitations and 
potential. International J ournal of Oncology, 25, 1133- 1148. 

Henrique, R., etal. (2006). Epigenetic heterogeneity of high-grade 
prostatic intraepithelial neoplasia: clues for clonal progression in prostate 
carcinogenesis. Molecular Cancer Research: MCR, 4(1), 1-8. 

Hill, R., et al. (2005). Heterogeneous tumor evolution initiated by loss of 
pRb function in a preclinical prostate cancer model. Cancer Research, 
65, 10243- 10254. 

Hooper, M. L. (1994). The role of the p53 and Rb-1 genes in cancer, 
development and apoptosis. Journal of Cell Science. Supplement, 18, 
13-17. 

Horoszewicz, J. S., etal. (1983). LNCaP model of human prostatic 
carcinoma. Cancer Research, 43, 1809- 1818. 

Hsieh, C. L., et al. (2004). Cotargeting tumor and stroma in a novel chimeric 
tumor model involving the growth of both human prostate cancer and 
bone stromal cells. Cancer Gene Therapy, 11, 148- 155. 

Huggins, C., etal. (1941). Studies on prostate cancer. Il. The effects of 
castration on advanced carcinoma of the prostate gland. Archives of 
Surgery, 43, 209- 233. 

Jarrard, D. F., et al. (2002). A Iterations in the p16/pRb cell cycle checkpoint 
occur commonly in primary and metastatic human prostate cancer. 
Cancer Letters, 185, 191- 199. 

Jemal, A., etal. (2006). Cancer statistics, 2006. CA: A Cancer J ournal for 
Clinicians, 56, 106- 130. 

Johnson, M. A., etal. (2000). Isolation and characterization of mouse 
probasin: an androgen-regulated protein specifically expressed in the 
differentiated prostate. The Prostate, 43, 255- 262. 

Kabalin, J. N. (2002). Surgical anatomy of the retroperitoneum, kidneys, 
and ureters, in Walsh, P. (ed), Campbell's Urology, pp 57- 70. Saunders, 
Philadelphia, PA. 

Kaplan-Lefko, P. J., etal. (2003). Pathobiology of autochthonous prostate 
cancer in a pre-clinical transgenic mouse model. The Prostate, 55, 
219- 237. 

Kasper, S. (2005). Survey of genetically engineered mouse models 
for prostate cancer: analyzing the molecular basis of prostate 
cancer development, progression, and metastasis. Journal of Cellular 
Biochemistry, 94, 279- 297. 

Kim, M.J., et al. (2002). Cooperativity of Nkx3.1 and Pten loss of function 
in a mouse model of prostate carcinogenesis. Proceedings of the National 
Academy of Sciences of the United States of America, 99, 2884- 2889. 

Klein, K. A., etal. (1997). Progression of metastatic human prostate 
cancer to androgen independence in immunodeficient SCID mice. Nature 
Medicine, 3, 402- 408. 


Knudson, A. G. Jr (1971). Mutation and cancer: statistical study of 
retinoblastoma. Proceedings of the National Academy of Sciences of the 
United States of America, 68, 820- 823. 

Konno-Takahashi, N., et al. (2003). Engineered IGF-I expression induces 
glandular enlargement in the murine prostate. The Journal of 
Endocrinology, 177, 389- 398. 

Korenchuk, S., et al. (2001). VCaP, a cell-based model system of human 
prostate cancer. In Vivo, 15, 163- 168. 

Kwabi-Addo, B., etal. (2001). Haploinsufficiency of the Pten tumor 
suppressor gene promotes prostate cancer progression. Proceedings of 
the National Academy of Sciences of the United States of America, 98, 
11563- 11568. 

Lee, Y . G., et al. (2001). Establishment and characterization of anew human 

prostatic cancer cell line: DuCaP. In Vivo, 15, 157- 162. 

Li, Z., et al. (2006). Prostatic intraepithelial neoplasia and adenocarcinoma 

in mice expressing a probasin-Neu oncogenic transgene. Carcinogenesis, 

27(5), 1054- 1067. 

Lichtenstein, P., et al. (2000). Environmental and heritable factors in the 

causation of cancer- analyses of cohorts of twins from Sweden, Denmark, 

and Finland. The New England J ournal of Medicine, 343, 78- 85. 

Liepe, K., et al. (2005). New model for the induction of osteoblastic bone 

metastases in rat. Anticancer Research, 25, 1067- 1073. 

Loberg, R. D., et al. (2005). Pathogenesis and treatment of prostate cancer 

bone metastases: targeting the lethal phenotype. Journal of Clinical 

Oncology : Official J ournal of the American Society of Clinical Oncology, 

23, 8232 - 8241. 

Logothetis, C. J. and Lin, S. H. (2005). Osteoblasts in prostate cancer 

metastasis to bone. Nature Reviews. Cancer, 5, 21- 28. 

Luo, J., et al. (1997). Heterogeneous expression of invasive and metastatic 

properties in a prostate tumor model. Pathology Oncology Research : 

POR, 3, 264-271. 

Ma, L., etal. (2005a). Genetic analysis of Pten and Tsc2 functional 

interactions in the mouse reveals asymmetrical haploinsufficiency in 

tumor suppression. Genes and Development, 19, 1779- 1786. 

Ma, X., et al. (2005b). Targeted biallelic inactivation of Pten in the mouse 

prostate leads to prostate cancer accompanied by increased epithelial 

cell proliferation but not by reduced apoptosis. Cancer Research, 65, 

5730- 5739. 

Maddison, L. A., et al. (2004). Conditional deletion of Rb causes early 

stage prostate cancer. Cancer Research, 64, 6018-6025. 

Majumder, P. K., et al. (2003). Prostate intraepithelial neoplasia induced 

by prostate restricted Akt activation: the MPAKT model. Proceedings of 

the National Academy of Sciences of the United States of America, 100, 

7841 - 7846. 

Manning, B. D., etal. (2005). Feedback inhibition of Akt signaling 

limits the growth of tumors lacking Tsc2. Genes and Development, 19, 

1773- 1778. 

Marques, R. B., etal. (2006). The human PC346 xenograft and cell line 

panel: a model system for prostate cancer progression. European Urology, 

49, 245-257. 

Masumori, N., et al. (2001). A probasin-large T antigen transgenic mouse 

line develops prostate adenocarcinoma and neuroendocrine carcinoma 

with metastatic potential. Cancer Research, 61, 2239- 2249. 

McCulloch, D. R., et al. (2005). BM 18: a novel androgen-dependent human 

prostate cancer xenograft model derived from a bone metastasis. The 

Prostate, 65, 35- 43. 

Mulholland, D. J., etal. (2006). PTEN and GSK 3beta: key regulators 

of progression to androgen-independent prostate cancer. Oncogene, 25, 

329- 337. 

Mundy, G. R. (1997). Mechanisms of bone metastasis. Cancer, 80, 

1546 - 1556. 

Nagabhushan, M., et al. (1996). CWR22: the first human prostate cancer 

xenograft with strongly androgen-dependent and relapsed strains both in 

vivo and in soft agar. Cancer Research, 56, 3042 - 3046. 

Navone, N. M., etal. (1998). Model systems of prostate cancer: uses and 

limitations. Cancer Metastasis Reviews, 17, 361- 371. 

Nemeth, J. A., etal. (1999). Severe combined immunodeficient-hu model 
of human prostate cancer metastasis to human bone. Cancer Research, 
59, 1987- 1993. 

Perez-Stable, C., etal. (1996). Prostate, adrenocortical, and brown 
adipose tumors in fetal globin/T antigen transgenic mice. Laboratory 





12 PRECLINICAL MODELS FOR HUMAN CANCER 


Investigation; A Journal of Technical Methods and Pathology, 74, 
363- 373. 

Pfundt, R., et al. (2005). Identification of androgen-responsive genes that are 
alternatively regulated in androgen-dependent and androgen-independent 
rat prostate tumors. Genes, Chromosomes and Cancer, 43, 273- 283. 

Pinthus, J. H., et al. (2000). WISH-PC2: a unique xenograft model of human 
prostatic small cell carcinoma. Cancer Research, 60, 6563 - 6567. 

Pollard, M. and Suckow, M.A. (2005). Hormone-refractory prostate cancer 
in the Lobund-Wistar rat. Experimental Biology and M edicine (Maywood, 
NJ), 230, 520-526. 

Pretlow, T. G., et al. (2000). Prostate cancer and other xenografts from cells 
in peripheral blood of patients. Cancer Research, 60, 4033- 4036. 

Rosol, T. J., et al. (2003). Animal models of bone metastasis. Cancer, 97, 
748-757. 

Samson, D. J., etal. (2002). Systematic review and meta-analysis of 
monotherapy compared with combined androgen blockade for patients 
with advanced prostate carcinoma. Cancer, 95, 361- 376. 

Scher, H. |. and Sawyers, C. L. (2005). Biology of progressive, castration- 
resistant prostate cancer: directed therapies targeting the androgen- 
receptor signaling axis. J ournal of Clinical Oncology : Official J ournal 
of the American Society of Clinical Oncology, 23, 8253 - 8261. 

Scherl, A., et al. (2004). Prostatic intraepithelial neoplasia and intestinal 
metaplasia in prostates of probasin-RAS transgenic mice. The Prostate, 
59, 448- 459. 

Shappell, S. B., et al. (2004). Prostate pathology of genetically engineered 
mice: definitions and classification. The consensus report from the Bar 
Harbor meeting of the Mouse Models of Human Cancer Consortium 
Prostate Pathology Committee. Cancer Research, 64, 2270- 2305. 

Shen, M. M. and Abate-Shen, C. (2003). Roles of the Nkx3.1 homeobox 
gene in prostate organogenesis and carcinogenesis. Developmental 
Dynamics : An Official Publication of the American Association of 
Anatomists, 228, 767- 778. 

Shibata, M. A., etal. (1996). Progression of prostatic intraepithelial 
neoplasia to invasive carcinoma in C3(1)/SV 40 large T antigen transgenic 
mice: histopathological and molecular biological alterations. Cancer 
Research, 56, 4894- 4903. 

Shtivelman, E. and Namikawa, R. (1995). Species-specific metastasis of 
human tumor cells in the severe combined immunodeficiency mouse 
engrafted with human tissue. Proceedings of the National Academy of 
Sciences of the United States of America, 92, 4661- 4665. 

Skalnik, D. G., etal. (1991). Restriction of neuroblastoma to the 
prostate gland in transgenic mice. Molecular and Cellular Biology, 11, 
4518 - 4527. 

Sobel, R. E. and Sadar, M. D. (2005a). Cell lines used in prostate cancer 
research: a compendium of old and new lines- part 1. The J ournal of 
Urology, 173, 342 - 359. 

Sobel, R. E. and Sadar, M. D. (2005b). Cell lines used in prostate cancer 
research: a compendium of old and new lines- part 2. The J ournal of 
Urology, 173, 360- 372. 

Song, Z., et al. (2002). Fibroblast growth factor 8 isoform B overexpression 
in prostate epithelium: a new mouse model for prostatic intraepithelial 
neoplasia. Cancer Research, 62, 5096-5105. 

Stanbrough, M., etal. (2001). Prostatic intraepithelial neoplasia in mice 
expressing an androgen receptor transgene in prostate epithelium. 
Proceedings of the National Academy of Sciences of the United States 
of America, 98, 10823 - 10828. 

Takeuchi, S., et al. (1996). Urinary pyridinoline and deoxypyridinoline as 
potential markers of bone metastasis in patients with prostate cancer. The 
Journal of Urology, 156, 1691- 1695. 


Teitelbaum, S. L. (2000). Bone resorption by osteoclasts. Science, 289, 
1504- 1508. 

Thompson, T. C., et al. (2000). M ouse prostate reconstitution model system: 
a series of in vivo and in vitro models for benign and malignant prostatic 
disease. The Prostate, 43, 248- 254. 

Trotman, L. C. and Pandolfi, P. P. (2003). PTEN and p53: who will get the 
upper hand? Cancer Cell, 3, 97- 99. 

Trotman, L. C., etal. (2003). Pten dose dictates cancer progression in the 
prostate. PLoS Biology, 1, E59. 

Tsingotjidou, A. S., et al. (2001). Development of an animal model for 
prostate cancer cell metastasis to adult human bone. Anticancer Research, 
21, 971- 978. 

Van Dyke, T. and Jacks, T. (2002). Cancer modeling in the modern era: 
progress and challenges. Cell, 108, 135- 144. 

Vlietstra, R. J., etal. (1998). Frequent inactivation of PTEN in prostate 
cancer cell lines and xenografts. Cancer Research, 58, 2720- 2723. 

Voelkel-Johnson, C., etal. (2000). Genomic instability-based transgenic 
models of prostate cancer. Carcinogenesis, 21, 1623- 1627. 

Wang, S., et al. (2003). Prostate-specific deletion of the murine Pten tumor 
suppressor gene leads to metastatic prostate cancer. Cancer Cell, 4, 
209- 221. 

Wang, Y., etal. (2005a). Development and characterization of efficient 
xenograft models for benign and malignant human prostate tissue. The 
Prostate, 64, 149- 159. 

Wang, Y., et al. (2005b). An orthotopic metastatic prostate cancer model 
in SCID mice via grafting of a transplantable human prostate tumor line. 
Lab Invest, 85, 1392 - 1404. 

Watson, P. A., etal. (2005). Context-dependent hormone-refractory 
progression revealed through characterization of a novel murine prostate 
cancer cell line. Cancer Research, 65, 11565-11571. 

van Weerden, W. M . and Romijn, J. C. (2000). Use of nude mouse xenograft 
models in prostate cancer research. The Prostate, 43, 263-271. 

Whang, P. G., et al. (2005). The effects of RANK blockade and osteoclast 
depletion in a model of pure osteoblastic prostate cancer metastasis 
in bone. Journal of Orthopaedic Research : Official Publication of 
the Orthopaedic Research Society, 23, 1475-1483. (Epub 2005 Jul 
1476). 

Winter, S. F., etal. (2003). Models of metastatic prostate cancer: a 
transgenic perspective. Prostate Cancer and Prostatic Diseases, 6, 
204- 211. 

Yonou, H., etal. (2003). Osteoprotegerin/osteoclastogenesis inhibitory 
factor decreases human prostate cancer burden in human adult bone 
implanted into nonobese diabetic/severe combined immunodeficient 
mice. Cancer Research, 63, 2096- 2102. 

You, M. J., etal. (2002). Genetic analysis of Pten and Ink4a/Arf 
interactions in the suppression of tumorigenesis in mice. Proceedings 
of the National Academy of Sciences of the United States of America, 99, 
1455- 1460. 

Zhang, J., etal. (2000). A small composite probasin promoter confers 
high levels of prostate-specific gene expression through regulation by 
androgens and glucocorticoids in vitro and in vivo. Endocrinology, 141, 
4698- 4710. 

Zhang, J., et al. (2001). Osteoprotegerin inhibits prostate cancer-induced 
osteoclastogenesis and prevents prostate tumor growth in the bone. The 
Journal of Clinical Investigation, 107, 1235- 1244. 

Zhang, J., et al. (2003). Soluble receptor activator of nuclear factor kappaB 
Fc diminishes prostate cancer progression in bone. Cancer Research, 63, 
7883 - 7890. 


Models for Genitourinary 
Cancer — Hereditary Renal Carcinogenesis 


Okio Hino 
Juntendo University School of Medicine, Tokyo, J apan 





EKER RAT 


A naturally occurring hereditary cancer in the rat was 
described by Reidar Eker in Oslo in 1954 (Eker and 
Mossige, 1961). Forty years after the discovery of the Eker 
rat, Knudson’s group and ours independently identified a 
germ-line retrotransposon insertion in the rat homologue 
of the human tuberous sclerosis (TSC2) gene, resulting 
in aberrant RNA expression from the mutant allele (Hino 
etal., 1994a; Yeung etal., 1994; Kobayashi etal., 1995). 
We then constructed transgenic Eker rats with a wild-type 
Tsc2 gene, and ascertained that germ-line suppression of the 
Eker phenotype is possible for both embryonic lethality of the 
homozygote and tumour predisposition in the heterozygote. 
This confirmed that tumour predisposition in the Eker rat is 
caused by the Tsc2 germ-line mutation (Kobayashi etal., 
1997a). To the best of our knowledge, this was the first 
isolation of a Mendelian dominantly predisposing cancer 
gene in a naturally occurring animal model. 


PHENOTYPICAL LESIONS OF Tsc2 GENE MUTANT 
(EKER RAT) 


We found that the homozygous mutant condition is lethal 
at around day 13 of foetal life (Hino etal., 1993a). In 
heterozygotes, renal carcinomas (RCs) develop from early 
preneoplastic lesions (phenotypically altered renal tubules, 
which begin to appear at 2months of age), to adenomas 
around the age of 1; penetrance for RC (Tsc2) gene is virtu- 
ally complete. Investigation of extrarenal primary tumours in 
Eker rats revealed haemangiomas/haemangiosarcomas of the 
spleen, leiomyomas/leiomyosarcomas of the uterus (Everitt 
etal., 1992), and pituitary adenomas (Hino etal., 1994b; 
Kubo et al., 1994, 1995a). The Eker rat, thus, bears a single 
gene mutation with a dominant predisposition to four differ- 
ent tumours, although predisposition for extrarenal tumours 
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is not as complete as with RCs (Hino et al., 1995a). Brain 
lesions in the Eker rat, such as subependymal and subcortical 
hamartomas, were also reported (Yeung et al., 1997). In the 
Eker rat cerebrum, we identified two novel lesions, a corti- 
cal tuber and an anaplastic ganglioglioma, in addition to the 
two types of hamartomas described earlier (M izuguchi et al., 
2000). The presence of a cortical tuber is important, given 
that tubers are epileptogenic and presumably associated with 
autism and other neurological symptoms in human tuberous 
sclerosis complex (TSC). 


SPECIES-SPECIFIC DIFFERENCE IN TSC2 GENE 
MUTANTS 


Human tuberous sclerosis is an autosomal dominant multi- 
system disorder caused by a mutation in either the TSC1 or 
the TSC2 gene, characterized by phacomatosis with mani- 
festations that include mental retardation and seizures. The 
phenotype in humans differs from that in the Eker rat, except 
for the occurrence of RCs (in humans, angiomyolipomas 
are more common), although subependymal and subcorti- 
cal hamartomas and cortical tubers in the Eker rat were 
reported (Yeung et al., 1997; Mizuguchi et al., 2000). Thus, 
the same gene shows diverse phenotypes among species, 
although we do not have any good explanation for this dif- 
ference. Similar phenomena have been observed in knockout 
mice for a number of tumour-suppressor genes. To elicit 
insights into species-specific tumourigenesis caused by Tsc2 
gene inactivation, we generated a Tsc2 knockout mouse 
(Kobayashi et al., 1999). Mice heterozygous for Tsc2 muta- 
tion developed RCs, but not angiomyolipoma, with complete 
penetrance as seen in the Eker rat, although there is still a 
species-specific difference between the rat and mouse (only 
in the mouse liver haemangiomas are observed). We also pro- 
duced a Tscl knockout mouse. The phenotype is similar to 
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that of Tsc2 knockout mice. However, it is noteworthy that 
renal carcinogenesis is slower and milder than that of Tsc2 
mutants (K obayashi et al., 2001) (see Transgenic Technol- 
ogy in the Study of Oncogenes and Tumour-Suppressor 
Genes and Genetic Models: A Powerful Technology for 
the Study of Cancer). 


WILMS’ TUMOUR VERSUS RENAL CELL 
CARCINOMA 


N-ethyl-N-nitrosourea (ENU)-induced transplacental renal 
carcinogenesis in the rat results primarily in Wilms’ tumours, 
and not RCs, apparently because primitive nephroblasts are 
the preferred target. To examine this specificity of the tumour 
type further, we undertook transplacental carcinogenesis in 
the Eker rat, which is heterozygous for a mutation that 
predisposes to RC with high penetrance, but not to Wilms’ 
tumour (Hino etal., 1993b). Surprisingly, RCs, but not 
Wilms’ tumours, began to appear as early as 1 week after 
birth (Hino etal., 1993b). Thus, the Eker rat is highly 
susceptible to induction of RCs (but not Wilms’ tumours) by 
transplacental administration of ENU. The inheritance of the 
Eker mutation reduces the required number of carcinogenic 
events, as evidenced by the finding of renal lesions under 
conditions where ENU produces no tumours in controls, 
and determines the specificity of tumour histology even with 
carcinogenesis in utero, where nephroblasts are the preferred 
target. Nephroblasts might be the targets for development 
of both kinds of tumours in ENU-induced transplacental 
renal carcinogenesis. Our data thus support the hypothesis 
that the Wilms’ tumour gene may control differentiation of 
nephroblasts (metanephric stem cells) into renal tubular stem 
cells, whereas the Eker (Tsc2) gene may control terminal 
differentiation of these stem cells, but permit differentiation 
of nephroblasts into renal cells (Hino et al., 1993b, 1999). 


MUTATION SPECTRUM IN THE CARCINOGENIC 
SECOND HIT 


We previously reported that, of spontaneous RCs, 60% (6 of 
10) showed loss of heterozygosity (LOH) covering more 
than 30cM and, in contrast, 0% (0 of 9) had LOH in 
ENU-induced RCs by the use of several DNA markers 
located on rat chromosome 10 (Kubo et al., 1994). Then, we 
characterized the second hit (intragenic mutations including 
point mutation) in LOH-negative lesions, at the DNA- 
sequencing level of the predisposing Tsc2 gene, by use 
of methods such as polymerase chain reaction and single- 
strand conformations in the Tsc2 gene. The availability of 
the cDNA sequence of Tsc2 permits comparative analysis 
of spontaneous and chemically induced tumours in the 
Eker rat. We showed that a qualitative difference in the 
second hit exists between spontaneous and ENU-induced 
mutations (e.g., deletion or duplication vs point mutation) 


(K obayashi et al., 1997b). We also investigated the second 
hit of radiation-induced RCs in the Eker rat and compared 
it with the former cases (Hino etal., 2002a). We further 
detected LOH in 4 of 11 uterine leiomyosarcomas (36%) 
and 11 of 31 pituitary adenomas (35%) in the Eker rats, 
but in none of the 9 pituitary adenomas in non-carrier 
rats, suggesting that inactivation of the Tsc2 gene is also a 
critical event in the pathogenesis of these extrarenal tumours 
(Hino etal., 1994b). Our data indicate that there might be 
different pathways for tumourigenesis of pituitary adenomas 
for Eker and non-carrier rats (Hino et al., 2002a). However, 
none of five haemangiosarcomas of the spleen exhibited 
LOH, although one explanation might be contamination with 
appreciable normal cellular components in such tumours 
and/or the small number of cases investigated. 


CHEMICALLY INDUCED RENAL 
CARCINOGENESIS IN NON-EKER RAT 


We searched for mutations of the Tsc2 gene in chemi- 
cally induced non-Eker rat RCs by single-strand confor- 
mational polymorphism (SSCP) analysis (Urakami et al., 
1997a; Satake etal., 1998). We simultaneously searched 
for mutation in the VhI gene, a rat homologue of the 
von Hippel- Lindau (VHL) disease gene. Mutations in the 
Vhl gene were not detected in any spontaneous RCs of 
the Eker rat model, nor in chemically induced non-Eker 
rat tumours (Urakami etal., 1997a; Satake etal., 1998, 
1999). In contrast, Tsc2 gene mutations were detected at 
a high frequency in N-ethyl-N-hydroxyethylnitrosamine- 
induced and diethylnitrosamine-induced non-Eker rat pri- 
mary RCs (Satake et al., 1998). We infrequently found muta- 
tions of the Tscl gene, the rat homologue of the TSC1 gene, 
in chemically induced rat RCs (Satake et al., 1999). These 
findings call attention to the possibility of another gene muta- 
tion in rat RCs. 


MULTI-STEP RENAL CARCINOGENESIS 


Successive stages in the development of RCs in Tsc2 gene 
mutant (Eker) rat were observed, beginning with isolated 
phenotypically altered renal tubules (which begin to appear at 
two months of age), characterized by partial or total replace- 
ment of the proximal tubular epithelium by large or weakly 
acidophilic cells with different degrees of nuclear atypia, or 
by basophilic cells (Hino etal., 1993a, 1999). These foci 
developed into atypical hyperplasia, then into adenomas of 
either eosinophilic or basophilic tubular type, and finally into 
fully developed carcinomas that were predominantly of one 
type, but also included carcinomas of mixed type with both 
basophilic and eosinophilic components. These foci of atyp- 
ical tubules were seen in all kidneys exhibiting tumours, and 
are presumed to give rise to the smaller, rounded early adeno- 
mas as well as to the later, larger carcinomas; they were not 
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observed in normal rats (Hino et al., 1993a). Some tumours 
were cystic and had papillary projections. Microscopic inva- 
sion of perirenal tissue was detected infrequently. 

The Eker rat provides a promising model for analyzing 
the essential events of carcinogenesis at different stages. 
We previously reported that ionizing radiation induces addi- 
tional tumours (large adenomas and carcinomas), with a 
linear dose- response relationship (Hino et al., 1993a). LOH 
at chromosome 10, where the predisposing Tsc2 gene is 
located, was found in the RCs that developed from hybrid 
F1 rats carrying the Eker mutation, indicating that in het- 
erozygotes at least two events (one inherited, one somatic) 
are necessary to produce large adenomas and carcinomas. 
Using laser microscopic dissection, we detected LOH of the 
wild-type allele even in the earliest preneoplastic lesions, for 
example, phenotypically altered renal tubules (K ubo et al., 
1995b), supporting the hypothesis that a second somatic 
mutation (second hit) might be a rate-limiting step for renal 
carcinogenesis in the Eker rat model of dominantly inherited 
cancer, as well as indicating a tumour-suppressor function 
for the Tsc2 gene. Thus, heterozygosity is not by itself a 
sufficient condition for the development of cancer, but only 
one hit is enough to produce phenotypically altered renal 
tubules in the Eker rat. Such a lesion may initially be benign, 
but continued proliferation virtually ensures that other crit- 
ical, though not rate-limiting, events will occur. Although 
the initial event that triggers Eker rat renal cancer is a 
somatic mutation of the Tsc2 wild-type allele, other genetic 
or epigenetic modifications may also contribute to tumour 
progression in multi-step renal carcinogenesis. 


GENE ABNORMALITIES IN RENAL 
CARCINOGENESIS 


Carcinogenesis can be compared to an opened J apanese fan, 
because initiated cells grow in several directions, and clinical 
tumours suggest that the edge of the fan has many gene 
abnormalities (Hino et al., 2001a, 2003; Hino, 2003, 2004). 
To search for such alterations, we identified genes that were 
expressed more abundantly in Eker rat RC cells than in the 
normal kidney (Hino et al., 1995b). 


AP-1 Genes 


We identified the highly expressed genes in Eker RCs 
as the C3 gene encoding the third component of the 
complement, the annaxin II gene encoding the calpactine 
1 heavy-chain, the Erc (expressed in RC) gene, and the 
fra-1 gene encoding a transcriptional factor activator protein 
1 (AP-1) (Hino et al., 1995b). We found that other members 
of the AP-1 transcriptional factors were involved in renal 
carcinogenesis in the Eker rat model (Urakami et al., 1997b). 
Interestingly, AP-1 proteins were highly expressed even in 
the earliest preneoplastic lesions (e.g., phenotypically altered 
tubules), as suggested by immunohistochemistry. M oreover, 
we transfected antisense oligonucleotides targeting AP-1 


genes into RC cells and demonstrated that their growth was 
strongly inhibited (Urakami etal., 1997b). Thus, the data 
suggest that expression of AP-1 genes might play a crucial 
role in renal carcinogenesis in the Eker rat model. 

We also elucidated the underlying regulatory mechanisms 
of Tsc2 gene expression via two Ets-transcription factor 
binding sites in opposite directions and found that Ets family 
proteins were highly expressed in the RCs (Honda et al., 
2003). These observations might be helpful in the search for 
the downstream molecular targets and the gene network of 
the Tsc2 gene. 


Erc Gene/MPF/Mesothelin 


After we determined the complete primary structure of rat 
Erc cDNA, we showed that the putative rat Erc product 
has 56.1% identity with human megakaryocyte potentiating 
factor (MPF)/mesothelin (Yamashita et al., 2000). Rat Erc 
and its human homologue were localized in chromosome 
segments 10q12-21 and 16p13.3, respectively, both of which 
coincided with the locus of the Tsc2/TSC2 gene (Yamashita 
et al., 2000). We also found that Erc was expressed at higher 
levels in RCs compared with the normal kidney of the Eker 
rat. As mesothelin is a cell surface protein, it may function as 
a cell adhesion molecule. Our transfection data also suggest 
a role of the Erc product in cell adhesion and/or cell shape 
dynamics (Yamashita et al., 2000). Erc may be related to 
carcinogenesis in the Eker rat model. 

In addition, we found that the Erc product was cleaved and 
secreted into culture medium (manuscript in preparation). We 
are now establishing a rat ELISA assay system for serum 
diagnosis (Shiomi et al., 2006; M aeda and Hino, 2006). 


Niban Gene 


We also isolated a novel gene, which was named the Niban, 
or the second in J apanese (M ajima et al., 2000). The Niban 
gene consists of 14 exons and is located on rat chromosome 
13, mouse chromosome 1, and human chromosome 1. 
The expression of Niban was upregulated even from early 
preneoplastic lesions (phenotypically altered renal tubules) 
that developed in the renal carcinogenesis models (A dachi 
et al., 2004). Niban might be a candidate marker for early- 
stage renal carcinogenesis, and its molecular analysis might 
provide new insights into multi-step carcinogenesis in the 
kidney. 


Loss of Rat Chromosome 5 


Microsatellite instability was not observed in 26 Eker rat 
tumours (Hino et al., 1995c). Non-random loss of rat chro- 
mosome 5 in RC-derived cell lines is sometimes associated 
with homologous deletion of the Ifn gene loci at rat chromo- 
some bands 5q31- 33 (Hino et al., 1993a; Testa et al., 1992). 
Homozygous deletion of the Ink4 homologue on rat chromo- 
some arm 5q was observed in 14 of 24 (58%) RC-derived 
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cell lines, that of the Ifna gene in 5 of 24 cases (21%), and 
that of the Ifn gene in 1 of 24 cases (4%); the order of the 
genes may be Ink4 -Ifna-Ifn (Hino etal., 1995c). As this 
locus is not linked with the predisposing inherited gene in the 
Eker rat, probably it represents a second tumour-suppressor 
gene involved in late events in tumour progression. 


Additional Event(s) for Metastatic RC 


Although inactivation of Tsc2 results in the development of 
renal tumours, it is not sufficient for metastatic RCs in the 
Eker rat. The transformation of the non-metastatic RC to 
metastatic RC may require additional rate-limiting events. 
To investigate the additional genetic event(s) necessary for 
cancer metastasis, we established highly metastatic cell lines 
from a non-metastatic RC cell line (Fukuda et al., 1998). 
These should be useful experimental tools for the investiga- 
tion of metastasis-promoting events in renal carcinogenesis. 


PREVENTION OF RENAL CARCINOGENESIS 


We reported that tumour buds repeatedly appeared and dis- 
appeared in the Eker rats on a high-fat diet, and that carcino- 
genesis does not only proceed forward (Miki et al., 1997). 

In comparison with the rat system, one of the advantages 
of the mouse system is the availability of various genetically 
modified lines for genetic cross experiments (K obayashi 
et al., 1999, 2001). As nothing is known about prevention 
of the tumourigenesis of human tuberous sclerosis, animal 
models have great potential for such investigation. We have 
showed an example of disease prevention. 

We mated Ifn-y transgenic mice with Tsc2 gene knock- 
out mice. Surprisingly, renal carcinogenesis was dramatically 
suppressed in Tsc2 gene knockout mice, both macroscopi- 
cally and microscopically (Hino et al., 2002b). These trans- 
genic mice specifically expressed Ifn-y in the liver, because 
of the link to the liver-specific serum amyloid P compo- 
nent gene promoter, and they developed chronic hepatitis 
(Toyonaga et al., 1994; Okamoto et al., 1996; Akbar et al., 
1999). Values of circulating Ifn-y in these were more than 
100 pg mi~}, but in non-transgenic mice, Ifn-y could not be 
detected (A kbar et al., 1999). IFN-y is a pleiotropic cytokine, 
and suppression of tumour development has been reported 
in various systems. Various mechanisms were considered, 
for example, immunity and non-immunity such as cell arrest 
and apoptosis. Earlier, we reported that the capacity to stim- 
ulate allogenic and antigen-specific T lymphocytes, as well 
as the ability to produce IL-12 and to process soluble pro- 
tein antigens, was significantly higher in dendritic cells from 
Ifn-y transgenic mice than in normal mice (Akbar etal., 
1999). Lymphoid infiltration was lacking in the kidneys of 
these Ifn-y transgenic mice. Long-term application of IFN -y 
is feasible, because chronic systemic administration of low 
dose IFN-y is already being used for mycosis fungoides 
(cutaneous T-cell lymphoma) patients. 


MOLECULAR TARGET THERAPY IN RENAL 
CARCINOGENESIS 


Genetic studies on Drosophila mutants revealed that 
hamartin and tuberin are involved in insulin signal 
transduction. In mammalian cells, downregulation of p70 
ribosomal S6-subunit kinase (S6K ) by the hamartin/tuberin 
complex via inhibition of mTOR (mammalian target of 
rapamycin) and phosphorylation and inhibition of tuberin by 
Akt were reported. We also reported that cells deficient in 
Tscl or Tsc2 showed elevated mTOR-SO6K signalling, which 
is regulated by amino acid (Gao et al., 2002). Rapamycin is 
an inhibitor of the mTOR-S6K signalling pathway and 
is a candidate as a therapeutic drug for suppression of 
hamartomas and tumours in TSC. We examined the effect of 
rapamycin on in vivo growth of Tsc2-deficient renal tumours 
in nude mice, and found robust suppression of tumour 
formation (K obayashi et al., 2003). 

Although the mechanism underlying this suppression is 
not clear, rapamycin may induce an autonomous reaction 
such as cell death. Recent reports suggest that rapamycin 
suppresses tumourigenesis, at least in part, by an anti- 
angiogenic mechanism. Tumours associated with TSC as 
well as animal models carrying Tscl and Tsc2 mutations 
show angiogenic phenotypes (K obayashi et al., 1999, 2001). 
Thus, the in vivo suppression of tumour growth by 
rapamycin found in this study may be based on several 
different mechanisms. Downregulation of S6K signalling 
is a probable therapeutic target for TSC. Rapamycin 
is utilized as an immunosuppressive drug, and may 
induce side effects, depending on its concentration, in 
chemotherapeutic use. Other as-yet-unidentified chemicals 
that selectively downregulate mTOR-S6K signalling may 
provide new therapeutic drugs for TSC. Our experimental 
system employed in this study will be useful for the discovery 
of such a new drug. 

Recently, we predicted the presence of another path- 
way independent of mTOR-S6K signalling in Tsc2 gene 
mutant renal carcinogenesis (Adachi et al., 2004; Momose 
et al., 2002). 


MODIFIER IN RENAL CARCINOGENESIS 


It is well known that TSC shows a variety of phenotypes 
even within the same family. There are effects of the genetic 
background on renal carcinogenesis in the Eker rat model. 
Interestingly, there is a difference in tumour development 
between original Eker rats (LE/LE), and Eker rat (LE/BN) F1 
hybrids. These data indicate that there is a modifier gene(s) 
in the BN rat genome that suppresses the growth of tumours. 
The identification of such a modifier gene(s) might help us 
to understand diverse phenotypes of tuberous sclerosis in 
man, whose study can be undertaken, and finally succeed in 
mapping anew modifier locus on a rat chromosome (K ikuchi 
et al., 2004). 
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NIHON RAT 


A novel rat model of hereditary RC was found in a rat 
colony of the Sprague-Dawley (SD) strain in Japan and 
named the “Nihon” rat in 2000 (Okimoto et al., 2000). We 
found that the homozygous mutant condition is lethal at 
around day 10 of foetal life. In heterozygotes, RCs develop 
from early preneoplastic lesions, which began to appear 
as early as 3 weeks of age, to adenomas by the age of 
6 months (Okimoto et al., 2004a). The Nihon rat is also an 
example of a Mendelian dominantly inherited predisposition 
for development of RCs, predominantly the clear cell type 
(this type represents approximately 75% of human RCC), and 
bears a single gene mutation, like the Eker rat. We performed 
a genetic linkage analysis of the Nihon mutation, as a 
first step toward its identification and found that the Nihon 
mutation was tightly linked to genes, which are located on 
the distal part of rat chromosome 10 (Hino et al., 2001b). 

Finally, we identified a germ-line mutation in the 
Birt- Hogg- Dubé gene (Bhd) (rat chromosome 10, human 
chromosome 17p11.2), caused by the insertion of a single 
nucleotide (cytosine(c) in “5C tract” within exon 3) in 
the Nihon rat gene sequence, resulting in a frame shift 
and producing a stop codon 26 amino acids downstream. 
In the Nihon rat, its predisposing (Bhd) gene could be a 
novel renal tumour-suppressor gene (Okimoto et al., 2004b). 
Interestingly, the type of mutation found in the Nihon rat, a 
C insertion in a homonucleotide tract, is the type of mutation 
most commonly found in the human Birt, Hogg, and Dubé 
(BHD) syndrome (Nickerson et al., 2003). 

Then, primary RCs and RC cell lines (NRs) from the 
Nihon rat were examined for LOH at the Bhd locus. 
Almost all tumours and NRs showed LOH at the Bhd locus, 
fitting K nudson’s “two-hit” model (Okimoto et al., 2004b). 
Furthermore, we generated rabbit anti-folliculin antibodies, 
which recognize the carboxyl-terminal peptide of the BHD 
protein (“folliculin”). Although Nihon rat RC cells (NRs, 
described in the following text) expressed Bhd mRNA 
from the mutant allele, the protein was not detected in 
the NRs. These results indicate that the loss of folliculin 
function by a “two-hit” mechanism is a critical step for renal 
carcinogenesis in the Nihon rat. 

Finally, we constructed transgenic Nihon rats with a wild- 
type Bhd gene and ascertained that germ-line suppression 
of the Nihon phenotype is possible for both embryonic 
lethality of the homozygote and tumour predisposition in the 
heterozygote. This confirmed that a tumour predisposition 
in the Nihon rat is caused by the Bhd germ-line mutation 
(Togashi et al., 2006). 


PATHOLOGY OF THE Bhd GENE MUTANT 
(NIHON) RAT 


Macroscopically, in the first stage, Nihon rat tumours 
appeared as bilateral punctate, clear cystic lesions, 1mm in 
diameter, on the surface of the kidneys at about 6 weeks. 
In the final stage, large masses and cysts were observed, 


which resulted in gross disfiguration of renal architecture 
in 12-month-old Nihon rats. Histologically, there were gen- 
erally two populations of tumour cells according to the 
Bannasch nomenclature (Bannasch and Zerban, 1990). One 
component was composed of large clear cells with hyper- 
chromatic nuclei and abundant clear cytoplasm arranged in 
a tubular or solid pattern. This was interpreted as human 
RCC of the clear cell type. Sometimes, the transverse 
section of a collecting duct was partly lined with clear cells. 
The clear cells stained positively for periodic acid-Schiff 
(PAS) reaction. The clear cell lesions consisted of clear 
cells, but they frequently contained additional acidophilic 
cells, finally showing clear/acidophilic cell adenomas and 
clear/acidophilic cell carcinomas. The origin of these clear 
cells has been reported, through serial sectioning of kid- 
neys of NNM -treated rats, to be the cortical collecting duct 
and possibly the distal tubule (Okimoto et al., 2004a). The 
other component consisted of basophilic cells with pale to 
basophilic staining nuclei arranged in a papillary pattern. 
This was diagnosed as human RCC of the papillary type 
(this type represents approximately 15% of human RCC). 
This was composed of cystic tubules that had papillary 
epithelial projections into the lumen. Frequently, papillary 
cell adenomas/carcinomas composed of mixed basophilic 
and clear cells with infiltration of lymphocytes within the 
tumour were observed. This basophilic cell type was found 
to stem from proximal tubule epithelial cells (Okimoto 
et al., 2004a). 

Recently, extrarenal primary lesions were found in the 
endometrium and heart. The predisposition for these lesions 
is not as complete as with renal cell carcinomas (K ouchi 
et al., 2006). 


HUMAN BHD SYNDROME 


The BHD syndrome, originally described by Birt, Hogg, and 
Dubé in 1977, is a rare inherited autosomal genodermatosis 
characterized by benign tumours of the hair follicle and is 
associated with renal neoplasia, lung cysts, and spontaneous 
pneumothorax (Birt etal., 1977). The recent discovery 
of the human BHD gene (Nickerson etal., 2003) is an 
important first step towards understanding the mechanism of 
tumourigenesis in BHD patients; however, the function of the 
BHD gene product (“folliculin”) remains to be elucidated. At 
this point in time, we have not detected skin tumours, lung 
cysts, or spontaneous pneumothorax in the Nihon rat. The 
Nihon rat will contribute to understanding the BHD gene 
function and renal carcinogenesis. 


CONCLUSIONS - OPENED FAN MODEL 
IN CARCINOGENESIS 


K nudson’s visionary two-hit model to explain hereditary and 
sporadic forms of retinoblastoma led to the development of a 
new paradigm, indicating the inheritance of a mutant allele of 
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Fan model of renal carcinogenesis (Hino et al., 2001a, 2003, 2006; Hino, 2003, 2004). Carcinogenesis looks like an opened Japanese fan. Primal 


force is “2 hits” of the predisposing Tsc2 gene. Initiated cells grow in many directions and culminate in diverse clinical cancers at the periphery. The edge 


of the fan corresponds to clinical tumours. 


a critical gene as a predisposing factor for the development 
of a malignant cell (K nudson, 1971). 

We proposed the diagrammatic similarity of carcinogenesis 
to an opened Japanese fan, because initiated cells grow in 
several directions and clinical tumours suggest that the edge 
of the fan has many gene abnormalities; genetic instability 
might also play a role (Hino etal., 2001a, 2003, 2006; 
Hino, 2003, 2004) (Figure 1). The germ-line mutation is 
like a “primal force: initial gene” of the abnormal networks 
of gene expression that are involved in tumour formation 
(federal headship of carcinogenesis). Our opened fan model 
in carcinogenesis might be paid attention to, in addition to 
the “two-hit” and “multi-hit” mutational models, because it 
incorporates the phenomena of genetic instability and factors 
that alter gene expression. 
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INTRODUCTION 


Worldwide, 945000 people develop cancer of the colon 
and rectum and 492000 patients die each year (Weitz 
et al., 2005). There is a large variation in the incidence 
of colorectal cancer worldwide, which is attributable to 
environment and diet, and it has been estimated that as much 
as 80% of colorectal cancer could be prevented by changes 
in diet (Cancer-Research-U K , 2003). However, despite many 
“consensus” opinions, identifying the ideal diet is still a 
long way away. This has been exemplified by the sorry 
story of dietary fibre, which despite its wide promulgation 
never had as large a body of solid evidence to support it as 
its advocates implied (Wasan and Goodlad, 1996; Goodlad, 
2001). There is, thus, a great need for a better understanding 
of the interaction of lifestyle and dietary factors with the gut 
(see Epidemiology in the Identification of C ancer C auses) 
to both identify protective factors (see The Links between 
Inflammation and Cancer) and also avoid harmful agents 
(see Non-genotoxic C auses of Cancer). 

While there have been some great successes in under- 
standing ways of preventing colorectal cancer, especially by 
removing pre-neoplastic polyps during endoscopic screening 
(Weitz et al., 2005), the treatment of established tumours has 
only shown modest improvement. The development of cancer 
requires a whole range of factors, namely, a self-sufficiency 
in growth signals, insensitivity to growth-inhibitory sig- 
nals, evasion of apoptosis, limitless replicative potential, 
sustained angiogenesis (see Angiogenesis), and finally the 
ability to invade tissue and metastasize (H anahan and Wein- 
berg, 2000). 


WHY MOUSE MODELS? 


Much of the basic information on cell cycle control 
and growth factors has been derived from cell culture; 
unfortunately, only transformed (cancerous) cells can be 
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grown in culture for a limitless time. The intact epithe- 
lium is ordered into several zones comprising stem cells, 
transit amplifying, maturation and functional zones (Brit- 
tan and Wright, 2004); and the control of intestinal cell 
proliferation in the multilayered defence systems that com- 
prise the gastrointestinal tract is complex and involves the 
interaction of several tissue systems, such as the connective 
tissue, immune system, vasculature, and commensal bacte- 
ria. Furthermore, in the intact gut, the cells are protected 
from extracellular chemicals rather than being immersed in 
them. This is exemplified by the so-called butyrate para- 
dox, where this product of fibre breakdown by the bacteria 
in the colon is a powerful stimulus for differentiation and 
apoptosis in vitro, while in vivo it is a potent stimulator of 
cell division (Hass et al., 1997; Goodlad, 2001). This com- 
plex nature of the gut and gut cancer means that in vitro 
models cannot accurately reflect the tissue response and ani- 
mal experimentation is essential for the investigation of these 
processes and for the evaluations of preventative or curative 
stratagems. 


VALIDATION 


The mouse has developed into the premier mammalian model 
system owing to its close genetic and physiological similar- 
ities to humans. It is a sobering thought that mice and men 
share about 97.5% of their working DNA (just 1% less than 
chimps and humans). Recombinant technology now means 
that the mouse genome can be readily manipulated and anal- 
ysed. Mouse and human tumours share many histological 
and genetic features but also demonstrate some major differ- 
ences. For example, unlike human cancer, mouse adenomas 
occur throughout the gut, not just in the colon. In addition, 
adenomas predominate, and carcinoma and metastasis are 
rare in the mouse. M etastasis of colonic adenocarcinomas to 
lymph nodes and liver in mouse models is very rare and is 
only seen in one mouse line, namely, the Smad3~/~ (Zhu 
et al., 1998). 


2 PRECLINICAL MODELS FOR HUMAN CANCER 


Many proto-oncogenes and tumour suppressors, are the 
same or homologous in humans and rodents. Nevertheless, 
fewer genetic events are required to establish a tumour in 
mice. Human cells would appear to need to break sev- 
eral genetic barriers to achieve immortalization, by contrast, 
ablation of a single factor can immortalize murine cells 
(Anisimov et al., 2005). Some of these interspecies differ- 
ences may need to be taken into account when extrapolating 
the results from mice to humans. 

Corpet and Pierre have recently performed a meta-analysis 
of adenoma recurrence in human volunteers with chemopre- 
vention studies in rats and mice for aspirin, calcium, and 
wheat bran, and their studies confirm that rodent model can 
predict effect in humans, but that this prediction is not accu- 
rate for the bran (Corpet and Pierre, 2005). The tone of 
the above review is perhaps too cautious in that they place 
too much emphasis on the accuracy of human intervention 
studies. Human intervention studies performed using isolated 
ingredients are, of necessity, short-term and often rely on 
surrogate end points which may not be valid (see subsequent 
text). 


ETHICAL CONSIDERATIONS 


The need for animal experiments is crucial, but we all have 
an obligation to reduce suffering by refining our techniques 
to reduce the number of animals used and consider the 
alternatives, which could lead to replacement of animal 
models. This obligation is now set down in law in the 
United Kingdom, with experimental procedures having to be 
approved by local Animal Ethics Committees and personal, 
project, and institutional licences obtained from the Home 
Office, under the Animal Procedures Act, 1986. 

All cancer models can cause problems, but failing mice 
can be spotted by experienced staff and monitored carefully 
and culled if their condition deteriorates beyond set criteria. 
The United Kingdom Coordinating Committee on Cancer 
Research (UKCCCR) guidelines are a useful description of 
the standards required (Research U. C.-O. C. O. C, 1997). 

Novel techniques can aid reduction, for example, an 
endoscopic system (Coloview® - www.karlstorz.com) has 
recently been developed so that inflammation, aberrant 
crypt foci (ACF), and tumours can be monitored over 
time in living mice (Becker etal., 2005). This system is 
capable of producing high-resolution pictures of publication 
quality (Figure 1) and was found to be safe, reproducible, 
and fast, requiring less than 2minutes per mouse. More 
recently, a confocal endoscopic system has been developed, 
which can detect ACFs in the living mouse (Cell~vizio®, 
http://w ww.maunakeatech.com/C ellviZioProductSheet.pdf). 


MODELS — GENERAL CONSIDERATIONS 


There are several rodent models of cancer (Institute, 2005), 
the choice of which will depend on a variety of consider- 
ations. Many workers use their models to investigate the 





Figure 1 Photographs of mouse colon taken with the Coloview endoscopic 
system showing normal mucosa unstained or stained with methylene blue 
and finally ACFs stained with methylene blue. (Reproduced by permission 
of BMJ publishing.) 


molecular mechanisms of neoplasia while others study the 
effects of environment and diet on cancer. Others may focus 
on the actions of chemopreventive or therapeutic agents. 

Originally most models were based on the use of chemi- 
cal carcinogens, nowadays there are many different genet- 
ically engineered mouse (GEM) models. Most of these 
GEM models were designed to study the key pathways 
identified in human cancer. These are reflected in the 
subclassification of models by a recent consensus panel 
into the following groups; namely, adenomatous polypo- 
sis coli (Apc) and related mutations in the Wnt-signalling 
pathway (especially the loss of B-catenin) (see Wnt Sig- 
nal Transduction), TGF alterations (see Transforming 
Growth Factor-6 and Cancer), mismatch repair (MMR) 
models, immune deficient mouse models, chemical carcino- 
gen models, and miscellaneous models (Boivin et al., 2003) 
(Table 1). Since that paper was published several more 
mouse models have been described, including many crosses, 
for example, at our institute we have crossed the Apc™in/+ 
mouse with mice deficient in the base excision repair gene 
M yh (found in familial polyposis coli, FAP patients with nor- 
mal APC ) and demonstrated that, while M yh loss alone had 
no effect in the mouse, it significantly enhanced the num- 
ber of polyps in the small bowel of Apc™'"/+ mice (Sieber 
et al., 2004). 

Conditional knockouts and mice that carry regulatable 
oncogenes will eventually give greater control of gene 
expression and may supersede the “first-generation mouse 
tumour models”. In these mice, somatic mutations can be 
induced in a tissue-specific and time-controlled fashion, 
which should more faithfully model sporadic tumour for- 
mation (Jonkers and Berns, 2002). 


Table 1 Models of cancer. 
M odel 


MOUSE MODELS FOR GASTROINTESTINAL CANCER 


Predominant location 


Type of neoplasia 


Average number of tumours/mouse 
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Wnt pathway 
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(Reproduced from Boivin et al., 2003; by permission of Elsevier Science Ltd.) 
St- stomach; du - duodenum; SI - small intestine; Ce- caecum; LB - large bowel (colon); R - rectum; Ht- heterotopia; HP - hamartomatous polyp; A - adenoma; 


C - carcinoma; M - metastasizes. 
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Cooper et al. (2005) 
Aoki et al. (2003) 
Sieber et al. (2004) 


Fox et al. (2003) 


Cooper et al. (2001) 


Mollersen et al. (2004) 


Newmark et al. (2001) 
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Cre recombinase can be used to delete genes in an 
inducible manner, but there are few developed systems 
for adult gastrointestinal tissue; one such model used the 
administration of xenobiotics to turn on a promoter that 
is normally silent and thus activate cre expression, which 
then deletes Apc or 6-catenin in adult mice (Sansom et al., 
2004; Ireland et al., 2004). While these systems have not as 
yet led to cancer models, there is potential for some very 
sophisticated studies. 

Table 1 should help orientate the reader with the range 
of GEM models now available, and it is not the author's 
intention to elaborate on the detail of these many models, 
rather to try and put them into some sort of perspective and 
note the various considerations required in their choice and 
application. 

The chemically induced cancer models are well established 
but take a long time to develop, which is why many papers 
have focused on intermediate end points. Mutant or GEM 
models can develop tumours more rapidly and have the 
advantage that they reflect and hopefully model the molecular 
events that are now known to occur in human inherited 
and sporadic colorectal cancer. However, this is a rather 
circular argument as the genes targeted were chosen for their 
known role in (inherited) human cancer. Colorectal cancer is 
a complex disease and 38% of human tumours do not display 
characteristics of the two main types of genetic instability 
and may progress via an overlap of the suppressor and 
mutator paths. A significant proportion may progress by as- 
yet unidentified molecular mechanisms of genetic instability 
(Arnold et al., 2005). 

Chemical carcinogen models tend to be more colon spe- 
cific and can provide plenty of scorable polyps and ACFs. In 
addition, they are available “off the shelf” and do not require 
the need to maintain colonies with constant genotyping and 
breeding. They are thus considerably cheaper, but usually 
take a long time to develop and involve toxic chemicals, 
and as they often involve mucosal activation of the car- 
cinogen, they may be unduly influenced by dietary changes 
which may activate precarcinogens. Chemical models have 
been criticized as they do not have a “mechanism”; however, 
our knowledge of cancer genetics is still incomplete and not 
all cancers have (genetic) mechanisms. Chemical carcino- 
gen models also have the advantage of being more readily 
able to distinguish between initiation and promotion events. 
Corpet and Pierre (2003) performed a meta-analysis of the 
azoxymethane (AOM) chemical and the Apc™'"/+ models 
and found that the two methods (with a few exceptions) show 
an excellent correlation. 

In addition, the use of chemically induced colitis as a 
carcinogen or pro-carcinogen has enjoyed a recent revival 
(Cooper etal., 2000). This in part stems from a greater 
appreciation of the close links between inflammation and 
cancer (Rhodes and Campbell, 2002; Clevers, 2004), and 
also from the attractions of the model, as one can obtain 
more lesions and polyps in a shorter time and these events 
are focused to the colon. Finally, a recent mouse tumour 
model has been generated by just feeding normal mice a diet 
rich in all the wrong things, that is, a simulated “Western 
style” diet (Newmark et al., 2001). 


INITIATION/PROMOTION 


Neoplasia is broadly considered to have two main com- 
ponents with an early initiation event and a later pro- 
motion/progression stage (Farber, 1986). Until conditional 
knockout models are developed where genes can be acti- 
vated in adult mice in a tissue-specific manner (Jonkers and 
Berns, 2002), the dissection of the two phases is best per- 
formed in a chemical induced model. Treatment can thus be 
given before the carcinogen to study initiation or after, to 
study promotion. 


LOCATION AND MECHANISMS 


The location of tumours within the gut varies in the different 
models, with many mouse models, unlike man, having a 
small bowel predominance. Within the colon the distribution 
of pre-neoplastic events and polyps also varies, with most 
events being seen in the distal colon (as in man). It is worth 
remembering that the embryological origin of the colon 
varies, with the foregut giving rise to oesophagus, stomach, 
and the proximal duodenum. The midgut gives rise to the 
more distal small intestine, caecum, ascending colon, and 
the proximal transverse colon. The hindgut forms the rest of 
the colon and the rectum (Liu etal., 1999; Institute, 2005) 
(Figure 2). 

In the colon, two main types of genetic instability have 
been described, namely, microsatellite instability (MIN) 
due to lack of MMR and chromosomal instability (CIN) 
(see Genomic Instability and DNA Repair). MIN is mainly 
seen in the proximal colon and occurs in Lynch syndrome 
(hereditary nonpolyposis colorectal cancer, HNPCC) and 
some sporadic cancers while the more common CIN is found 
more distally and is associated with FAP and sporadic can- 
cers (Lindblom, 2001). The pathology of the tumours also 
varies, with Lynch syndrome having lymphocyte infiltration, 
a mucinous character, and poor differentiation (Arnold et al., 
2005). The different pathways may reflect different evolu- 
tionary pressures on tumour formation with the proximal 
paths being influenced by hypermethylation and the distal to 
bulk-adduct forming carcinogens (Breivik, 2005). Regional 
differences in the distribution of intestinal tumours in the 
small bowel of Apc™'"/+ mice have also been reported and 
may reflect differences in the mechanisms by which Apc 
function is lost (Haigis et al., 2004). 

The different response to carcinogens in the colon has 
been demonstrated in the rat (Sunter etal., 1979) with 
proximal tumours being poorly differentiated mucin secreting 
carcinomas while the distal tumours were well differentiated 
tubular adenomas and adenocarcinomas. This difference was 
reflected by the distribution of ACF. Very few ACFs were 
seen in the proximal colon while there were many in the 
distal, thus ACF may only be markers for colonic neoplasms 
in the distal colon where tumours follow the adenoma- 
carcinoma sequence (Park etal., 1997). Mouse ACFs and 
tumours are also predominantly distally located. 
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Figure 2 Diagram showing the variations in the location of various events in the colon. While the origin from the midgut and hindgut is well established, 
some of the other items in this diagram are less established. Items shown over the top colon are those that appear to predominate in this region. 


Differences in the proliferative rates of the different 
sections of colon are equivocal with some groups reporting 
no changes in labelling index in the (human) colon (Liu 
et al., 1999), others (using the more reliable crypt cell 
microdissection method) found a significant reduction in 
proliferation as one descends the colon (Mills et al., 2001). 
We have shown in several models that a lack of change in 
labelling index does not necessarily mean that proliferation 
is unaltered, because the size of the crypt (denominator) 
may also be altered, thus confounding such simple indices 
(Goodlad etal., 2005), which is why such data are often 
better expressed on a per crypt basis. M ore than 1000 genes 
show different expression between the proximal and distal 
human colon (Glebov et al., 2003). These differences were 
less pronounced in foetal tissue suggesting they are partly 
innate and partly a reflection of the different environments 
found in the colon. In the mouse there is also some evidence 
of a decline in proliferation in the distal colon (Sasaki et al., 
2002). In addition to cell proliferation, the gut can also 
increase its mass by the process of crypt fission (St Clair 
and Osborne, 1986; Cheng et al., 1986). Crypt fission begins 
with an indentation in the base of the crypt, which may then 


enlarge so that the crypt can “unzip” into two (Figure 10). In 
the young, this is the main means of increasing crypt number 
(St Clair and Osborne, 1985) and provides a mechanism for 
the evolution of clonal crypt populations in the neonate (Park 
et al., 1995). Crypt fission indices can be much lower in the 
distal colon than the proximal (Sasaki et al., 2003). There is 
less data on regional differences in apoptosis but there are 
reports of greater apoptotic activity in the distal colon (Liu 
et al., 1999), 


CONFOUNDING FACTORS 


The yield of cancerous or precancerous events can vary 
greatly due, in part, to the multifactorial nature of cancer. The 
genetic background can have a large influence, with different 
strains having greatly different susceptibilities. Several genes 
can modify the process; in the Apc™'"/+ mouse the phenotype 
depends on a variety of modifiers, especially the modifier 
of Min (multiple intestinal neoplasia), Mom1, which is a 
semi-dominant modifier of tumour size and multiplicity and 
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encodes a secretory phospholipase involved in inflammatory 
responses and bacterial defence mechanisms (Gould and 
Dove, 1996). Other modifier genes include 5-cytosine DNA 
methyltransferase and the DNA MMR factor M sh2 (Bilger 
et al., 1996). A range of variants of the Apc™'"/+ mouse have 
been generated with the most severe phenotypes having 370 
polyps per mouse (Haines et al., 2005). 

A very important modifier of intestinal tumour develop- 
ment is the gut flora and no tumours are found in several 
models when the mice are germ free (Chu et al., 2004; Engle 
et al., 2002; Kado et al., 2001). The precise role of bacteria 
in the development of lesions is not understood, but inflam- 
mation is a well-known inducer of hyperproliferation and 
cancer promotion (M anichanh et al., 2006). 

Diet also has a profound influence; one cancer model relies 
solely on feeding a “Western” diet (Newmark et al., 2001). 
One of the most potent factors affecting cell renewal in the 
gut is food intake, and calorie restriction can halve tumour 
counts in the Apc™'"/+ mouse (Mai etal., 2003). We have 
found that even minor differences, such as differences in 
the form of the diet (pelleted versus powder) can influence 
results. 


PATHOLOGY 


The development of intestinal cancer is generally considered 
to be a “multi-stage” process (Fearon and Vogelstein, 1990) 
(Figure 3) starting with a general increase in cell proliferation 
and the accumulation of various genetic changes. It has been 
intimated that there are two main pathways in the colon, with 
inflammation-induced pathways differing somewhat from the 
“sporadic” pathway. This is summarized in Table 2 (Rhodes 
and Campbell, 2002) and Figure 3. Both pathways lead to 
altered morphology, which can be identified as dysplasia at 
the microscopic level. In addition various signs may be seen 
at the macroscopic level, which include ACF and mucin 
depleted foci (MDF) (Femia etal., 2005). Some, but not 
all, of these lesions progress to become adenomas, which 
may eventually invade the muscularis mucosa and become 
adenocarcinomas. In the mouse the muscularis mucosa is 
very thin, so that it can penetrate the muscle, making it 
difficult to establish if the cancer is invasive or if the tumour 
is just herniated. A summary of the pathology based on 
Boivin et al. (2003) is shown in Table 3. 


MOUSE MODELS 


GEM 


There are now many GEM models of cancer and most 
of these are summarized in Table 1. While many of these 
have been generated to investigate specific genetic events, 
several have great potential for the investigation of the 
many environmental factors, which may lead to neopla- 
sia. A few of these models may also be used for the 


Table 2 Differences and similarities between inflammatory bowel - associ- 
ated disease and sporadic cancer. 


|BD-associated cancer Sporadic cancer 


Both have dysplasia - cancer sequence 
Both need multi-step mutations 
Majority show aneuploidy 
Minority (15-30%) show failure in mismatch repair 
Both associated with increased COX 2+ increased lipoxygenase 
Both preventable by salicylates: 
Sporadic-acetylsalicylic acid (aspirin) 
IBD-associated - 5-aminosalicylic acid (5-ASA) 
Similar prognosis 


P53 mutation late 
APC mutation early 
Polypoid tumours 
Median age >65 years 


P53 mutation early 

APC mutation late 

Flat tumours 

Median age approximately 50 years 


(Reproduced from Rhodes and Campbell, 2002, #1789; by permission of Elsevier 
Science Ltd.) 


investigation of the several factors required for transformed 
cells to progress to overt metastatic cancer, namely, limited 
replicative potential, evading apoptosis, self-sufficiency and 
insensitivity to growth factor signals and antigrowth signals, 
angiogenesis and the ability to invade, and metastasis (H ana- 
han and Weinberg, 2000). 


Min Mouse (Apc™'"/+ ) 


Many laboratories have made extensive use of the Min 
Apc™'"/+ mouse to investigate the effects of growth factors 
and dietary modification on neoplasia. Others have used the 
Apc™'"/+ mouse to investigate genetic modifiers and there are 
now many Apc GEM, which have a wide range of tumour 
numbers. Some of these variants have significantly greater 
numbers of colorectal adenomas (Cooper et al., 2005) than 
the standard Jackson laboratory’s Apc™'"/+ mouse (which 
now seem to yield less tumours than the original strain). 
The Apc™'"/+ mouse was the first of the GEM models and 
thus has a long provenance (in terms of molecular biology). 
The Apc™'"/+ mouse, was derived by giving the chemical 
mutagen ethyl nitrosourea and screening for germ-line muta- 
tions, not by the now almost universal transgenic knockout 
technologies. The mutation gave rise to mice heterozygous 
at the Apc locus; carrying one wild-type and one mutated, 
functionally inactive allele. Homozygotes are embryonically 
lethal, but the heterozygotes are viable. Loss of the remain- 
ing wild-type allele within the intestinal epithelial cells of 
Apc™i"/+ mice leads to the development of multiple ade- 
nomas. These should number between 60 and 100 in the 
small intestine and 1-4 in the colon of 10-week-old non- 
attenuated Apc™'"/+ mice. The mice show adverse effects 
related to tumour growth and blood loss so that they die 
or require termination after approximately 12-18 weeks of 
age. 

These mice have been used in many studies to test the 
effects of a variety of agents on the early and later stages 
of neoplasia. One problem is that being heterozygous all the 
offspring must be genotyped and their short life necessitates 
a constant breeding programme. 
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Figure 3 Two versions of the multi-stage model of colorectal cancer (Fearon and Vogelstein, 1990; Rhodes and Campbell, 2002). (a) The sequence of 
events that may occur in sporadic cancers and (b) summary of the differences believed to exist in the pathway associated with inflammatory bowel disease. 
Both denote an accumulation of activated oncogenes and inactivated tumour-suppressing genes. While these diagrams are useful models it should be stressed 
that it was never the intention of Fearon and Vogelstein that all the events were required or necessarily occur in the order shown. 


Chemical Carcinogens 


M ost mouse models of chemically induced intestinal cancer 
have used the carcinogen dimethyl hydrazine (DM H) (War- 
govich et al., 1983) or its metabolite AOM (M altzman et al., 
1997). DMH is only marginally mutagenic in the bone mar- 
row and small intestine but is a potent mutagen in the colon 
(Newell and Heddle, 2004). The advantage of these models 
is that almost all the events occur in the colon. In addition, 
the model is inexpensive and does not require the mainte- 
nance of breeding colonies. The main disadvantage is that 
the process can take a long time, especially if neoplasia 
is to be the end point. Studies of 20 weeks to a year are 


the norm (Figure 4). Many of the genetic events follow- 
ing DMH/AOM damage mirror those seen in human cancer, 
including alterations in Kras, Min, and the nuclear accumu- 
lation of B-catenin confirms that W nt/6-catenin/Tcf pathway 
also plays a major role in the model. Cox2 and iNos are 
overexpressed in the tumours, but they seldom metastasize 
(M altzman et al., 1997; Corpet and Pierre, 2003). These car- 
cinogens cause a depletion in goblet cells and in the mucin 
they produce (altered mucus is also seen in ACF and other 
pre-neoplastic lesions) (Velcich et al., 2002). 

Many protocols have been used, some of which have 
involved the weekly injection of DMH for 20 weeks or so. 
Others have used one, two, or three AOM or DMH injections, 


8 PRECLINICAL MODELS FOR HUMAN CANCER 


Table 3 Nomenclature for histological assessment of rodent intestinal tumours. 


Hyperplasia 


Gross thickening of the mucosa; some growths may have a stalk-like base (peduncle); mitoses are always located in the lower two-thirds of the crypt; 
nuclei lack significant atypia, are basally located, ovoid to round, usually uniformly dark, with occasional visible nucleoli; crypts take on a star-shaped 
appearance in tangential sections; herniation (pseudoinvasion) of epithelium through the muscularis mucosa may occur. Hyperplasia can be further 
categorized as diffuse, focal, multifocal, and associated with inflammation (type and severity noted) and also can be graded as to severity 


ACF 


Seen in whole-mount colonic tissue stained with methylene blue and viewed by transmitted light under stereomicroscope; larger crypts with a thickened 
layer of epithelial cells that stain more intensely, often have a slit-shaped luminal opening, increased pericryptal space, and are elevated 


gastrointestinal intraepithelial neoplasia (GIN) 


Histologically apparent areas of dysplasia that are not visible grossly (<0.5- 1.0mm); in human and veterinary pathology, also known as 
microadenomas, carcinoma in situ, and focal areas of dysplasia; may involve single or multiple glands. Equivalent to the dysplastic ACF seen in whole 


mounts 
Adenoma 


Benign, circumscribed neoplasm composed of tubular and/or villous structures lined by dysplastic epithelium; herniation (pseudoinvasion) through the 


muscularis mucosa may occur; categorized by the following criteria: 


1. Macroscopic growth pattern; sessile, broad-based, or pedunculated (polypoid) 
2. Histological type: tubular, at least 75% of adenoma composed of branching tubules in lamina propria (usually pedunculated); villous, at least 75% of 
adenoma composed of leaf- or finger-like processes of lamina propria covered by epithelium (usually sessile; also known as papillary); tubulovillous, 


adenoma composed of 25- 75% of both tubular and villous structures (usually pedunculated) 
3. Grade of dysplasia: based on the most severely dysplastic area of each tumour 


(a) Low grade: branching or elongation of crypts with some reduction of interglandular stroma; low nuclear/cytoplasmic ratio; cell nuclei elongated, 
crowded, appear stratified, with regular nuclear membranes, fine chromatin, and inconspicuous nucleoli; nuclei maintain polarity; mucus secretion 


usually present 


(b) High grade: exhibits both architectural and cytological changes; marked reduction of interglandular stroma with complex irregularity of glands 
with cribriform (sievelike) structures and back-to-back glands; high nuclear/cytoplasmic ratio; cell nuclei large, ovoid to round, with loss of 
polarity; cytological atypia is more pronounced with marked, irregular nuclear membranes, with aberrant chromatin pattern not basally located 
(cleared, vesicular, clumped, or densely hyperchromatic chromatin); large, conspicuous nucleoli; mucus secretion usually absent; numerous 


mitoses with abnormal mitotic figures 


Herniation 
Glands have penetrated through the muscularis mucosa 


Adenocarcinoma 





Malignant neoplasia of glandular epithelium composed of tubular and/or villous structures penetrating through the muscularis mucosa; categorized by 


the following criteria: 


1. Grade of differentiation: well differentiated, moderately differentiated, or poorly differentiated 
2. Histological type: tubular/tubulovillous/villous; mucinous (>50% of tumour composed of extracellular mucin, signet-ring cells can be present); 
signet-ring cell (>50% of tumour composed of signet-ring cells); undifferentiated carcinoma (no glandular structure to differentiate; can be uniform 


or pleomorphic) 


(Reproduced from Boivin et al., 2003, #705; Institute, 2005, #2095 by permission of by permission of Elsevier Science Ltd.) 


but these models tend to give far fewer overt tumours. AOM 
is more potent; thus, while DMH is usually given at a dose 
of 20mgkg?, AOM is given at about half that dose. 


Other Carcinogens 


There is a wide range of other rodent carcino- 
gens, which include N-methyl-V’-nitro- V-nitrosoguanidine 
(MNNG), N-ethyl-N’-nitro-NV-nitrosoguanidine, N-methyl- 
N-nitrosourea, and the heterocyclic aromatic amines, Pip, 
IQ, M Eq, M Eq, which are produced when meat is cooked at 
a high temperature (Sugimura, 2002). 

Compared to AOM, nitrosamines are less convenient to 
use and less specific. Heterocyclic amines are more expensive 
than AOM, and less potent (Corpet and Pierre, 2003). 


MNNG There are fewer models of gastric cancer but 
the DNA damaging nitrosamine MNNG can be used to 
induce gastric adenocarcinomas if given by gavage or 
in the drinking water at a concentration of 100 pgmI~1 
(Sigaran and Con-Wong, 1979). Tumours are also seen 
in the duodenum, jejunum, and mesentery when given at 


high doses. http://ntp.niehs.nih.gov/ntp/roc/eleventh/profiles/ 
s111mnng.pdf. 


Bacteria 


Helicobacter pylori is now classified as a human carcinogen 
causing stomach cancer in humans (Forman and Graham, 
2004). There has been a lack of H. pylori animal mod- 
els suitable for long-term studies, but mice infected with 
Helicobacter felis develop gastric atrophy, the precursor 
lesion to gastric adenocarcinoma in humans (Lee, 1995). 
Recent studies with H. pylori in C57BL/6 x 129S6/SvEv 
(B6129) mice demonstrated progressive gastritis, oxyntic 
atrophy, hyperplasia, intestinal metaplasia, and dysplasia 
(Rogers et al., 2005). Mice overexpressing gastrin develop 
gastric adenocarcinomas if infected with H. pylori (Fox 
et al., 2003). Helicobacter hepaticus is also involved in colon 
cancer in TGF B-deficient mice (Engle et al., 2002) and by 
the activation of another TGF 8-linked transcription factor, 
namely, Smad3. Smad3-deficient mice only develop tumours 
if infected with Helicobacter (Maggio-Price etal., 2006). 
Interestingly these tumours are located in the caecum and 
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Figure 4 Summary of the experimental protocols for tumour induction using various approaches. Numbers refer to the mean number of tumours per mouse 
colon. It can be seen that tumours have been generated using DSS-induced colitis, but the yields were low. Chemical models using DMH and AOM are 
time consuming and often have a low yield, which explains why many studies do not measure tumour number, relying instead on surrogate end points or 
other pre-neoplastic changes. Hybrid models with a few injections of AOM (or DMH) can generate substantial numbers of colon tumours in a short time 
and even more tumours can be obtained if colitis is induced in GEM (Apc™'"/+) mice. ACF - aberrant crypt foci; BCAC - 8-catenin accumulating crypts. 


proximal colon, which is the main site of Helicobacter col- 
onization. No effect on tumours was seen in this study when 
Helicobacter were given to Apc™'"/~ mice in contrast with 
the results of Newman, who found a fourfold increase in 
colon tumours after Citrobacter rodentium infection, and 
these were in the distal colon, where C. rodentium - induced 
hyperplasia occurs (Newman etal., 2001), indicating that 


there may be differences in the colitis caused by different 
pathogens. 


Colitis 


The link between inflammation, especially inflammatory 
bowel disease (IBD), and colorectal cancer risk is well 
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known. Because the normal colon is arguably in a continual 
state of low-grade microbial inflammation, it is reasonable 
to speculate that both IBD-associated and sporadic colon 
cancer might be the consequence of bacteria-induced inflam- 
mation. There are many animal models of intestinal inflam- 
mation (Wirtz and Neurath, 2000). One such IBD is colitis, 
which can be induced in mice by adding dextran sodium 
sulphate (DSS, MW ~36000-50000; MP Biomedicals 86 
J ermyn Street, London) to the drinking water (Okayasu et al., 
1990). Various doses usually between 1 and 5% have been 
used. DSS causes increased production of pro-inflammatory 
cytokines, lymphoid hyperplasia, inflammatory cell infiltra- 
tion, focal crypt damage, and epithelial injury and ulceration. 
Damage to the colon, especially the distal colon, occurs 
within 2- 3days and becomes more pronounced with time 
and is proportional to the dose of DSS (Suzuki et al., 2005). 
While experimental colitis studies in the past tended to be 
short-term studies to see if various treatments could pro- 
tect the gut or reduce the severity of established damage, 
long-term treatment with DSS leads to colon cancer (Cooper 
et al., 1993) but only yields a few tumours (Loddenkemper 
et al., 2006). 


Colitis and Chemical Carcinogenesis 


DSS-induced colitis will accelerate the development of 
abnormal crypts and cancer in the colon following 
DMH/AOM, and so useful results can be achieved in a 
shorter time frame. Usual treatments are for 4 to 7 days and 
multiple cycles of DSS followed by 2 weeks of plain drinking 
water can be used (Cooper et al., 1993; Okayasu et al., 1996, 
Tanaka et al., 2003) (Figure 4). 

Most of these studies have used slightly lower doses of 
DSS than in acute damage studies, the average of 18 such 
papers was 2.85%, but strains of mice can have widely 
different susceptibilities (Mahler et al., 1998; Suzuki et al., 
2006). There is some evidence that effects of DSS become 
reduced with repeated doses (Wang et al., 2004). 

A summary of the various protocols is shown in Figure 4. 


Colitis and GEM 


DSS-induced colitis has also been used to accelerate cancer 
development in the colon of the Apc™'"/+ mouse, where it 
can lead to the formation of carcinomas (Cooper et al., 2001). 
Little change in the small intestine was noted, so this model 
should more accurately reflect the human situation. Cooper 
used one or two cycles (4-day then 3-day) of 4% DSS to 
stimulate the colon (Figure 4) and flat dysplastic lesions were 
seen. One cycle of DSS increased the polyp count from 1 
to 2 to 16 polyps per colon and two cycles resulted in 29 
polyps after 42 days (Cooper et al., 2001). The distribution 
of polyps with most seen distally again appears to model the 
pattern in humans and parallels the DSS damage (Fitzgerald 
et al., 2004). 

In a similar experiments 3.5 adenomas and 5 adenocar- 
cinomas per colon were seen in Apc™'"/+ mouse following 
one cycle of 2% DSS (Tanaka et al., 2006). The Min-DSS 


model could thus become a valuable tool with which to study 
the mechanisms of colitis-associated neoplasia and to test 
chemopreventive or therapeutic agents. 


Chemical Carcinogens and GEM 


Several groups have given GEM carcinogens to “boost” 
colonic tumours, for example, giving 5mgkg-? of AOM 
to neonatal Apc™"/* mice increased colon-tumour incidence 
and multiplicity (Mollersen et al., 2004). There is some 
evidence that the Apc™"/+ mouse is particularly sensitive 
to carcinogens (Suzui et al., 2002). 


PRACTICAL DETAILS 


Experimental Protocols 


The duration of studies should be sufficient to obtain 
precancerous lesions or polyps for study. Sufficient mice 
for statistical power will be required, but should not be too 
many for both practical and ethical reasons. The author’s 
experience is that groups of 15 should suffice, but more 
may be necessary if the anticipated effect is not particularly 
pronounced. Numbers can be reduced if experiments are run 
in parallel so that control groups can be shared. 

Appropriate precautions should be taken when chemical 
carcinogens are used. The most hazardous time is when the 
stock solutions are being prepared and administered. Good 
practice afterwards is also advisable. 

Mice must be monitored regularly by experienced staff 
who have been given firm guidelines as to when to terminate 
the mice and whether tissues should be taken. 

Finally, one must consider the effects of “drop out”. If 
mice are killed early owing to welfare consideration, one 
may be altering the population in that only low yielding mice 
will reach the end of the study. If too many mice need to 
be put down, it may be necessary to finish the study early. 
If tumour yield is the end point, it may be acceptable to 
include a few mice terminated early, especially if there is 
a difference of only a few days in the final age/duration of 
treatment. 


Gut Preparation 


At autopsy, the gut is removed and rinsed with cold saline. 
This can easily be effected using a “Gilson” type pipette 
tip, which has been cut to fit onto a standard luer syringe. 
Scoring is much easier if whole-mount preparations are made 
so that the tissue can be examined en face. This also allows 
the segments of gut to be subdivided into zones by putting 
a series of grids under the sample until the segment fits the 
grid, enabling events to be scored in 10 zones (Figure 5). 
The various sections of the intestine can be opened out 
onto a piece of card using scissors but this can be time 
consuming and often leads to rather ragged tissues. We have 
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Figure 5 A set of grids (normally printed onto acetate sheets), which are used to score the position of ACFs and polyps. The grids are placed under the 
section of gut (illuminated from beneath) and moved until a grid is found that fits the gut. The number of events in each of the ten squares can then be 
counted in the now “standardized” gut segment (a similar process can be used to standardize microdissected intestinal crypts.) 


recently described a simple device to aid gut preparation 
(Rudling etal., 2006). In brief, stainless steel rods are 
threaded through the segments of intestine and a cutting 
guide is used to guide a scalpel and dissect the segments 
longitudinally. The rods are then rolled sideways to gently 
flatten the tissue onto the card (Figure 6). While tissue 
can be scored fresh we find it easier to score fixed tissue 
and this ensures optimal fixation for subsequent measures. 
Polyps are more readily identifiable if the tissue is fixed 
in Carnoy’s fluid rather than in formalin. We normally fix 
for 1-3hours in Carnoy’s fluid (6 parts ethanol, 1 part 
acetic acid, 3 parts chloroform) and then transfer to 70% 
ethanol. Tissue should not be left in formalin for too long; 
overnight fixation followed by transfer to 70% ethanol is 
sufficient. 


END POINTS 


Macro Polyp Number 


The fixed tissue can then be scored en face under a 
stereomicroscope. If desired the tissue can be stained for 
a few minutes in 0.1% methylene blue. 

Gut preparations (Figure 6) are scored (x20 magnifi- 
cation) for polyp number and diameter (measured with 
digital callipers). Polyp volume is then calculated from 
the polyp diameter assuming a hemispherical shape in the 
small intestine and a spherical shape in the colon (Bashir 
et al., 2004). 


Micro Polyp Number 


The tissues can be rolled into a “Swiss roll” for histological 
embedding after the initial (macro) scoring (Figure 7). Five 
4-1.m-thick “step sections” are cut at least 100 um apart and 
stained with haematoxylin and eosin. The microadenomas 
can be assigned to a category ranging from 1 to 4. In the 
Apc™'"/+, mouse adenomas that remain within the limits of 
a single villus are classified as category 1, those that occupy 
the space of 2-5 villi are classified as category 2, those that 
occupy 6- 10 villi, as category 3, and those that occupy more 
than 10 villi are category 4 (Kongkanuntn et al., 1999). A 
similar scale can be used to relate colonic adenomas to the 
size of the colonic crypts. l 

Typical adenomas from Apc™i"/+ mice and DM H-treated 
mice are shown in Figure 8. 


OTHER END POINTS 


If one considers the Vogelgram (Fearon and Vogelstein, 
1990), Figure 3, one can see that there are several inter- 
mediate points in the multi-stage model that should be able 
to serve as surrogate end points before the arrival of overt 
tumours. While the attraction of such markers is great, 
most have still not been sufficiently validated. Despite the 
multitude of papers using intermediate end points, few of 
these are universally accepted. This applies even for the 
best markers, for example, adenoma recurrence in humans 
is often used, and has given valuable results, because if 
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Figure 6 Typical preparation of an Apc™'"/+ mouse small intestine 
(divided into thirds) and colon prepared using the Gut cutting engine 
(Rudling et al., 2006). Steel rods are threaded through the intestine, a guide 
is used to cut the intestine longitudinally, and then the rods are rolled to 
flatten the guts. The tissue has been fixed in Carnoy’s fluid. 


there are no adenomas there are no carcinomas; however, 
half the population over the age of 70 will have adenoma- 
tous polyps, but only one-tenth proceed to cancer (Arnold 
et al., 2005). 

Despite the attractions of surrogate end points (Sanderson 
etal., 2004), there are no short cuts, and large trials 
are still required to validate the end points that were 
proposed to avoid the need for such trials (Schatzkin et al., 
1996; Schatzkin and Gail, 2002). Despite thousands of 
studies published on biomarkers only a handful have been 
approved for clinical use (Ludwig and Weinstein, 2005). 
The limitations of surrogacy remind us of the complexity 
of cancer causation and affirm the continued importance of 
large trials and observational studies with explicit cancer end 
points (Schatzkin, 2005). 














Figure 7 Low-power “Swiss roll” preparation of a third of the small 
intestine (or whole colon) of an Apc™'"/+ mouse stained with haematoxylin 
and eosin showing microadenomas and a larger polyp. 


Spleen Weight 


Polyp load in Apc™'"/+ mice can lead to anaemia due to 
excessive blood loss from the intestine. An indication of 
polyp burden can thus be obtained by examining the feet of 
the mice for pallor. The anaemia also leads to enlargement 
of the spleen and spleen weight is a useful surrogate marker 
of polyp load and gives an instant indication of the effects of 
treatment at autopsy (Orner et al., 2002; Bashir et al., 2004). 


Aberrant Crypt Foci 


Pre-neoplastic or precancerous lesions such as ACF have 
been used in many studies as end point lesions. There are 
many more ACF than tumours, which indicates that, like 
polyps, only a few progress to cancer. The tissue can be 
bulk stained with 0.1% methylene blue to score the number 
(and multiplicity) of ACF (Raju and Bird, 2003) (Figure 9). 
ACF within the colon can easily be located using a series of 
10 square grids of different sizes on overhead transparency 
acetates (Figure 5). 

Recent interest has focused on subsets of ACF, such as 
the MDF, and £-catenin accumulating crypts (BCAC) (M ori 
et al., 2005; Caderni et al., 2003). 


OTHER MARKERS OF MUTATION 


Changes in intestinal histochemistry can be followed using 
glucose 6 phosphate dehydrogenase or the dolichos biflorus 
agglutinin (DBA) lectin staining, as mutagens cause mice 
to lose crypt-restricted gene expression (Griffiths et al., 
1988; Winton etal., 1988). We have used the former to 
study the evolution of mutated crypts and increases in 
patch size attributable to crypt fission (Park etal., 1995). 
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Figure 8 Dysplastic crypts (a) and adenoma (b) from the colon of DMH-treated mouse and microadenoma (c) and adenomatous polyp (d) from the small 


intestine of Apc™!"/+ mouse. 





Figure 9 ACFs from DMH-treated mice. Tissue was stained en face with 
0.1% methylene blue. Note the large elevated and densely stained ACF. 


Another medium term bioassay used is metallothionein 
crypt-restricted immunopositivity, which was approximately 
10-fold more numerous than ACF following chemical muta- 
genesis but correlated well with ACF formation (Donnelly 
et al., 2005). 

Clonal expansion has recently been followed by the study 
of non-oncogenic mutations in the mitochondrial genome 
using staining for cytochrome c oxidase activity, which has 
been used to demonstrate that wholly mutated crypts clonally 
expand by crypt fission in the normal human colon (Greaves 
et al., 2006). 


Cell Proliferation 


One of the earliest events in the multi-stage model of 
cancer (Figure 3) is increased proliferation. Cell proliferation 


is likely to act as a promoter of carcinogenesis and can 
“fix” mutations before genetic housekeeping repair. While 
increased proliferation is often considered to be a useful 
indicator, its use in human studies has tended to fall out 
of favour (Sanderson etal., 2004). | would argue that 
this is a mistaken view. Recent studies have shown that 
the biggest changes in gene expression between normal 
and tumour samples occur in those genes involved in 
the control of cell proliferation (Whitfield etal., 2006). 
Unfortunately, many studies of intestinal cell proliferation 
have relied on bad methods such as PCNA, which is 
difficult to standardize, and results are very dependent on 
fixation times and antigen retrieval; moreover, we have 
demonstrated that anomalous expression can occur near 
tumours or when growth factors are given (Hall etal., 
1994). There are perfectly acceptable antibodies to cell cycle 
proteins in mice and in humans such as Ki67 (Gerdes et al., 
1992). However, better results can be obtained (in animal 
studies) by labelling DNA-synthesizing cells with tritiated 
thymidine or bromodeoxyuridine or arresting cells as they 
enter mitosis. Labelling studies can give false results if 
the three-dimensional nature of the intestinal crypt is not 
appreciated, as simple labelling indices can be misleading 
if the crypt size (denominator) also changes (Goodlad 
et al., 2005). 

We favour using vincristine to arrest cells as they enter 
mitosis (Goodlad, 1994) as this is a dynamic “rate” mea- 
surement (as opposed to a passive “state” measure). We 
express our results as metaphases per (microdissected) crypt 
(Figure 10) and consequently avoid such problems; more- 
over, this technique is also about six times faster than scoring 
histological sections. The technique can still provide valuable 
results without vincristine, as native mitoses can be counted 
(Chaudhary etal., 2000). These are not as numerous as 
S-phase cells, but as the entire crypt is scored, a similar 
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Figure 10 Microdissected crypts showing the densely stained nuclei of 
vincristine arrested metaphases and one crypt in fission. 


number of events is obtained. The technique is thus ideally 
suited for studies of human biopsies, as hundreds of scorable 
crypts can be obtained in a small biopsy (Goodlad et al., 
1991; Wong et al., 2002). 


Crypt Fission 


Crypt fission is still seen but at a low rate in the adult mouse 
and humans and plays a role in the recovery of the gut after 
damage (Cairnie and Millen, 1975), colitis (Cheng etal., 
2000; Chen et al., 2005), and following chemical carcinogen 
treatment (Park et al., 1997). Crypt fission is also elevated 
in pre-neoplastic states (Bjerknes et al., 1997; Wasan et al., 
1998). Crypt fission can provide a means for mutated crypts 
(and stem cells) to spread (Park et al., 1995) and may be the 
main mode of growth of colonic adenomas (Wasan et al., 
1998). (Greaves et al., 2006). Like cell proliferation, crypt 
fission is best assayed in “microdissected” tissue preparations 
(Goodlad, 1994). 


Apoptosis 


Cell mass is the balance between cell production and cell 
loss, which may occur in the gut by cell shedding or by 
the process of programmed cell death that is known as 
apoptosis (See Apoptosis). A poptosis is mainly seen in the 
surface layer of the colon (Liu etal., 1999) and altered 
apoptosis can lead to the expansion of mutated clones. 
As in the case of cell proliferation, the accurate detection 
of apoptosis is fraught with problems as many assays are 
based on the detection of DNA breaks by enzyme-mediated 
addition of labelled nucleotides, and many of the available 
labelling kits can be capricious and lack true specificity 
(Alison, 1999). 
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INTRODUCTION 


Primary liver tumours include hepatocellular carcinomas 
(HCCs), cholangiocarcinomas, and hepatoblastomas. HCC is 
the most frequent liver tumour whose development is pre- 
ceded, both in humans and rodents, by the appearance in 
the liver of foci of altered hepatocytes (FA Hs) and dysplas- 
tic nodules. These lesions are referred to as premalignant 
since they consist of phenotypically altered cells exhibit- 
ing a higher risk of malignant evolution than normal cells 
(Feo et al., 2006; Figure 1). Various morphologic, biochemi- 
cal, and molecular features of these lesions show substantial 
overlaps between species, suggesting that the basic mecha- 
nisms of HCC development are similar. Animal models of 
hepatocarcinogenesis have been developed in order to clarify 
the phenotypic, biochemical, and biological events occurring 
during the transformation of normal hepatocytes to cancer 
cells. The analysis of the different steps preceding full malig- 
nancy is essential for the knowledge of these events and the 
evaluation of risk factors for liver cancer, and to discover 
diagnostic and prognostic biomarkers and targets for chemo- 
preventive and therapeutic approaches. 


CELLULAR ORIGIN OF LIVER TUMOURS 


Hepatic progenitor cells (HPCs) are endodermal-derived 
bipotential hepatoblasts, formerly denominated “oval cells”, 
which differentiate into hepatocytes or cholangiocytes 
(Fausto, 2004). The origin of cholangiocarcinomas and 
hepatoblastomas from HPCs is generally accepted, but 
that of HCCs is still controversial (Bannasch etal., 
2001). HPCs are precursors of incompletely differentiated 
hepatocytes (intermediate hepatocyte-like cells), but mature 
hepatocytes may also generate from periductular putative 
bone marrow stem cells (Sell, 2002). HCC can arise 
from the proliferation of each of these cell types. HCCs 
induced by diethylnitrosamine (DENA), mostly metabolized 
in the pericentral zone of liver lobule, seem to arise 
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from mature hepatocytes induced to proliferate, whereas 
2-acetylaminofluorene (AAF) is metabolized throughout the 
lobule, and HCCs induced by the “resistant hepatocyte” (RH) 
model seem to be generated from ductular progenitor cells. 
HCCs induced by choline-deficient models may arise from 
isolated periductular oval cells (presumably of bone marrow 
origin). 

Cells initiated by chemicals may be recognized, in rat 
liver, as single cells, doublets, triplets, micro- and mini- 
foci (i.e., constituted, respectively, by less than 10 and 100 
cells), scattered in the liver parenchyma, positive for the 
immunohistochemical reaction of the placental isoform of 
glutathione- S-transferase (GST 7-7; Figure 1la,b). Initiated 
cells proliferate and generate hepatocellular lineages, which 
evolve to FAH, nodules, and HCCs. 


DEVELOPMENT OF PREMALIGNANT 
AND MALIGNANT LESIONS IN ANIMAL MODELS 


Several animal models have been developed to study the 
aetiology, evolution, and pathogenesis of preneoplastic and 
neoplastic liver lesions. Woodchuck hepatitis is a model 
of chronic viral hepatitis associated with the development 
of HCC. Other models include treatments of rats or mice 
with chemical carcinogens, diet manipulation, or genome 
engineering. 


The Woodchuck Hepatitis Model 


The aetiological role of persistent infection by hepatitis B 
virus (HBV) is well established for human HCC. The wood- 
chuck hepatitis virus (WHV) is a hepadnavirus that induces 
liver alterations similar to those of HBV-positive people, 
including HCC. Chronic WHV infection is associated with 
inflammatory disease, liver damage with ongoing death and 
regeneration of hepatocytes, and HCC development. During 
the course of the infection, the DNA of WHV is stably inte- 
grated into the DNA of at least 1-5% of hepatocytes. HCC 
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Schematic representation of rat liver carcinogenesis. Initiated cells may be found in the liver of carcinogen-treated rats as single cells positive 


for the placental isoform of glutathione- S-transferase - GST 7-7; (a). Clonal expansion of initiated cells leads to the development of doublets, triplets, 
and micro- and mini-foci (i.e.,<10 and <100 cells, respectively; b), and then to foci of altered hepatocytes - FAH; (c). Most FAH are glycogenotic 
(clear)/eosinophilic cell foci (d). Numerous FAH undergo remodelling with progressive disappearance of GST 7-7 immunoreactivity (arrows; c), some 
others evolve into early nodules, larger than a liver lobule, and compressing surrounding parenchyma (e). Relatively few of these nodules can still remodel 
(f), but most acquire the capacity of autonomous growth evolving to neoplastic nodules (persistent, dysplastic nodules, adenomas), and well-differentiated 
carcinomas (g). Further progression gives rise to moderately (h,i) and poorly differentiated, invasive carcinomas (j). During this process genomic instability 
of initiated cells leads to the accumulation of genomic alterations. This can induce numerous cells to undergo cell death by apoptosis (spiky faces). This 
phenomenon and remodelling (reverse arrows) decline during the proliferation of surviving cells. 


emerges from liver parenchymal areas of minimal structural 
deviation, predominantly in periportal locations (Radaeva 
et al., 2000). Two main types of proliferating foci arise from 
the minimal-deviation areas: glycogenotic clear cell foci and 
amphophilic cell foci poor in glycogen that evolve, respec- 
tively, into moderately differentiated clear cell carcinomas 
and well-differentiated HCC (see following text). Similar 
hepatocellular changes have been described in human HBV 
carriers (Bannasch et al., 2001). Interestingly, WHV may act 
as an insertional activator of c-myc and N-myc oncogenes 
(Pascale et al., 1993). 


Rodent Models of Chemical Hepatocarcinogenesis 


Chemical models of liver carcinogenesis reflect the scheme 
of initiation by the administration of a carcinogen followed 
by a growth stimulus to induce the clonal expansion of initi- 
ated cells. The administration of a single dose of DENA, 
N-hydroxy-2-AAF, vinyl carbamate, or other carcinogens 
to newborn mice, susceptible to hepatocarcinogenesis (i.e., 
C3H, CBA, CF1, and B6C3F 1), is followed by the develop- 
ment of adenomas and HCCs, several months after initiation 
(Pascale et al., 1993). In susceptible rats (i.e., F344, Sprague- 
Dowley, Donryu, Wistar-F urth) hepatocarcinogenesis may be 
initiated by a single carcinogen dose associated with a growth 
stimulus (i.e., partial hepatectomy), generally followed by a 


prolonged treatment with promoters. Other models are based 
on repeated administration of carcinogens for several weeks 
not followed by other treatments (“stop model”, Bannasch 
et al., 1997). In the RH model, initiation by a carcinogen is 
followed by a growth stimulus, during treatment with AAF 
that inhibits the proliferation of non-initiated hepatocytes but 
not that of initiated cells (Farber and Sarma, 1987). 

In all hepatocarcinogenesis models, the initiation stage is 
irreversible, and initiated cells can undergo clonal expan- 
sion by over-response to the administration for several 
weeks of promoting agents such as phenobarbital, 2,3,7,8- 
tetrachlorodibenzo- p-dioxin, chlorinated hydrocarbons, per- 
oxisome proliferators, and so on (Feo etal., 2000). The 
promoters exhibit some common features, such as reversibil- 
ity of their effects, sensitivity to dietary and hormonal fac- 
tors, measurable threshold of dose response, and capacity 
to expand the population of initiated cells. Only relatively 
few initiated cells undergo clonal expansion, under the pro- 
moting stimuli, probably due to irreversible change and 
apoptosis. The subsets of initiated cells responding to promo- 
tion evolve to FAH with specific molecular signatures. M ost 
of FAH express GST 7-7 and, less frequently, the mem- 
brane enzyme y-glutamy! transpeptidase. Other signatures 
include: overexpression of glucose-6-phosphate dehydroge- 
nase, underexpression of glucose-6- phosphatase and AT Pase, 
reduction in iron content, and so on. 


MODELS FOR LIVER CANCER 3 


When the treatment with promoters is interrupted before 
the appearance of neoplastic lesions, several FAH and early 
nodules tend to disappear by a process called remodelling 
(Figure 1; Farber and Sarma, 1987). The rise in preneo- 
plastic cell death by apoptosis after the interruption of pro- 
moter administration suggests that apoptosis is responsible 
for remodelling. Alternatively (or in addition to apoptosis), 
remodelling can be induced by non-terminal redifferentiation 
of preneoplastic cells as suggested by the asynchronous dis- 
appearance of different markers of preneoplastic tissue, and 
the observation that phenotypic reversion of preneoplastic 
liver, after interruption of the promoting treatment, is fol- 
lowed by its increase, following a new cycle of promotion 
(Feo et al., 2000). 

FAH and nodules acquiring the capacity of autonomous 
growth do not remodel after cessation of the promoting stim- 
ulus and progress in several weeks to persistent (neoplastic) 
nodules and HCC. The progression step of hepatocarcino- 
genesis is irreversible and associated with the accumulation 
of genomic damage (Feo et al., 2000). This phenomenon can 
be enhanced by the administration of a “progressor” (Dragan 
et al., 1994), namely, a genotoxic compound inducing addi- 
tional DNA damage. 

The progression of preneoplastic lesions to full malignancy 
is well depicted by the RH model. In this model, the initi- 
ation is performed by the administration of a relatively low 
dose, after partial hepatectomy, or a necrogenic dose, with- 
out partial hepatectomy, of a carcinogen (Farber and Sarma, 
1987). These treatments induce rounds of hepatocyte pro- 
liferation resulting in the fixation of DNA damage. Rats 
are then subjected to AAF administration, during which a 
growth stimulus (i.e, CCl4 administration or partial hepa- 
tectomy) is given. Initiated hepatocytes appear before AAF 
treatment and increase in number during this treatment. GST 
7-7-positive cells proliferate, giving rise to FAH and nodules 
(mostly glycogenotic and acidophilic foci; Figure 1d) in a 
few weeks. M ost of these lesions undergo remodelling, but a 
certain number persists and further evolve to neoplastic (per- 
sistent, atypical, dysplastic) nodules (Figure 1g) and HCC 
(Figure 1h-j). This model is based on the observation that 
preneoplastic hepatocytes are resistant to the mitoinhibitory 
effect of AAF. This results in the selective growth of initi- 
ated cells, while liver repair is partially inhibited and delayed 
(Farber and Sarma, 1987). 

The rise in the number of single GST 7-7-positive cells, 
scattered in liver parenchyma, during AAF treatment (Pascale 
et al., 2005), and the observation that AAF treatment, in the 
RH model, has genotoxic and clastogenic effects (Sargent 
et al., 1989), suggest the involvement of AAF in the initiation 
stage of rats treated with DENA. Liver repair begins at 
the end of AAF administration and is complete in about 
2 weeks. At this time, parenchymal cells stop growing, 
whereas GST 7-7-positive cells exhibit high DNA synthesis, 
indicating the acquisition of autonomous growth, presumably 
as a consequence of genomic alterations induced by AAF. 

A particular interest was attributed to a model based on 
the promotion of experimental liver carcinogenesis by orotic 
acid (OA), a natural precursor of pyrimidine biosynthesis, 
since deficiency in ornithine transcarbamylase and alcoholic 


cirrhosis are associated in humans with increased levels of 
OA and orotic aciduria, respectively (Farber and Sarma, 
1987). OA treatment of dimethylhydrazine-initiated F344 
rats for at least 10 months induces HCC development with 
lung metastases. OA creates a nucleotide pool imbalance, 
with increase in uridine and deoxyuridine nucleotides and 
decrease in adenosine nucleotides in surrounding but not 
in nodular preneoplastic liver, since a lower uptake of 
OA occurs in initiated cells. The association of nucleotide 
imbalance with DNA alteration suggests that OA acts as a 
progressor and not as a pure hepatocarcinogenesis promoter. 

The stop model consists of the administration to rats of 
a carcinogen (i.e., N-nitrosomorpholine) for various weeks 
(Bannasch et al., 1997). The development of preneoplastic 
lesions, in rats treated for 5-7 weeks, is monitored after 
arresting the treatment, whereas longer treatments are needed 
to induce HCC development. In this model, the carcinogen, 
continuously administered for several weeks, presumably 
acts as an initiator, promoter (probably by inducing cell 
death and regeneration), and progressor. Remodelling is 
absent and most preneoplastic liver lesions are able to grow 
autonomously. 

An important contribution of this model to dissect 
the pathobiology of hepatic preneoplasia consists in the 
identification of sequential cellular changes during hep- 
atocarcinogenesis with emerging hepatocellular lineages 
(Figure 2). The predominant sequence of changes starts 
with glycogenotic and acidophilic cell hepatocytes, which 
evolve, through intermediate mixed-cell phenotypes, to 
basophilic phenotypes, and prevail in undifferentiated HCC. 
An apparent variant of the glycogenotic-basophilic lineage 
is represented by the tigroid basophilic cells originating 
from xenomorphic hepatocytes. A third lineage, consist- 
ing of amphophilic cells, has been prevalently described in 
rats treated with non-genotoxic peroxisome proliferators or 
chronically infected with WHV (Bannasch et al., 2001). 

Relatively few models of intrahepatic cholangiocarcinoma 
(ICC) have been developed so far (Sirica, 2005). ICC was 
induced in hamsters initiated with diisopropanolnitrosamine 
and promoted by bile acids. In rats, the intestinal type of 
ICC and combined HCC and ICC have been induced by 
furan and AAF treatments, respectively. ICC histogenesis is 
consistent with the origin from a pluripotent stem cell. As 
for HCC, ICC development is a multi-step process, including 
early hyperplastic lesions, metaplastic changes, development 
of biliary dysplastic lesions, and adenocarcinoma. 


CELL LINES AS A MODEL FOR LIVER CANCER 


In vitro growing cell lines, mainly from mice, rat, and 
human HCCs (Table 1), have been widely used as models 
of liver cancer. Cell lines offer various advantages, with 
respect to animal models: in vitro growing HCC cells 
are free from non-neoplastic and necrotic tissues, their 
growth may be synchronized, relatively high numbers of 
cells may be available, cell production and cell death by 
apoptosis may be carefully evaluated, growing cells may 
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Figure 2 Schematic diagram of the altered hepatocyte lineages emerging during rodent hepatocarcinogenesis. The predominant sequence of events (centre) 
starts with the glycogenotic clear and acidophilic hepatocytes (rich in smooth endoplasmic reticulum), and evolves through intermediate phenotypes of mixed 
cells to glycogen-poor, homogeneously basophilic (ribosome-rich) phenotypes, prevailing in poorly differentiated hepatocellular carcinomas. The tigroid 
basophilic cell lineage (to the right), originates from enlarged hepatocytes (X cells) containing abundant ordered stacks of rough endoplasmic reticulum. It 
represents a variant of the glycogenotic-basophilic cell lineage, occurring during treatments with low carcinogen doses. The amphophilic cell lineage (to 
the left), mainly described in rats treated with peroxisomal proliferators, may include oncocytes in woodchucks chronically infected with the woodchuck 
hepatitis virus. It consists of cells with glycogen-poor cytoplasm containing abundant granular acidophilic (mitochondria and peroxisomes) and basophilic 
(ribosomes) components. Red colour - glycogen particles; blue colour - ribosomes. (With kind permission of Springer Science and Business M edia.) 


be engineered (i.e. by transfection of genes, antisense 
oligonucleotides, siRNAs, etc.) to study the role of single 
genes or signal transduction pathways, inhibitor compounds 
(i.e., anticancer agents) may be given in appropriate and 
well defined doses. Therefore, liver tumour cell lines may 
be extremely useful to study specific molecular mechanisms 
or gene expression profiles, especially under modifying 
conditions resulting in the enhancement or inhibition of a 
particular molecular mechanism (see following text). Some 
cell lines, showing inducible cytochrome P450, may be used 
to study carcinogen activation and presence of environmental 
toxic compounds. Furthermore, HCC cell lines have been 
largely used for karyotypic analyses and allelic imbalance 
studies, whose results may be strongly affected by the 
presence of contaminating non-tumour cells (Feo etal., 
2000). HCC cultures (SNU series, Table 1), derived from 
HBV -positive human HCC, and corresponding to different 
tumour stages, may be useful to study tumour progression. 
These studies have also taken advantage of information from 
in vitro cultures of M orris hepatomas. These tumours, mainly 
induced in Buffalo rats, ranged from minimal-deviation 


tumours, with very slow growth rate and late production 
of rare metastases, to intermediate and aggressive rapidly 
growing and metastasizing HCCs, thus allowing investigation 
of mainly biochemical events during tumour progression. 
However, in vitro passages accelerate the progression of 
Morris hepatomas, which acquire a highly undifferentiated 
phenotype. This represents a major limitation for the use of 
HCC cell lines, which may become increasingly different 
from the original tumours following numerous in vitro 
passages. Furthermore, preneoplastic liver cell lines and 
normal controls of in vitro growing HCC cells are not 
available. Immortalized lines derived from normal mouse 
liver (Table 1) are not really normal; some of them are 
tumourigenic when injected in normal syngeneic mice or in 
immunodeficient mice. 

In general, HCC cell lines are extremely useful to inves- 
tigate the molecular mechanisms implicated in cell survival 
and cell death (see following text), but the results of these 
studies must be verified in vivo. Therefore, the in vivo and in 
vitro models could be reciprocally compensatory to elucidate 
tumour pathogenesis. 


Table 1 Some widely used liver tumour cell lines. 
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Cell line Species Type Comments 

NCTC clonel469 MM Liver: normal From C3H/An newborn mice 

BNL SV A.B MM Liver: epithelial Does not form tumours in normal syngeneic mice (BALB/c). Forms tumours in 
immunodeficient (ATXFL) mice 

BNL 1NG A.2 MM Liver: normal Tumourigenic in BALB/c and ATxFL mice 

BNL 1ME A.7R.1 MM Liver: epithelial Chemically induced in BALB/c mice. Forms tumours in BALB/c and ATxFL mice 

Hepa 1-6 MM Hepatoma Produces albumin, a-1-antitrypsin and amylase 

H2.35 MM Hepatocytes: SV 40 H2.35 cells were cloned from SV 40 transformed epithelial cell line derived from female 

transformed BALB/c mice. This cell line is a good transfection recipient for assaying the function of 

genetic regulatory sequences for various liver genes 

AML12 MM Liver: from TGFa The AML12 (alpha mouse liver 12) cell line was established from mouse (CD11 strain 

transgenic mice hepatocytes, line MT42) transgenic for human TGFa. AML12 cells express high levels 

of human TGFa, lower levels of mouse TGFa, and mRNA for serum (albumin, 
a-1-antitrypsin and transferrin) and gap junction (connexins 26 and 32) proteins, and 
contain isoenzyme 5 of lactate dehydrogenase. 

McA-RH7777 RN Morris hepatoma 7777 Produces a-foetoprotein 

Hep5124A RN Morris hepatoma 5123 Established from a minimal-deviation tumour 

H-4-|1-E RN H epatoma Aryl hydrocarbon hydroxylase is inducible in this cell line. The line is useful for 
detecting polychlorinated organic compounds in environmental samples and food extracts 

SNU-398 HS HCC Cultured cells are positive for hepatitis B virus DNA. HBV genomic RNA is not 
expressed 

SNU-475 HS HCC Tumour grade: II - IV /V 

SNU-182 HS HCC Pleomorphic. Tumour grade: III/IV 

SNU-423 HS HCC Pleomorphic. Tumour grade: III/IV 

SNU-387 HS HCC Pleomorphic. Tumour grade: IV/V 

THLE-2, THLE-3 HS Liver: epithelial THLE-2 and THLE-3 cells are immortalized human liver cells with SV 40 large T-Ag, 
expressing phenotypic characteristics of normal adult liver epithelial cells. 
Non-tumourigenic when injected into athymic nude mice. In vitro model for 
investigating the pathogenesis of human HCC 

PLC/PRF/5 HS Hepatoma Synthesizes several plasma proteins (including foetoprotein and albumin), and HBsAg. 
Reduced expression of P53 

HepG 2 HS HCG Hepatoblastoma-derived. Synthesizes several plasma proteins 

H epG 3 HS HCC Synthesizes several plasma proteins 

HEp 3B HS HCC Synthesizes the major plasma proteins. Positive for HBV. Injected into athymic mice 
produce metastasizing HCC 

HuH-7 HS HCC Fast growing tumour. Synthesizes various plasma proteins. Does not express P53 

SK -HEP-1 HS HCC This cell line presents numerous karyotypic aberrations 

H-69 HS Cholangiocytes Immortalized by SV 40 large T-Ag 

KMBC HS Cholangiocarcinoma Often used as a model system of cancer cells targeted by bile acids and proinflammatory 


agents 


HBV - Hepatitis B virus; HS - Homo sapiens; MM - Mus musculus; RN - Rattus norvegicus. 


MOLECULAR EVENTS DURING 
HEPATOCARCINOGENESIS 


In most rodent models of hepatocarcinogenesis, hepatocyte 
initiation is mediated by genomic events such as oncogene 
activation and overproduction of reactive oxygen species 
(ROS), either inducing massive DNA damage (transgenic 
mice), or generating genotoxic compounds which form DNA 
adducts (chemical models; Dragan et al., 1994). 

Long-term treatment with the so-called non-genotoxic 
agents (peroxisome proliferators, phenobarbital, oxazepam, 
quinoline, hormones, hypomethylating agents, etc.) may also 
cause DNA damage by inducing infidelity of DNA repli- 
cation and overexpression of cytochrome P450 isoenzymes, 
which could increase bioactivation of trace carcinogens, and 
generation of ROS (Feo etal., 2000). Peroxisome prolif- 
erators activate the peroxisome proliferator receptor alpha 
(PPAR-a), which interferes with the mitogen activated pro- 
tein kinases (MAPKs) pathways transducing extracellular 
signals. MAPK kinase-extracellular signal-related kinases 
(MEK-ERK) pathway (Figure 3) is primarily responsible 


for responding to cellular proliferation signals, whereas p38 
MAPK and c-jun N-terminal kinases (J nks) respond to stress 
signals, tumour necrosis factor alpha (TNFa), peroxisome 
proliferators. Some data indicate that PPA Ra activation may 
be downstream of p38 MAPK (Roberts, 2002). DNA damage 
may result in genome instability and strong gene deregula- 
tion, thus rendering the genome prone to accumulation of 
severe DNA defects during initiated cell growth (see Non- 
genotoxic C auses of C ancer). 


Activation of Cell Survival Pathways 


Cellular proliferation and differentiation are regulated by 
multiple signal transduction pathways, triggered off by 
various mitogenic stimuli. Overexpression of growth fac- 
tors, such as transforming growth factor alpha (TGF-æ), 
acidic fibroblast growth factor (aFGF), and their receptors, 
hepatocyte growth factor (HGF) receptor (c-Met), genes 
related to the MAPK cascade, including c-Ha-ras, c-Ki-ras, 
c-raf, c-fos, c-jun, and c-myc, occur in rat FAHs, nodules, 


6 PRECLINICAL MODELS FOR HUMAN CANCER 


Cytokines, growth factors 


G Hmgr | 


— Ac-CoA 


Apoptosis 
nuclear 
effectors 


EA 





Figure 3 Schematic representation of signal transduction pathways involving Jak/Stat, Ras/MAPK, Ras/Akt, p38 MAPK, Sapk/Jnk, Smad. Black arrows 
and blunt arrow (>) indicate positive and negative effects, respectively. Dotted lines refer to multi-step processes. Double pointed arrows indicate interactions 
between genes. Red arrows indicate nuclear translocation of nuclear factors, and activation of cell survival effectors (yellow box). Brown arrows indicate 
nuclear translocation of apoptosis effectors. Ac-CoA - acetyl coenzyme A; MVA - mevalonate; Hmgr - 3-hydroxy-3-methyl glutaryl-CoA reductase. The 
(+) and (—) symbols refer, respectively, to increase and decrease of gene expression and cell signalling in rat liver tumours. 


and HCCs (Feo etal., 2000). MAPK cascade overactivity 
may be due to ras activation in neoplastic nodules and/or 
HCCs. The Hmgr (3-hydroxy-3-methylglutaryl-CoA reduc- 
tase) gene, upregulated in these liver lesions, encodes a key 
enzyme for de novo synthesis of mevalonate, a precursor 
of isoprenoid compounds necessary for activation of the 
p21"4S protein. Overexpression of various protein kinase C 
(Pkc) isoforms (i.e., æ, 6, £) also contributes to MAPK cas- 
cade overactivity through c-raf activation. Furthermore, ras 
family genes stimulate the phosphoinositide 3-kinase/protein 
kinase B (PI3K/AKT) survival pathway and p38 MAPK in 
HCC. p38 MAPK may be implicated in apoptosis as well as 
in nuclear factor-«B (NF-«B) activation (Figure 3). 

In preneoplastic and neoplastic rat liver lesions, a decrease 
in methionine adenosyltransferase 1A (MatlA) expression 
(Figure 4), encoding the hepatic isozyme methyl-adenosy| 
transferase I/III (Matl/IIl), and rise in the extrahepatic 
isozyme Matll occur. Since Matll, different from Matl/III, 
is inhibited by its reaction product, S-adenosylmethionine 


(SAM), and increased SAM consumption occurs for 
polyamine synthesis, SAM content sharply decreases in these 
lesions (Simile etal., 2005). SAM enhances the synthesis 
of the NF-«B inhibitor, IxB-aw (Figure 3). Consequently, 
low SAM level in precancerous liver may contribute to the 
activation of NF-«B and its targets, including c-myc and 
Cyclin D1. Furthermore, overexpression of inducible nitric 
oxide synthase (iNos) in preneoplastic and neoplastic liver 
could enhance NO production, with consequent activation 
of proangiogenetic genes, namely, hypoxia inducible factor- 
1 alpha (HIF -la) and vascular endothelial growth factor 
(VEGF ). NO may also activate IxB kinase (lxK ; Figure 3), 
inducing a decrease in IkB-a and a rise in NF-«B level in 
preneoplastic liver cells. 

Signal transducers activators of transcription (Stat) pro- 
teins are a family of transcription factors participating in 
normal cellular events, including proliferation, differentia- 
tion, apoptosis, and angiogenesis (Figure 3). Stat3 and Stat5 
play important roles in controlling cell cycle progression and 
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Interconnections between the metabolism of lipotropic compounds and S-adenosylmethionine, reduced glutathione, polyamine synthesis, and 


methylation reactions. (1) M ethyl-thioadenosy! transferase, (2) methyl transferases, (3) S-adenosyl-homocysteine hydrolase, (4) N°-methyl-FH 4-homocyste- 
ine methyltransferase, (5) betaine-homocysteine methyltransferase, (6) methyl-tetrahydrofolate reductase, (7) SAM decarboxylase, (8) ornithine decar- 
boxylase, (9) spermine synthase, (10) spermidine synthase, (11) 5’-MTA-phosphorylase. DMG - dimethylglycine; FH4 - tetrahydrofolate; GSH - reduced 
glutathione; MTA - 5’-methylthioadenosine; MTR-1-P - methylthioribose-1-phosphate; SAM - S-adenosylmethionine; SAH - S-adenosyl-homocysteine; 
SPD - spermidine; SPE - spermine. The dotted line indicates methionine synthesis through the salvage pathway. The (+) and (—) symbols refer, respectively, 


to increase and decrease of the reactions in rat liver tumours. 


apoptosis, and contribute to oncogenesis (Calò et al., 2003). 
Stat3 is constitutively active in chemically induced HCC of 
rats (Sanchez et al., 2003). Stat3 is considered a true onco- 
gene, which upregulates Cyclin D1, c-myc, Bcl-x;, Mcl-1 
(myeloid cell leukaemia-1), and VEGF genes. 

Another mechanism favouring proliferative activity of pre- 
neoplastic liver cells could be the disruption of transforming 
growth factor- 8 (TGF-£) signalling, which is fundamental in 
the control of liver cell growth and apoptosis (Figure 3; Park 
et al., 2003). Upregulation of transforming growth factor- 6 
receptor type 1 (TGF-8R1), Smad2, Smad4, and Smad7 in 
FAH, under the effect of AAF in rats treated according to 
the RH model, is followed by a decrease in expression of 
TGF-6 R1 and its effectors Smad2 and Smad4, whereas 
Smad7, which inhibits TGF-8 R1, continues to increase. 

Finally, some observations (Lazarevich et al., 2004) in an 
in vivo mouse model relate changes in hepatocyte nuclear 
factors to HCC progression. A slow-growing transplantable 
HCC in a mouse rapidly gave rise after in vivo transplan- 
tation to an invasive tumour (fgHCC). These changes were 
coupled with downregulation of several liver transcription 
factors including HNF-4, a factor essential for hepatocyte 
differentiation. Forced re-expression of HNF4 in in vitro cul- 
tured fgHCC reversed the progressive phenotype. 


Cell Cycle Deregulation 


A large body of evidence indicates a pivotal role of cell cycle 
deregulation during hepatocarcinogenesis. Different genes 
modulating cell cycle progression including c-myc and its tar- 
gets Igf-2 and Cyclin D1 are overexpressed in spontaneous 
HCC from B6C3F1 mice (Romach et al., 1997). A rise in the 





Figure 5 Representation of some regulatory proteins of the cell cycle. The 
figure illustrates the formation of active complexes of cyclin-dependent 
kinases (Cdks), with cyclins leading to the inactivation by phosphorylation 
of pRb, with consequent formation of the E2f1-Dpl complex, which 
activates DNA synthesis genes. This allows G; and S phases to progress. 
Activation of Cdk1 by Cyclin B during G2 phase and degradation of the 
complex during mitosis, and inhibition of Cdks by Ink4 proteins (p15, p16, 
p18, p19) and Waf1/Cip proteins (p21, p27, p57) are also shown. 


complexes of Cyclin D1 and Cyclin E with cyclin-dependent 
kinases (cdks) 4 and 2, respectively, E2f1-Dp1 complexes, 
and pRb hyperphosphorylation occur in neoplastic nodules 
and HCCs induced by the RH model in F344 rats (Figure 5; 
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Feo etal., 2006). Cdc25a, another gene activated by Myc, 
encodes a phosphatase that, by removing the inhibitory phos- 
phates from tyrosine and threonine residues, activates Cdks. 
Inhibition of CDC25A by compound 5 results in growth 
restraint of human hepatoma in vitro, while overexpression 
of CDC25A in human HCC is associated with poor prognosis 
(Wang et al., 2005). Finally, c-myc transactivates (ornithine 
decarboxylase) Odc gene, which transforms in vitro growing 
immortalized cells. ODC is a key enzyme in the synthesis of 
polyamines (Figure 4), required for nucleotide biosynthesis, 
and its overexpression is associated with polyamine increase 
in liver nodules and HCCs (Feo et al., 2000). 

Rat HCC paradoxically overexpress p16!"**4 (Pascale 
et al., 2005). This protein, by forming inactive complexes 
with Cdks decreases their availability to form complexes 
with cyclins (Figure 5). However, cell division cycle 37 
(Cdc37), heat shock protein 90 (Hsp90) and required for 
chromosomal-region-maintenance 1 (Crm1) proteins may 
operate cell cycle protection (Figure 6). The complex 
Cdc37-Hsp90 is required for the activity of cell cycle 
kinases. Crm1 transports E2f4, a downstream mediator 
of p16'"K4A, from the nucleus to the cytoplasm as cells 
emerge into G; and S. Hsp90 and Cdc37 overexpres- 
sion, increase in Cdc37-Cdk4 complex, decrease in the 
inhibitory p16!"**4-Cdk4 complex, and increase in Crm1 
and E2f4- Crm1 cytoplasmic complex, occur in preneoplastic 
and neoplastic rat liver (Pascale et al., 2005). Thus, regula- 
tion of p16!"**4 by Hsp90, Cdc37, E2f4, and Crm1 gene 





Figure 6 The mechanism of protection by Cdc37-Hsp90 and CRM 1 from 
inhibition of cell cycle progression by p16!*44, p16!"*4 forms inhibitory 
complexes with the kinases Cdk4 and Cdk6, hindering their activation by 
Cyclins D and pRb phosphorylation. The chaperons Cdc37 and Hsp90 
form a complex with Cdks thus protecting them against p16!"**4, The 
protein Crm1 complexes the p16'"**4 effector E2f4, and transports it to 
the cytoplasm, thus inactivating p16!"*4, 


products protects cell cycle from inhibition in precancer- 
ous and cancerous cells. Interestingly, human HCCs with 
poorer prognosis exhibit relatively low P16'"k*4 expression, 
and overexpression of HSP90, CDC37, E2F4, and CRM 1. 


Stable Genomic Alterations 


The accumulation of genetic changes during the progression 
of liver carcinogenesis is supported by cytogenetic studies 
showing numerous karyotypic alterations, affecting various 
chromosomes, in neoplastic lesions of rat and mouse liver 
(Feo et al., 2000). These changes are particularly severe and 
numerous in neoplastic liver lesions of rats subjected to the 
initiation-promotion-progressor protocol, or in alb-SV40-T 
antigen transgenic rats. Interestingly, various genes involved 
in hepatocarcinogenesis, such as c-Ha-ras, Igf-2, met, HGF, 
myc, and p53 are located on rat chromosomes exhibiting 
frequent aberrations. 

A rearrangement and amplification of c-myc occurs in rat 
liver nodules and HCCs (Pascale et al., 1996). Stimulation 
of nodular growth and progression by repeated selective 
treatments (AAF plus CCl4) results in c-myc amplification 
and overexpression, indicating c-myc amplification in the 
progression stage. 

The analysis of structural alterations of ras family genes in 
experimental hepatocarcinogenesis shows mutation of Ki-ras 
at codon 12, and Ha-ras at codon 61 in HCCs induced by 
Aflatoxin B1 (AFB1), and in preneoplastic lesions and HCCs 
induced by N-nitrosomorpholine. However, these mutations 
are rare and late events in the lesions induced by a variety of 
other protocols (Feo et al., 2000). A different situation occurs 
in mice, where c-Ha-ras mutations are present in 30-60% 
of spontaneous HCCs arising in B6C3F1 and C3H strains, 
and at higher percentages in HCCs induced by genotoxic 
carcinogens (Pascale et al., 1993). 

Activation of the canonical Wnt/f-catenin pathway is a 
common molecular event in human HCC. B-Catenin is a sub- 
membranous component of the cadherin-mediated cell- cell 
adhesion system, and downstream activator of the Wnt cas- 
cade (Widelitz, 2005). -Catenin cytoplasmic pool is regu- 
lated by interaction with APC and phosphorylation at serine 
and/or threonine residues by glycogen synthase kinase—38 
(GSK —38). Mutation of APC or f-catenin genes affect the 
degradation of B-catenin by the ubiquitin/proteasome system, 
resulting in its cytoplasmic accumulation and translocation 
into the nucleus, where it interacts with transcription factors 
of T-cell factor/lymphoid enhancer factor family to activate 
target genes. Frequent -catenin mutations have been found 
in HCCs induced by DENA in B6C3F1 mice and in 45% 
of HCC induced by the RH protocol (Tsujiuchi et al., 1999; 
Feo et al., 2000). 


Tumour-suppressor Genes 


Consistent with the existence of genomic instability in HCC 
is the observation of loss of heterozygosity (LOH) in both 
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experimental and human HCCs. LOH is a late event prefer- 
entially occurring in unstable genomes of fast growing and 
poorly differentiated neoplastic liver lesions, usually inter- 
preted as a condition leading to the inactivation of oncosup- 
pressor genes (Feo et al., 2000). However, although several 
lines of evidence suggest a role of oncosuppressor gene 
inactivation in experimental hepatocarcinogenesis, only rela- 
tively few of these alterations have been documented so far. 
p53 mutation or rearrangement occurs in rat HCC induced 
by DENA/methyl-deficient diet (MDD) and in rat liver 
angiosarcomas induced by vinyl chloride, but not in other 
rodent models, including the RH protocol, chronic admin- 
istration of 3-methyl-dimethylaminoazobenzene, chemically 
induced mouse hepatoblastoma, and Helicobacter hepati- 
cus - induced liver tumours in A/JCr mice. No mutations of 
p53, m6P/Igf-2r (mannose-6-phosphate/insulin-like growth 
factor 2 receptor), and APC were detected in rat chemically 
induced HCCs or in HCC from alb-SV 40 large T-A g trans- 
genic rats (Gomez-Angelats etal., 1999). However, 60% 
of HCC induced by the RH protocol exhibited nucleotide 
deletions of the Fhit (Fragile histidine triad) gene, associ- 
ated with reduced expression of the Fhit protein, (Tsujiuchi 
et al., 2002). 

Interestingly, activation of the MEK/ERK/Ribosomal S6 
kinase pathway results in the phosphorylation at Ser322 
of pl122RhoGAP protein (Hers etal., 2006). This GTPase 
activating protein, selective for RhoA, is the rat homologue 
to human DLC-1 (Deleted in Liver Cancer-1), which seems 
to possess tumour-suppressor activity. Inhibition of GTPase 
activity towards RhoA leads to RhoA activation, enhancing 
cell growth and mobility. p122RhoGAP is also a substrate 
of protein kinase B (Akt), a downstream mediator PI3K 
(Figure 3). Akt and PI3K are both activated by AAF (Kuo 
et al., 2002). This envisages the possibility that inhibition of 
pl22RhoGAP in rat liver tumours is an early event, at least 
during hepatocarcinogenesis induced by AAF. 


Intrahepatic Cholangiocarcinoma 


Studies on rodent models of ICC and in vitro cultures 
of KMBC cholangiocarcinoma and immortalized, but non- 
malignant, murine cholangiocytes have helped in the discov- 
ery of a sequence of pathogenetic events whose involvement 
in ICC has also been verified in humans (Sirica, 2005). 
Induction of iNos by proinflammatory cytokines leads to 
overproduction of NO in the biliary tract and consequent 
inhibition of DNA repair and block of apoptosis, by a mech- 
anism involving nitrosylation of caspase 9, thereby favouring 
cell growth and the possibility of oncogenic mutations. An 
important role is also played by cyclooxygenase-2 (Cox-2), 
the inducible form of prostaglandin endoperoxide synthase, 
likely induced by bile acids and NO, presumably through its 
action on cell growth and survival. c-neu, the rat homologue 
of c-erbB-2 encoding EGFR, is overexpressed in rat ICC. 
This may result in inhibition of apoptosis through EGFR 
mediated activation of the potent anti-apoptotic M cl-1 pro- 
tein. Bile acids can also inhibit Cox-2 degradation, through 
EGFR activation. Interestingly, these alterations of signalling 


pathways have also been found in putative precancerous 
cholangiofibrotic tissue, indicating their implication in the 
early stages of cholangiocarcinogenesis. 

Several cytokines and growth factors have mitogenic or 
proliferative effects on cholangiocytes, such as interleukin-6 
(IL-6), TGF-a, and HGF. There is evidence that neoplastic 
transformation of cholangiocytes is associated, in rodents and 
humans, with constitutive overproduction of IL-6 and HGF 
with acquisition of IL-6/gp130 and HGF/M et-based autocrine 
and/or paracrine control circuits. The MAPK cascade seems 
to be the key signalling pathway in the regulation of normal 
and neoplastic cholangiocyte growth via IL-6/gp130 and 
HGF/met signalling (Okuda et al., 2002). 


LIPOTROPE DEFICIENCY 


Choline is synthesized from phosphatidylethanolamine using 
SAM (Ghoshal, 1995). Choline represents the base for phos- 
phatidylcholine synthesis, an integral part of almost all cell 
biological membranes. Choline deficiency induced in ani- 
mals by feeding a choline devoid methionine deficient diet 
(CDD), is associated with periportal fatty liver, focal hepato- 
cyte necrosis, infrequent cirrhosis, and oval cell proliferation 
in portal areas (Rushmore etal., 1987). Highly purified 
CDD induces modest liver necrosis and low compensatory 
liver mitogenesis (Nakae, 1999). However, CDDs induce 8- 
hydroxydeoxyguanine (8-OHG) formation, independently of 
the degree of purification in male rats, whereas female rats 
are largely resistant to acute and chronic hepatic damage by 
CDD. Different from choline deficiency, multiple lipotrope 
deficiency, induced by diets devoid of choline, methionine, 
vitamin By, and folic acid (MDD), causes body weight 
restraint and central (zone 3) fatty liver, without evident 
necrosis, in rats and mice. However, MDD feeding causes 
apoptosis associated with a rise in mitotic index. In addition, 
sexual dimorphism is absent in rats fed MDD, in which liver 
steatosis and cell turnover are as severe in female as in male 
rats (Lombardi, 1988). 

Prolonged intake of diets deficient in methyl groups 
induces liver tumours and/or acts as promoter during 
chemically induced carcinogenesis both in rats and mice 
(Lombardi, 1988). However, upon chronical exposure to 
CDD or MDD, without additional carcinogens, GST 7-7- 
positive foci appear relatively early in the liver, and slowly 
evolve to HCCs (Ghoshal, 1995). 


Molecular Mechanisms of Liver Damage 


It is noteworthy that HCCs develop in rats fed for 3-12 
weeks on CDD, and thereafter given an adequate diet (Lom- 
bardi, 1988). Reintroduction of an adequate diet gradually 
restores total liver DNA methylation, and attenuates the 
increase in gene expression observed in rats previously fed 
CDD (see following text). These findings indicate that criti- 
cal and determining event(s) occur very early in this model 
of hepatocarcinogenesis. NADH-dependent production of 
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hydrogen peroxide by the mitochondrial electron transport 
chain and induction of Cox-2 seem to be responsible for 
ROS production in rats fed CDD (Nakae, 1999). Lipid per- 
oxidation occurs early in liver nuclei, decreases after three 
days, but is still detectable for 28 days. Lipid peroxidation 
subsequently occurs in mitochondria, whereas its presence 
in microsomes is controversial (Rushmore et al., 1987). 8- 
OHG is detectable in rat liver as soon as one day after starting 
CDD and progressively accumulates up to 12 weeks. Thus, 
oxidative DNA damage, supported by the observation of 
single-strand breaks, seems to be implicated in the pathogen- 
esis of HCC induced by CDD (Ghoshal, 1995; Nakae, 1999). 
DNA damage in rats chronically fed MDD may have 
a different origin. In these rats, deficiency of folate and 
vitamin Biz reduces the availability of 5,10-methylene- 
tetrahydrofolate, with consequent decrease in methion- 
ine resynthesis by N°-methy! tetrahydrofolate-homocysteine 
methyltransferase (Figure 4), and in dTMP production 
through the reaction catalysed by thymidine synthase: 


5, 10-M ethylene-tetrahydrofolate + dU M P 
— dihydrofolate + dTM P 


The nucleotide imbalance, caused by prolonged feeding 
on MDD, results in excessive uracil misincorporation into 
DNA and DNA strand breaks (James etal., 2003). M ore- 
over, MDD feeding causes decrease in SAM liver con- 
tent and DNA hypomethylation, a condition that stimulates 
an increase in deoxyribonucleic acid methyltransferase 1 
(Dnmtl) mRNA. Dnmtl, like DNA repair enzymes, has 
high affinity for DNA lesions. It has been hypothesized that 
this behaviour reduces the accessibility of the DNA repair 
complex, thus reducing DNA repair efficiency and causing 
genomic instability (James et al., 2003). On the other hand, 
DNA hypomethylation may affect per se DNA stability, thus 
favouring the accumulation of genomic alterations, and the 
increase in Dnmtl could contribute to the loss of function of 
DNA repair genes and/or tumour suppressor genes, such as 
p53 and pl6, when DNA lesions occur within the promoter 
regions of these genes. 

Importantly, SAM liver content also decreases when rats 
fed adequate diets are treated according to the RH protocol 
(Feo et al., 2000). This is associated with DNA hypomethy- 
lation and rise in Dnmtl activity (Figure 4). No decrease 
in polyamine production occurs, due to the preferential 
consumption of remainder SAM for polyamine synthesis. 
Decrease in SAM levels in preneoplastic and neoplastic 
lesions of rats fed adequate diets largely depends on a switch 
between the hepatic Matl/IIl and the extrahepatic M atil, 
encoded respectively by MatlA and Mat2A genes. Since 
DNA damage seems to occur in early stages of hepatocar- 
cinogenesis induced by chemical carcinogens (i.e., due to 
AAF genotoxicity in RH model, nucleotide imbalance in 
OA model, etc.), the mechanism proposed for hepatocar- 
cinogenesis progression induced by MDD could be extended 
to other models of multi-step hepatocarcinogenesis. Interest- 
ingly, knockout mice lacking M atlA have low hepatic levels 
of SAM, spontaneous oxidative stress, hepatic hyperplasia, 


and spontaneous development of steatohepatitis and HCC 
(M artínez-C hantar et al., 2002). 

Significant increases of c-myc, c-fos, and c-Ha-ras 
mRNAs and downregulation of EGF and EGFR genes occur 
after one week of CDD diet intake. In HCC induced by 
CDD or MDD, overexpression of ras family genes, TGF -«, 
TGF-B1, HGF, and c-Met occurs (Lombardi, 1988; Wainfan 
and Poirier, 1992; Nakae, 1999). Aberrant transcripts of 
Fhit occur in HCCs from rats fed CDD, and p53 mutations 
were found in HCC induced by MDD. It is not clear 
whether changes in patterns of gene promoter methylation 
are responsible for gene expression deregulation in animals 
fed CDD or MDD, but methionine or choline administration 
often reverses the alteration in gene expression and inhibits 
the development of preneoplastic lesions. 


TRANSGENIC AND KNOCKOUT MOUSE MODELS 
OF LIVER CANCER 


A consistent body of information on hepatocarcinogenesis 
has been obtained by transgenic animals, which were gener- 
ated to define the role and impact in vivo of genes believed to 
either favour or suppress normal and neoplastic cell growth. 


Hepatitis B Virus Transgenic Mice and Other 
Models of Chronic Liver Injury 


HBV transgenic mice expressing HBV envelope, precore, 
core proteins, and hepatitis delta antigens do not show signs 
of liver injury (Koike, 2002). However, elevated levels of 
HBV surface antigen (HBsAg) may severely damage the 
hepatocytes. HBsAg accumulates progressively in the endo- 
plasmic reticulum, causing its enlargement (“ground-glass” 
hepatocytes) and dysfunction (focal necrosis and secondary 
inflammation). These changes trigger sustained hepatocel- 
lular proliferation and induce high oxidative DNA dam- 
age, resulting in the development of preneoplastic foci and 
micronodular regenerative hyperplasia by 6-10months of 
age, and HCCs by 12-20months of age. At the molecu- 
lar level, no alterations in several oncogenes and tumour 
suppressor genes occur, except for transcriptional activation 
of Igf2 and Mdr-1la (multidrug resistance-la). Exposure of 
HBsAg transgenic mice to AFB1 or DENA results in shorter 
liver tumour latency when compared with wild-type animals. 
Therefore, it is likely that the strong hepatocellular prolifera- 
tion present in HBsAg transgenic mice selects for chemically 
transformed cells, allowing the fixation of mutations caused 
by DNA adducts. The compensatory hepatocyte proliferation 
creates the condition for genomic instability and exposure of 
DNA to ROS generated by inflammatory cells, eventually 
result in random genomic aberrations. 

Similar mechanisms of hepatocarcinogenesis occur in 
other transgenic and knockout mouse models (Santoni- 
Rugiu and Thorgeirsson, 1998). Alpha-1-antitrypsin (AAT)- 
deficient transgenic mice express the transport-impaired Z 
variant of the human disease. In these mice, hepatocytes 
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accumulate AAT in the endoplasmic reticulum, degenerate, 
and die forming foci of hyperplasia surrounded by inflam- 
matory infiltrates. HCC develops after prolonged cycles of 
cell death and compensatory proliferation. 

Overexpression of the urokinase-type plasminogen acti- 
vator (uPA) transgene results in the onset and progression 
of neoplastic lesions temporally similar to that described 
in other models of toxic liver injury. uPA protease activity 
induces hepatocyte necrosis and frequent death of uPA mice. 
In surviving mice, DNA rearrangement with deletion of the 
transgene promotes clonal proliferation of transgene-deficient 
cells leading to nodular proliferation and HCC, suggesting 
that deletion of the uPA transgene might generate the neo- 
plastic clone. 

The Mdr-2 gene encodes a P-glycoprotein present at high 
concentrations in the bile canalicular membrane of hep- 
atocytes involved in the transport of phosphatidylcholine 
into the bile. High amounts of non-emulsified toxic bile 
salts accumulate in the biliary system of Mdr-2-knockout 
mice, with progressive damage of the hepatobiliary struc- 
tures, followed by ductular proliferation, development of 
preneoplastic nodules, and HCCs. M dr-2-knockout mice rep- 
resent useful models to elucidate how chronic inflammation 
of the biliary system might increase cancer risk in humans 
(Fausto, 1999). 

A similar pathogenesis underlies liver tumour develop- 
ment in acyl-CoA oxidase (AOX) knockout mice, which 
develop spontaneous hepatitis and steatosis, followed by 
complete liver regeneration. Regenerated hepatocytes show 
increased peroxisomes and overexpression of PPAR-a regu- 
lated genes. HCCs develop after the clearance of the inflam- 
matory process. Presumably, the oxidative damage of hepa- 
tocytes combined with the proliferative stimulus induced by 
PPA R-a constitute the key factor contributing to liver tumour 
development in AOX -deficient mice (Fausto, 1999). 

Chronic cell injury is not the only mechanism contributing 
to hepatocarcinogenesis, at least in HBV transgenics (K oike, 
2002). In these mice, pericentral dysplasia and preneoplastic 
foci overexpressing the HBX protein arise rapidly (between 
2 and 4months of age), whereas HCCs appear only after 
12 months. Current evidence suggests that HBX is able to 
induce transcriptional activation of various genes involved 
in cell proliferation, including Pkc, Erk, Stat3, HIF-la, NF - 
kB, and Activating protein-1 (AP-1). In addition, HBX 
downregulates the expression of suppressor genes, including 
E-cadherin and p21™4*?, and binds to p53, resulting in p53 
cytoplasmic sequestration and, thus, loss of function. 


Hepatitis C Virus (HCV) Transgenic Mice 


Hepatitis C virus (HCV) transgenic mouse models developed 
to date have focused on expression of the viral structural 
proteins, core/E1/E2, and examination of the effect that 
expression of these proteins has on liver pathology (K oike, 
2005). Most of HCV transgenic mice develop liver steato- 
sis with a male and pericentral predominance in animals 
older than 3months of age, accompanied by production of 
free radicals, oxidative stress, and lipid peroxidation. HCC 


occurs in approximately 30% of HCV transgenic mice by 
13-19 months of age, predominantly in males. These studies 
suggest that the intrahepatic expression of the core protein, 
and possibly in combination with other HCV proteins, sig- 
nificantly enhances the risk of cancer, even in the absence 
of an inflammatory response to the infection. Not all mice 
expressing the core protein develop HCC, a finding that most 
likely relates to different genetic backgrounds on which the 
transgenic models were produced. The consistent correlation 
between steatosis and HCC in transgenic mouse models sug- 
gests that steatosis may be an early event in the development 
of HCC during persistent HCV infection. 


Transforming Growth Factor-« Mouse 


TGF-a is a polypeptide able to bind and activate EGFR in 
adjacent cells by a juxtacrine mechanism. The main phe- 
notype observed in the metallothionein-driven TGF -œ trans- 
genic mouse is epithelial hyperplasia in the organs expressing 
the transgene. In addition, breast and liver show neoplas- 
tic transformation (Santoni-Rugiu and Thorgeirsson, 1998). 
TGF-a-overexpressing hepatocytes exhibit higher levels of 
proliferation when compared with control mice, leading to 
dysplasia and, finally, HCCs. Tumour incidence reaches 
almost 100% in susceptible CD1 male mice, but not in 
females or strains resistant to hepatocarcinogenesis. The 
strain and sex dependence, together with the long latency 
of TGF-a-induced neoplastic process, indicates its multi- 
factorial nature and the requirement of additional genetic 
and epigenetic events. Accordingly, administration of geno- 
toxic and non-genotoxic carcinogens as well as crossing with 
HBV transgenic mice greatly increased the tumourigenesis of 
TGF-a@ mice. 


c-myc and c-myc/TGF-« Transgenic Mice 


Coexpression of c-MYC and TGF-a frequently occurs in 
human HCC. Hepatic expression of the c-myc transgene 
results in chronic proliferation and increased incidence of 
HCC, whereas coexpression of c-myc and TGF-qa trans- 
genes dramatically accelerates neoplastic development when 
compared with both parental lines (Calvisi and Thorgeirs- 
son, 2005; Santoni-Rugiu and Thorgeirsson, 1998). Coex- 
pression of c-myc and TGF-œ leads to rapid progression 
from early cell dysplasia to HCC, with 100% HCC inci- 
dence before 8months and survival reduced to 1year. 
In contrast, c-myc single transgenic mice exhibit longer 
latency and lower incidence of HCC. The earliest effect 
of overexpressing c-myc and/or TGF-a is persistent hepa- 
tocyte proliferation, during the first weeks of life. Contin- 
uous replication, associated with high uPA levels, induces 
the appearance of perivascular dysplastic hepatocytes that 
expand into the hepatic lobules and the central vein by 
the second month of age, accompanying the development 
of neoplastic lesions. Since the large dysplastic hepatocytes 
display autocrine TGF-81 upregulation and are extremely 
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vulnerable to apoptosis, and HCCs are composed of small 
diploid cells showing loss of TGF-6 R2, it seems likely 
that the small dysplastic cells are the putative tumour 
precursors. In contrast, TGF-8 R2 negative cell clusters 
were not observed in c-myc livers, whereas only 47% of 
c-myc HCCs exhibited TGF-8 R2 downregulation. Thus, 
selection and expansion of TGF-£l-insensitive cells is a 
late event during c-myc-induced hepatocarcinogenesis. Inter- 
estingly, eosinophilic preneoplastic lesions, overexpressing 
c-myc and with intact TGF-6 R2 signalling, exhibit nuclear 
immunoreactivity for B-catenin. Presumably, activation of 
wingless/W nt cascade gives a selective proliferative advan- 
tage for preneoplastic and neoplastic cells exposed to TGF- 
61. Mounting evidence indicates ROS production, involving 
iNos and NADPH oxidase systems, and chromosomal insta- 
bility as the underlying mechanism of accelerated oncogen- 
esis in c-myc/TGF -æ overexpressing livers. ROS production 
is significantly higher in c-myc/TGF-a mice when compared 
with wild-type or c-myc lesions. Appearance of dysplas- 
tic changes in c-myc/TGF-q livers is associated with a 
dramatic increase in karyotypic alterations, whereas a rel- 
atively stable genome is present in c-myc lesions. Vitamin 
E, a potent free radical scavenging antioxidant, reduces liver 
dysplasia, prevents malignant transformation, and promotes 
chromosomal and mitochondrial DNA stability in c-myc/ 
TGF -æ transgenic mice (Calvisi et al., 2004). 

Appearance of HCCs is accompanied by inhibition of 
apoptosis and higher rate of cellular proliferation in 
c-myc/TGF-a mice when compared with c-myc tumours. 
Accordingly, it has been shown that NF-«B-induced survival 
signalling is activated in preneoplastic and neoplastic lesions 
of c-myc/TGF-a double transgenic mice, but not in c-myc 
mono-transgenics. In c-myc/TGF-a HCCs there is strong 
induction of Cyclin D1, intense pRb hyperphosphorylation, 
and elevated E2f activity with transcriptional induction of 
E 2f target genes involved in cell cycle progression, including 
endogenous c-myc, Cyclin A, Cdc2. Interestingly, 6-catenin 
activation is relatively frequent in c-myc liver tumours, but 
very rare in more aggressive c-myc/TGF-a HCCs, display- 
ing high genomic instability. These data are consistent with 
the observation that -catenin activation occurs in a subset 
of human HCCs with a relatively stable genome and a more 
favourable prognosis. Therefore, the c-myc and c-myc/TGF- 
a transgenic mouse models reveal a remarkable similarity 
with development of human HCC. 


SV40 Transgenic Mouse 


SV 40 is a DNA tumour virus that, upon infection of non- 
permissive cells such as those of rodents, integrates its 
genome including the early coding region responsible for 
the transcription of t and T antigens (tag and Tag, respec- 
tively). Tag-driven transformation seems to depend on its 
interaction with pRb and p53, resulting in unrestrained pro- 
gression of the cell cycle and suppression of p53-dependent 
apoptosis. SV40 Tag transgenic models show early liver 
cell dysplasia accompanied by extensive apoptosis, hepa- 
tocyte hyperplasia, preneoplastic foci, hepatocellular ade- 
nomas, and carcinomas (Santoni-Rugiu and Thorgeirsson, 


1998). Although various observations indicate that the early 
and widespread Tag expression is required for the emergence 
of dysplasia and the process of malignant transformation, 
additional selective events are necessary for neoplastic pro- 
gression in Tag transgenic mice. Indeed, Tag overexpression 
results in high frequency of sister chromatid exchange, LOH 
in chromosomes 1, 5, 7, 8, and 12, activation of c-Ha- 
ras point mutations, and reactivation of the imprinted I gf2 
gene. 


TUMOUR TRANSPLANTS 


Transplants in syngeneic animals of chemically induced 
HCCs (i.e., Morris hepatomas), or allotransplants of highly 
undifferentiated tumours (i.e., Nofikoff and Yoshida-A H 130 
ascites tumours) in rats, have been the object of several 
investigations leading to the discovery of biological and bio- 
chemical features of poorly differentiated liver tumours. The 
need for investigating early stages of hepatocarcinogenesis 
has shifted the focus to primary liver tumours. Neverthe- 
less, tumour transplants may be still useful to study growth, 
progression, and response to treatments of liver tumours. A 
paradigmatic experiment (Farber and Sarma, 1987) consisted 
of the transplantation of persistent liver nodules, induced 
by RH protocol, into the spleen of syngeneic rats, result- 
ing in their fast progression into HCC. This represented 
the first demonstration that liver nodules are precursors of 
HCC. Similarly, early dysplastic liver from c-myc/TGF-a 
double transgenic mice was subcutaneously transplanted onto 
athymic mice (“nude mice”), demonstrating the progression 
of these lesions to HCC (Santoni-Rugiu and Thorgeirsson, 
1998). More recently, tumourigenesis in athymic mice of in 
vitro cultured liver (human) tumour cells has been investi- 
gated to assess their transformation, progression, growth rate, 
and metastatic potential. This gives the opportunity of assess- 
ing the effect of antitumour treatments or oncogene inhibition 
(see following text) on tumour cell growth. 


GENETIC SUSCEPTIBILITY TO LIVER CANCER 


The frequency of HCC shows great differences within 
a human population as a response to environmental risk 
agents, suggesting the role of various aetiologic factors, 
including the genetic background. However, the absence 
of an obviously inherited predisposition to the majority of 
liver cancers indicates that high-penetrance mutations are 
rare for HCC, suggesting the involvement of low-penetrance 
genetic variants. Due to the genetic heterogeneity of human 
populations, the detection of genetic variants and complex 
genetic interactions in a population is difficult. Rodent 
hepatocarcinogenesis models have been used to map “cancer 
modifier” genes, define the genetic model determining liver 
cancer risk, and examine the effector mechanisms of tumour 
susceptibility genes. 
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Figure 7 Loci controlling hepatocarcinogenesis in mouse and rat. The blue and red bars indicate susceptibility and resistance loci, respectively, 
controlling the multiplicity and/or the size of neoplastic liver lesions. The green bars indicate Hcf loci controlling the inhibitory effect of oestrogens 
on hepatocarcinogenesis in female mice. The yellow bars indicate Lnnr loci controlling the multiplicity and size of redifferentiating liver lesions in rats. 


(Reprinted from Feo et al., 2006, with permission from Elsevier.) 


Although various studies showed interstrain differences 
in the ability of rodent liver to activate or deactivate car- 
cinogens, and to form carcinogen adducts to DNA, var- 
ious observations suggest that differences in carcinogen 
metabolism do not always influence the susceptibility to 
hepatocarcinogenesis (Feo et al., 2006). Decrease in growth 
ability and/or rise in redifferentiation of preneoplastic lesions 
is a common feature of resistant mice and rat strains. 
Seven hepatocarcinogenesis susceptibility (Hcs) and two 
hepatocarcinogenesis resistance (Hcr) loci were identified 
in mice (Figure 7). All of these loci account for a low per- 
centage of the phenotypic trait. However, congenic mouse 
strains generated by introgressing a ~70cM segment of dis- 
tal chromosome 1, corresponding to Hcs7, from C3H or 
Br susceptible strains onto a resistant B6 strain background 
develop, when treated with carcinogens, more liver tumours 


than B6 mice. This indicates that distal chromosome 1 carries 
a potent modifier gene(s) sufficient to confer susceptibility to 
HCC (Bilger et al., 2004). 

Research on rats (Feo etal., 2006) led to map an rcc* 
locus, exhibiting many properties of a suppressor gene, in 
strains congenic for the Major histocompatibility complex 
(Mhc) genes and its linked region Grc (growth reproduction 
complex). Seven rat Hcs loci and nine Hcr loci affecting 
the growth and/or the multiplicity of neoplastic liver nodules 
were identified in crosses between resistant BN or Cop rats 
with F344 rats (Figure 7). In these rats, six liver neoplas- 
tic nodule remodelling (Lnnr) loci, controlling the number 
and size of remodelling lesions, were also discovered. This 
indicates that remodelling is under genetic control, and dif- 
ferent genes control the number and volume of remodelling 
and non-remodelling lesions. Interestingly, rat Hcs3/Hcs5, 
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and Hcr2 correspond, on the basis of their chromosomal 
location, to Drh1 and Drh2 loci, respectively, identified in 
the mutant DRH rat strain, resistant to hepatocarcinogene- 
sis and genetically unrelated to BN and Cop strains (Liu 
et al., 2005). The phenotypic effect of Hcs3 in BFF2 rats 
accounts for 49% of the total phenotypic traits, and Hcs3 
and Hcs5 were also identified in non-remodelling nodules of 
CFF2 rats, which represent less than 20% of the total lesions. 
These observations are consistent with a major role of Hcs3 
in the predisposition to rat liver cancer. 

Overall, the studies on genetic susceptibility to rodent 
liver carcinogenesis suggest a genetic model of predispo- 
sition to hepatocarcinogenesis with different subsets of low- 
penetrance genes, at play in different subsets of population, 
and a major locus. This model is in keeping with human 
HCC epidemiology (Feo et al., 2006). 


Sex-linked Susceptibility to Liver Cancer 


HCC has a male prevalence both in humans and rodents. 
Endocrine ablation studies have shown opposing effects of 
male and female sex hormones, with testosterone enhanc- 
ing and ovarian hormones inhibiting HCC development in 
rodents. The mechanisms underlying sex hormone effects 
on hepatocarcinogenesis are not fully known. H epatocarcino- 
genesis in female 1 and 2 (Hcfl and Hcf2) loci (Figure 7) 
seem to confer resistance to the inhibitory effect of ovarian 
hormones in mice (Poole and Drinkwater, 1996). 

The F344.BN-Hcs4 congenic recombinant rat, generated 
by transferring the Hcs4 locus of BN rats onto a F344 
genetic background (De Miglio et al. 2006), shows a sex- 
differentiated phenotype: susceptibility in male rats, resis- 
tance similar to that of female BN rats, and much more 
resistance to hepatocarcinogenesis than female F 344 rats. The 
activity of the Hcs4 gene seems to be oestrogen dependent 
and is probably partially suppressed by male sex hormones. 
This behaviour suggests the existence of hormone responsive 
Hcs4 gene(s) conferring resistance to female rats, whose BN 
allelic variant provides higher resistance. 


Effector Mechanisms 


Studies aimed at discovering molecular pathways influenced 
by cancer modifier genes, showed absence of c-myc amplifi- 
cation and overexpression, and normal pRb phosphorylation 
in nodules of the resistant BN rats, different from F344 
rat nodules. Further, overexpression of p16!NK44 is poorly 
compensated by upregulation of the protective mechanisms 
implicating Cdc37/Hsp90 and Crm1 activity in BN rat lesions 
(Pascale et al., 2005). These observations suggest a block of 
the progression of neoplastic nodules to carcinoma in resis- 
tant rats. 

The behaviour of neoplastic liver nodules in resistant rats 
is consistent with the existence of active DNA repair mech- 
anisms preventing persistent DNA damage. Detailed studies 
on genomic instability and repair mechanisms in early stages 


of hepatocarcinogenesis are lacking. LOH studies showed 
the absence of allelic imbalance in well-differentiated HCCs 
induced in the resistant BFF1 strain by the RH protocol. In 
contrast, LOH occurs on various chromosomes in HCCs of 
susceptible Wistar-Furth x F344 and Long Evans x F344 
crosses (Teerguarden etal., 2000; Feo etal., 2006). The 
existence of LOH in HCC does not prove the presence of 
genomic instability in the early stages of hepatocarcinogen- 
esis in susceptible rats. Nevertheless, these results together 
with the observation of karyotypic changes during hepatocar- 
cinogenesis progression indicate the presence in liver lesions 
of a genome prone to structural alterations, a feature absent 
in resistant rats. 


LEC Rats: A Unique Mechanism for Susceptibility 
to Hepatic Carcinogenesis 


The Long Evans Cinnamon (LEC) rat strain has been 
established from a closed colony of Long Evans rats as 
a mutant inbred strain with a cinnamon-like coat colour 
and hereditary hepatitis (Feo and Pascale, 1998). About 
40% of LEC rats die with acute liver failure at about 
4 months after birth. The remaining 60% survive with chronic 
hepatitis and display high incidences of liver and kid- 
ney cancer, associated with abnormal hepatic and kidney 
copper accumulation, owing to a defect of the rat homo- 
logue of the Wilson’s disease gene, Atp7b, on chromo- 
some 16, encoding a copper-transporting protein. Congenic 
WKAH.C-Atp7b rats, carrying the Atp7b gene of LEC rats 
introgressed into a Wistar-King Aptekman Hokkaido back- 
ground, undergo high incidences of tumours and copper 
accumulation in liver and kidney (Minami etal., 2001). 
Copper accumulation in hepatocyte cytoplasm and nuclei, 
associated with necrosis, inflammation, nodular regeneration, 
and duct proliferation occurs in Atp7b~/~ knockout mice 
(Huster et al., 2006). 

Studies on the mechanisms of hepatocarcinogenesis in 
LEC rats attribute severe liver injury to generation of ROS 
in the liver, with accumulation of 8-OHG and cyclic etheno 
adducts to DNA. This is associated with a decrease of major 
DNA glycosylases and endonuclease Ill, which initiate the 
excision and repair of oxidized bases during the acute and 
chronic phases of hepatitis (Choudhury et al., 2003), as well 
as with an increase in hepatocyte proliferation rate sustained 
by cell cycle deregulation (Kita et al., 2004). 


CONCLUSIONS 


Experimental models have contributed to understanding the 
pathogenesis of liver cancer and served to identify potentially 
reversible phases of carcinogenesis. Three main aspects of 
this complex process received particular attention: (i) step- 
by-step analysis of the multiple stages of hepatocarcino- 
genesis with the identification of hepatocellular lineages 
involved; (ii) identification of alterations in signal transduc- 
tion pathways, cell cycle, and some epigenetic and genetic 
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mechanisms in preneoplastic and neoplastic liver; (iii) poly- 
genic predisposition to liver cancer with mapping of the 
genes involved, identification of a possible genetic model, 
and of some effector mechanisms of cancer modifier genes. 

These studies have given compelling evidence that, 
independent of the aetiological factors involved, human hep- 
atocarcinogenesis exhibits many morphological and molec- 
ular features common to rodent liver carcinogenesis (Lee 
et al., 2004), and a similar genetic model can be applied 
to polygenic predisposition of human and rodent HCC 
(Feo etal., 2006). This allowed discovery of a number 
of molecular changes occurring in early stages of hepa- 
tocarcinogenesis, and separate analysis (i.e., in transgenic 
mice) of multiple alterations in cell signalling. The possi- 
bility of detecting in humans, through needle-aspiration liver 
biopsy, preneoplastic lesions phenotypically similar to those 
of rodent liver can be used for monitoring HCC develop- 
ment in high-risk populations (Bannasch et al., 2001), and 
Opens new perspectives for secondary prevention of human 
cancer. 

The observation that the same cell cycle controlling path- 
ways are involved in human and rodent hepatocarcinogenesis 
provides new approaches to prevention and therapy of liver 
cancer. For instance, in vitro growth of human hepatoma cells 
is inhibited by antisense deoxyribonucleotides against E2F 1, 
c-MYC, CYCLIN D1, and ODC genes, or siRNA against 
CDC37 (Feo etal., 2000, 2006). Animal models can also 
be useful for chemoprevention studies. Indeed, the recon- 
stitution of SAM liver content by long-term introduction of 
exogenous SAM suppresses the development of preneoplas- 
tic liver lesions (Feo et al., 2000). Similarly, inhibition of in 
vitro growth of HUH-7 human HCC cells occurs by transfec- 
tion of MATIA gene, resulting in elevation of SAM content. 
Furthermore, administration of liposomal fenretinide to rats 
during the development of preneoplastic lesions restores nor- 
mal crosstalk between iNos, M atlA, IkB-a, and NF -x B genes 
and strongly prevents HCC. 

Other studies (Bannasch etal., 2001) have proposed 
chemoprevention of rat liver carcinogenesis by dehydro- 
epiandrosterone which, however, in prolonged treatments 
behaves as a complete hepatocarcinogen of the peroxisome 
proliferator type. In F344 rats initiated with a single dose of 
DENA, feeding a diet supplemented with thyroid hormone 
T3 led to reduction in incidence of FAH and HCC, although 
this hormone exerts mitogenic effects on liver parenchyma. 
These studies reveal hormetic effects of some chemopreven- 
tive agents, probably depending on the prevailing biologi- 
cal conditions and dosing. Similar observations have been 
reported for the chemopreventive effect of green and black 
tea, that induce hepatic peroxisome proliferation, and whose 
consumption is associated with both positive and negative 
effects at various sites. 

This body of evidence clearly shows that molecular 
understanding of hepatocarcinogenesis contributes to pre- 
ventive and therapeutic approaches, aimed at inducing 
redifferentiation, and/or growth restraint of early lesions 
of a disease generally preceded by a long preneoplas- 
tic stage. Experimental studies can strongly contribute to 


the discovery of possible molecular targets and prognostic 
markers. 
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INTRODUCTION 


In the western world, about 20 new cases of lymphoma 
are diagnosed per 100000 people per year. The World 
Health Organization differentiates between about 15 types 
of lymphomas. These types of lymphomas can not only vary 
in their pathogenetic mechanisms but also show different 
clinical behaviours which require different therapeutical 
strategies. 

Lymphomas provide a particularly good example of the 
relationship between defective differentiation and 
malignancy. All of the different types of blood cells are 
derived from a common stem cell in the bone marrow. 
Descendants of these cells then become committed to specific 
differentiation pathways. For example, some cells differenti- 
ate to form erythrocytes, whereas other will differentiate into 
lymphocytes, platelets, macrophages, or granulocytes. Cells 
of each of these types undergo several rounds of division as 
they differentiate, but once they become fully differentiated, 
cell division ceases. In contrast, leukaemic or lymphoma cells 
fail to undergo terminal differentiation. Instead, their differ- 
entiation is arrested at early stages of maturation at which 
they retain their capacity for proliferation and continue to 
reproduce. 


B-CELL RECEPTOR IN LYMPHOMA 
PATHOGENESIS 


Human lymphomas are often associated with recurrent chro- 
mosomal rearrangements more rarely observed in solid 
tumours. Many types of B-cell lymphomas depend on the 
expression of B-cell receptor (BCR) for survival. The BCR 
plays a central role in B-cell development, activation, sur- 
vival, and apoptosis. The B cells develop from uncommitted 
progenitors in the bone marrow. This process is driven by 
the combinatorial action of specific transcriptional factors 
(reviewed in Hardy etal., 2003) and characterized by the 
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specific structure of the BCR. The BCR is composed of two 
identical heavy-chain immunoglobulin (IgH) and two iden- 
tical light-chain immunoglobulin (IgL) polypeptides that are 
covalently linked by disulphide bridges. The variable region 
of antibody molecules is responsible for antigen specificity. 
The stochastic Ig gene rearrangement allows composition 
of as many as 10’ different antigen specificities ensuring 
reactivity to a wide array of antigens. The molecular pro- 
cess modifying lg genes is also called V(J )D recombination. 
To assemble the variable region of the antibody, three gene 
segments (V, D, and J) are joined to create a heavy-chain 
V region, and V and J segments for creation of œ and ô light- 
chain genes, respectively. During the development of BCR a 
cellular proto-oncogene becomes fused to the IgH locus on 
chromosome 14 or with one of the IgL loci on chromosomes 
2 or 22. This fateful event leads to inappropriately high level 
of expression of cellular proto-oncogenes, or as a result of 
such translocation, fusion genes encoding chimaeric onco- 
proteins can be generated. Characteristic translocations are 
seen in different B-cell tumours and reflect the involvement 
of a particular oncogene in each tumour type (see Figure 1). 

Lymphomas retain many of the characteristics of the cell 
type from which they arose, especially when the tumour 
is relatively differentiated and slow growing. Tumours cor- 
responding to essentially all stages of B-cell development 
have been found in humans, from the earliest stages to the 
myelomas that represent malignant outgrowths of plasma 
cells. Furthermore, each type of tumour retains its char- 
acteristic homing properties. For example, a tumour that 
resembles mature, germinal centre or memory cells homes 
to follicles in lymph nodes and spleen, giving rise to follicu- 
lar centre cell lymphoma, whereas a tumour of plasma cells 
usually disperses to many different sites in the bone marrow 
much as normal plasma cells do. The status of the lg genes in 
a B-cell tumour provides important information on its origin. 
The general conclusion that a tumour usually represents the 
clonal outgrowth of a single transformed cell is very clearly 
illustrated by tumours of B-lineage cells. All the cells in a 
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Figure 1 Lymphomas as a result of defective B-cell differentiation. B-cell lymphomas represent the clonal outgrowth of a single transformed cell at 
different stages of maturation of B cells. B cell seems to be “frozen” at the discrete stage. Each type of lymphoma has behaviour and homing features 
similar to that of a normal B-cell equivalent. Tumours corresponding to essentially all stages of B-cell development have been found in humans, from the 
earliest stages to the myelomas that represent malignant outgrowths of plasma cells. M any lymphomas carry specific translocations that lead to inappropriate 
high level of expression of oncogenes. For notation of translocation see glossary. 


B-cell tumour have identical |g gene rearrangements, deci- 
sively documenting their origin from one cell. This is useful 
for clinical diagnosis, as tumour cells can be detected by 
sensitive assays for these homogeneous rearrangements. 


ONCOGENES 


The first well characterized example of oncogene activation 
by chromosome translocation was the c-myc oncogene 
involved in human Burkitt’s lymphomas and mouse plas- 
mocytomas, which are malignancies of antibody-producing 
B lymphocytes. Both of these malignancies are character- 
ized by chromosome translocations involving the genes that 
encode immunoglobulins. For example, virtually all Burkitt's 
lymphomas have translocations of a fragment of chromosome 
8 to one of the Ig gene loci on chromosome 2, 14, or 22. 


The fact that the Ig genes are actively expressed in these 
tumours suggested that the translocations activate a proto- 
oncogene from chromosome 8 by inserting it into the Ig 
loci. This possibility was investigated by analysis of tumour 
DNAs with probes for known oncogenes, leading to the 
finding that the c-MYC proto-oncogene was at the chromo- 
some 8 translocation break point in Burkitt's lymphomas. 
The translocations inserted c-MYC into an immunoglobulin 
locus, where it was expressed in an unregulated manner. 
Such uncontrolled expression of the c-MYC gene, which 
encodes a transcription factor normally induced in response 
to growth factor activation, is sufficient to drive cell prolifer- 
ation and contribute to tumour development. Translocations 
of other proto-oncogenes frequently result in rearrangement 
of coding sequences, leading to the formation of abnormal 
gene products. The other prominent member in tumouri- 
genesis of lymphoma is the BCL2 oncogene. The BCL2 
oncogene product is involved in the regulation of apoptosis, 
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but its generation by chromosome translocation with sub- 
sequent abnormal amplification results in protection against 
programmed cell death and formation of lymphomas. A bnor- 
mal BCL2 expression inhibits apoptosis and maintains cell 
survival leading to reduced environmental dependence for 
tumour cell growth and survival. 


TUMOUR-SUPPRESSOR GENES 


A different mechanism of abnormal tumour cell growth and 
survival is the loss of genes or gene products that regu- 
late cell proliferation and programmed cell death (apoptosis). 
Inactivation or lost expression of tumour-suppressor genes 
results in the loss of negative regulators of cell proliferation 
or programmed cell death. The classic example for tumour- 
suppressor genes is the retinoblastoma RB gene, which is 
involved in cell cycle regulation. Instead of acting only in 
haematological malignancies, most of the tumour-suppressor 
genes are involved in many types of human tumours. For 
example, INK 4, which regulates cell cycle progression from 
G1 to S phase, is often lost in leukaemias and lymphomas, 
and also in melanomas, brain tumours, and carcinomas. This 
gene encodes the CDK inhibitor, P16 that normally nega- 
tively regulates the CDK 4/cyclin D kinase necessary for the 
release of G1 cell cycle progression. Therefore, inactivation 
of INK4 results in increased activity of CDK 4/cyclin D com- 
plexes, hyperphosphorylation of RB, and loss of an important 
cell cycle restriction point. DNA damage normally causes 
induction of the P53 gene product that activates transcription 
of the CDK inhibitor, P21. This inhibitor blocks cell cycle 
progression and DNA replication. Reduced expression or loss 
of function of P53 therefore prevents DNA damage- induced 
cell cycle arrest with subsequent accumulation of mutations 
and genetic instability in these cells. In addition, P53 reg- 
ulates DNA damage- induced apoptosis and inactivation of 
this tumour-suppressor gene product. This can result in resis- 
tance of transformed cells against radiation, chemotherapy, 
growth factor deprivation or hypoxia, treatments that nor- 
mally induce apoptosis. 


ROLE OF SOME TUMOUR VIRUSES 
IN MALIGNANT TRANSFORMATION 


Tumour viruses have been extremely important as models 
for cellular and molecular investigations of malignant cell 
transformation, and in some specific cases they appear to 
be involved in the formation and progression of human 
lymphomas. The relatively small size of their genomes has 
allowed the discovery of various viral genes or oncogenes 
that have cellular homologues that play important roles 
in cell signalling and regulation of cell proliferation, sur- 
vival, and growth. Tumour viruses of six different families 
are capable of causing malignant transformation of mam- 
malian cells, and one of the five DNA tumour viruses 
and the single known RNA tumour virus are important 


in haematological malignancies either as co-carcinogens or 
complete carcinogens. For example, the Epstein- B arr virus 
(EBV), which belongs to the herpesvirus group, is involved 
in the induction of Burkitt's lymphomas or B-cell lym- 
phomas in AIDS patients, and the human T-cell lymphotropic 
virus (HTLV -1) is related to the appearance of adult T-cell 
leukaemias. EBV is able to transform human B lymphocytes 
in culture, but the mechanism of this transformation remains 
incompletely understood. Multiple gene changes appear to 
be required to induce transformation, and the presence of 
a transformation-related viral gene may be only the first 
step in a multi-step genetic process resulting in malignancy. 
Other viruses are also related to malignant transformation 
of haematological cells. For example, HTLV -1 is thought to 
be one of the causative agents of adult T-cell lymphomas, 
whereas another related retrovirus (HTLV-2) is associated 
with the relatively rare formation of hairy T-cell leukaemias. 
As a third virus from this group, HIV-1 does not appear 
to directly cause cancers, but it is likely to be responsible 
for the higher incidence of malignancies in AIDS patients, 
such as lymphomas or Kaposi's sarcomas, possibly as a 
consequence of immunosuppression and loss of immune 
surveillance. Papillomaviruses, polyoma/SV 40 viruses, and 
adenoviruses appear to be important in certain malignan- 
cies, especially those involving certain epithelial cells, and 
can induce cell transformation by a common pathway that 
includes the alteration of cell cycle regulation by interfer- 
ing with the key nuclear suppression proteins RB and P53 
(see Human DNA Tumour Viruses and RNA Tumour 
Viruses). 


AVAILABILITY OF BLOOD CELLS 


Blood represents a “renewable resource” for obtaining human 
cells. Therefore, normal and malignant cells may often be 
obtained from peripheral blood using relatively simple pro- 
cedures used for the isolation and maintenance of these cells. 
A large number of human lymphocytes (1- 2 million mi~} of 
blood) can be isolated by simple and inexpensive techniques. 
For example, lymphocyte preparations can be obtained by 
density-gradient centrifugation, further isolation of mono- 
cytes/macrophages utilizes their ability to adhere to plastic. 
In addition, monoclonal antibodies bound to magnetic beads 
or fluorescence labels recognizing specific surface molecules 
of haematological cells can be used to select enriched or 
depleted T- or B-cell subpopulations. The latter cells also 
allow generation of continuously growing cell lines via retro- 
viral transformation, using viruses such as EBV. Murine 
bone marrow cells are usually isolated from femoral bones 
using standardized preparation techniques. The isolation and 
high yield of cells without loss of viability provides excel- 
lent cell cultures for experimental studies. Similarly, human 
bone marrow aspirates or preparations from bone after their 
surgical removal can be used, but the potential risk for 
viral infections has to be considered when using human 
tissues. 
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In addition to the isolation of primary cells from patients 
or animals with malignant haematological diseases, other 
techniques are available to obtain haematological cells for 
experimental investigations. For example, short-term culture 
of human lymphocytes can be established from periph- 
eral blood (Hungerford etal., 1959). With a few modifi- 
cations, this technique has become a standard procedure 
for human genetic analysis. However, these cells can be 
cultured for only few days, and the resulting cell cultures 
are heterogeneous in their cellular characteristics. There- 
fore, primary cultures are often not suitable for experimental 
procedures. Alternatively, diploid stem cell and permanent 
cell lines can be established or are available commercially 
(from American Type Culture Collection (ATCC), German 
Collection of Microorganisms and Cell Cultures (DSM Z), 
European Collection of Animal Cell Cultures (ECACC)). 
Such diploid non-transformed cells are more homogeneous 
and demonstrate stable proliferation for up to 50 passages 
in culture. AS mentioned above, permanent cell lines can 
be obtained by viral transformation of untransformed cells, 
resulting in immortalized cells. For example, EBV is able to 
transform resting B cells into immortalized lymphoblastoid 
cells that start to proliferate indefinitely and autonomously. 
These cells bear the virus in latent state. It is significantly eas- 
ier to establish an EBV-infected cell line from a patient with 
leukaemia than from a true neoplastic cell line (Nilsson and 
Ponten, 1975). On the other hand, since EBV-positive cells 
may grow out from normal tissue, a cell line from a patient 
with a malignancy is not automatically a malignant cell 
line. The EBV-positive cell lines derived from patients with 
haematopoietic malignancies were indistinguishable from the 
B-cell lines established from non-neoplastic lymphoid tis- 
sues (Nilsson and Ponten, 1975). Therefore, it is particularly 
important to clearly distinguish between EB V -positive malig- 
nant cell lines and cell lines established from patients with 
mature B-cell malignancies, such as non-Hodgkin's lym- 
phomas. A combination of markers is necessary to accurately 
determine the nature of the cell lines, that is, cellular mor- 
phology, EBV status, karyotype, functional features, and 
immunoprofile (Drexler et al., 2000). The further example 
for virus application in the lymphoma cell culture is the 
HTLV -virus family. Since T cells from normal peripheral 
blood are unable to grow spontaneously in vitro or estab- 
lish a cell line, they can be infected with HTLV-1 virus in 
order to induce growth in a liquid as well as in a semi-solid 
culture medium (Miyoshi et al., 1981). Interestingly, in con- 
trast to the malignant ATLL tumour cells, lacking the HTLV 
gene expression, the transformed T cells actively transcribe 
HTLV RNA, that leads to virus production. This observa- 
tion suggests that the process of in vitro transformation with 
HTLV does not directly cause the formation of a leukaemic 
clone in vivo. 

In addition, specific genetic modifications have been intro- 
duced that result in mutational changes in oncogenes/tumour- 
suppressor genes, Knockouts of these genes, or specific 
retroviral transformation by gene insertion. The disadvan- 
tage of these cells is that they often lose characteristics 
of normal cellular behaviour, such as cell growth and dif- 
ferentiation properties, availability of metabolic pathways, 


and expression of surface molecules, among other changes. 
This issue is especially important since the lymphoma cell 
lines are frequently used in experimental settings as proto- 
type malignant cells that grow in vitro. Therefore it should 
be clarified whether, for example, abnormalities in criti- 
cal tumour-associated genes, such as p53, truly reflect the 
molecular lesion responsible for causing the disease and its 
progression, development of chemotherapy resistance, and 
many other pathophysiological mechanisms in vivo. If this 
was not the case, then it could be questioned whether cell 
lines represent a reliable model system for such studies 
(see also Transgenic Technology in the Study of Onco- 
genes and Tumour-Suppressor Genes; Gene Knockouts 
in Cancer Research; and Models for Tumour Growth and 
Differentiation). 


CELL CULTURE TECHNIQUES 


M odern haematological research requires the use of cell cul- 
tures that exist as more or less complex cellular systems. 
Various techniques have been established for the maintenance 
of these cell cultures (see Basic Tissue and Cell Culture 
in Cancer Research). Although principles of mammalian 
cell culture can be transferred to haematological cells, some 
specific problems have to be considered because of the spe- 
cific nature and behaviour of these cells. First, as described 
above, the formation of leukaemias and lymphomas is closely 
related to disturbances in cell differentiation and maturation, 
which are strongly dependent on microenvironmental fac- 
tors, such as the presence of cytokines or growth factors. F or 
example, addition of serum (horse or foetal bovine) to cell 
cultures can result in variation of cellular behaviour since 
serum contains numerous growth factors with significant 
variations among different batches. Use of serum-free cul- 
ture conditions in colony forming assays can support colony 
formation and overcome these difficulties. In addition, spe- 
cific conditions usually provided by bone marrow matrix may 
influence proliferative properties and differentiation of blood 
progenitor cells. Therefore, culture conditions have to be 
adapted to the requirements of the specific cells. Generally, 
itis very difficult to establish a new lymphoma cell line; the 
reasons for this remain unclear. (Examples of widely used 
continuous cell lines are listed in Table 1.) Seeding the neo- 
plastic cells directly into suspension cultures is the widely 
used procedure in attempts to establish a cell line. The suc- 
cess rate of the establishment of continuous cell lines is very 
low and unpredictable. An observation has been made that 
malignant cells derived from the patients at relapse or from 
cases with poor prognosis have an enhanced growth poten- 
tial in vitro compared with samples derived at presentation 
or from patients with good prognostic features (M atsuo and 
Drexler, 1998). Furthermore, blood provides specific condi- 
tions of circulating fluid where haematological cells occur as 
single cells in a complex solution. Consequently, culture of 
haematological cells frequently requires non-adherent culture 
techniques and cell suspensions. 

Although this chapter cannot do justice to some of 
the specific technical problems of cell culture, some of 
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Table 1 Lymphoma cell lines. Cell lines are listed according to the classi- 
fication based on the physiological spectrum of the normal haematopoietic 
cell lineages. Meanwhile, there are several hundred known cell lines. Less 
than half of them are well characterized. Widely used examples are listed 


in the table. 


Cell line 


Translocations/ 
features 


Fused genes 





Precursor B cell 


697 t(1;19)(q23;p13) PBX1/E2A 

BV 173 t(9;22)(q34;q11) ABL/M-BCR 

Reh t(12;21)(p13;q21) TEL/AML1 

M ature B-cell lines 

CRO-AP/2 BCL6 point mutation 

Granta 519 t(11;14)(q13;q32) BCLI/IGH 

K arpas 422 t(14;18)(q32;q21) IGH/BCL2 

Ci-1 t(2;8)(p12;q24) IGK/MYC 

VAL t(3;4)(q27;p11 - 13) BCL6/LAZ3 

MC116 t(8;14)(q24;q32) MYC/IGH 

DoHH2 t(8;14;18)(q24;q32;q21) MYC/IGH/BCL2 

Burkitt's lymphoma 

DAUDI t(8;14)(q24;q32) MYC/IGH 

BL-2 t(8;22)(q24;q11) MYC/IGL 

BJA-B t(2;8)(p12;q24) IGK/MYC 

Myeloma cell lines 

LP-1 t(4;14)(p16;q32) FGFR3/IGH/MMSET 

SK-MM-1 t(6;14)(p25;q32) MUM1/IGH 

KMS-12-PE t(11;14)(q13;q32) BCLI/IGH 

L 363 (IgG -type) 

NCI-H929 (IgA k-type) 

RPMI 8226 (Iga-type) 

U-266 (IgE A-type) 

Immature T-cell lines del(1)(p32;p32) SIL/TAL1 

CCRF-CEM del(1)(p32;p32), SIL/TAL1, 
t(11;14)(p15;q11) TTG1/TCRA/D 

RPMI 8402 t(7;9)(q34;q34), TCRB/TAL2, 
inv(14)(ql11q32) or TCRA/IGH 
t(14;14)(q11;q32) 

SUP-T1 

M ature T-cell lines 

HUT 102 Secretion of HTLV-I 

HUT 78 

SKW-3 


the specific problems in haematological cell culture are 
discussed. Cell culture in suspension is required for cells 
that do not show cell adhesion to plastic surfaces or matrix 
components under normal culture conditions. This technique 
can be used for tumour cells that do not require or have 
reduced requirements for cell adhesion for their survival and 
growth. The culture of single cells has some advantages 
compared to the culture of adherent cells. The suspension 
cell cultures can be easily subcultured by simple dilution 
without the requirement of degradative enzymes, such as 
trypsin. As long as culture conditions (fresh medium) provide 
sufficient nutrients and toxic metabolic waste products are 
removed, so that they do not accumulate, these cultures 
more or less grow continuously, without a lag of time after 
their dilution into a fresh medium. In addition, homogeneous 
suspensions are available in large culture volumes and high 
cell densities. 


Short-term culture of peripheral lymphocytes is a standard 
technique in human genetics and provides an almost unlim- 
ited source of diagnostic material for mutational analysis, 
investigations of chromosomal abnormalities and identifica- 
tion of hereditary alterations in genome structures. However, 
since the cells originate from cancer patients, special consid- 
erations of biological safety are required to prevent infection 
with viral agents, such as HBV, HCV, or HIV-1. Isolation of 
peripheral lymphocytes is based on density-gradient centrifu- 
gation (usually on density gradient of Ficoll) of heparinized 
whole blood. Subsequently, addition of mitogens stimulates 
cell proliferation to obtain large numbers of lymphocytes 
for chromosomal analysis by staining techniques, in situ 
hybridization, or isolation and direct sequencing of DNA. 

Frequently, haematological cells need specific conditions 
for cell proliferation or maintenance of their differentiation 
properties. This can be obtained only by addition of other 
cells that normally provide the specific microenvironmental 
signals required by the haematological cells. These feeder 
cell layers frequently consists of embryonic fibroblasts, 
macrophages, or thymocytes that have been inactivated 
for cell proliferation but not for survival, by radiation 
or mutagen treatment, leaving feeder cells that contain 
necessary metabolic activity. These feeder cells secrete 
matrix proteins, growth factors, and/or other stimulating 
factors, and they provide specific surfaces for cell-cell 
contacts and cell adhesion. In addition, bone marrow matrix 
has been used for haematological cell cultures. 

In contrast to cellular differentiation found in the complex 
environment of in vivo models of cellular differentiation, in 
haematological malignancies analysis of single cells or cell 
lines permits identification of specific cellular interactions 
and allows for their manipulation or modulation. The advan- 
tage of these model systems for cellular differentiation is 
at the same time one of their disadvantages. Neglecting the 
complex interactions of the haematological cell with their 
microenvironment, such as bone marrow matrix and the pres- 
ence of specific growth factors and cytokines, the relevance 
of in vitro results to human pathobiology may be limited. 
The haematological development from pluripotent stem cells 
to multipotent stem cells and finally to terminal differentiated 
blood cells is characterized by loss of proliferative activity. 

Various in vitro model systems have been developed 
for studying different steps of haematological cell differ- 
entiation, where the cellular differentiation can be induced 
by physiological or artificial substances and cell-cell or 
cell- matrix interactions. For example, growth factors, such 
as TGF-8, EGF, or HGF, hormones such as corticoids, 
glucagon or thyroxine, vitamins such as all-trans-retinoid 
acid, or various inorganic ions can be used for induc- 
tion of cellular differentiation (Osborne et al., 1982; Naka- 
mura et al., 1989; M assague et al., 1990; Bonicinelli et al., 
1991). In addition, induction of cell differentiation can be 
achieved by homologous or heterologous cell- cell commu- 
nication. Homologous cell-cell interactions require a high 
cell density to permit efficient cell-cell communications. 
However, for the investigation of haematological cell dif- 
ferentiation, heterologous stimulation by fibroblasts and thy- 
mocytes, among other cell types, is more frequently used. 
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Current in vitro models in haematology have been based 
on the development of major experimental techniques. Ear- 
lier, Burgess and M etcalf (1980), M etcalf (1989), and Cross 
and Dexter (1991) developed various cloning methods for 
haematopoietic cells based on semi-solid agar culture con- 
taining colony-stimulating growth factors. The usage of 
feeder layer cell culture was introduced by Dexter etal. 
(1977). Lymphoblastoid (such as HL-60 cells) and erythroid 
cell lines (such as Friend-erythroleukaemia cells MEL) are 
widely used examples of established progenitor cells for 
studying haematopoiesis (Rossi and Friend, 1967). Depend- 
ing on the stimulating agents, their cellular differentiation 
into various terminally differentiated blood cells can be 
induced and studied. 


ANIMAL MODELS FOR HAEMATOLOGICAL 
MALIGNANCIES 


Animal models based on Knockout or transgenic technol- 
ogy are now widely used in basic and applied haemato- 
logical research (see Transgenic Technology in the Study 
of Oncogenes and Tumour-Suppressor Genes and Gene 
Knockouts in Cancer Research). The evaluation of ani- 
mal models for haematological malignancies has to take into 
account various aspects of host and donor organisms as well 
as target process(es) in the malignant tumour cells that are 
under investigation with particular models. 

The establishment of animal models for haematological 
malignancies currently relies on transgenic technology, retro- 
viral infection of target cells, and xenograft animal models. 
As technological advances become available they offer an 
opportunity to inactivate or modulate various endogenous 
genes in animals, leading to new possibilities in haemato- 
logical research on the various steps of transformation and 
progression. 


SPONTANEOUS MOUSE MODELS OF LYMPHOMA 


Genetically engineered mice (GEM), such as transgenic 
knockout, “knock-in,” tetracycline inducible, and Cre-loxP 
(as a widely used representative of recombinase-based sys- 
tems) are invaluable tools to investigate basic biological 
processes, to study relationships between disease pheno- 
types and underlying genetic lesions. These animal models 
develop malignancies whose genetic profiles and histopathol- 
ogy appear similar to the molecular characteristics and natu- 
ral behaviour of human tumours. Another important feature 
of GEMs is that these animals are immunocompetent, thus 
they resemble more closely the intact immune system in 
humans, allowing evaluation of the influence of secreted 
cytokines and effector cell function. Additionally, owing to 
the fact that the development of primary transgenic tumours 
is spontaneous they are not exposed to selective pressure by 
artificial growth conditions, allowing tumours to be treated in 
their physiological microenvironment. Furthermore, by using 


GEMs it is possible to assess different stages of tumour 
progression, including very early manifestations of malig- 
nancy. 

In general, perturbations in gene expression in transgenic 
systems often lead to measurable alterations of physiological 
functions within the animal. The technical details of this are 
described elsewhere in this section (see Transgenic Technol- 
ogy in the Study of Oncogenes and Tumour-Suppressor 
Genes), but for an understanding of haematological mod- 
els we will discuss a few important features that have to 
be considered in the evaluation of these models. Little is 
known about step-wise deregulation of specific genes leading 
to haematological malignancy, but aberrant gene expression 
in transgenic mice has been correlated with the formation of 
various haematological malignancies. For the investigation 
of these processes, specific target genes are usually dereg- 
ulated using transgenic modifications. However, frequently 
transgenic deregulation of intracellular signalling pathways 
can result in activation of alternative pathways or interfere 
with signalling that is not directly involved in the regula- 
tion of the target gene (Sheppard et al., 1998). This can 
lead to cellular behaviour normally not found in evolving 
human malignancy. Therefore, the careful characterization 
of transgenic or infected cell clones has to include eval- 
uation of morphological criteria, histopathological appear- 
ance, cytoskeletal architecture, expression of cell-surface 
molecules, clonality, and immunological properties of the 
resulting cells. 


TRANSGENIC APPROACH 


This general experimental design has been used frequently 
in conjunction with the pronuclear microinjection technique 
of gene transfer. The disease to be modelled must be one 
where the presence of an introduced DNA is itself sufficient 
to induce pathogenesis. In this procedure, the foreign DNA 
is injected in the pronucleus of the one-cell-stage embryo 
immediately after fertilization. In order to ensure the cell- or 
tissue-specific expression of the gene of interest, the trans- 
gene retains regulatory elements. The ability to equip an 
oncogene with appropriate regulatory elements and promot- 
ers is particularly important in the case of lymphomas, where 
the genetic alterations are often somatic lesions occurring in 
specific cell types and at a specific stage of haematopoietic 
differentiation. Also the cross breeding of two cancer-prone 
strains can provide valuable information about cooperation 
between different known oncogenic mutations. This tech- 
nique was the first successful manipulation of the mouse 
genome. One of the prominent examples for application of 
transgenic approach in lymphoma was the engineering of 
transgenic mice carrying the c-myc oncogene coupled to 
the IgH enhancer E u. The discovery that nearly 100% of 
Burkitt's lymphomas bear the translocation of the c-myc 
oncogene to the IgH or IgL sequences (Croce et al., 1984) 
served as the background of this study. E yz-c-myc transgenic 
mice developed aggressive pre-B-cell or B-cell lymphomas 
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accompanied by lymphoblastic leukaemia, but not Burkitt’ s- 
like lymphoma. Thus this study could demonstrate the highly 
oncogenic nature of elevated c-myc expression (Adams et al., 
1985). Over the years, a number of proto-oncogenes (e.g., 
BCL2, N-RAS, and cyclin D), which play a key role in 
human tumourigenesis, were cloned at break points of B- 
cell lymphoma. For example, a number of studies have 
demonstrated that cyclin D1 is frequently overexpressed in 
mantle cell lymphoma caused by the chromosomal translo- 
cation t(11;14) (M otokura and Arnold, 1993). Mice carrying 
the cyclin D1 gene under transcriptional control of the IgH 
enhancer Ey display cell cycle abnormalities in their B lym- 
phocytes in contrast to their wild-type mice littermates, but 
without any lymphoma (Lovec et al., 1994). However, when 
Ew was used to transcriptionally activate expression of cyclin 
D1 together with either N-myc or L-myc in double trans- 
genic mice, the onset of the pre-B- and B-cell lymphomas 
occurs. This study was independently confirmed by Bodrug 
et al. (1994). The immunoglobulin enhancer, when linked 
to cyclin D1, resulted in transgenic mice with normal cell 
cycle kinetics in their lymphocytes and normal responses 
to mitogens. However there was a diminution in mature B 
cells and T cells. But, when transgenic mice coexpressed 
both cyclin D1 and myc, it resulted in very rapid devel- 
opment of lymphoma in the animals. These results may 
mean that cyclin D1 falls into a class of oncogene that con- 
tributes to tumour progression but is poor at initiating the 
process. 

The classic transgenic approach continues to contribute 
greatly to our understanding of lymphoma development. 
However, they have a number of limitations. For example, 
expression of an exogenous gene is often incompatible 
with normal development, leading to embryonic lethality 
or several developmental disruptions representing a major 
obstacle in assessing the oncogenic potential of the transgene. 
Another critical point is that often it is technically difficult 
to achieve tight control over the site of integration and the 
copy number of the transgene. 


Cre-loxP SYSTEM 


To circumvent these technical hurdles, alternative approaches 
(see Genetic Models: A Powerful Technology for the 
Study of Cancer), which allow precise spatial and temporal 
control of gene expression, have been developed in the last 
few years. One of the widely used methods to conditionally 
disrupt gene expression is the Cre/loxP recombinase system. 
Cre (causes recombination) is a site-specific recombinase, 
which recognizes and catalyzes recombination between 34 
bp loxP sites. If a gene is placed between two loxP sites and 
exposed to Cre, then the gene will be excised or “floxed” 
out. Mice carrying the Cre recombinase under control of an 
inducible or tissue-specific promoter are crossed with mice 
carrying the gene of interest that has been flanked by loxP 
sites resulting in its excision. The existence of such tissue- 
specific promoters overcomes the problem of embryonic 
lethality. 


This methodology was recently applied by Putz etal. 
(2005) to address the involvement of the AML1 gene, whose 
mutation is frequently associated with human haematopoietic 
malignancies. In order to mimic the AML1 deletion, it 
was inactivated in adult mice by inducing Cre activity. 
Two months after induction the animals developed thymic 
lymphoma. Additionally lymphoma metastases to the liver 
and meninges were observed. 


TETRACYCLINE INDUCIBLE SYSTEM 


Gossen and Bujard (1992) developed the tetracycline regula- 
tory system (see Genetic Models: A Powerful Technology 
for the Study of Cancer). This methodology became the 
most widely used inducible approach known as the “tet-off” 
system. In this system, the transgene is cloned under the con- 
trol of the operator sequence (tetO) of the Escherichia coli tet 
operon. In the transgenic mouse carrying this construct, the 
gene of interest is not expressed. Another transgenic mouse 
is then created, which expresses the tetO-transactivator pro- 
tein (tTa), which is controlled by either a constitutive or 
tissue-specific promoter. The tTa transactivator is able to 
bind both tetracycline and the tetO sequence in the trans- 
genic construct. In the tet-off system, the tTa protein is 
prevented from binding the tetO sequence and transactivat- 
ing the transgene when complexed to tetracycline. In the 
double transgenic animals, expression of transgene is there- 
fore achieved by removal of tetracycline from the diet of the 
animal. 

Such methodology has been used by Felsher et al. (1999) 
to investigate the consequences of inactivation of the myc 
oncogene on lymphoma behaviour. In this study the trans- 
genic mouse was generated to conditionally express the MYC 
proto-oncogene in haematopoietic cells. The tissue speci- 
ficity was achieved by crossing two different transgenic mice 
strains: the animals from the first group expressed c-myc 
under control of the tetracycline operator, the other group of 
animals expressed the tetracycline transactivator (tTa) under 
control of IgH enhancer Ey and SRa promoter (E u-tTa), 
which drive specific expression in haematopoietic cells. The 
removal of tetracycline from the drinking water led to the 
formation of malignant T-cell lymphomas and acute myeloid 
leukaemias. The subsequent addition of tetracycline caused 
an inactivation of the transgene, which led not only to pre- 
venting the further progress of malignancy, but was also 
associated with regression of established tumours. Tumour 
regression was associated with rapid proliferative arrest, dif- 
ferentiation and apoptosis of tumour cells, and resumption 
of normal host haematopoiesis. This observation allowed 
the authors to conclude that continuous myc expression 
is required to maintain malignancy development, and that 
even though tumourigenesis is a multi-step process, correc- 
tion of a single genetic lesion may be sufficient to reverse 
malignancy and therefore can be considered therapeutically 
important. 
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Table 2 |mmunodeficient mice. 





Strain Deficiencies/description 

SCID T, B, high NK/Extensively used as a xenograft 
model. Remarkably sensitive to irradiation 

SCID/beige T,B, NK 

Nude T, B-cell function low, high NK 


Beige/nude/X!ID (bnx) T, B, NK/Used for studies of haematopoiesis 
after engraftment of normal haematopoietic 
tissues 
T, B, NK, macrophage/M ajor drawback: mean 
lifespan is only 8 months due to thymic 
lymphomas, which are caused by the Emv-30 
provirus on chromosome 11 

NOD/SCID/62M k/o 1, B, NK, macrophage - absolute 
deficiencies/4-month lifespan. B etter support of 
human haematopoiesis than in NOD/SCID mice, 
but more radiosensitive, develops more 
frequently thymic lymphomas than SCID and 
NOD/SCID strains 

T, B, NK/Similar engraftment properties to that 
of the NOD/SCID strains, but lacks the EM V -30 
provirus, as well as thymic tissue where the 
thymoma would arise, therefore prolonged 
lifespan of 2 years 


NOD/SCID 








Nude/N OD/SCID 


XENOGENEIC ANIMAL MODELS OF LYMPHOMA 


Since the first report of the successful xenografting of a 
human tumour into nude mice in 1969, the role of immun- 
odeficient animals in oncology has continuously increased 
(see Table 2). But in the case of leukaemia and lymphoma it 
has been shown that these tumour entities are most difficult 
malignancies to implant and grow in nude mice. The sug- 
gested reasons for the failure are enhanced natural killer (NK) 
cell function, macrophage activity, and naturally occurring 
antitumour antibodies in nude mice. Further investigations 
into alternative mouse strains has led to the development 
of SCID mice, which have demonstrated several advantages 
over nude mice regarding their ability to support the growth 
of human lymphopoietic tumours. Initially SCID mouse mod- 
els of human lymphoma were difficult to establish from pri- 
mary tumour cells compared with other tumour entities. For 
example, in one of the few SCID mouse studies developed 
using primary human lymphoma tissue (K app et al., 1993), 
the origin of the tumours was unclear. In this study tumour 
biopsy samples from 13 patients with H odgkin’s disease were 
transplanted into the renal capsule or liver of SCID mice. 
Tumours were observed after 3-5 months in mice trans- 
planted with tissue from 3 of the 13 patients. Sites of tumour 
growth included the site of transplantation, as well as spleen, 
lymph nodes, thymus, and liver. Lesions in mice transplanted 
with tissue from all three patients contained mixed histolog- 
ical tumour subtypes, including lymphoproliferative disease, 
anaplastic large-cell lymphomas, and Hodgkin’s-like lesions. 
In all mice that showed tumour growth, more than 80% of 
tumour cells were EBV positive, whereas primary tumour 
cells from only one tumour patient were EBV positive. Fur- 
thermore, all had abnormal karyotypes that were different 
from those of the transplanted tumours. These findings sug- 
gest that tumours were derived either from EBV-infected 
Hodgkin’s or Reed Sternberg cells or from EBV-infected 


bystander cells. Another SCID mouse model of human lym- 
phoma was developed by intraperitoneal injection into SCID 
mice of EBV-containing human peripheral-blood lympho- 
cytes from EBV-positive individuals (Rowe etal., 1991). 
Injection of these cells resulted in development of EBV- 
positive tumours that resemble the EBV-positive large-cell 
lymphomas observed in immunocompromised individuals. 

By comparison, numerous SCID mouse models of lym- 
phoma have been developed using human lymphoma cell 
lines. For example K awata et al. (1994) developed a SCID 
mouse model of human B-cell lymphoma using a subclone 
(BALL-1a) of the B-cell leukaemia/lymphoma (BCL1) cell 
line BALL-1 that was pre-adapted for transplantation by 
serial passages in newborn and nude mice. Intraperitoneal 
injection of BALL-1a cells resulted in disseminated tumours 
in all SCID mice tested, and the cell-surface markers of the 
BALL-1a cells were retained on the tumour cells recovered 
from the SCID mice. Myers et al. (1995) developed a model 
of human B urkitt’s lymphoma by injection of the Ramos-BT 
lymphoma cell line into SCID mice. These mice devel- 
oped large abdominal tumours that extended into abdominal 
organs. Lymphoma cells also infiltrated bone marrow, spleen, 
abdominal lymph nodes, brain, kidney, lung, heart, and liver. 

In the case of the DoHH2 SCID mouse model (de K roon 
et al., 1994) subcutaneous or iv inoculation resulted in 
disseminated disease in haematopoietic and lymphoid organs, 
including the bone marrow, peripheral blood, peripheral 
lymph nodes, and liver, without involvement of the gut or 
mesenteric lymph nodes - a pattern similar to that observed 
in human B-cell non-Hodgkin's lymphoma. 

Other investigators (von Kalle etal., 1992; Kapp etal., 
1994; Winkler etal., 1994; Bargou etal., 1993) demon- 
strated in vivo growth in SCID mice of different Hodgkin's 
disease cell lines. In all cases, engrafted tumour cells in 
these mice retained the immunophenotype and karyotype 
of the injected cells. SCID mouse models of other types 
of lymphoma, including anaplastic large-cell lymphoma 
(Pasqualucci et al., 1995; Renner et al., 1996; Terenzi et al., 
1996), disseminated large-cell lymphoma (M ohammad et al., 
1998), and T-cell lymphoma (Biondi et al., 1993) have also 
been created using lymphoma-derived cell lines. 

Another relevant mouse strain in lymphoma research is the 
NOD-SCID mouse. This mouse strain with insulin dependent 
diabetes mellitus have spontaneous T-cell defects and are 
profoundly deficient in NK cell activity (Serreze and Leiter, 
1988). Additionally, by crossing the SCID mutation from 
CB-17 strains (SCID/SCID mice) onto the NOD background, 
the NOD/LtSz-SCID mouse was generated. This strain lacks 
mature lymphocytes and serum immunoglobulins. If these 
animals were irradiated they were capable of supporting 5- to 
10-fold higher levels of human cell burden compared to the 
CB-17 SCID mouse (Lowry et al. 1996). 

The further demonstration of utility of the xenogeneic 
models is the evaluation of the influence of tumour suppres- 
sors, such as p53 (Cherney etal., 1997) and Rb (Lefebvre 
et al., 1998) on the in vivo tumourigenicity and chemosen- 
sitivity of lymphoma disease. More recently Airoldi et al. 
(2004) demonstrated using the NOD-SCID mouse model, 
that transfection of Burkitt’s-lymphoma RAJI cells with 
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the IL-12R 82 gene led to reduced tumourigenicity through 
antiproliferative and pro-apoptotic effects. In the experiment 
of Daniel et al. (1999), chemosensitivity of lymphomas in 
SCID mice was enhanced upon transfection of the lymphoma 
cells with the Bik/Nbk apoptotic gene. 

Adhesion molecules, bone marrow stromal cells (B M SCs) 
and cytokines have a very important role in the regulation 
of human multiple myeloma (MM) cell growth and survival. 
Murine models of MM that support the growth of human 
cell in the context of a murine stromal microenvironment 
in SCID mice have been unable to discern the relative 
importance of human BMSCs on the growth of the human 
myeloma cells. Recently, a novel in vivo MM model was 
presented by Tassone etal. (2005). Here the SCID mice 
were implanted with a human foetal bone chip (SCID-hu 
mice). The MM INA-6 cell line, which was transfected 
with green fluorescent protein, was engrafted into the mice. 
These cells require either exogenous human IL-6 (hulL- 
6) or BMSCs to proliferate in vitro. Myeloma cells could 
engraft only in animals with human bone implants, whereas 
the engraftment failed in the mice lacking the human 
bone. Additionally, this study provides an elegant solution 
for monitoring tumour growth by measuring the level of 
soluble human IL-6 receptor (shulL-6R) in murine serum and 
fluorescence imaging of host animals. Also the usefulness of 
this model for evaluation of anti-MM agents was confirmed 
by testing several antineoplastic drugs. 


LIMITATIONS OF ANIMAL MODELS 


Although animal models of human haematological malig- 
nancies have proved to be useful, especially for in vitro 
studies, there are also some limitations that must be consid- 
ered. Long-established leukaemia and lymphoma cell lines 
from mice or other animals and their sublines are heteroge- 
neous in their malignancies, resulting in variations in their 
behaviours. For example, cells of high malignant potential 
are often less susceptible to lysis by complement depen- 
dent natural immune response than less malignant cells. The 
more malignant cells also have higher affinities for adhe- 
sion within the bone marrow and are less dependent on the 
microenvironment for their survival, differentiation, and pro- 
liferation. This phenotypic diversity or heterogeneity is not 
specific to haematological malignancies, but because of the 
single cell characteristic of tumour cell- host organ interac- 
tions this phenomenon requires specific consideration when 
using haematological malignancies. 

Host factors influencing metastasis formation have 
attracted research attention for several decades. These 
studies have shown that there are important systemic and 
local environmental factors, such as immune resistance 
mechanisms that impact tumour properties. For example, the 
antitumour T-cell response, NK cells, and macrophages can 
influence the metastatic process. It has been known for some 
time that malignant haematological cells are more susceptible 
to host immune mechanisms than cells from carcinomas. 
Therefore, many models of haematological malignancies 


use immunodeficient animals as the host. Furthermore, 
coagulation factors and platelets interact with circulating 
cells, particularly in the microcirculation. As discussed in the 
preceding text, growth factors, cytokines, and/or hormones 
are involved in the regulation of differentiation, proliferation, 
and survival of leukaemia and lymphoma cells. Many of 
these factors are also very important regulators of host 
defence, inflammation, and wound repair mechanisms. Thus 
these environmental factors can result in the selection of 
malignant cells that escape the above environmental controls. 
The complexity of the relationship between tumour cells and 
animal hosts is further discussed elsewhere in this section. 
M ajor problems for the investigation of tumour immunology 
in haematological malignancies are the reliability and 
reproducibility of antitumour effects in spontaneously arising 
and non-immunogenic haematological malignancies. For 
example, B-cell malignancy- derived Ig may be considered 
a model tumour antigen for vaccine development. However, 
aS a non-immunogenic self-antigen, it must also be first 
rendered immunogenic by chemical or genetic fusion to 
carriers that enable the induction of protective antitumour 
immunity in murine tumour models. For example, multiple 
injections of intact irradiated murine BCL1 cells have 
been used to trigger a dose-dependent antitumour immune 
response in syngeneic mice. However, Newcastle disease 
virus (NDV) infection or transfer of cytokine genes into 
these cells for investigation of their role immune response 
did not affect tumourigenicity or immunogenicity of BCL1 
cells (M orecki et al., 1998). Administration of these vaccines 
as fusion proteins or the use of naked DNA vaccines 
may allow efficient targeting of antigen-presenting cells 
in vivo (Biragyn and Kwak, 1999). In summary, the 
very complex interactions of haematological cells with 
different physiological processes, such as immune responses, 
host defence, and inflammation, among others, require 
consideration of many factors influencing the experimental 
systems. Therefore, the use of experimental systems requires 
careful investigation of these factors for reproducible and 
reliable results. Moreover, these complex interactions are 
frequently neglected in experimental design of in vitro 
investigations. Finally, the translation of these observations 
to in vivo systems often yields unexpected results. 
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WHY MOUSE MODELS OF LEUKAEMIA? 


Targeted molecular therapy using the tyrosine kinase 
inhibitor, imatinib, has dramatically improved the treatment 
of chronic myeloid leukaemia (CML). The improvements 
include better tolerability (less severe side effects), easier use 
and better compliance (“one pill per day”), and, importantly, 
better efficacy as compared to conventional treatments 
including interferon œ, cytarabine, or hydroxyurea (Druker 
et al., 2001a,b; K antarjian et al., 2004; O’Brien et al., 2003). 
Imatinib may be an alternative to stem cell transplants, which 
constitute the only potentially curative option for CML but 
carry the risk of significant morbidity due to complications. 

The improvements of targeted therapy with imatinib have 
only been possible through many years of basic research 
including animal models of BCR-ABL disease. Continuous 
scientific efforts in this field are required to manage drug 
resistance and extend results to other leukaemias and other 
tumours. Haematopoietic cell research has proved valuable 
for defining basic concepts of stem cell differentiation, 
isolation of purified stem and progenitor cell populations, and 
experimental transplantation of malignancies. This chapter 
will discuss different subtypes of human leukaemias and 
present approaches to design preclinical models for these 
leukaemias. 


SUBTYPES OF HUMAN LEUKAEMIAS 


Classification 


The most recent World Health Organization (WHO) classifi- 
cation of tumours distinguishes between two major subtypes 
of human leukaemias, myeloid and lymphoid leukaemias 
(Table 1) (Jaffe etal., 2001). This classification and pre- 
vious morphologic classifications have proved valuable for 
clinical decision-making and, through years of clinical 
research, have improved the treatment of acute and chronic 
leukaemias. Importantly, the most recent revision of the 
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WHO classification implies the distinction of cytogenetic 
subgroups of acute myeloid leukaemia (AML) since it is 
now known that the karyotype of the leukaemic cells is the 
major prognostic factor, besides age, guiding the decision 
of post-remission treatment. H owever, this classification will 
most likely be revised again in the future, especially since it 
can be expected that novel research findings including data 
from gene expression profiling will improve our understand- 
ing of the biology of these leukaemias. Since this chapter 
focuses on leukaemia, models for human lymphomas includ- 
ing chronic lymphatic leukaemia are discussed elsewhere in 
this handbook. 


CLASSIFICATION OF MURINE HAEMATOPOIETIC 
MALIGNANCIES 


In the following section, several approaches to model human 
leukaemias will be discussed, with a few examples given 
and the advantages and disadvantages of each approach pre- 
sented. Owing to the nature of this handbook, we have 
chosen to focus on models of leukaemias in the mouse 
although other species (i.e., zebra fish, Caenorhabditis ele- 
gans, Drosophila, Xenopus, or other mammals) may provide 
equally significant models to study human haematopoiesis 
and leukaemogenesis. 

M urine haematopoietic malignancies have been classified 
analogous to human neoplasms (Table 2) (Kogan etal., 
2002; Morse et al., 2002), on the basis of the morphologic, 
immunophenotypic, genetic, and clinical features of the 
tumour cells. The major advancement of this classification 
is that transplantability of the disease is not an absolute 
requirement for chronic myeloproliferative diseases, since 
it has been recognized that although these disorders may 
not be (easily) transplantable, they clearly represent clonal 
diseases. It is clear that any disease observed in mice can 
only serve as a model for a human disease. This implies that 
there will always be differences between human leukaemias 
and their model counterparts, and no mouse model can 
substitute for research focusing on human leukaemic cells. 
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Table 1 Excerpts from the WHO classification of leukaemias (Jaffe et al., 2001) (examples of mouse models). 


1. Chronic myeloproliferative diseases 
Chronic myelogenous leukaemia 
BCR-ABL positive (reviewed in Wong and Witte (2001), Ren (2005), Cuenco and Ren (2004), Dash et al. (2002), He et al. (2002), 
Koschmieder et al. (2005)) 
BCR-ABL negative James et al. (2005), Passegue et al. (2004), Ishida et al. (2003), Shim et al. (2003) 
Chronic neutrophilic leukaemia Inokuchi et al. (2003) 
Chronic eosinophilic |eukaemia/hypereosinophilic syndrome Cools et al. (2003) 
Polycythaemia vera J ames et al. (2005) 
Chronic idiopathic myelofibrosis James et al. (2005), Vannucchi et al. (2002), K akumitsu et al. (2005), 
Villeval et al. (1997), Yan et al. (1995) 
Essential thrombocythaemia J ames et al. (2005), Huettner et al. (2003) 
Chronic myeloproliferative disease, unclassifiable 


2. M yelodysplastic/myeloproliferative diseases 
Chronic myelomonocytic leukaemia Ritchie et al. (1999), Tomasson et al. (2000) 
Atypical chronic myeloid leukaemia 
Juvenile myelomonocytic leukaemia Gitler et al. (2004), Nakamura et al. (2005), Mohi et al. (2005), Le et al. (2004), Iversen et al. (1997) 
M yelodysplastic/myeloproliferative diseases, unclassifiable 


3. Myelodysplastic syndromes Lin et al. (2005), Buonamici et al. (2004), M oody et al. (2004) 
Refractory anaemia 
Refractory anaemia with ringed sideroblasts 
Refractory cytopenia with multilineage dysplasia 
Refractory anaemia with excess blasts 
Myelodysplastic syndrome, unclassifiable 
Myelodysplastic syndrome associated with isolated del(5q) chromosome abnormality 


4. Acute myeloid leukaemia 
Acute myeloid leukaemia with recurrent cytogenetic abnormalities 
AML with t(8;21)(q22;q22), (AML1/ETO) Schessl et al. (2005), Fenske et al. (2004), Grisolano et al. (2003), de Guzman et al. (2002), 
Higuchi et al. (2002), Yuan et al. (2001), Rhoades et al. (2000), Yan et al. (2004) 
AML with inv(16)(p13;q22) or t(16;16)(p13;q22), (CBF 6/MYH11) Kuo et al. (2006), M oreno-M iralles et al. (2005), Landrette et al. (2005), 
Castilla et al. (1999) 
Acute promyelocytic leukaemia AML with t(15;17)(q22;q12), (PML/RAR and variants) He et al. (2000), Minucci et al. (2002), 
Grisolano et al. (1997), Walter et al. (2005), Westervelt et al. (2003), Kelly et al. (2002) 
ML with 11q23 (MLL) abnormalities Drynan et al. (2005), Ono et al. (2005), Wang et al. (2005), Cozzio et al. (2003), Zeisig et al. (2003), 
Forster et al. (2003), Corral et al. (1996) 
cute myeloid leukaemia with multilineage dysplasia 
cute myeloid leukaemia and myelodysplastic syndrome, therapy related 
kylating agent related 
Topoisomerase I1 inhibitor related 
Acute myeloid leukaemia not otherwise categorized K awagoe and Grosveld (2005), Cuenco et al. (2000), Bonnet and Dick (1997), 
Lapidot et al. (1994), M eydan et al. (1996), Hope et al. (2004), Felsher and Bishop (1999), Rosenbauer et al. (2004) 
ML, minimally differentiated 
ML without maturation 
ML with maturation 
Acute myelomonocytic leukaemia 
Acute monoblastic and monocytic leukaemia 
Acute erythroid leukaemia K osmider et al. (2005), M oreau-Gachelin et al. (1988) 
Acute megakaryoblastic leukaemia 
Acute basophilic leukaemia 
Acute panmyelosis with myelofibrosis 
Myeloid sarcoma 
Acute leukaemias of ambiguous lineage 


5. Precursor B- and T-cell neoplasms 
Precursor B-lymphoblastic leukaemia/lymphoma Swanson et al. (2004), Huettner et al. (2000), Castellanos et al. (1997), 
Voncken et al. (1995), Fischer et al. (2005), Lock et al. (2002) 
Precursor T-lymphoblastic leukaemia/lymphoma Felsher and Bishop (1999), O'Neil et al. (2006), Kawano et al. (2005), 
Rosenbauer et al. (2006), Kelliher et al. (1996) 





> 


rr,> 





DDD 


chronic myeloproliferative diseases 
myelodysplastic/myeloproliferative diseases 
myelodysplastic syndromes (M DSs) 

acute myeloid leukaemias 

B-cell neoplasms 

T-cell and NK -cell neoplasms 

Hodgkin’s lymphoma 

histiocytic- and dendritic-cell neoplasms 
mastocytosis. 


However, conversely, mouse models have proved invaluable 
for the elucidation of the role of genes in transformation, 
the dissection of different steps of leukaemogenesis, the 
biological characterization of human leukaemias, and the 
development of novel drugs and therapeutic targets. Thus, 
both approaches significantly complement each other. 

Nine categories of murine haematopoietic malignancies 
have been recognized as follows (K ogan et al., 2002; Morse 
et al., 2002): 
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Figure 1 Overview of strategies to generate and analyse murine models of human leukaemias. Potentially leukaemic mice can be generated by 
transplantation of retrovirally transduced haematopoietic stem cells, by serial transplantation of these cells (1°, 2°, or 3° transplants), or by using transgenic 
or knockout mice with alterations of oncogenes or tumour-suppressor genes - among other techniques. To define the specific type of leukaemia, complete 
blood counts, differential blood counts, flow-cytometric and histological analyses, as well as clonogenic assays and molecular biology methods are used. 
Further assays can be used to more specifically address aspects of each individual leukaemic model. 


EXPERIMENTAL APPROACHES TO MODEL 
HUMAN LEUKAEMIAS IN THE MOUSE 


The following section will illustrate a wide variety of tech- 
nical approaches that have been undertaken to study leukae- 
mogenesis and normal haematopoiesis (Figure 1, Table 2). 

Although there are well-characterized mouse models of 
spontaneous leukaemias in the mouse, the study of these 
spontaneously occurring leukaemias is nowadays rarely per- 
formed. This is due to the fact that these leukaemias present 
in a rather unpredictable fashion and the potential for manip- 
ulating these leukaemias is minimal. However, the combina- 
tion of these susceptible strains, such as BHX2 mice, with 
transgenic mouse models (i.e., NUP98-HoxA 9) has allowed 
researchers to find genes that shorten or lengthen the latency 
of disease onset (Iwasaki et al., 2005). 

Nowadays, the vast majority of leukaemia models rely on 
strategies that specifically induce leukaemia in the animals 
(Table 2). Induction of leukaemia by use of carcinogenic 
chemicals and radiation comprises a very powerful technique 
to study murine haematopoiesis and some aspects of human 
leukaemias. However, due to space limitations, these strate- 
gies cannot be presented in detail here. As an exception, the 
use of retroviruses will be discussed in more detail in the 
following text since retroviral transduction of haematopoi- 
etic cells is one of the prominent techniques currently used 
to study leukaemias in the mouse. 


TRANSPLANTATION OF LEUKAEMIC CELLS 


Transplantation of leukaemic cell lines into unirradiated mice 
serves aS an in vivo assay of leukaemic cell growth. These 


cell lines usually behave very aggressively, and only a limited 
amount of these cells is necessary to cause rapid onset of 
fatal leukaemia in the recipient mouse. Cell lines offer the 
advantage that most of them can be easily transfected and 
propagated as stable cell clones that overexpress a single 
gene, and the effect of this gene can be assessed in vivo. 
Recently, siRNA treatment of mice bearing leukaemic cell 
lines has been initiated (Thomas et al., 2005), and using 
this relatively straightforward approach, single genes can be 
targeted in the same cell line in vivo and in vitro. 

The disadvantages of this approach are that these cell 
lines have been selected for aggressive growth in vitro, most 
of the cells have numerous karyotypic abnormalities, which 
may in part have arisen during multiple passages in vitro, 
and, thus, these cells often poorly represent the tumour cells 
that typically cause leukaemia in patients. Also, because 
of the various genetic abnormalities present in these cell 
lines, it is very difficult to dissect those pathways that are 
critical for transformation of haematopoietic cells to cause 
leukaemia. 

A major advance in this field has been accomplished 
by the use of immunocompromised recipient mice, such as 
NOD/SCID mice. These mice provide an adequate in vivo 
environment for normal and leukaemic human cells that, 
upon transplantation, engraft the bone marrow and proliferate 
(Cashman et al., 1997). Haematopoietic stem cells (HSCs) 
have been shown to expand and differentiate into their mature 
progeny in these mice, and thus these mice provide an 
important in vivo assay of normal haematopoiesis. M oreover, 
elegant transplantation studies of immature cell fractions 
from patients with different subtypes of AML have shown 
that these cells not only engraft NOD/SCID mice but they 
can also confer disease phenotypes similar to the disease 
phenotype in patients (Bonnet and Dick, 1997; Hope et al., 
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Table 2 Strategies to study leukaemias in mice (with examples). 


Spontaneous leukaemias Adv 


antages 


Disadvantages 





Inbred strains (i.e, C57BL6, Balb/c, FVBN) 


Special strains (i.e, nude mice, SCID, NOD/SCID) Tran 


Widely available 


splantation of human cells 


possible 

Induced leukaemias 

Carcinogenic chemicals Straightforward dose- response 
studies 

Viruses (SPFFV Friend leukaemia) Specific pathogen available for 
study 

Radiation Straightforward dose- response 





Transplantation of leukaemic cells 
Transplanted murine cell lines (i.e., 32D, BaF/3) 
Transplanted human cell lines (i.e., K 562) 
Transplanted murine leukaemic primary cells (transplantation 
of leukaemic cells from leukaemia model, secondary 
transplants, tertiary transplants) 
Transplanted human primary cells (cells from patients with 
leukaemias into NOD/SCID mice) 
Retroviral transduction of bone marrow cells 
Whole bone marrow 
5-FU -treated whole marrow (BCR-ABL, Hox genes, inv16, 
AML1-ETO, TEL-JAK2, TEL-PDGF, TEL-AML1, 
JAK 2[V617F]) 
FACS-sorted subpopulations (MOZ-TIF2, MLL-ENL) 
Generation of transgenic mice 
Transgenic mice by random integration 
“Straight” transgenic (PML-RARA, PU.1, Cyclin Al, 
AML1-ETO) 
Conditional (BCR-ABL, c-myc, K-ras) 
Knock-in mice 
“Straight” (PML-RARA, inv16, BCR-ABL) 
Conditional (cre-loxP -mediated translocations) 
Knockout mice 
“Straight” (ICSBP, SATB1, Spal, J unB-ubi) 
Conditional (PU.1 hypomorphic mice, Mx1-cre/PU .1-/- 
mice, J unB) 














2004). Specifically, these studies demonstrated that cells 
from patients with acute promyelocytic leukaemia (APL) 
differed from cells from patients with other AML subtypes in 
that they were unable to generate leukaemia in the recipient 
mice (Bonnet and Dick, 1997). This suggested that APL 
blasts do not acquire self-renewal capacities and may explain 
their exquisite sensitivity to ATRA (all-trans retinoic acid), 
which induces differentiation of the leukaemic cells and, in 
combination with chemotherapy, can cure patients of their 
disease (Tallman et al., 1997). In addition to basic research, 
transplantation experiments in mice - together with studies 
in dogs and other species- have led to the development of 
clinical transplant strategies, and undoubtedly transplantation 
of haematopoietic cells has revolutionized the treatment of 
many human diseases including leukaemias (reviewed in 
Storb, 2003). 

The development of even more immunosuppressed 
NOD/SCID and &2-microglobulin-deficient mice has allowed 
more efficient engraftment of human cells and may 
facilitate the study of less aggressive diseases such as 
MDS (Thanopoulou etal., 2004). However, these mice 
also illustrate the potential disadvantages of this system: 
with more immunosuppression, these mice become more 
susceptible to pathogens, breeding becomes increasingly 


studies 


Uncontrollable inbred abnormalities 
Require special housing conditions 


Restricted to a few malignancies 
Restricted to a few malignancies 


No specific tumour induced, long latency 


System to study growth of 
malignant cells in vivo, assay 
for self-renewal capacities of 
tumour cells, quantification of 
leukaemic stem cells, cells can 
be easily manipulated 


Studies effects of single gene 
alterations, study of cell 
subpopulations possible, 
combination with transgenic 
models possible 


Highly reproducible, easy 
cross-breeding with other 
mouse models, inducible mouse 
models available 


Short latency of disease, cell lines may 
show selection bias through in vitro 
culture, delicate handling of 
immunosuppressive mouse strains, 
multiple genetic abnormalities in most 
established cell lines 


Requires optimized techniques to 
guarantee reproducibility, often short 
latency of disease, no steady state 
conditions 


Time-consuming generation of mouse 
models, genetic mouse background 
important 


difficult, and these mice have a significantly reduced lifespan. 
Also, the mutations causing immunosuppression affect the 
haematopoietic system of these mice, and NOD/SCID mice 
have such a low percentage of lymphocytes and such a 
high fraction of granulomonocytic cells that this can affect 
both the readout of the transplantation assay as well as the 
biology of the transplanted cells. Nevertheless, the use of 
immunocompromised mice has stimulated many new ideas 
about the hierarchy of normal and malignant haematopoiesis 
and is an invaluable tool for the study of human leukaemias 
in mice. 


RETROVIRAL TRANSDUCTION OF BONE 
MARROW CELLS 


Retroviral transfer of genetic material into HSCs (Joyner 
et al., 1983) and subsequent transplantation of retrovirally 
transduced bone marrow cells to generate leukaemia (Daley 
et al., 1990; Kelliher et al., 1990) represents another mile- 
stone in leukaemia research. This strategy has enabled 
researchers to specifically address the role of single genes 
in the transformation of leukaemic stem cells in vivo. Pro- 
tocols pioneered by work on v-abl- and BCR-ABL-mediated 
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transformation were continuously improved to allow for effi- 
cient mobilization, transduction, and engraftment of HSCs. 
Retroviral gene delivery has recently been applied to the 
treatment of human diseases, and - although the safety of 
retroviral vectors clearly requires optimization due to their 
potential to initiate oncogenic effects (Hacein-Bey-A bina 
et al., 2003a,b) - this has led to significant responses in 
patients with monogenetic disorders including severe com- 
bined immunodeficiency (Cavazzana-Calvo et al., 2000) and 
chronic granulomatous disease (Ott et al., 2006). 

Initially, bone marrow cells from untreated mice were 
used for transduction with BCR-ABL retroviral supernatants. 
However, these experiments produced variant phenotypes. 
This was improved by treatment of the donor mice with 5- 
FU to enrich the HSCs, which led to a significant increase 
of the disease penetrance, with 100% of mice succumbing 
to a rapidly fatal myeloid leukaemia (Li et al., 2001). The 
same group also showed that the genetic background of 
the mice (i.e, Balb/c vs C57BL6) affected the leukaemic 
phenotype (Li et al., 2001). Moreover, it became increasingly 
clear that the type of cell that is targeted during retroviral 
transduction exerts a very strong influence on the type 
of cell that gives rise to the leukaemia in the recipient 
animal (Li etal., 1999a). This was further addressed for 
a number of oncogenes in a series of elegant studies 
that were made possible by flow-cytometric cell sorting of 
defined HSC and progenitor cell subsets allowing prospective 
isolation and subsequent retroviral transduction of these 
populations (Spangrude etal., 1988; Akashi etal., 2000; 
Kondo etal., 1997). By retroviral transduction of HSC 
and defined progenitor cell populations with oncogenes 
(MLL-ENL or MOZ-TIF2), it was shown that progenitor 
cell populations that physiologically do not have any self- 
renewal capacity, such as common myeloid progenitors and 
granulocyte-macrophage progenitors (GM Ps), may acquire 
the ability to self-renew and become leukaemic stem cells 
(Cozzio etal., 2003; Huntly etal., 2004). In fact, CML 
blast crisis may be characterized by a bulk of self-renewing 
phenotypic GMPs morphologically apparent as myeloid 
blasts (Jamieson etal., 2004). Lately, lentiviral methods 
have been established to be able to more efficiently target 
HSCs (Reynaud etal., 2005) and other cell types that 
slowly progress through the cell cycle. Finally, retroviral 
transduction can be used to mark cells in vivo (Shi etal., 
2002) and to identify potential leukaemogenic events in 
the retrovirally induced leukaemias by the use of retroviral 
insertions and mutagenesis (Li et al., 1999b). 

The limitations of retroviral transduction strategies include 
the difficulty of guaranteeing equal conditions between dif- 
ferent experiments because of varying transduction efficien- 
cies, gene expression levels, and retroviral insertion sites. 
The fact that viral long terminal repeats are used to drive 
expression of the gene of interest may explain the strong 
overexpression of the gene that is often observed has so 
far limited the use of retroviral models for acute-onset 
leukaemias and precluded the generation of mouse models 
that mimic the chronic phase of CML (Van Etten, 2001). 
Moreover, the need to stimulate cell cycle progression of the 
donor cells to obtain sufficient transduction efficiencies (i.e., 


by 5-FU pre-treatment) and the requirement for irradiation 
of the recipient animals prohibits the analysis of leukaemo- 
genesis under steady state conditions. 


TRANSGENIC MICE 


Since the generation of the first transgenic mouse in 1982, 
transgene technology represents a new milestone in the 
study of leukaemogenesis and biomedical research in gen- 
eral (Brinster et al., 1982). It is now possible to express 
genes in vivo and study the effects of their presence. This 
technology was complemented by the development of tar- 
geted gene disruption in mice (“knockout mice”) that led to 
the site-specific manipulation of genes in vivo. The knock- 
out technology became possible through work by the groups 
of Mario Capecchi, Martin Evans, and Oliver Smithies in 
the 1980s. The establishment of embryonic stem (ES) cell 
lines by Evans and Kaufman (1981) as well as Martin 
(1981) and the development of homologous recombination in 
mammalian cells by Smithies et al. (1985) allowed the gener- 
ation of the first knockout mouse by Thomas and Capecchi 
(1987). The knockout mouse technology has allowed very 
subtle manipulation of a whole organism by the disrup- 
tion of a single gene, and this has proven very useful for 
the in vivo analysis of tumour suppressors. p53 knock- 
out mice develop lymphomas, and disruption of the p53 
gene accelerates the course of retrovirally induced BCR- 
ABL-positive disease (Mitani et al., 2000). This example 
illustrates the versatility of all transgenic mouse models and 
their major advantages over other models of disease: good 
comparability between individuals, robust transmission of 
the phenotype to the offspring, and straightforward cross- 
ing of different mouse models to analyse cooperative or 
antagonizing effects of genes. In addition to the deletion 
of tumour-suppressor genes, regulatory elements of these 
genes have been targeted. Surprisingly, mere targeted dis- 
ruption of a 5’ enhancer of the murine PU.1 gene locus was 
sufficient for mice to develop an AML-like disease. This 
has stimulated new hypotheses about the development of 
human AML, involving critical levels of transcription fac- 
tor dosages that may be oncogenic (Rosenbauer et al., 2005), 
and the understanding of the role of gene regulatory elements 
in leukaemias may lead to novel targeted therapies. The 
development of “conditional” approaches has allowed tissue- 
specific disruption of genes, and the use of promoters, such 
as Mx1-cre, has allowed specific targeting in haematopoi- 
etic cells. Using this approach, various transcription factor 
genes were deleted, which led to a disease resembling chronic 
myeloid leukaemia, and this has prompted investigators to 
study the role of these genes in HSC self-renewal. It was 
found that lack of several genes such as J unB in stem cells 
unleashes extensive self-renewal and proliferation of HSC, 
which can ultimately lead to a CML-like disease (Passegue 
et al., 2004). 

Transgenic mice, generated either by random integra- 
tion or by site-specific “knock-in” of a transgenic DNA 
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sequence into the genome, have been equally benefi- 
cial for the understanding of the development of human 
leukaemias. Transgenic expression of oncogenes can be 
achieved by overexpression starting from embryonic devel- 
opment. H owever, many oncogenes have demonstrated lethal 
effects on embryos. Thus, conditional approaches, including 
the tetracycline-regulated system or the oestrogen recep- 
tor-regulated system, are increasingly used to circum- 
vent embryonic lethality. These techniques allow controlled 
induction and abrogation of oncogene expression in spe- 
cific tissues, and this system has also been used to gener- 
ate inducible tissue-specific knockout mouse models. Using 
inducible expression of oncogenes, such as c-myc or bcr- 
abl, the generation of new mouse models has been made 
possible, where the onset of leukaemia can be temporally 
controlled, the oncogene can be expressed in a specific cell 
population (i.e., the HSC compartment), and the disease may 
be reversed by the termination of the expression of the onco- 
gene (Huettner et al., 2000, 2003; Felsher and Bishop, 1999; 
K oschmieder et al., 2005). These models have provided the 
first in vivo evidence that cells may remain dependent upon 
the expression of the oncogene and that abrogation of onco- 
gene expression can cause apoptosis of the leukaemic cells 
(Huettner et al., 2000) (see Transgenic Technology in the 
Study of Oncogenes and Tumour-Suppressor Genes and 
Genetic Models: A Powerful Technology for the Study of 
Cancer). 


ES CELL RESEARCH 


The technology of isolating and propagating murine ES cells 
and the generation of murine ES cell lines represents another 
milestone of biomedical research. Using these cell lines, it 
is now possible to more directly study the role of genes 
that are implicated in the self-renewal of stem cells as well 
as their differentiation into various cell lineages - two of 
the critical biological properties of any stem cell. Moreover, 
these studies hold the promise that they will shed new light 
on the development of whole organisms and of differentiated 
tissues and that, one day, they might provide clinically usable 
cell populations to replace and/or mend damaged tissues in 
humans. However, these embryonic cells may not be equally 
functional as adult stem cells since the cells may be altered by 
differentiation in vitro, and the resulting daughter cells (i.e., 
HSC or brain stem cells) may be altered by the technical 
process of differentiation. 


NUCLEAR CLONING 


Although its impact on leukaemia research is not clear yet, 
nuclear transfer/nuclear cloning is a very promising novel 
technique, which has already provided significant insight 
into the development and ageing of mammalian cells. High 
expectations are set on “therapeutic cloning”, which is 
thought to bring improvements or even cure to patients with 


a wide variety of diseases. However, at present, it should 
be noted that this field is very new, and it will take time to 
develop and refine techniques to bring nuclear cloning within 
reach of clinical use. 


MILESTONES AND LESSONS LEARNED 


Clinical trials and preclinical research have elucidated 
many important pathogenetic factors for the development 
of human leukaemias. Animal models have proved criti- 
cal in defining the transforming potential of these factors 
and have implicated several oncogenes, tumour suppres- 
sors, and chromosomal translocations in the cause of spe- 
cific subtypes of leukaemias. Together, the use of patho- 
morphologic criteria, karyotyping, molecular biology meth- 
ods, and gene expression arrays have led to new clas- 
sifications of these subtypes of leukaemias as well as 
novel risk-adapted treatment strategies. Monitoring of min- 
imal residual disease has become increasingly important 
to guide clinical management of patients in morphologic 
remission. Years of basic research have led to clinical 
improvements such as stem cell transplants and targeted 
antileukaemic therapies. It is widely accepted that only 
by understanding the basic mechanisms of leukaemoge- 
nesis will novel therapeutic options be achieved in the 
future. Through the availability and constant improve- 
ment of different technical approaches to study human 
leukaemia in the mouse, this research will be tremendously 
accelerated. 
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INTRODUCTION 


Sarcomas are connective tissue neoplasms involving bone, 
muscle, cartilage, or interstitial tissue. These develop from 
the proliferation of mesenchymal cells, which are non- 
epithelial cells that are descendants of the mesodermal layer 
within the embryo. Sarcomas are relatively rare malignancies 
comprising approximately 10% of all cancers. Molecularly, 
they can be divided roughly into two groups; one is charac- 
terized by a tumour-specific translocation, whereas the other 
group shows a complex karyotype that is associated with 
severe genetic and chromosomal instability. Sarcomas are 
highly malignant, grow destructively, and primarily metasta- 
size via the bloodstream (Helman and M eltzer, 2003). 

This chapter will focus on Ewing’s sarcoma. Although 
Ewing’s sarcoma represents a clinically heterogeneous group 
of tumours, including Ewing’s sarcoma of the bone, Askin 
tumour of the thoracic wall, and peripheral neuroectodermal 
tumours (PNET), these tumours represent a paradigm for 
understanding the biology of human sarcomas as they are 
the first group of sarcomas for which a chromosomal 
translocation has been characterized at the molecular level 
(Delattre et al., 1992; Delattre, 1994). 

Ewing’s sarcomas are characterized by translocations that 
result from the fusion of the EWSR1 gene (Ewing's sar- 
coma breakpoint region 1) at 22q12 with members of the 
ETS (E26 transformation-specific gene) transcription factor 
family. In nearly 90% of patients, a translocation t(11;22) 
(q12q24) occurs fusing the EWSR1 gene to the FLI1 (Friend 
leukaemia integration 1 transcription factor) gene at 11q24. 
In some cases the EWSR1 gene is fused to ERG (ETS- 
related gene) (Zucman etal., 1993) at 21q12 forming the 
t(21;22) (q12q12) translocation. Very rarely EWSR1 is fused 
to ETV1 (ETS variant gene 1, also known as ER81 for 
ETS-related gene 81) (Jeon etal., 1995), ETV4 (ETS vari- 
ant gene 4, alias ELAF for E1A enhancer binding protein 
or PEA3 for polyomavirus enhancer activator 3) (K aneko 
et al., 1996; Urano et al., 1996), or FEV (fifth Ewing's sar- 
coma variant) (Peter et al., 1997). Until now, it is unclear 
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what initiates the translocation but it is widely believed that 
the oncogenic transformation takes place in a neuroectoder- 
mal stem or progenitor cell (Cavazzana et al., 1987). It is 
assumed that the resulting chimaeric protein functions as 
an aberrant transcription factor, bringing together the highly 
potent EWS transactivation domain and the DNA-binding 
domain of the members of the ETS family of transcription 
factors (Janknecht, 2005). The resulting chimaeric transcrip- 
tion factor then deregulates gene expression resulting in 
uncontrolled proliferation and reduced apoptosis (Arvand and 
Denny, 2001). 

Ewing’s sarcoma is diagnosed mainly in adolescents and 
young adults and is the second most common bone tumour 
in this age group. Up to the 1970s, 90% of Ewing’s sar- 
coma patients died within the first 2 years of diagnosis. After 
introduction of combined radiotherapy and chemotherapy 
in addition to surgery, survival rates now reach 50-60% 
for patients with localized tumours (Paulussen et al., 2001). 
However, for patients with metastatic disease at diagno- 
sis the survival rates are still unsatisfactory. Only 30-40% 
of the patients with lung metastases survive (Ahrens et al., 
1999; Cotterill et al., 2000) and the survival rate for patients 
with bone metastases is even lower. Two years after diagno- 
sis, only 20% of these patients were still alive (Paulussen 
et al., 1998). To overcome the current therapeutic limita- 
tions, several experimental models have been developed 
not only to test novel treatments but more importantly to 
identify possible new therapeutic targets based on a better 
understanding of sarcoma biology (see Bones and Soft Tis- 
sues). 


TRANSGENIC CELL MODELS TO ANALYSE 
EWS/FLI1 PROTEIN FUNCTION 


After the cloned fusion protein had become available, exper- 
iments were performed to test the transforming activity and 
to analyse the biological features of the EWS/FLI1 protein. 
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Because the tissue of origin of Ewing's sarcoma is unknown, 
retroviral EWS/FLI1 expression vectors were introduced into 
rodent fibroblasts. Recently, human cell lines like HeLa 
cervical carcinoma, HT1080 fibrosarcoma cells (Watanabe 
et al., 2003), 293T embryonic kidney cells (Knoop and 
Baker, 2001), as well as primary human fibroblasts (L ess- 
nick et al., 2002) have also been used to analyse EWS/FLI1 
functions. 

When EWS/FLI1 was introduced into the mouse 
fibroblast cell line NIH3T3, this resulted in anchorage- 
independent growth of these cells under semi-solid culture 
conditions. This transgenic cell line model demonstrated the 
transforming activity of EWS/FLI1 and the crucial role of 
the EWS-transactivating domain and the FLI1 DNA-binding 
domain for this activity (M ay et al., 1993a,b). Further studies 
with this model resulted in the identification of genes 
regulated by EWS/FLI1 and other EWS/ETS chimaeric 
proteins. Genes which are upregulated by EWS/ETS proteins 
are the myelocytomatosis gene (MYC ) (Bailly et al., 1994), 
stromelysin-1 (Braun etal., 1995), EWS/FLI1-activated 
transcript 2 (EAT-2) (Thompson et al., 1996), manic fringe 
(MFNG) (May etal., 1997), murine E2-C (mE2-C, the 
murine ortholog of a human cyclin-specific ubiquitin 
conjugating enzyme) (Arvand etal., 1998), and platelet- 
derived growth factor-C (PDGF-C) (Zwerner and May, 
2001). Downregulation could be shown for the transforming 
growth factor beta 2 receptor (TGF 62R) (Hahm etal., 
1999), p57‘! (Dauphinot etal., 2001), and p21W^"? 
(Nakatani et al., 2003). Additional investigations using this 
model system showed that different EWS/ETS proteins, 
although slightly different in their tumourigenic potential, 
were all able to induce a common oncogenic phenotype in 
rodent fibroblasts (Thompson et al., 1999). 

Interestingly, introduction of a point mutation that abol- 
ishes DNA-binding activity of EWS/FLI1 did not abrogate 
transformation of mouse fibroblasts. This indicated that at 
least a part of the oncogenic potential of the EWS/FLI1 
protein is independent of FL11-mediated DNA binding (J ais- 
hankar et al., 1999). Interaction with the machinery respon- 
sible for RNA processing has been suggested to play a role. 
Since EWS contains an RNA-binding domain and interacts 
with proteins associated with RNA splicing, experiments per- 
formed with the human embryonic kidney cell line 293T 
showed that EW S/FL11 alters the 5’-splice site selection. This 
may result in an abnormal splicing profile or alter the com- 
position of the spliceosome (K noop and Baker, 2001). 

All these results have to be interpreted with caution. Even 
in the early studies (M ay et al., 1993a), it had been noticed 
that the EWS/FLI1 protein does not transform all types 
of fibroblasts. Recent studies have analysed resistance to 
EWS/FLI1-mediated transformation in more detail (Zwerner 
et al., 2003). NIH3T3 mouse fibroblasts as well as two rat- 
derived fibroblast cell lines were transduced with EWS/FL11. 
Depending on the cellular background, EWS/FLI1 was 
unable to modify the transcription of well-known target 
genes in rat fibroblasts, for example, Tgf@2r, Eat-2, and 
stromelysin-3. This clearly indicates that EW S/FLI1 function 
may vary in different cellular contexts. Results obtained by 
using EWS/ETS-transformed cell lines need to be confirmed 


by analysing Ewing’s sarcoma-derived cell lines and primary 
Ewing’s sarcoma specimens (see Transgenic Technology in 
the Study of Oncogenes and Tumour-Suppressor G enes, 
Genetic Models: A Powerful Technology for the Study of 
Cancer and Gene Knockouts in Cancer Research. 


EWING’S SARCOMA CELL LINES 


In the early 1980s, the only way to culture primary Ewing’s 
sarcoma specimens was by subcutaneous transplantation 
onto athymic nude mice. Tumours of approximately 1cm 
diameter were removed under sterile conditions, minced, and 
retransplanted into the flank of secondary nude mice. These 
xenograft cultures resulted in the establishment of so-called 
nude lines. 

With the improvement of cell culture methods that allowed 
growth and preservation of cells in vitro, the understand- 
ing of the cytogenetic, molecular, and biological features of 
Ewing's sarcoma has improved tremendously. The approx- 
imately 130 established Ewing’s sarcoma cell lines were 
shown to have many properties comparable with the native 
tumours (e.g., radiosensitivity, chemotherapeutic drug sensi- 
tivity, chromosomal aberrations) (van Valen, 1999). 

These cell lines are helpful tools for cytotoxicity tests with 
chemotherapeutic drugs or apoptosis-inducing substances 
(van Valen etal., 2000) and can be used to analyse and 
manipulate the transcriptome and proteome of Ewing’s 
sarcoma cells in vitro. The development of DNA microarray 
analysis has produced a plethora of new results. Expression 
profiling of different Ewing’s sarcoma cell lines as well 
as patient samples has identified a number of genes and 
gene signatures that may serve as new markers for diagnosis 
and prognosis or define potential novel therapeutic targets 
(Schafer et al., 2004; Staege et al., 2004a; Wai et al., 2002). 

Similar to the results obtained with EW S/ETS-transformed 
fibroblasts, one has to take into consideration that cell lines 
may not completely reflect the biology of primary tumour 
cells. For example, the p53 expression status, a key sensor 
molecule for multiple forms of cellular stress, is often 
mutated in Ewing’s sarcoma cell lines, whereas primary 
tumours express wild-type p53 (Kovar etal., 1993; A budu 
et al., 1999). 

Specific inhibitors of tyrosine kinases are promising candi- 
dates to improve anticancer therapy and can be tested in vitro 
on Ewing’s sarcoma cell lines. Unfortunately, not all newly 
developed substances fulfil these hopes. Imatinib mesylate 
is a tyrosine kinase inhibitor specific for the stem cell 
factor receptor (c-KIT), the platelet-derived growth factor- 
receptor (PDGF-R), the cytoplasmic kinases Abelson murine 
leukaemia (c-ABL), the ABL-related gene (c-ARG), and the 
oncogenic breakpoint cluster region (BCR)/ABL fusion pro- 
tein resulting from the translocation t(9;22). It has been used 
very successfully in patients with BCR/A BL-positive chronic 
myeloid leukaemia (CML) (Mauro and Druker, 2001) or 
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Table 1 Expression of imatinib-sensitive tyrosine kinases in a panel of 
Ewing’s sarcoma cell lines. 


Flow-cytometric 
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STAT-ET1 + nd nd nd nd 
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with gastrointestinal stromal cell tumours (GIST) that con- 
tain a constitutively activated c-KIT receptor (J oensuu et al., 
2001). Although Ewing's sarcoma cell lines express ima- 
tinib mesylate- sensitive kinases (Table 1), these cells were 
resistant to 14M imatinib mesylate and growth was only 
marginally inhibited at 10 uM in vitro (Figure 1), (Hotfilder 
et al., 2002). These findings were confirmed by others (M er- 
chant et al., 2002; Gonzalez et al., 2004; Te Kronnie et al., 
2004). The latter concentration represents the 50% inhibitory 
concentration value (IC50) of imatinib mesylate and cor- 
responds to the maximum tolerated dose of imatinib in 
phase | clinical trials (Druker et al., 2001a,b; van Oosterom 
et al., 2001). This indicates that imatinib mesylate would be 
only useful to slow down the growth of Ewing’s sarcoma 
cells. Further work has now suggested that imatinib mesylate 
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may sensitize Ewing's sarcoma cells to apoptosis induction 
by vincristine and doxorubicin (Gonzalez et al., 2004), two 
classical chemotherapeutic drugs used for the treatment of 
Ewing’s sarcoma. Therefore, it is still a matter of ongoing 
investigations whether imatinib mesylate will become a ther- 
apeutic option for Ewing’s sarcoma patients. 

Another substance that was supposed to be useful in the 
treatment of Ewing's sarcoma was fibroblast growth factor 
2 (FGF2). FGF2 was initially defined as a classical growth 
and differentiation factor, which is ubiquitously expressed in 
vivo. Early work with Ewing’s sarcoma cell lines had shown 
that Ewing’s sarcoma cells express FGF 2 and that it induces 
growth arrest in Ewing’s sarcoma cells in vitro. (Schweigerer 
et al., 1989). These findings were confirmed and analysed in 
more detail nearly 10 years later. FGF2-induced apoptosis in 
Ewing’s sarcoma cell lines in vitro in a caspase-dependent 
and p53-independent manner (Sturla etal., 2000; West- 
wood et al., 2002). Further investigations showed that FGF2 
treatment results in a constant activation of p38 (mitogen- 
activated protein kinase, MAPK) leading to the upregulation 
of the death receptor p75 (NTR) (Williamson et al., 2004). 
In contrast to this postulated growth inhibitory function of 
FGF2 in Ewing’s sarcoma cell growth, an opposite effect 
was observed when Ewing's sarcoma cells were grown in 
vitro under serum-depleted conditions. Under such growth 
conditions FGF2 turned out to be the only growth factor 
able to maintain expression of the EWS/FLI1 protein (Gir- 
nita et al., 2000). Considering the inhibitory effect of FGF2 
on Ewing's sarcoma cell line growth and survival in vitro, 
it is puzzling that Ewing’s sarcoma cells survive and pro- 
liferate within an FGF2-rich microenvironment in vivo. It 


1 uM STI571 




















60 -~ 
405 
204 —e— RD-ES 
0 —o— RM-82 
| T T —— TC-71 
0 24 48 72 —v— WE-68 
—s— CADO-ES1 
10 uM STI571 —o— VH-64 
—e— STAT-ET-1 
—— STAT-ET-2.] 






































0 T T T 
0 24 48 72 
Time (hours) 


Figure 1 
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Inhibition of Ewing's sarcoma cell proliferation by imatinib. Only at a concentration of 100 uM imatinib mesylate (ST1571) a significant 


irreversible inhibition of all eight tested Ewing’s sarcoma cell lines was detected, while lower concentrations had no or only small effects on cell 
proliferation (y-axis: growth as % of untreated control, measured by MTT formazan tests). 
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was, therefore, hypothesized that the FGF 2-containing bone 
marrow microenvironment itself is responsible for the FGF2 
resistance of Ewing’s sarcoma cells in vivo. In a series 
of in vitro experiments encompassing adherent monolayer 
and anchorage-independent cell cultures, it was shown that 
serum- as well as integrin-mediated survival signals mod- 
ulate FGF2 signalling in Ewing’s sarcoma cells (Figure 2) 
via activation of phospho inositol 3 kinase (PI3K ) (Hotfilder 
et al., 2005). Therefore, one can conclude that the in vivo 
tumour microenvironment provides the necessary survival 
signals to counter FGF2-induced apoptosis. The importance 
of the interaction between tumour cells and their microenvi- 
ronments, especially for tumour cell survival is increasingly 
recognized (Liotta and Kohn, 2001). In addition, it has 
recently been pointed out that standard monolayer cultures 
may only poorly reflect the in vivo situation (Lawlor et al., 
2002) since tumour cell growth and survival in vivo depends 
on a number of different signalling cascades triggered by 
cell-cell, cell- stroma, and cell- extracellular matrix interac- 
tions. In order to overcome these limitations associated with 
in vitro culture, animal models have been used in Ewing’s 
sarcoma research. 


ANIMAL MODELS 


Human-—Mouse Xenograft 


Transplantation of Ewing’s sarcoma cell lines subcutaneously 
onto athymic nude mice is the most widely used animal 
model to evaluate different aspects of Ewing’s sarcoma 
biology. The model provides an easy readout system. Tumour 
growth can be watched by eye and the measurement of 
tumour volume can simply be done with a calliper. Because 
these mice do not have a hairy coat that interferes with 
the measurement, the evaluation of tumour diameters can 
be carried out very precisely. Depending on the measured 
dimensions, the tumour volume can be calculated with 
different formulas. Often the length a (large diameter), 
and the width b (small diameter), perpendicular to a, are 
measured and tumour volume is calculated with the equation 
(a x b?)/2 (Sanceau etal., 2002; Staege et al., 2004b). But 
other formulas are also in use ((a x b*/6) xm (Merchant 
etal., 2002); square root from (a x b)? x 2/6 (Scotlandi 
etal., 2002); (mean diameter)? x 2/6 (Chan etal., 2003)) 
(see Human Tumours in Animal Hosts). 

Whereas the detection of tumours grown subcutaneously 
is very simple, the detection of tumour formation induced 
by intravenous, intrafemoral, or intratibial transplantation is 
more difficult. Bone metastasis or bone lysis induced by 
Ewing's sarcoma cells can be detected by conventional X- 
ray imaging (Figure 3) (Vormoor et al., 2001). Identification 
of soft-tissue metastasis can be done by necropsy and 
immune-histological analysis of the different organs. In 
addition to the characteristic small round cell tumours, 
positive staining for CD99 and vimentin confirms tumour 
formation in the mouse by human Ewing’s sarcoma cells. 
Similarly, bone marrow infiltration can be assessed by flow 
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Figure 2 Different in vitro culture conditions and the effect of FGF2 
on Ewing's sarcoma cell lines. Comparison of the effect of 5ngmi~* 
FGF2 (a) in serum-containing (15% fetal calf serum (FCS)) colony assays 
(no adherence), (b) in serum-free adherent monolayer cultures (* WE-68 
cells do not grow in serum-free adherent monolayer cultures), and (c) in 
serum-containing adherent monolayer cultures. Integrin-mediated adhesion 
plus soluble serum factors had a strong synergistic effect in antagonizing 
FGF2-induced apoptosis (c). 


cytometry after flushing the marrow out of the bone. The 
resulting cell suspension is then washed and stained with 
appropriate antibodies. This allows identification of human 
Ewing’s sarcoma cells, for example, by the presence of 
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A 


Figure 3 X-ray analysis of a tibia tumour within a NOD/scid mouse. The 
X-ray analysis shows an osteolytic area, destruction of the osseous cortex, 
elevation of the periosteum, and infiltration of the surrounding soft tissue. 
Histologic and molecular analysis proved this tumour to be an Ewing's 
sarcoma metastasis. 


CD99 (Vormoor et al., 2001) or Ewing’s tumour- associated 
antigen 16 (ETAA16) (Borowsky etal., 2005), antigens 
specifically expressed on Ewing’s sarcoma cells (Figure 4). 
Alternatively, the chimaeric EWS/FLI1 transcript can be 
amplified from the bone marrow by reverse transcriptase 
polymerase chain reaction (RT-PCR) indicating the presence 
of Ewing’s sarcoma cells. 


SUBCUTANEOUS TRANSPLANTATION 
OF EWING’S SARCOMA CELLS 


Because there are a number of published studies using this 
model we will focus on recently published studies testing 
kinase inhibitors only. 

Since Ewing’s sarcoma expresses insulin-like growth fac- 
tor 1 (IGF-1) as well as its receptor, this autocrine loop 
had been suggested as a potential therapeutic target (Scot 
landi et al., 1996). The novel small molecule IGF-1R kinase 
inhibitor NV P-AEW 541 was tested for its antitumour activ- 
ity (Scotlandi et al., 2005). 5 x 10° TC-71 Ewing's sarcoma 
cells were injected subcutaneously. Treatment with the kinase 
inhibitor alone, vincristine alone, or the combination of both 
was started when tumours were measurable. After 14 days 
of treatment, tumour growth in these mice was slightly 
reduced when the kinase inhibitor or vincristine was used 
alone. A significant growth inhibition was only achieved 
with the combination of kinase inhibitor and vincristine. This 
synergistic in vivo effect of NVP-AEW541 and vincristine 
may be a starting point to analyse this new drug in more 
detail in other model systems and in combination with other 
drugs. 





Roscovitine is a newly developed cyclin dependent kinase 
(CDK) inhibitor, which specifically inhibits the kinase activ- 
ity of cyclin dependent kinase 2 (CDK2)/cyclin A and 
CDK 2/cyclin E. (Whittaker et al., 2004). It has been proven 
to be cytotoxic in lung, colon, breast, and other tumour 
cell lines (McClue etal., 2002) and to be safe when used 
in healthy male humans (De la Motte et al., 2004). Since 
Ewing’s sarcoma cells do not have functional endogenous 
CDK inhibitors, it is likely that the treatment with exoge- 
nous supplied CDK inhibitors may counteract the uncon- 
trolled growth of Ewing's sarcoma cells. 4 x 10° A4573 
Ewing’s sarcoma cells were transplanted subcutaneously 
within a basement membrane matrix (Matrigel) onto nude 
mice (Tirado etal., 2005). Treatment was initiated when 
the tumour had a volume of approximately 130mm? and 
continued for 14 days. This treatment resulted in a fivefold 
reduced tumour growth rate as compared with untreated con- 
trols. The Roscovitine dose applied was equal to the 1C50 
values established in in vitro experiments. Compared with 
other in vivo mouse studies with colon and uterine tumour 
cell lines, Roscovitine was sixfold more effective in inducing 
an antitumour response in Ewing’s sarcoma cells. This indi- 
cates that Roscovitine may be particularly effective against 
Ewing’s sarcoma cells. 

Although this subcutaneous cultivation of tumour cells 
is more comparable to the in vivo situation in patients 
compared with tissue culture conditions, it has some lim- 
itations. The residual immune system in the nude mice 
does not allow all tumour cell lines to grow and form sub- 
cutaneous tumours. The subcutaneous transplantation does 
not allow the Ewing’s sarcoma cells to get into contact 
with (stromal) cells from bone, lung, or bone marrow, 
organs which are the main metastatic sites. Therefore, inter- 
action of the Ewing's sarcoma cells with the appropriate 
adhesion molecules, growth factors, and cytokines supplied 
by these microenvironments cannot be simulated by this 
model. These mice serve more or less as “a rodent cul- 
ture flask”, although analysing pharmacological aspects may 
be suitable in this model (see Human Tumours in Animal 
Hosts). 


INTRAVENOUS TRANSPLANTATION OF EWING’S 
SARCOMA CELLS 


Since Ewing’s sarcoma cells metastasize via the bloodstream 
it would be desirable to have an animal model that recapitu- 
lates this important feature of Ewing’s sarcoma cell biology, 
that is, the late stages of haematogenous metastasis (e.g., 
survival within the blood, attachment to the vascular endothe- 
lium, migration through the vessel wall and invasion into the 
tissue, interaction with the local microenvironment, clonal 
expansion, and induction of angiogenesis). To establish a 
metastasis model for Ewing’s sarcoma, highly immunod- 
eficient NOD/scid mice were irradiated with 3,5 Gy total 
body irradiation (TBI). The next day, 1-5 x 10° cells from 
Ewing’s sarcoma cell lines were injected via the tail vein. 
Tumour formation was seen within 3- 20 weeks in 50% (26 
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Figure 4 Flow-cytometric analysis of bone marrow - infiltrating Ewing’s sarcoma tumour cells in NOD/scid mice. The two upper plots represent the 
analysis of the original Ewing’s sarcoma cell line V H-64 transplanted onto NOD/scid mice. The two middle plots show the bone marrow of a mouse that 
was transplanted with 5.3 x 10° VH-64 Ewing's sarcoma cells. The bone marrow of a non-transplanted control mouse is shown in the two lower plots. 
The histograms (left) include all events (cells) that were negative for murine CD45 (muCD45 CyChrome). In the dot plots (right) the right upper quadrant 


represents huCD991HLA-ABC1 human Ewing's sarcoma cells. 


of 52) of transplanted mice (Vormoor etal., 2001). The 
metastasis pattern resembled very closely to that seen in 
Ewing’s sarcoma patients: transplanted cells metastasized 
to lungs (62%), bone and bone marrow (30% and 23%). 
Whereas metastasis to the kidney is rare in humans (M arley 
et al., 1997; Antoneli et al., 1998) this was more frequent 
in mice (46%). Female mice developed ovarian metasta- 
sis (53%), which seems to be a common phenomenon in 
murine xenograft models (Bogenmann, 1996) and may be 
host specific. When 4-5 x 10° cells from primary tumours 
were transplanted this resulted in 40% tumour formation and 
only lung and bone were colonized. 

This model resembles the spread of Ewing’s sarcoma cells 
via the bloodstream very well, but in addition it allows the 
analysis of another aspect of Ewing’s sarcoma biology. Since 
not all cells in a tumour are clonogenic and able to produce 
metastases (Selby et al., 1983; Wang and Dick, 2005) this 


model provides the in vivo conditions, which result in the 
selection of the most dangerous cells within a tumour: the in 
vivo clonogenic solid tumour cells. As this Ewing's sarcoma- 
NOD/scid mouse model is a quantitative assay, it allows 
to quantify the frequency of the engraftment unit (Vormoor 
et al., 2001) - a prerequisite for isolating Ewing's sarcoma 
stem cells. 

This model has been used successfully to analyse the 
possibility of knocking down the EWS/FLI1 transcript via 
intravenously administered small interfering ribonucleic acid 
(SIRNA) (Hu-Lieskovan etal., 2005). 5 x 10° TC-71-luc 
(TC-71 Ewing’s sarcoma cell line, which has been stably 
transfected with the marker gene luciferase) was injected 
intravenously together with a cyclodextrin polycation coated 
siRNA formulation. This siRNA formulation was added 
twice weekly for 4 weeks. In order to analyse tumour growth 
and metastasis, bioluminescence imaging was performed 
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twice a week for 4weeks and in some cases for up to 
6-8weeks. It was shown that expression of EWS/FLI1 
was specifically reduced, mice stayed healthy during siRNA 
treatment, and tumour growth and metastasis was inhibited. 


INTRAFEMORAL AND INTRATIBIAL 
TRANSPLANTATION OF EWING’S SARCOMA 
CELLS 


Transplantation of cells directly into the bone marrow 
cavity has been recently developed for transplantation of 
haematopoietic stem cells (M azurier et al., 2003). The reason 
for this is to bring the haematopoietic stem cells directly into 
the appropriate microenvironment. This method was applied 
with slight modification to establish a primary orthotopic 
bone tumour model. Ewing's sarcoma cells were injected into 
the tibia of 4- 5-week-old athymic nude mice under general 
anaesthesia (Zhou et al., 2005). Four days after intratibial 
transplantation the mice were treated with zoledronic acid 
or paclitaxel or a combination of both. The bone tumour 
size was measured 5 weeks later by a radiographic digital 
imaging system. Bone tumour formation was reduced to 50% 
with zoledronic acid alone and to 25% with a combination 
of zoledronic acid and paclitaxel compared to PBS treated 
control mice. 

The same tumour model was also applied to analyse the 
effect of knocking down vascular endothelial growth factor 
(VEGF) by siRNA (Guan etal., 2005). Ewing's sarcoma 
cells were stably transfected with VEGF -siRNA expression 
vector as well as control vectors. These transfected cells 
were transplanted intratibially and bone lysis was analysed 
3 weeks later. Tumour-induced bone lysis of TC-71 Ewing's 
sarcoma cells expressing VEGF -siRNA was reduced to 29% 
compared with 70-80% for mice transplanted with TC- 
71 alone or TC-71 transfected with an irrelevant-siRNA 
expression plasmid vector. 


IMAGING OF HUMAN -MOUSE XENOGRAFT 
MODELS 


Highly advanced non-invasive imaging methods have 
recently been adapted to analyse small animals. It is now 
possible to detect lung, bone, and soft-tissue metastases of 
human Ewing's sarcoma in living mice using micro-positron 
emission tomography (PET) technology (Franzius et al., 
2006). Ewing’s sarcoma metastases in mice as in patients 
show an increased 2-[18F ]fluoro-2-deoxy-p-glucose (FDG) 
uptake (Figures 5a (left panel), 5b). Osseous metastases can 
also be visualized on [°F fluoride PET by demonstrating 
a decreased [!®F]fluoride uptake (osteolysis) (Figure 5a, 
right panel). It is possible to depict hypermetabolic (FDG) 
and hypometabolic ([}8F ]fluoride) metastases smaller than 
10 mm?. As in patients, there is some FDG-PET background 
activity in heart, brain, kidney, and organs with a high natural 
glucose metabolism or that are involved in tracer elimination. 
Therefore, novel tracers with higher specificity for Ewing's 
sarcoma and tracers visualizing tumour cell biology need to 
be developed and can be preclinically tested in these Ewing’s 
sarcoma mouse models. 

Other methods like bioluminescent imaging, which is 
dependent on gene-modified Ewing’s sarcoma cells express- 
ing luciferase or GFP, and magnet resonance imaging 
have also been successfully applied to these Ewing’s sar- 
coma mouse models (Hu-Lieskovan et al., 2005). A detailed 
description of these methods is beyond the scope of this 
chapter. A review encompassing the new imaging techniques 
used for monitoring tumour growth in mice has recently been 
published (Lyons, 2005). 


SYNGENEIC MOUSE MODELS 


On the basis of the observation that Ewing’s sarcoma most 
often arises in the bones of affected patients, primary murine 








(a) 





(b) 


Figure 5 PET analysis of NOD/scid mice transplanted with an Ewing's sarcoma cell line. (a) Intravenously transplanted Ewing's sarcoma cell line V H-64 
onto a NOD/scid mouse. Maximum intensity projection (MIP) of the FDG-PET scan (left) and [28F ]fluoride PET scan (right) with a 2-day time interval 
between both scans. The small vertebral body metastases (arrows and circles) show a moderately increased FDG uptake and a decreased [18F }fluoride 
uptake indicative for osteolysis. One metastasis in a vertebral body was confirmed histologically and immunohistochemically (data not shown). (b) Coronal 
slices of the FDG-PET scan. The small pulmonary metastases (arrow and circles) were depicted with a moderately increased FDG uptake. The metastases 
were confirmed histologically and immunohistochemically (data not shown). Recognize the high background staining in brain, heart, kidney, and bladder. 
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bone-derived cells were transduced with a recombinant retro- 
viral vector expressing EWS/FLI1 (Castillero-Trejo etal., 
2005). Long bones, rib cage, and vertebral bones from 4- 5- 
week-old Balb/c mice were prepared and gently crushed with 
mortar and pestle. This mixture was cultured for 48 - 72 hours 
in vitro and non-adherent (mainly haematopoietic) cells were 
removed. The remaining adherent cells were transduced 
with a replication-defective EWS/FLI1 type 1 retrovirus 
and infected cells were selected with neomycin. Neomycin- 
resistant, EW S/FLI1-positive cells were then introduced into 
syngeneic mice via subcutaneous, intravenous, or intraperi- 
toneal transplantation. The efficiency of tumour induction in 
vivo correlated with the number of cell passages in culture 
before transplantation. Before passage 15, tumour formation 
was seen very rarely. After passage 17-18, 38% of sub- 
cutaneously transplanted mice developed tumours of 2 cm? 
17-18days after transplantation. Cells from the same pas- 
sage transplanted intraperitoneally took 3-4 months to show 
clinically detectable tumour growth. When cells from passage 
28-45 were used for transplantation, 100% tumour induc- 
tion was observed regardless of the route of transplantation. 
This model will be instrumental in isolating the target cell in 
which human Ewing's sarcoma arises and in dissecting the 
different steps of transformation and tumour progression. 


TRANSGENIC MOUSE MODELS 


Up to now, transgenic mice have only been developed 
for FLI1. Overexpression of FLI1 (Zhang etal., 1995) 
revealed a regulatory function during the development of 
lymphoid cells. FLI1 transgenic mice developed a pro- 
gressive immunological renal disease within 6- 18 months, 
leading to death by renal failure. This was accompanied by 
splenomegaly, B-cell hyperplasia and hypergammaglobuli- 
naemia. Flil knockout mice have been generated as well. 
These mutations turned out to be embryonic lethal around 
day E11.0- 11.5 (Spyropoulos et al., 2000; Hart et al., 2000). 
Mice displayed defects in haematopoiesis, poor vasculariza- 
tion, and a block in megakaryocyte development. In sum- 
mary, these results indicate that FL11 expression is an impor- 
tant factor involved in embryogenesis and haematopoiesis. 


LARGE ANIMAL MODELS 


A few cases of Ewing's sarcoma-like tumours in large 
animals like dogs and monkeys have been described (De 
Cock et al., 2004; Matsushima et al., 1998; Hosokawa et al., 
1998; Long etal., 1998; Rudolph etal., 1969). However, 
tumour formation is rare and itis, therefore, not very practical 
to use these models to explore Ewing’s sarcoma biology. This 
limitation and the ethical issues involved in experiments with 
dogs and monkeys make the smaller mouse models more 
favourable. 


Table 2 Summary of Ewing’s sarcoma models. 





M odel Specificity Advantage Disadvantage 
Transgenic cell EWS/FLI1 Analysis of Results depend 
model protein EWS/FLI1 on cellular 
protein function background 
Cell lines In vitro analysis Transcriptome Cell lines may 


and proteome not reflect the 
can be analysed biology of 
and primary tumour 
manipulated, cells 
cytotoxicity test 

can be easily 

performed 

Growth 

conditions more 

comparable to 

the conditions 





Animal models In vivo analysis 


in patients 
e Subcutaneous Analysis of Simple readout No interaction of 
injection pharmacological system tumour cells with 
aspects microenviron- 
ment of 
organs 
e Intravenous Analysis of Allows Analysis of 
injection haematogenous interaction of tumour growth 
metastasis tumour cells depends on 
with local non-invasive 
microenviron- imaging methods 
ment of 
organs 


e |ntrafemoral Analysis of bone Bone tumour 


injection marrow formation can 
metastasis be analysed in 
detail 
CONCLUSION 


In addition to the rapid progress in understanding the 
molecular biology of EWS/FLI1, several in vitro and in vivo 
models focussing on different aspects of Ewing’s sarcoma 
biology have been developed over the last two decades 
(Table 2). These models will allow studying the different 
aspects of tumour formation and metastasis such as the 
following: 


e identification of the cell of origin in which Ewing's 
sarcoma arises; 

dissecting the genetic events necessary for full malignant 
transformation and tumour progression; 

understanding the mechanisms of organ-specific metastasis 
(primarily to lungs and bone/bone marrow); 

isolation of the putative Ewing’s sarcoma stem cells; 
characterization of the interaction of the Ewing’s sarcoma 
cells with their microenvironment. 


These models will be instrumental in defining novel thera- 
peutic targets and in preclinical evaluation of new treatments 
(including biological). Because of the rapid progress both 
regarding the understanding of the molecular biology and the 
development of biological test systems, Ewing’s sarcoma will 
serve aS a model tumour in understanding sarcoma biology 
in general. 
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INTRODUCTION 


Mouse Skin Models of Chemical Carcinogenesis 


In 1775, Percival Pott, a physician at St Bartholomew's 
Hospital, London, made the pioneering connection between 
chemical carcinogens and cancer when he related the high 
incidence of scrotal skin cancer, “soot warts” in chimney 
sweeps, to their exposure to soot. These observations were 
the forebears of the current concepts of tumour development 
as a multi-step process in which a cell must undergo a series 
of genetic and epigenetic alterations, leading to changes in 
the cell’s pattern of growth and behaviour. 

Mouse skin carcinogenesis has been described as a 
paradigmatic model for multi-step carcinogenesis (Wu and 
Pandolfi, 2001) and because of ease of access, the skin is 
certainly one of the most widely studied models. Chemical 
induction of skin cancer in mouse models can clearly be 
seen to follow a multi-step process involving initiation, pro- 
motion, and finally progression (Yuspa, 1998; Akhurst and 
Balmain, 1999; Wu and Pandolfi, 2001). Initiation has typi- 
cally involved the application to the skin of a carcinogen such 
as 7, 12-dimethyl-benzanthracene (DM BA) that will directly 
interact with DNA, leading to irreversible genetic defects, 
such as mutations in codon 61 of the Hras gene (Quintanilla 
et al., 1986). 

Tumour promotion is achieved by repeated application 
to the skin of the promoter, which works by stimulating 
an expansion of initiated cells. Classic promoters of skin 
carcinogenesis include members of the phorbol ester family 
of which tetradecanoyl phorbol acetate (TPA) has been 
widely used. TPA does not bind to DNA and is not 
mutagenic per se but causes changes in signal transduction 
pathways associated with regulation of cell proliferation and 
differentiation such as PKC, TGF 8, ornithine decarboxylase 
(ODC), c-fos, and c-jun (Yuspa, 1998). Tumour promotion 
leads to the selective expansion of a population of cells 
and in the skin gives rise to benign squamous papillomas. 
Application of tumour promoters without prior initiation 
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often results in hyperplasia of skin but does not lead to 
tumour progression. 


Transgenic Mouse Models of Tumour Progression 


Tumour progression is characterized by increased genetic 
instability often resulting in the loss of expression of tumour 
Supressors and elevated expression of cell cycle regulators. 
M ulti-step carcinogenesis models have been widely used to 
investigate the role of other genes in tumourigenesis (Wu 
and Pandolfi, 2001 for review). In particular, their use in 
transgenic knockout and overexpressing mice has highlighted 
the importance of a large number of genes in tumour 
development. Skin carcinogenesis models have been used to 
show that DMBA-TPA treatment of cyclin D1 knockout mice 
results in decreased tumour development, whereas treatment 
of p53 knockout mice results in elevated levels of tumour 
progression (Kemp et al., 1993; Robles et al., 1998). Similar 
experiments have identified roles for EGFR signalling, BCL2 
and TGF £1, and c-MY C (Glick et al., 1994; Pelengaris et al., 
1999; Sibilia et al., 2000; Humble et al., 2005). 


Modelling Skin Cancer: the Hair Growth Cycle 
and Stem Cells 


The skin of humans and mice differ in a number of ways 
and these must be taken into account when extrapolating 
findings from murine models to humans (Khavari, 2006). 
First, the hair follicles in murine skin is more densely 
packed than in human skin; as a result, murine epithelium 
is proportionally much more follicular than human which is 
proportionally more interfollicular. Second, researchers who 
use mouse models are often unaware of the fact that hair 
follicles undergo cyclical phases of growth and regression 
and that the phase of the hair growth cycle can have a marked 
effect on tumourigenesis studies. Hair growth (anagen) is 
characterized by rapid rates of cell proliferation, followed 
by apoptosis-driven regression (catagen) during which the 
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epithelial cells undergo apoptosis and tissue remodelling 
to form a small resting (telogen) follicle that re-enters 
anagen. As proliferating cells are more susceptible to tumour 
initiation than non-proliferating cells, the timing of the hair 
cycle may have a marked effect on the outcome of the study. 

Miller et al. (1993) have reported that mouse skin in 
early anagen is particularly susceptible to tumour initiation 
and have related this to possible involvement of follicular 
stem cells (See subsequent text). Moreover, it is also well 
documented that the interfollicular epithelium of murine skin 
also undergoes changes in thickness in association with the 
hair cycle and this may also have a bearing on the outcome 
of the study. Finally, as Khavari (2006) also highlights, 
most human skin cancers tend to arise in areas of relatively 
low hair follicle density and this also should be taken into 
consideration when extrapolating from murine to human skin 
cancers. 

Stem cells are considered a prime target for multi-step 
carcinogenesis. A rgyris (1980) reported in an abrasion model 
of skin tumourigenesis that the majority of DMBA target 
cells resided within the outer root sheath (ORS) of the hair 
follicle. In skin at least two populations of slow-cycling label- 
retaining stem cells have been identified. One population 
resides in the basal layer of the epidermis and generates 
daughter transit amplifying (TA) cells that give rise to 
terminally differentiating layers of the epidermis. The second 
population resides in the bulge region of the hair follicle 
(Bickenbach, 1981; Cotsarelis et al., 1990) and not only 
gives rise to hair follicle lineages but, under wound healing 
conditions, also regenerates the epidermis and sebaceous 
glands (Taylor etal., 2000). Moreover, these same slow- 
cycling label-retaining cells have also been reported to retain 
carcinogen following topical application, whereas carcinogen 
is rapidly lost from the TA populations (see Stem C ells and 
Tumourigenesis). 


Risk Factors and Genetic Susceptibility 


The epidermis forms the external barrier to the outside world 
and as such is constantly exposed to a wide variety of 
different kinds of cytotoxic agents (Table 1). By far the most 
relevant of these is the UV component of solar radiation, 
which represents the major environmental risk factor for 
humans in cancer development. 

Basal cell carcinoma (BCC) is a relatively homogeneous 
disease. Development of both sporadic and hereditary BCC 
is primarily associated with activation of the sonic hedgehog 
(SHH) pathway (Figure 1), predominantly through muta- 
tional inactivation of the PTCH1 tumour-suppressor gene 
(Quinn et al., 1994; Reifenberger et al., 1998; Bonifas et al., 
2001; Teh et al., 2005) and SMO (Reifenberger et al., 1998). 

This contrasts with the extensively complex pattern of 
chromosome loss seen in most epithelial malignancies, 
including malignant melanoma and squamous cell carci- 
noma (SCC) of the skin. While most genes involved in 
SCC remain elusive at present, some genes that predispose 
to SCC development have so far been identified (Hum- 
merich et al., 2006). The human melanocortin-1 receptor 


Table 1 Risk factors for skin cancer development. 


Solar UV radiation 

Chronic exposure (SCC) and acute exposure (BCC) 
Clinical distribution 
Geographic and racial differences 
Migration studies 
Sun sensitivity 

Blue eyes 

Blond/fair or red hair 

Tan poorly and have a propensity to freckling 


Immunological factors 

latrogenic immune suppression; ~100- 200-fold increased risk 
Susceptibility to photoimmunosuppression 
Environmental carcinogens 

lonizing radiation 

Arsenic 

Coal tar 
Injury 

Including trauma 

Chronic ulceration 


Genetic susceptibility 
Naevoid basal cell carcinoma syndrome 
DNA repair syndromes, for example, xeroderma pigmentosum, 
Muir- Torre 
Melanocortin receptor polymorphisms (related to sun sensitivity) 


Infection with human papillomavirus (HPV) 


(MCR-1) is a key determinant of the pigmentation pro- 
cess and is intimately involved in determining the range 
of variation in skin phototypes (Healy, 2004). The coding 
sequence is highly polymorphic, with variant forms being 
linked to the red hair/freckling phenotype and an increased 
risk of developing all forms of skin cancer (Beaumont et al., 
2005). Recessive dystrophic epidermolysis bullosa (RDEB) 
is a skin fragility disorder characterized by a separation 
of the epidermal and dermal skin layers. The disease is 
caused by mutations in the collagen VII gene (Christiano 
et al., 1994) and patients are at increased risk of devel- 
oping SCCs presumably due to the lack of collagen VII 
protein in the basement membrane facilitating keratinocyte 
invasion. 

Epidermodysplasia verruciformis (EV) patients are prone 
to infection with B-group HPV types. The patients develop 
SCCs that harbour viral DNA on body sites exposed to 
sunlight, indicating a syn-carcinogenic role for HPV and UV 
light in these cancers (Pfister, 2003). Two loci involved in 
EV have been identified, EV1 and EV2. The EV 1 locus has 
two genes, EVER1 and EVER2, although the function of the 
encoded proteins remains elusive. 

Considering the highly mutagenic nature of UV light, 
it is not surprising that DNA repair syndromes, such as, 
xeroderma pigmentosum (XP) and Muir-Torre, are asso- 
ciated with increased risk of BCC and SCC. XP results 
from a defect in the nucleotide excision repair (NER) path- 
way (Cleaver, 2005), while M uir- Torre syndrome is asso- 
ciated with defects in mismatch repair that is manifested by 
microsatellite instability (Swale et al., 1999) (see Genomic 
Instability and DNA Repair). 

The evidence for a causative link between melanoma and 
solar ultraviolet radiation (UVR) exposure development is 
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GLI target genes 





Figure 1 Hedgehog signalling pathway. SHH-signal transduction involves 
binding of processed hedgehog proteins to the hedgehog receptor patched 
(PTCH), which in the absence of ligand represses pathway activity by 
inhibiting the activity of the transmembrane protein smoothened (SM O). 
Binding of hedgehog protein to PTCH triggers the signalling activity of 
SMO, which eventually converts the latent GLI zinc finger transcription 
factors into transcriptional activators to control hedgehog target gene 
expression. 


compelling, and UVR may interact with genetic suscepti- 
bility factors in a subset of melanomas, including heritable 
mutations in CDKN2A and CDK 4 and predisposing polymor- 
phisms in MC1R (Hayward, 2003). UVR promotes malignant 
change in the skin through its direct mutagenic effects on 
DNA mediated by UVB, production of growth factors, reduc- 
tion of cutaneous immune surveillance, and reactive oxygen 
species formation via UVA. 


SQUAMOUS CELL CARCINOMA (SCC) 


In vitro Models of SCC 


Cell Lines 


There are a number of model cell line systems available to 
study SCC in both monolayer and organotypic keratinocyte 
culture systems (Table 2); however, models of disease pro- 
gression are particularly useful. Perhaps the most familiar 
is the spontaneously immortalized HaCaT cell line that was 
established from normal epidermis (Boukamp et al., 1995). 


HaCaT cells possess UV -signature mutations in both alleles 
of the TP53 gene and also harbour chromosomal abnormali- 
ties often seen in SCC. Expression of an activated (codon 12 
mutation) Ha-ras oncogene in these cells permitted the iso- 
lation of benign and malignant tumourigenic variants, with 
an in vivo selection leading to the isolation of metastatic 
cells (Boukamp et al., 1995). TP53 mutations are a common 
feature of SCC and are probably an early eventin SCC devel- 
opment, although their role in SCC development is somewhat 
controversial. The HaCaT line and its derived variants have 
been used to study the functional consequences of overex- 
pression and suppression of a number of genes, including 
G-CSF, GM-CSF, and amphiregulin (Boukamp, 2005). 
Another unique series of cell lines that show typical 
features of SCC are the MET cell lines (Proby et al., 2000). 
This model consists of spontaneously immortalized cell lines 
from the same patient, a primary tumour, two recurrences, 
and a metastasis. Genetic analysis of the MET lines provided 
evidence that the metastasis was most likely to be derived 
from the primary tumour, while the two recurrent tumours 
had evolved via a separate route. Noteworthy is the fact 
that the MET cell lines are devoid of both TP53 mutations 
and HPV sequences making them an interesting system 


Table 2 Commonly used human epidermal keratinocyte, SCC, and malig- 
nant melanoma cell lines. 


BC-1-Ep/SL (NIKS). Immortalized human foreskin keratinocyte (HFK ) 
cell line (Flores et al., 2000) 


HaCaT. Spontaneously immortalized from normal epidermis possesses 
UV-signature mutations in both alleles of the TP53 gene and 
chromosomal abnormalities often seen in SCC. Benign and malignant 
tumourigenic variants exist (Boukamp et al., 1995) 


PM1/MET series. Spontaneous keratinocyte cell lines representing 
early and advanced stages of malignant transformation of the epidermis 
(Proby et al., 2000) 


N-Tert. Human keratinocytes that express hTERT and also bypass a 
p16'NK4a -enforced mechanism retain normal growth and differentiation 
characteristics (Dickson et al., 2000) 


A2058. M etastatic melanoma. Isolated from a lymph node metastasis. 
Highly invasive properties, used as a source of cellular invasion 


A375. Human malignant melanoma. Derived from a 54-year-old 
female with malignant melanoma. The cell line produces rapidly 
growing amelanotic melanomas in anti-thymocyte serum - treated NIH 
Swiss mice 


294T. Metastatic melanoma 


COLO 792. Human malignant melanoma. Derived from a brain 
metastasis of a 62-year-old male with melanoma. The cells bleb during 
culture 


Wistar Institute. Established a wide range of melanoma cell lines from 
specimens that represent each of the major steps in the progression of 
melanoma: (i) common acquired naevus, (ii) dysplastic naevus, (iii) 
radial growth phase primary melanoma, (iv) vertical growth phase 
primary melanoma, and (v) metastatic melanoma. These lines can be 
obtained from the American Type Tissue Collection (ATCC) 


Most of the commonly used immortalized human epidermal 
keratinocyte cell lines and SCC lines have not been deposited in cell 
culture banks but can be obtained from the groups that have generated 
them. A wide range of melanoma cell lines have been deposited in the 
ATCC (www.atcc.org), the European collection of cell cultures 
(www.ecacc.org.uk), and the German collection of micro-organisms 
and cell cultures (www.dsmz.de) 
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to study tumour progression. GeneChip analysis to profile 
global mRNA expression patterns in the MET lines revealed 
the overexpression of Axl, a receptor tyrosine kinase (RTK ) 
with transforming potential that has also been shown to have 
a role in cell survival, adhesion, and chemotaxis, in the lines 
derived from more advanced lesions. Overexpression of Axl 
protein was subsequently shown in SCC but not BCC tumour 
biopsies (Green et al., 2006). 


Skin Equivalent Models 


In recent years, much effort has been put into the devel- 
opment of a human skin equivalent that closely mimics 
the native human organ. These three-dimensional models, 
often termed organotypic or raft cultures, were originally 
developed for skin graft research and cosmetic testing; they 
can be used as a tool to study a range of biological pro- 
cesses including SCC development, where the migration and 
invasion of the keratinocytes can be investigated (Ponec, 
2002; Hooper et al., 2006). Detailed studies have revealed, 
however, that differences still exist between the native and 
artificial skin that may influence biological processes. Cur- 
rently, the majority of these models, while showing histologic 
features similar to skin, consist of only one or two cell 
types, namely, keratinocytes in the epidermal component and 
fibroblasts in the dermal compartment, indicating that further 
development and refinement of these systems is required to 
mimic more closely the native skin. These systems utilize 
keratinocytes that can be derived from normal skin and sub- 
sequently genetically modified, or alternatively keratinocyte 
cell lines, that are seeded onto a dermal substrate. A wide 
range of different dermal substrates are currently available, 
both biological and artificial. In all model systems, the ker- 
atinocytes are initially grown on the dermal substrate in 
submerged conditions. After a few days’ growth to permit 
cell expansion to form a monolayer, the cells are raised to 
the air- liquid interface and the culture is allowed to con- 
tinue to grow for a further 10- 14days, during which time 
keratinocyte stratification and terminal differentiation takes 
place. 

The simplest dermal substrate consists of an acellular inert 
membrane that can be composed of polytetrafluoroethylene 
(PTFE), nylon meshes, mixed cellulose esters, and polycar- 
bonates, although a range of different polymers are now 
available including hyaluronic acid and sheets composed 
of collagen type | and III coated with collagen type IV 
from a range of commercial suppliers. These systems can 
be modified to incorporate fibroblasts seeded onto the api- 
cal side of the membrane. Gels formed from collagen type 
| that have been seeded with fibroblasts are in common 
use. These dermal equivalents have the advantage that the 
special arrangement of the fibroblasts to the keratinocytes 
seeded onto the surface of the gel is more akin to native 
skin. Dermis can also be obtained from glycerol-preserved 
cadaver skin. The dead epidermis is easily removed after salt 
splitting in phosphate-buffered saline. The acellular dermis 
can then be re-populated with fibroblasts, either by direct 
seeding of the cells onto the reticular surface or by cen- 
trifuging the fibroblasts into the dermis. This system has 


the advantage that basement membrane components are pre- 
served. 

Skin equivalent systems have advantages over monolayer 
keratinocyte culture in that they permit the investigation 
of signalling interactions between keratinocytes and compo- 
nents of the dermis, both soluble factors secreted by fibrob- 
lasts and components of the extracellular matrix. The choice 
and number of fibroblasts seeded into the dermal component 
greatly influences the morphogenesis of the resultant epider- 
mis. M ouse fibroblast lines have been used in these systems; 
however, low-passage primary human dermal fibroblasts are 
now commonly used. 

Keratinocytes transduced with early region genes of cuta- 
neous HPV have been seeded onto organotypic models using 
collagen gels re-populated with 3T 3-J2 mouse fibroblasts to 
study mechanisms involved in both the viral life cycle and 
cancer. Boxman et al. (2001) showed that neonatal foreskin 
keratinocytes expressing early region genes E6 and E7 of 
a variety of B-HPV types, including HPV5, showed dis- 
tinct differences in the perturbation of differentiation mark- 
ers and the induction of proliferating cell nuclear antigen 
(PCNA) but no invasion of the keratinocytes was observed. 
More recently, Akgül et al. (2005), using primary human 
epidermal keratinocytes transduced with a retrovirus express- 
ing the E7 gene of HPV8 (a viral type closely related 
to HPV5) seeded onto de-epidermalized dermis containing 
primary human dermal fibroblasts, demonstrated not only 
altered differentiation but also invasion of the keratinocytes 
into the dermis. K eratinocyte invasion was accompanied by 
a progressive destruction of basement membrane compo- 
nents, collagen VII, collagen IV, and laminin V, due to the 
induction of specific matrix metalloproteinases. T hese studies 
highlight the different phenotypic effects that can be elicited 
by different combinations of dermal substrate and fibrob- 
lasts. 


In vivo Models of SCC 


The chemical-induced carcinogenesis model has been exten- 
sively used to study SCC initiation and progression and has 
been introduced and discussed earlier. As noted in the murine 
model, phenotypic evolution from a normal keratinocyte to 
an SCC is accompanied by a series of reproducible genetic 
and epigenetic changes that characterize each stage of the 
process. The initiation and promotion events that occur early 
on require exposure to carcinogenic chemicals and can be 
regarded as an irreversible change. In contrast, tumour pro- 
motion is an epigenetic event and as such may be reversible. 
Initiated cells generated during the promotion stage gener- 
ate squamous papillomas harbouring mutations in the Ha-ras 
gene that are clonal in origin; these can then progress to 
malignancy at a low rate in the absence of any further 
exogenous exposures. Malignant conversion of papillomas 
is associated with a generalized genomic instability gener- 
ating chromosome imbalances and aneuploidy. M utations in 
the p53 gene and upregulation of AP-1 transcription factors 
indicated that both genetic and epigenetic events contribute 
to this process. 
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The manipulation of the mouse germ line to generate gene 
knockout and transgenic animals enabled the investigation 
of the effects of inactivation of tumour-suppressor genes 
such as Rb and p53, and the aberrant expression of sin- 
gle genes (reviewed by Yuspa, 1998; Hirst and Balmain, 
2004; Kemp, 2005). This advance provided new avenues 
for research into chemical and other carcinogens, enabling 
their effects to be studied not only in wild-type animals 
but also in animals lacking specific genes involved in dif- 
ferent stages of carcinogenesis. To date, a wide variety of 
transgenic and single gene knockout animals have been gen- 
erated and these have provided valuable insights into better 
understanding the molecular mechanisms underlying patho- 
genesis. There are, however, some limitations to these model 
systems. In knockout mouse models the defect is present in 
every cell in the animal and many tumour-suppressor genes 
cause embryonic lethality in the homozygous state. In this 
context, they do not recapitulate sporadic forms of human 
cancer but may be viewed as having similarities to famil- 
ial human cancers that have high penetrance mutations in 
critical genes. The development of new transgenic/knockout 
models that allow regulated expression/knockout of specific 
genes whose expression is targeted to skin has overcome 
some of the problems associated with previous models. Sys- 
tems that control the expression of transgenes enabling them 
to be switched on or off include interferon, tetracycline, and 
hormonally regulatable fusion constructs such as the modi- 
fied oestrogen receptor that responds to tamoxifen applied to 
the skin, and was first used to investigate dysregulated myc 
expression in suprabasal epidermis (Pelengaris et al., 1999). 
Conditional gene expression can be achieved using recom- 
binase systems including Cre-loxP and Flp-frt that allow 
targeted gene disruption or expression (see Genetic M odels: 
A Powerful Technology for the Study of Cancer). 

As mentioned earlier, the p53 gene is frequently mutated 
in both murine and human SCC, and has been targeted 
in both knockout and transgenic mice expressing mutant 
forms of the protein. p53 knockout mice develop normally 
but are prone to the development of spontaneous tumours 
in many tissues (Donehower etal., 1992). Interestingly, 
a reduction in p53 gene dosage did not affect tumour 
initiation or progression, but instead enhanced malignant 
progression of chemically induced tumours. Considering the 
wide spectrum of mutations in P53 that occur in human 
cancers, it seems likely that different mutations will behave in 
different ways. Cells carrying P53 mutations undergo clonal 
expansion (J onason et al., 1996; Ren et al., 1997), a key step 
in the carcinogenesis process that increases the likelihood 
that one of the cells will acquire additional mutations. 
Apoptosis in response to UV damage plays an important 
role in eliminating potentially tumourigenic cells, so-called 
“sunburn cells”, from the epidermis. Brash and colleagues 
(2005) propose that the expansion of p53 mutant cell clones 
in murine epidermis is driven by chronic UVB exposure that 
allows the cells to colonize adjacent stem cell compartments. 
This occurs through a non-mutational mechanism involving 
apoptosis, which preferentially deletes DNA-damaged cells 
that are fully competent for apoptosis. The Fas/Fas-ligand 
interaction also contributes to UV-induced apoptosis in both 


murine and human keratinocytes. Fas-ligand-deficient mice 
show decreased number of sunburn cells in the epidermis 
following UV treatment and accumulate mutations in the p53 
gene (Hill etal., 1999). 

An inducible skin tumour model is represented by the 
Tg.AC transgenic mouse that carries an oncogenic v-Ha- 
ras-coding sequence under the control of the ¢-globin 
promoter (reviewed by Humble et al., 2005). The transgene 
is transcriptionally silent until activated by genotoxic agents 
such as chemical carcinogens, UV light, or by wounding, 
when it then drives cellular proliferation resulting in clonal 
expansion and tumour formation, characteristics that are 
unique to this model. Since the Tg.AC carries v-Ha-ras, 
the tumours that arise require no initiation step as in the 
two-step carcinogenesis model, these mice can be therefore 
characterized as “genetically initiated” and will be useful 
in the study of skin cancer development by mutagenic or 
non-mutagenic carcinogens and chronic wound repair. 

UV introduces different types of damage into DNA, 
notably cyclopyrimidine dimers (CPDs) and 6-4 photoprod- 
ucts (6-4PPs) which if unresolved can lead to the incor- 
poration of deleterious mutations or cell death. Mammals 
lack photolyases, enzymes that can directly split CPD and 
6-4PP, but such enzymes are present in other organisms. 
Using mice transgenic for either CPD-photolyase, 6-4PP- 
photolyase, or both, J ans et al. (2005) demonstrated recently 
that CPDs were the principal cause of non-melanoma skin 
cancer (NMSC) and also showed that expression of a pho- 
tolyase gene in the skin of transgenic mice can be used as a 
tool to repair DNA damage and reduce skin cancer. 

HPV is associated with the development of epithelial can- 
cers, including anogenital and skin cancers. HPV16 and 
HPV18 are the commonest types involved in anogenital 
cancers, while HPV types 5 and 8 are associated with the 
development of cancers in EV patients. Epidemiological evi- 
dence has so far implicated a fairly broad spectrum of viral 
types that may be implicated in NM SC in immunocompetent 
and immunocompromised patients. The E6 and E7 onco- 
proteins of the high risk HPV 16 and 18 are multifunctional 
proteins that affect multiple cellular processes implicated in 
tumourigenesis. Many transgenic models have been gener- 
ated using HPV E6/E7 genes under the control of a variety 
of promoters targeting HPV gene expression to different 
epidermal layers, with keratin 1 and keratin 14 promoters 
being widely used. The induction of epithelial hyperplasias 
and tumours in transgenic mice provided strong evidence 
supporting the oncogenic potential of the virus and also pro- 
vided evidence for the role of cellular factors contributing 
towards HPV -associated tumours. Recently, transgenic lines 
have been generated for two cutaneous HPV types, HPV8 
and HPV 38. The early region of HPV8, encoding the E6, 
E7, and E2 genes under the control of the human keratin 14 
promoter has been used to generate transgenic lines (Schaper 
et al., 2005). In the absence of any chemical initiation or 
promotion, 91% of the HPV 8 mice developed single or mul- 
tifocal benign tumours that had features of papillomatosis, 
acanthosis, heperkeratosis, and varying degrees of epider- 
mal dysplasia. SCC developed in 6% of HPV8 mice on an 
FVB/N genetic background. In contrast to other skin tumours 
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in mice, the SCC in the HPV 8 transgenics did not carry muta- 
tions in the p53 gene. These experiments provided the first 
direct experimental evidence of the tumourigenic potential of 
an HPV type known to be associated with the development of 
skin cancers in EV patients. The HPV 38 E6 and E7 genes, 
under the control of a keratin 10 promoter- induced cellular 
hyperproliferation, hyperplasia, and dysplasia in the epider- 
mis. In difference to the HPV 8 mice, HPV 38 transgenic mice 
did not develop SCC spontaneously, but two-stage chemical 
carcinogen treatment lead to a high incidence of papillomas, 
keratoacanthomas, and SCC (Dong et al., 2005). 

Organ transplant recipients who receive iatrogenic immune 
suppression are at a greatly increased risk of developing 
skin cancer. The high numbers of tumours arising in these 
patients will afford the opportunity to make left versus right 
comparisons of new anticancer agents to better evaluate 
their effectiveness, and genetic analysis of tumours from 
the same individual may be useful in uncovering previously 
unidentified genes involved in SCC formation. 


BASAL CELL CARCINOMA 


In vitro Models of BCC 


Cell Lines 


In vitro models of BCC have been severely limited by 
problems in establishing cultures of BCC keratinocytes. This 
is thought to be due to various specific features of BCC 
that make the cells less likely to grow in isolation than 
other tumours. No doubt much of this stems from the 
genetic aberrations noted in BCC as opposed to those in 
other tumours, but is thought to also include the stromal 
dependency of the tumours, which may also explain the 
relative lack of metastasis that occurs. 

A medline search for cell culture in BCC provides only 
seven published reports in English where culture of BCC 
cells has been successfully achieved and has yielded results 
in the investigation of BCC cell biology (Asada etal., 
1992; Grando et al., 1996; Yen et al., 1996). Of note, Asada 
mentioned that there were only some cellular characteristics 
of the BCC tumours preserved in culture (Asada et al., 1992). 
This, and the small number of reports of the technique being 
successful, implies that the difficulty in culturing these cells 
is due to the fact that the cells require a milieu such as 
the stroma to grow efficiently, and that without it, growth is 
limited. As a result of such difficulties, many of these reports 
state that the cultures were short term only, and that although 
a small number of passages may have been possible, few of 
these studies go beyond the technical aspects of cell culture 
to derive useful information from the cell analysis. 

In addition to the problems of culturing BCC keratinocytes 
and possibly because of them, there is also a remarkable lack 
of immortalized BCC cell lines. The ATCC lists three of 
which only one (CRL-7762) has been partially characterized 
and even this line is considered a mixed stromal and cancer 


population. The remaining two cell lines were transferred to 
the ATCC from the NBL and have not been characterized. 


GLI Overexpression in Human Epidermal Keratinocytes 


To get around the difficulty of growing and manipulating 
BCC cells for the purpose of molecular biology investigation, 
a model system of retroviral overexpression of GLI1 and 
GLI2 in human keratinocytes has been used in our laboratory 
and by others to mimic GLI1 and GLI2 expression seen in 
BCC keratinocytes. 

GLI overexpression has demonstrated feedback loops 
between GLI1 and GLI2 (Reg! etal., 2002; Ikram etal., 
2004) constitutive activation of several downstream targets 
in BCCs, FOXM1 and FOXE1 (implicated in the control 
of cell growth, proliferation, differentiation, longevity and 
transformation) (Teh etal., 2002; Eichberger etal., 2004), 
cyclins (Barnes etal., 2001), and Wnt/f-catenin (Bonifas 
et al., 2001). GLI2 has been shown to play a dual role 
as activator of keratinocyte proliferation and repressor of 
epidermal differentiation (Regl et al., 2004). It is postulated 
that the hyperactivation of GLI2 by aberrant SHH signalling 
would then disrupt epidermal homeostasis and lead to 
neoplasia. Both PTCH and SHH have also been shown in 
vitro to regulate cell cycle progression (Fan etal., 1997, 
Barnes et al., 2001). 


In vivo Models of BCC 


Many animal models have been used to investigate Hh 
signalling during normal development and its role in the 
development of cancer and, in particular, BCC. These have 
included the injection of pathway components into model 
systems, such as the injection of Glil into tadpoles resulting 
in BCC formation (Dahmane etal., 1997) and the use 
of pharmacological inhibitors of hedgehog signalling, such 
as cyclopamine (isolated from the desert plant Veratrum 
californicum). However, the most widely used model is 
murine and most murine models of BCC have focused on 
the Hh pathway. 

Mutational studies on human BCC biopsies along with 
PCR and immunohistochemistry have clearly implicated 
aberrant SHH signalling with BCC. However, it has been 
the use of animal and especially murine models that have 
provided a direct link between Hh signalling and BCC. In 
particular, the analysis of mice with targeted inactivation or 
haploinsufficiency of the Shh, Ptch, Smo, and Gli genes has 
enabled important insights on their impact on proliferation, 
development, and oncogenesis. Overexpression of SHH in 
the skin of transgenic mice revealed skeletal and skin 
anomalies with the development of BCC-like tumours (Oro 
et al., 1997). Regenerated human skin transgenic for SHH 
also displayed abnormal BCC-like structures when grafted 
onto immune-deficient mice (Fan et al., 1997). The rapid and 
frequent appearance of BCC-like tumours in the absence of 
induced mutations are a strong indication that activation of 
the SHH pathway is sufficient for BCC formation. 
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Glil is not essential for normal mouse development (Park 
et al., 2000). However, BCC-like tumours do develop in 
mice overexpressing Glil and Gli2 (Nilsson etal., 2000; 
Grachtchouk etal., 2000; Sheng etal., 2002). Beyond the 
inductive capacity of Glil, Gli2 appears to be required for 
tumour survival and progression in mice: in Gli2 knockout 
mice with a tetracycline-regulated Gli promoter tumours 
were switched off and on by tetracycline administration 
(Hutchin et al., 2005). 

Mice that are homozygous for patched (Prch~/~) die as 
embryos. In heterozygote transgenic Ptch mice, BCC lesions 
are not found, although cerebellar tumours are (Goodrich 
et al., 1997). However, these mice do develop microscopic 
BCC lesions upon chronic UV exposure, 40% of which 
contain p53 mutations (Aszterbaum et al., 1999). 

Similar microscopic BCC-like lesions are also seen in 
transgenic mice carrying a constitutively active mutated 
SMO gene (Xie etal., 1998) and the mouse epidermis is 
hyperproliferative, expresses BCC protein markers, and gives 
rise to numerous downgrowths which invade the underlying 
dermis (Grachtchouk et al., 2000). 

Animal studies have also confirmed the importance of 
host response in BCC growth. BCCs from Shh transgenic 
mice transplanted onto the backs of SCID mice did not 
differentiate, stopped growing, and did not metastasize, 
indicating the requirement of their own specific stroma for 
development (Oro et al., 1997). 

Although murine models have clearly shown a link 
between overexpression of Shh pathway mediators and 
development of skin tumours with BCC-like characteristics, 
the sporadic nature and latency of these tumours suggests 
other defects may be involved in progression and mainte- 
nance of these tumours. This is supported by the experiments 
of Hutchin et al. (2005) who reported using a conditional 
Gli2 overexpressing mouse that sustained Hh signalling is 
required for BCC maintenance and that in the absence of 
sustained Gli2 expression tumours would regress. This same 
group also demonstrated that in their mouse model, BCC 
tumours arose from the hair follicle and showed that regress- 
ing tumour cells when recombined with inductive hair follicle 
mesenchyme gave rise to hair formation. The authors argued 
that these data are compelling evidence for the concept that 
BCC formation represents aberrant hair follicle organogen- 
esis. Loss of Hh signalling in murine epidermis results in 
an arrest of hair follicle growth at an early stage of follicle 
development owing to reduced proliferation (Chiang etal., 
1999; St-Jacques et al., 1998), and re-expression of Gli2 in 
Hh knockout mice may rescue hair follicle function (Mill 
et al., 2003). 

Because of the differences between human and mouse 
skin it remains to be determined whether human BCC 
is also derived from hair follicle epithelium. Experiments 
using chimaeric human/mouse models (by K havari, 2006 for 
review) suggest that interfollicular human keratinocytes can 
also give rise to BCC (see subsequent text). 

Cultured human keratinocytes grafted onto immune- 
deficient mice regenerate an architecturally accurate epi- 
dermis that can support skin and appendage development. 
Such model systems have also been successfully used to 


graft onto mice keratinocytes genetically modified to over- 
express cancer relevant genes resulting in the development 
of BCC, SCC, and malignant melanomas (K havari, 2006). 
In particular, retroviral overexpression of Shh gave rise to 
structures that resembled human BCC (Fan et al., 1997; Fan 
and K havari, 1999). M oreover, this pioneering study was the 
first to demonstrate malignant conversion of human tissue 
and highlight that a single gene was able to induce BCC 
formation. 


OTHER NMSCs 


Although BCC and SCC are by far the most common NM SC, 
there exists a wide range of other tumours derived from the 
hair follicle, sebaceous gland, and sweat glands (Brownstein 
and Shapiro, 1977). Hair-follicle-derived tumours include 
trichoblastomas and trichoepitheliomas derived from the hair 
germ, matrical carcinoma and pilomatricomas derived from 
hair matrix cells, trichilemmomas (including tricholemmal 
carcinoma) derived from the lower follicle outer root sheath, 
acanthoma of the follicle sheath, tumour of the follicular 
infundibulum, and trichofolliculoma and benign tumour of 
the entire follicle. Tumours of the sebaceous gland include 
the hamartomas (naevus sebaceous, adenoma sebaceum, 
trichofolliculoma sebaceum) and sebaceous carcinoma. A 
number of tumours are partly made up of follicular structures 
and these include keratoacanthoma, tricholemmal cysts, and 
cylindroma. 

Many of these tumours are rare and not widely studied; 
as a result models are often lacking and those available 
often arise from other areas of research, often involving 
transgenic studies of signalling pathways. Probably one 
of the best examples of how transgenic studies can lead 
to understanding and development of models for these 
tumours comes from studies into the role of #-catenin. 
Overexpression of #-catenin leads to formation of hair 
follicle tumours (Gat etal., 1998; Merrill etal., 2001; 
DasG upta et al., 2002; Niemann et al., 2003; Lo Celso et al., 
2004). In contrast, blocking f-catenin signalling results 
in formation of sebaceous tumours (Takeda et al., 2006). 
Moreover, analysis of human sebaceous tumours found that 
one-third had mutations in LEF 1 that resulted in inactivation 
of Wnt signalling and hence correlate with the mouse model 
(Niemann et al., 2003; Takeda et al., 2006). 


MALIGNANT MELANOMA 


The clinical and histological progression observed from 
benign to dysplastic naevi, horizontal (radial growth 
phase, RGP), and vertical (vertical growth phase, VGP) 
growth phase primary melanomas and ultimately metastatic 
melanoma, likely corresponds to the sequential accumulation 
of genetic and epigenetic changes in genes critical for cell 
proliferation, differentiation, and apoptosis. 
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In vivo Models of Melanoma 


Quite a broad spectrum of animal models of melanoma 
has been described so far including Sinclair swine (Mil- 
likan et al., 1974) and Camargue horses (Fleury et al., 2000). 
Although neither of them generate melanoma with a sun- 
light aetiology, the swine represents an interesting model as 
the skin of the pig resembles the structure of the human 
skin. The pigs developed spontaneous melanoma at birth, 
which also regressed spontaneously in adult life. Investi- 
gation of the mechanisms by which these tumours regress 
may provide valuable information for the progression of 
the human disease. Angora goats develop, in response to a 
chronic sunlight exposure, lentiginous melanoma comparable 
to a form of melanoma described in the elderly (McGovern 
et al., 1973; Green et al., 1996). More accessible to exper- 
imentation, however, are the non-mammalian Xiphophorus 
(Walter and Kazianis, 2001) fish model and the marsu- 
pial opossum, Monodelphis domestica (Ley, 1997). Both 
of them develop melanomas in response of UV exposure 
and spontaneously metastasize to other organs (see Models 
for Tumour Growth and Differentiation and Models for 
Tumour M etastasis). 

Melanoma has also been initiated by exposure to carcino- 
gen (such as DMBA) in several guinea-pig models and in 
the Syrian hamster (Eller et al., 1996; Roberto et al., 1996). 
Unfortunately, both these species of animals are resistant to 
formation of melanomas by UV alone. 


Murine Models of Melanoma 


The most exploited model for studying melanomas is the 
mouse, also due to the increasing understanding of mouse 
genetics. Unfortunately, initiation of melanomas in mice 
is not a spontaneous event and upon induction gener- 
ates a disease with dermal origin, which prevents pre 
cise histopathologic comparison with human disease. A dult 
murine melanocytes are in fact predominantly located in the 
hair follicles within the dermis and notoriously resistant to 
melanoma induction by UV irradiation alone. 

The induced murine melanoma models so far described 
can be divided into two groups: (i) induction of melanomas 
by means of UV radiation and carcinogens and (ii) induction 
of melanoma by specific genetic manipulations (transgenic 
mice). These models are syngeneic and have the advantage 
of an intact immune system, which allows the investigators 
to study not only the molecular events within the tumours 
but also the immune responses against these tumours. 

In the past, several studies reported initiation of 
melanomas in mice by using chemical carcinogens (such as 
DMBA) or a combination of chemicals and UV radiation 
(Donawho et al., 1992; Kligman and Elenitsas, 2001). 

More recently a number of melanoma-prone transgenic 
lines of mice have been described, providing critical insights 
into genetic mechanisms that predispose melanocytes to 
neoplastic transformation. For a comprehensive review of the 
mouse transgenic, knockout/knock-in models in melanoma, 
see Walker and Hayward (2002). 


The models available were generated by transduction 
of viral or human oncogenes under inducible or tissue- 
specific promoters. These models incorporate singly or in 
combination: inactivation of Ink4a/Arf (Krimpenfort et al., 
2001; Chin et al., 1997), p53 (Bardeesy et al., 2001), or Pten 
(You et al., 2002), and aberrant expression of activated H Ras 
(Chin etal., 1999; Bardeesy etal., 2001), Cdk4 (Sotillo 
et al., 2001), and RTKs or their ligands (Kato etal., 1998, 
2000), validating the role of a number of key pathways in 
melanoma genesis. 

A hepatocyte growth factor/scatter factor (HGF/SF) trans- 
genic mouse has provided relevant insights on the mecha- 
nisms by which sunlight initiates melanoma. HGF is one of 
several known ligands for RTKs that are expressed in the 
skin as an essential support for the survival and growth of 
melanocytes (K unisada et al., 2001). In HGF/SF transgenic 
mice the localization pattern of melanocytes (epidermis, 
dermis, and epidermal - dermal junction) differs from wild- 
type mouse and resembles their localization in human skin 
(Otsuka et al., 1998; Noonan et al., 2000). Adult HGF/SF 
transgenic mice subjected to chronic exposure of suberythe- 
mal doses of UV radiation developed squamous cell tumours 
and fibrosarcomas rather than melanoma (Noonan etal., 
2000). In contrast, in a following study a single neona- 
tal dose of mild erythemal UV radiation was necessary 
and sufficient to induce melanoma in HGF/SF transgenic 
mice after a relatively short latent period and with a high 
incidence and penetrance (Noonan etal., 2001). This ele- 
gant model not only is currently the closest recapitulation 
in mice of what physiologically occurs in human, but is 
so far the strongest evidence that childhood sunburn is in 
fact a high melanoma risk factor (Ha et al., 2005). M ore- 
over, when these mice were crossed in an Ink4/Arf negative 
background, melanoma development was greatly accelerated 
upon UV exposure confirming that Ink4/Arf plays a key 
role in UV-melanoma genesis (Recio et al., 2002). The same 
group has therefore used this mouse model to also investi- 
gate the controversial issue of the role of UVA and UVB 
in melanoma initiation (De Fabo etal., 2004). The study 
provided evidence that in the albino (HGF/SF transgenic) 
mouse model UVB was responsible only for the induction 
of melanoma, while UVA was effective even at doses con- 
sidered physiologically relevant. In contrast, a recent report 
claimed that melanin-pigmented models (Xiphophorus) show 
a major contribution by wavelengths longer than UVB (there- 
fore UVA) in initiating melanomas (Wood et al., 2006). In 
their model, melanin-photosensitized radical production rep- 
resents a major causative step of melanoma suggesting that 
the wavelengths and mechanisms of melanoma causation in 
different models are dependent on the presence of melanin. 


Xenografts 


M elanoma develops in a sequence of clinically and histolog- 
ically defined steps: common acquired and congenital naevi 
with structurally normal melanocytes, dysplastic naevus with 
structural and architectural atypia, early RGP, advanced 
VGP, primary melanoma (V GP) with competence for metas- 
tasis, and metastatic melanoma (Meier et al., 1998). In the 
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past years an extensive number of human melanoma cell 
lines have been isolated from patients and in vitro established 
in order to depict all the stages in the progression of the 
human disease. Human melanoma cells were also frequently 
inoculated intradermally into congenitally immune-deficient 
mice (SCID). M ost of the cell lines used for this purpose are 
cells isolated from metastatic lesions (VGP), whereas RGP 
cells are less aggressive and therefore more critical to culture 
and non-tumourigenic in SCID mice (Satyamoorthy and H er- 
lyn, 2002). Although the incidence of spontaneous metastasis 
from primary tumours to other organs is pretty low, there 
was usually a good correlation between the tumourigenicity 
of the cells and their ability to grow subcutaneously in nude 
or SCID mice (Xie et al., 1997). Alternatively, to assess the 
tumourigenicity of the model, cells were also been injected 
into the tail vein of nude mice, and a few weeks later a quanti- 
tative measure of lung colonies was performed (Huang et al., 
1998; Bales et al., 2005). 

Although certain components of the immune response are 
lacking, these models are still used for in vivo studies on 
tumour growth, migration, and invasion in melanoma. 


Mouse/Human Chimaera 


Using the same principles to generate organotypic skin 
reconstructs as described for SCC, Herlyn’s group has 
developed a human skin model grafted on to SCID/RAG 
mice to study melanomas (Atillasoy etal., 1998; Berking 
et al., 2001). Melanocytes were isolated from foreskins 
of newborns and abdominal or breast skin from adult 
donors who underwent plastic surgery. Primary keratinocytes 
were mixed with melanocytes at a ratio of 5:1, plated 
onto a fibroblast embedded collagen support and grafted 
within 48hours from excision. Human skin grafts were 
introduced at 6- 10 weeks of age in SCID/RAG mice skin 
after generating a 1- 3-cm? excision behind the shoulder of 
the animal. Grafts were well healed after 4- 6weeks and 
used for the experiments. This model allowed several crucial 
investigations such as the determination of essential growth 
factors, the physiological imbalance of which may cause 
melanoma in combination with UVB exposure (Berking 
et al., 2004) (see Human Tumours in Animal Hosts). 

A number of groups further developed this valuable tool 
to study the molecular mechanisms associated with the pro- 
gression of human melanoma. In particular, K havari and his 
colleagues, in order to characterize the functional impact 
of genetic alterations associated with human melanoma, 
generated human skin tissue containing melanocytes selec- 
tively engineered to express the typical mutations frequently 
observed in human melanoma. This involved developing 
a technique of retroviral gene transfer to primary human 
cells in a serial, high-efficiency manner, termed multiplex 
serial gene transfer (MSGT) which allows introduction of 
multiples such as oncogenes, and also dominant-negative 
tumour-suppressor genes as well as viral vectors designed 
for ribonucleic acid interference (RNAi). MSGT can be used 
to verify that induced changes are within the range of those 
that occur in human cancer cells (Lazarov et al., 2002; Dajee 
et al., 2003; Chudnovsky et al., 2005). 


Zebra Fish/Human Chimaera 


Recently, Hendrix and colleagues have originally developed 
a novel approach to study the basic biology of melanoma 
cells. They transplanted human metastatic melanoma cells 
into zebra fish blastula-stage embryos and monitored their 
post-transplantation behaviour focusing on their ability to 
survive, divide, and migrate. This original model allowed 
researchers to investigate whether microenvironment could 
influence the phenotype and behaviour of human metastatic 
melanoma cells. Despite the evolutionary distance, human 
melanoma cells survive, exhibit motility, and divide in the 
zebra fish embryo, although they do not form tumours 
or integrate into host organs, they instead retain their de- 
differentiated phenotype (Lee et al., 2005). 


In vitro Models of Melanoma 


Cell Lines 


As mentioned in the preceding text, a broad collection of 
cell lines from melanoma patients and specifically from 
specimens that represent each of the major steps in the 
progression of melanoma such as benign naevus, dysplastic 
naevus, RGP primary melanoma, VGP primary melanoma, 
and metastatic melanoma have been developed (Table 2). In 
some cases, multiple cell lines have been collected from the 
same individual at different stages in the disease progression. 
These cell lines are perhaps the most widely used model for 
studying the role of target genes involved in tumour growth 
and metastasis. 


Skin Equivalent Models 


To mimic maximally the natural skin structure and maintain 
physiological context, several organotypic skin reconstruc- 
tion models have been developed to investigate the biologi- 
cal properties of normal human melanocytes and melanoma 
(Nakazawa et al., 1997; Meier et al., 2000). In the last few 
years, Herlyn and his colleagues have deeply developed 
this model to study the biology of melanocytes provid- 
ing the field with useful and precious insights into how 
melanocytes behave during melanoma progression. In human 
skin reconstructs, melanoma cells from different stages of 
progression have the same properties as cells in situ, that 
is, non-tumourigenic melanomas are unable to invade the 
dermis from the epidermis, whereas tumourigenic (advanced 
primary and metastatic) melanoma cells readily invade the 
dermis (Meier etal., 2000). Normal melanocytes in skin 
reconstructs retained their dendritic morphology remaining 
singly distributed at the basement membrane that separated 
the epidermis from the dermis, without dividing for a period 
of 35days. Cell lines derived from RGP melanomas pro- 
liferate only in the epidermis (growing as single cells or 
small nests) without infiltrating the basement membrane. 
VGP melanoma cells formed clumps and clusters within the 
epidermis- dermis junction with some of the cells crossing 


10 PRECLINICAL MODELS FOR HUMAN CANCER 


into the dermis. M etastatic melanoma cells exhibited accel- 
erated proliferation with the majority of the cells invading 
deep into the reconstructed dermis (Eves et al., 2000; M eier 
et al., 2000; Berking and Herlyn, 2001). 

More recently, by using this model Herlyn and colleagues 
have further characterized also the molecular events, which 
interplay in cell-cell adhesion between melanocytes, and 
keratinocytes. Under normal conditions keratinocytes control 
melanocyte growth and behaviour through a complex system 
of paracrine growth factors and cell - cell adhesion molecules. 
Melanoma cells escape from this control by keratinocytes 
through three major mechanisms: (i) downregulation of 
receptors important for communication with keratinocytes 
such as E-cadherin, P-cadherin, desmoglein, and connex- 
ins; (ii) upregulation of signalling molecules not found on 
melanocytes but important for melanoma- melanoma and 
melanoma- fibroblast interactions such as N-cadherin, M el- 
CAM, and zonula occludens protein-1 (ZO-1); and (iii) loss 
of anchorage to the basement membrane because of an 
altered expression of the extracellular-matrix binding integrin 
family (Haass et al., 2005). 
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INTRODUCTION 


Central nervous system (CNS) tumours may be either 
primary or intrinsic (i.e., they develop from the substance 
of the brain or spinal cord tissue) or secondary (metastatic), 
having their origins in another part of the body but coloniz- 
ing the brain by the spread of cancer cells from the primary 
tumour via the blood vascular system. In the latter case, 
the tumour within the CNS retains the original histological 
features of the primary cancer. In addition, intracranial, yet 
extracerebral, tumours may arise, such as those derived from 
the meninges - the meningiomas. Primary brain tumours 
rarely metastasize to distant tissues. Although the reasons 
for this remain a matter of controversy, one factor that 
may, at least in part, explain this phenomenon is the fact 
that while most highly metastatic cancer cells demonstrate a 
high expression of the surface molecule CD15, which facil- 
itates adhesion to vascular endothelium, glioma cells rarely 
express this molecule and, perhaps as a consequence, show 
very poor adhesion to non-brain vascular endothelial cells 
(Martin et al., 1995). Paradoxically, the brain is a frequent 
and “fertile” site for the growth of many secondary can- 
cers; indeed, around a quarter of all cancer patients have 
secondary deposits within the brain (Posner and Chernik, 
1978; Steck and Nicolson, 1983), and for certain tumours, 
such as melanoma, the proportion of metastases occurring 
in the brain is even higher. Patients with melanoma brain 
metastases have a median survival of around 6 months (Fidler 
et al., 1999). The increased rate of success in the treat- 
ment of many primary somatic cancers is not, however, 
matched by the results obtained when treating secondary 
tumours within the brain. Although - unlike primary glial 
brain tumours - these brain secondaries are generally well- 
circumscribed lesions, they are almost invariably multiple in 
nature and, with each of the foci being a different size and, 
perhaps, growing at a different rate, the therapeutic options 
are compromised (Pilkington, 2001). 

The process of metastasis of cancer cells to the brain 
is relatively poorly understood, though it probably fol- 
lows the model established for haematogenous metastasis to 
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other organs. Cells entering the circulation and successfully 
traversing the lung have a relatively high chance of encoun- 
tering the brain's circulation. Indeed, 20% of the cardiac 
output exists within the brain, which is a highly vascularized 
organ, having 600 km of capillaries. The ability of metastatic 
cells to adhere firmly to brain endothelium via, for exam- 
ple, CD15 homophilic or CD15/CD64 heterophilic binding 
(Martin et al., 1995) and to traverse the endothelium may 
require mechanisms that are different from those used at 
other sites, such that brain metastases are formed from a 
selected subset of neoplastic cells from the primary tumour, 
according to the “seed and soil” hypothesis (Paget, 1989). 
However, at least in xenograft models using cell lines, the 
ability of cancer cells to form brain metastases has been 
shown to be a consequence of the ability of melanoma cells 
to proliferate in the brain parenchyma or the meninges. 

Not all cells within cancers have the ability to metastasize, 
and even fewer of these have the ability to grow within new 
“host” tissue. The reasons for the propensity of metastatic 
cancer cells to thrive once they have effectively colonized 
the CNS remain obscure, but the relatively rich supply 
of mitogenic growth factors such as bFGF and hyaluronic 
acid, which not only provides a permissive substrate for 
migration but, when broken down by cancer cell, secretes 
hyaluronidase, aids angiogenesis. The ability to grow in 
brain tissue is one of the essential attributes for metastasis, 
but experiments with cells passaged from brain metastases 
showed a slower growth rate and exhibited lower metastatic 
potential than cells from visceral metastases, indicating that 
brain metastases do not necessarily represent the end stage in 
the metastatic cascade (Fidler et al., 1999). Moreover, while 
cancers develop a constitutive insensitivity to antigrowth 
mechanisms in their tissue of origin (Hanahan and Weinberg, 
2000), this may not be true of other tissues into which 
circulating cells may enter. The growth pathways utilized 
by metastatic cells within the CNS may, therefore, differ 
from somatic metastases and the metastatic cells may be 
amenable to treatment with specific agents targeting their 
receptors (such as tyrosine kinase inhibitors) or pathways. 
Given the importance of endothelial cells and fibroblasts to 
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most somatic tumours, the interaction of endothelial cells 
with glial cells is likely to be critical to the establishment 
and survival of metastases in the brain. Indirect cytokine- 
mediated effects may be important to survival, but adherence 
to cells and interstitial proteins may be of greater importance 
as many of these interactions are required for survival. These 
mechanisms are likely to be of most importance in the early 
phase of metastatic cell growth, given the circumscribed 
nature and therefore limited interaction with glial cells of 
most somatic tumour metastases in comparison with primary 
brain tumours (Boyd et al., 2002). 

Primary or intrinsic CNS tumours arise from the substance 
of the brain and spinal cord. They are classified (K leihues 
and Cavenee, 2000) according to the perceived cell of origin, 
generally, the glial cells (astrocytes, ependymal cells, and 
oligodendrocytes). N euronally derived tumours do occur, but 
are less frequent and are generally seen in paediatric patients. 
Therefore, the gliomas predominate, with the most malig- 
nant form, the glioblastoma, being the most common brain 
tumour in adults. Tumours are graded from | to IV in the 
order of increasing malignancy, on the basis of the observa- 
tion of microscopic features including mitosis, nuclear atypia, 
microvascular proliferation, and necrosis, although the so- 
called benign grades, | and II, generally progress, with asso- 
ciated genetic aberrations, to become high-grade malignant 
tumours with the passage of time. In addition, the location 
of even histologically benign tumours within the cranium 
and particularly within “eloquent” brain regions can prove 
fatal and so these neoplasms should be considered, at least 
potentially, “biologically” malignant. High-grade gliomas are 
generally well vascularized and show considerable morpho- 
logical and antigenic cellular heterogeneity, a feature that 
results in differential chemo- and radiosensitivity between 
subpopulations of tumour cells. These subpopulations can 
also communicate via paracrine growth factor mechanisms 
to influence proliferation and migration, and thereby drive 
malignant potential (Pilkington, 1992). The major biologi- 
cal features of intrinsic (primary) brain tumour are cellular 
heterogeneity, proliferation, angiogenesis, and local invasion. 
Although each of these properties influences the application 
and effectiveness of current therapies, invasion is probably 
the major biological obstacle to successful therapy for this 
group of tumours. While intrinsic brain tumours generally 
fail to metastasize to distant organs, they are characterized 
by diffuse local invasion of the normal brain (Bolteus et al., 
2001). Subpopulations of glial tumour cells migrate from the 
main tumour mass and invade the surrounding brain tissue, 
where they give rise to new tumour growth sites (Pilkington, 
1994). During this migratory phase these cells, also called 
guerrilla cells, transiently arrest from the cell cycle (Schif- 
fer et al., 1998). Current therapeutic modalities have proved 
largely ineffective, and a major factor contributing to this 
failure is the invasive behaviour of malignant tumour cells 
(Figure 1). Debulking surgery may remove much of the main 
tumour mass, but cells that have migrated remain. Radio- 
therapy, usually after surgery, plays a role in destroying the 
remaining cycling cells. Migratory “guerrilla” cells, how- 
ever, are highly resistant to such radiotherapeutic approaches 
owing to their arrest from the cell cycle. In addition, while 





Figure 1 Coronal slice of invasive astrocytic tumour (A) manifests as an 
enlarged cerebral hemisphere; but it is difficult to assess definition between 
normal brain substance and tumour. 


many cytotoxic drugs enter the main tumour mass through 
a disrupted blood-brain barrier (B-BB), migratory cells are 
protected from their action by a functional and intact B-BB. 
The use of model systems that accurately mimic the biolog- 
ical characteristics and behaviour of human CNS tumours 
is critical for obtaining the knowledge necessary to develop 
successful therapeutic strategies. Both in vitro/ex vivo and 
in vivo animal models have been used, with differing levels 
of success, the former offering a substantial degree of flexi- 
bility, while the latter may be marred by the fact that there 
are numerous significant differences between the biology of 
animal tumours and those that occur in man. 


PURPOSES FOR USE OF MODELS OF PRIMARY 
AND METASTATIC CNS TUMOUR 


The questions posed of various CNS tumour models will 
generally dictate the particular model of choice. These ques- 
tions may range from studies on the origins and the develop- 
ment of intrinsic CNS neoplasms, through investigations of 
the major biological characteristics (proliferation/apoptosis, 
cellular heterogeneity, angiogenesis, and infiltrative/invasive 
behaviour), elucidation of molecular signal-transduction 
pathways, and finally response of tumours/tumour cells to 
novel therapeutic agents. For example, while animal models 
generally fail to satisfy the needs of a good model for the 
investigation of invasion, genetic modification- induced ani- 
mal models may serve as useful systems for the identification 
of signal-transduction pathways in the pathogenesis and 
malignant progression of such neoplasms. Conversely, in 
vitro models have been heavily utilized for invasion stud- 
ies. In the case of metastases to the CNS, animal models 
may help to identify the propensity of different tumour types 
to colonize and prosper within the brain and spinal cord, 
although one could argue that such data could be achieved 
better through clinically reported data in man. The use of 
in vitro approaches, however, may in future serve to elu- 
cidate the precise mode of entry into the CNS via the 
vasculature as well as to identify the microenvironmental 
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interaction between metastatic cancer cells and brain/spinal 
cord cellular/extracellular matrix elements. 


ANIMAL MODELS OF PRIMARY (GLIAL) BRAIN 
TUMOURS 


It is not possible to give a full appraisal of all the animal 
models used in the study of CNS tumours, but the following 
may give some idea of the diversity of such models in the 
context of the study of primary brain tumours. 


Radiation Induced 


Neural neoplasia has been induced by radiation in a variety 
of mammals, including monkeys, rabbits, guinea pigs, and 
mice; however, the incidence of tumours in the animals 
treated has been low. Moreover, the latent period of up to 
5 years is considered too long to plan practical experimental 
studies. Oncogenic viruses and chemical carcinogens may be 
considered as preferred options. 


Virus Induced 


Both RNA and DNA viruses have been used to induce brain 
tumours in laboratory animals, by either subcutaneous or 
intracerebral inoculation, with the type of virus determining 
the type of glial cell transformation that takes place. Such 
models have historically been used for studies of viral 
tumourigenesis and tumour immunology and, to a limited 
extent, for preclinical evaluation of potential therapeutic 
agents. The advantages of virus induction of CNS tumours 
lie in the fact that, in general, they have a predictable latency 
as well as blood supply and growth characteristics similar to 
spontaneous tumours. Polyoma virus, avian sarcoma virus, 
and Rous sarcoma virus have been used for tumour initiation 
in animals as diverse as hamsters and dogs; while among 
the DNA viruses, adenovirus 12 and the JC strain of 
papovavirus have been used in mice, rats, and hamsters. 
The possible role of oncogenic viruses in CNS tumour 
initiation in man, however, remains controversial. In general, 
such approaches in experimental neuro-oncology have been 
replaced by chemical induction and transplantation methods 
(Pilkington and Lantos, 1990). 


Chemically Induced 


The two most widely used groups of chemical carcino- 
gens used in the induction of CNS tumours have been 
the polycyclic aromatic hydrocarbons and the nitrosocom- 
pounds. The former, however, suffered from the neces- 
sity for direct implantation of the chemical into the 
nervous system (frequently resulting in chronic inflam- 
matory reactions), the diversity of the tumours formed 


thereby, and the species-dependent variability of latency. 
Indeed, only dimethylbenzanthracene proved capable of 
induction of neural tumours on systemic administration. 
For these reasons, the two simple nitrosamides among the 
nitrosocompounds, N-methyl-N-nitrosourea (M NU) and N- 
ethyl-N-nitrosourea (ENU) emerged as the major carcino- 
gens of choice in chemical induction of CNS tumours. 
However, while MNU required repeated injections into 
individual rats to produce tumours, a single transplacen- 
tal dose of ENU produced a 100% incidence of CNS 
neoplasms. 

In the 1970s, developmental studies of tumour genesis 
following the transplacental administration of ENU in preg- 
nant BDIX rats identified the significance of the primitive 
cells of the subependymal plate (Figure 2) in the cellular 
origin and evolution of a variety of glial tumours. M ore- 
over, the presence of poorly differentiated stem cell popu- 
lations throughout tumour genesis and within premalignant 
lesions, microtumours, and overt, neurologically apparent 
CNS tumours was identified (Lantos and Pilkington, 1979; 
Pilkington and Lantos, 1979). On histological and ultrastruc- 
tural analysis of 8-week post-natal rats, small foci of abnor- 
mal cell clusters composed of undifferentiated subependy- 
mal plate- type cells with a high nuclear- cytoplasmic ratio, 
Sparse cell organelles, and a dominance of free over 
membrane-bound ribosomes were found. A comprehensive 
light- and electron microscopic study of the brains of rats 
whose mothers had received ENU on the 16th day of gesta- 
tion revealed such early lesions from 8 weeks, well before 
the neurological signs of neoplasia manifested at around 
245 days post-natally. The lesions occurred frequently at the 





Figure 2 Transmission electron micrograph of poorly differentiated, trans- 
formed stem/progenitor cells in the subependymal plate of ENU-treated 
BDIX rat. L = lateral ventricle. 
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angle of the lateral ventricles between the corpus callosum 
and the caudate nucleus, the lateral aspect of the ventri- 
cles, and within the subcortical white matter adjacent to the 
hippocampus (Lantos and Pilkington, 1979). The cells were 
clustered around both cerebral capillaries and neurons. By 
16-20 weeks of age, microtumours composed of a high 
proportion of subependymal plate stem cells together with 
glioblasts and various developing glia were detected. A stro- 
cytic, oligodendroglial, and ependymal differentiation were 
all seen (Pilkington and Lantos, 1990). This pleomorphic 
cell population may arise as a consequence of the diver- 
gent processes of differentiation and anaplasia or may signify 
derivation from different stem/progenitor cell populations. 
The experimental CNS tumours produced (Pilkington and 
Lantos, 1990), therefore, shared morphological and biologi- 
cal similarities with naturally occurring, spontaneous neural 
neoplasms in man and other mammals. In particular, they 
have proved valuable in studies of the infiltrative/invasive 
edge of the tumour, where interaction with the contiguous 
brain occurs, and in sequential studies of tumour devel- 
opment. While most ENU-induced tumours are mixed or 
pleomorphic, gliomas, both oligodendroglioma and schwan- 
noma, also occur and fine structural studies demonstrated the 
presence of neuroblasts in some lesions (Lantos and Pilking- 
ton, 1977). Although they have a relatively long latency, such 
tumours remain one of the best tools for elucidating the cel- 
lular and molecular tumourigenesis of CNS tumours. Indeed, 
with the emergence of immunohistochemical and molecular 
markers for cancer stem cells, the revisiting of such a system 
is highlighted. (see Stem C ells and Tumourigenesis 


(a) 











Figure 3 A hunched, emaciated, tumour-bearing VM mouse with a serially 
transplanted VM Dk anaplastic astrocytoma. 


Transplanted Tumours 


In essence, transplantable tumour models, capable of serial 
passage in an animal host, can be divided into those in 
which tumour cells or tissue is injected either directly 
into the brain or the spinal cord or subcutaneously or 
intramuscularly into the flank. They may also be placed into 
“syngeneic” or “heterotransplant” groups. Syngeneic tumours 
may be of spontaneous origin, such as the VMDk mouse 
(Figure 3) anaplastic astrocytoma (Figure 4), (Pilkington 
et al., 1983, 1985a) or virally or chemically induced, such as 
the A15A5/ENU-induced transplantable model (Pilkington 
et al., 1985b; Saggu and Pilkington, 1986), and may be 
subsequently transplanted into an animal of the same species 
and strain. Heterotransplants or xenografts are tumours that 


(b) 


Figure 4 (a) A VM spontaneous anaplastic astrocytoma shows diffuse invasive behaviour adjacent to the lateral ventricle (lower right of figure). (b) A 
homogeneous field of astrocytes characterizes the spontaneous VM murine astrocytoma. Haematoxylin and eosin. 
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are transplanted from one strain or species of animal to 
another. Here, transplantation of, for example, a human 
biopsy, is either into an immunodeficient animal, such as a 
“nude mouse” or into an “immunologically privileged site” 
(brain, cheek pouch, or anterior chamber of the eye) of an 
immunocompetent animal. Although implantation of cells 
directly into the brain is considered to be most biologically 
appropriate for the majority of studies, transplantable models 
suffer from the fact that once tumour cells have been 
propagated in in vitro culture, a pre-selection for high 
mitotic activity occurs and on subsequent implantation into 
animal hosts the cells produce a tumour that grows very 
rapidly by expansion but shows only very limited tumour 
cell infiltration into the contiguous host brain (Figure 5). 
In the case of the anaplastic astrocytoma, which arises 
spontaneously in approximately 1.6% of VM strain mice, the 
tumour is highly diffusely invasive (Figure 6). If cells from 
these tumours are disaggregated and directly injected into 
syngeneic host brains, an invasive tumour arises; however, if 
the cells are removed and grown in vitro prior to syngeneic 
transplantation, a large rapidly growing expansive tumour 
mass arises with little evidence of invasion. Similarly, 
transplanted tumour cells of ENU-induced glioma origin, 
such as A15A5, grow as expansive lesions with little or no 
local infiltrative growth (Figure 7). 

Relatively recently, however, xenografting of biopsied 
glioma tissue directly into immunodeprived rats has been 
reported to carry the distinct advantage of demonstration 
of marked infiltrative/invasive behaviour unlike previous 
tumour cell transplanted models (M ahesparan et al., 2003). 

Even more recently, tumour stem cells have been 
xenografted into the brains of non-obese, diabetic, severe 
combined immunodeficient (NOD-SCID) mice by injecting 
as few as 100 CD133-positive brain tumour stem cells, and 
this resulted in the production of neoplasms with histological 
features of the biopsy, from which the cells were originally 
obtained, isolated, and purified (Singh et al., 2004). This in 
vivo model could be subsequently serially transplanted. 





Figure 5 A large astrocytic tumour (T) in the right cerebral hemisphere of 
a VM mouse injected with VM Dk 497 tumour cells obliterates the lateral 
ventricle and causes midline shift. 





Figure 6 A spontaneous VM mouse astrocytoma shows a highly infiltra- 
tive nature, with neoplastic cells surrounding large light neurons as well as 
capillaries. On subsequent culture of the component astrocytoma cells and 
syngeneic transplantation into VM mouse brain, the tumours that result fail 
to demonstrate this invasive pattern and grow by virtue of a high degree of 
mitotic activity leading to expansive rather than infiltrative growth. Tolui- 
dine blue resin section. 
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Figure 7 A A15A5 (ethylnitrosourea-induced) cell culture transplanted 
tumour (T) shows prominent blood vessels around which tumour cells 
proliferate, but there is little evidence of single cell infiltration into 
surrounding brain tissue (B). Haematoxylin and eosin. 


Genetic Modification Induced 


Although animal models that have resulted from genetic 
manipulation have been in use during the past decade (Ding 
et al., 2001) and these carry histological similarity to their 
human counterpart neoplasms, their latency is variable. They 
have, however, proved valuable in clarifying mechanisms 
of glioma genesis (Holland et al., 2000; Holland, 2001), as 
well as serving as models for novel therapeutic modalities 
in preclinical translational research (Holland, 2004; Hu and 
Holland, 2005). 
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ANIMAL MODELS OF METASTASIS INTO THE CNS 


Although animal models of metastasis for various types of 
cancer are numerous and well utilized - somewhat oddly, 
considering the relative frequency of metastatic spread to 
the brain and spinal cord - there has been relatively little 
work on such models of metastasis to the CNS. Such models 
that do exist either implant cancer cells or tissue explants 
directly into the brain, thus failing to answer questions as 
to precisely how the metastatic cancer enters the CNS, or 
inject cells into the carotid artery or left ventricle of the heart 
(Ushio etal., 1977). Initial problems arose, in that, while 
achieving metastatic tumour “take” within the meninges, 
intracerebral parenchymal lesions were rare. The use of 
variants of the B16 mouse melanoma cell line, however, 
led to the production of secondary tumours within the brain 
substance (Kawaguchi etal., 1985). Additionally, cultured 
cells from human tumours such as melanoma have been 
directly injected into nude mouse brain and resulted in 
secondary tumour formation (Schackert et al., 1990). The 
paucity of research and the limitations of the animal models 
suggest that in vitro/ex vivo approaches may yield more 
valuable information in this area. 


IN VITRO/EX VIVO MODELS OF PRIMARY BRAIN 
TUMOUR 


Rat/Mouse Cell Culture Systems 


For many years, tumour cells, in particular, neoplastic astro- 
cytes, have been isolated from CNS tumours produced exper- 
imentally in animals exposed to oncogenic viruses, ionizing 
radiation, and, most particularly, chemical carcinogens. Such 
established cell lines like C6 glioma and 9L gliosarcoma 
have been in common use for decades, while rat glioma 
cell lines such as A15A5, BT4C, RG2, and F98, extracted 
from nitrosourea-induced brain tumours have been produced 
in various laboratories across the world. Differences with 
their human counterpart tumour cells in antigenic expression 
and promiscuous lineage characteristics according to growth 
media conditions, as well as their homogeneous nature after 
continued serial in vitro passage, however, render these cells 
less than ideal in the development of model systems to 
deduce meaningful data about human CNS tumours. 


Human Glioma Cell Systems 


Since primary brain tumours - and, particularly, those of 
high-grade malignancy - are relatively amenable to propaga- 
tion and continuous culture, the use of human biopsy-derived 
tissue for explant or dissociated cell-suspension production 
of primary monolayer cultures has become commonplace 
in most neuro-oncology research laboratories. The tendency, 
however, has been to use high-passage, highly homogeneous, 
established, well-characterized cell lines such as U251MG 


both for chemosensitivity/multidrug resistance assay pur- 
poses and for xenograft production of tumour models. Since 
gliomas are essentially of a high cellularly heterogeneous 
nature, the disadvantage of this approach lies in their cellu- 
lar homogeneity and one might well argue that any results 
gained may not be representative of the situation in the 
tumour of origin. The use of primary cultures or, at least, 
of low-passage, biopsy-derived cultures is now preferred in 
many laboratories. Bearing in mind their cellular hetero- 
geneity and the major differences in characteristics such as 
enzyme synthesis, cell adhesion molecule and extracellular 
matrix (ECM) protein expression, growth factor production, 
and growth factor receptor expression between subpopula- 
tions of neoplastic glia that comprise the tumour, the use 
of co-cultures to investigate paracrine control mechanisms is 
of considerable value. The use of special co-culture cham- 
bers that incorporate Anocell™ aluminium oxide filters for 
segregating each of two cloned populations from a hetero- 
geneous glioma permits exchange of diffusible factors, but 
prevents direct physical contact between the two cell popu- 
lations. The interactive nature of such cell subpopulations in 
tumour progression may thereby be elucidated. 


Simple In vitro Methods for Study of Migration 
and Invasion 


M ethods as simple as a “scratch” across a confluent tumour 
cell monolayer can facilitate monitoring of cell migration 
on different substrates and, with the development of live 
cell imaging systems incorporating sophisticated software 
for analysis of speed, directionality, and time taken prior 
to mitosis or apoptosis, such approaches yield significant 
data. Tracking cells that have either been prelabelled with 
vital fluorescent dyes or transfected with green fluorescent 
protein may help in deciphering differences between vari- 
ous populations of cells in biological behaviour. M odified 
Boyden chemotaxis chambers, the so-called Transwell'™ 
multiwell plates incorporating polycarbonate membrane fil- 
ters of porosities of 8-12\1m (Figure 8), can be used to 
investigate either cell migration or a facet of invasion. These 
are set up with a chemoattractant (e.g., 10 ng mI™} platelet- 
derived growth factor)-containing medium or a tumour 
cell- conditioned medium in the lower chamber and cells 
for assay are seeded onto the top of the filter in the upper 
chamber. A fter a predetermined period of incubation (usually 
4- 8 hours, depending upon the population-doubling times of 
cells under investigation), the filters are removed and cells 
that have migrated to the lower side of the filter may be 
stained with, for example, a modified Papanicolau (Diff- 
Quik) dye or by immunocytochemical methods (Figure 9). 
In addition, scanning and transmission electron microscopy 
may be carried out. Cells on the upper (non-migratory) side 
of the filter are either ignored, as unfocused cells, or may 
be removed by gentle scraping. Migratory cell numbers per 
unit time under different conditions (eg., in the presence 
or absence of putative antimigratory agents or to evaluate 
the influence of various cytokines and growth factors on the 
migration/invasion process) may then be noted. By coating 
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Figure 8 “Transwell” modified Boyden chamber system for studying 
migration and “invasion” (after addition of extracellular matrix protein 
to the upper side of the filter) of tumour cells through a polycarbonate 
membrane filter with 8- 12-um pores in response to a chemoattractant such 
as platelet-derived growth factor (PDGF). 


the filter with a thin layer of either the artificial combina- 
torial ECM composite, M atrigel™ , or the appropriate ECM 
component (e.g., hyaluronic acid, tenascin C, laminin), the 
assay can be converted to not merely a migration assay but 
to an invasion assay of sorts (Albini et al., 1987). In this 
case, there is a need for cells not only to adhere to the ECM 
but also to degrade it, in order to move through the filter. 


Ex vivo Brain Slice Models 


Fresh slices of either rat or human brain have been main- 
tained for varying time periods and green fluorescent protein- 
labelled tumour cells implanted into either white or grey 
matter regions, in order to study pathways of migration in tis- 
sue that retained histo-architectural features (Ohnishi et al., 





1998; Jung etal., 2001; Jung etal., 2002; Nakada etal., 
2004). By use of such systems, potential inhibitors of inva- 
siveness, for example, matrix metalloproteinase (M M P) and 
cysteine protease inhibitors, may be evaluated. 


Three-dimensional (3D) Models 


The use of 3D in vitro models to study brain tumour 
invasion has provided a system that more closely reflects 
the microenvironment present in the tumour of origin. 
Cell fate decisions are governed by complex signalling 
between cells and stimuli from the surrounding parenchyma. 
The cells are connected both to their neighbours in vivo 
and to the ECM forming an intricate network that is not 
reproducible in traditional two-dimensional systems. MCTSs 
may be used as organotypic models of both normal and 
solid tumour tissue. Traditional techniques for generating 
spheroids, such as growth on non-adherent substrates or 
on scaffolds, or spinning, have a number of disadvantages 
including the use of non-physiological matrix compounds 
(Kelm etal., 2003). A number of 3D models have been 
developed from tumour cell aggregates or “spheroids” to 
study both tumour invasion and host regulation of malignant 
progression. The first of these, developed by Sutherland et al. 
(1971), employed Chinese Hamster V 79 lung cells, which 
were rotated in a spinner culture. The effectiveness of this 
method relies heavily on the cell type under investigation, 
with not all types resulting in viable and implantable 
results. Established cell lines, such as the C6 and U251, 
have recently been involved in the production of spheroids 
using the spinner method (Lordo et al., 1987; Tamaki et al., 
1997; Werbowetski et al., 2004); however, glial tumour and 
medulloblastoma cells do not generally form reproducible 
spheroids using the spinner culture technique (Corcoran 
et al., 2003). This particular method for culturing spheroids 
is also extremely time consuming, with cells being spun for 
up to 6 weeks. 





Figure 9 “Diff Quik” stained cells on lower sides of polycarbonate membrane filters. (a) Before application of an invasion inhibitor and (b) after application 
of inhibitor. M any cells are seen in (a), while in (b) pores are clearly visible but relatively few cells are apparent. 
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In 1994, Kennedy etal. prepared cellular aggregates by 
plating cell suspensions directly onto agar-coated dishes; this 
system relies on the inability of the cells to adhere to the 
coated plate surface, thereby forcing them to adhere to each 
other, with the resulting aggregates reaching a diameter of 
500m within 48 hours (Kennedy etal., 1994). In 2004, 
Del Duca et al. demonstrated the use of the “hanging drop” 
spheroid method, whereby trypsinized cells are placed in 
20-ul drops (at a known seeding density) onto the lid 
of a petri dish and then inverted over Dulbecco's modi- 
fied Eagle's medium (DMEM )-containing dishes (Del Duca 
et al., 2004). The incubation time for the hanging drops is 
reliant on the sedimentation rate for formation of cellular 
aggregates, generally correlating with population-doubling 
time. The aggregates are then laid onto an agar-coated dish 
and DMEM is added, to allow further expansion and forma- 
tion of a true spheroid. 

When comparing the methods for forming aggregate 
spheroids, the advantage of the hanging drop method is clear, 
with visible aggregates appearing within the first 24 hours. 
This also ensures true spherical morphology, unlike the 
irregular aggregates formed by previous methods. The grav- 
itational force exerted on the suspended cultures increases 
the dynamics of the system. The initial two-dimensional 
aggregate assumes a 3D morphology when placed onto the 
non-permissive agar substrate, encouraging the layers of cells 
to fold onto themselves. 

To more accurately reflect the in vivo conditions of the 
tumour mass, explant tissue can be placed into a matrix 
and allowed to invade the surrounding area. The use of 
explants allows the retention of morphological features 
similar to those of the original tumour tissue in vivo; in this 
respect, they differ from spheroids generated from permanent 
cell lines. Bjerkvig etal. (1990) observed that explant 
spheroids from seven human gliomas contained preserved 
vessels, connective tissue, and macrophages, revealing a 
close resemblance to the original tumour conditions. The 
advantage of this model is that the degree of cell proliferation 
and the degree of cell loss from the explants are closely 
linked, as is the case for tumours in vivo. The spheroid model 
can be used in two-compartment confrontational assays, 
whereby the presence of a host tissue allows the tumour- 
derived spheroid to invade. The host tissue can differ greatly 
in its origin, with many assays using the embryonic chick 
heart model (M areel et al., 1979), which confronts spheroidal 
fragments of a 9-day-old chick heart with an invading tumour 
spheroid. The limiting factor when selecting the origin of 
the host is the validity of the in vivo situation. The host 
is heterologous to the tumour spheroid, and CNS tumours 
do not invade the heart tissue in vivo (de Ridder etal., 
2000). When selecting a suitable autologous host tissue, it is 
important to bear in mind the lack of a well-developed ECM 
in the brain parenchyma, and over-representation of ECM 
in the host can interfere with the natural invasion process. 
In 1985, Steinsvag et al. employed organotypical rat-brain 
fragments as a host for rat glioma cells. While this approach 
overcame the problem of the non-specific host, it did not 
address the fact that the brain tissue de-differentiates rapidly 
and, thus, the invasion is terminated rapidly (Steinsvag et al., 


1985). By use of re-aggregated rat-brain cells as a target for 
rat glioma invasion (Bjerkvig et al., 1986; Pedersen et al., 
1998), however, the process can be followed for several 
weeks. 

The selection of a basement membrane for 3D models 
poses a contentious issue for the researcher, given the validity 
of non-physiological systems. Popular systems include recon- 
stituted basement membranes including collagen |, laminin, 
fibronectin, or the composite, M atrigel™, and selection of 
these depends on the nature of the assay. The use of colla- 
gen I is a matter of debate, owing to the scarcity of this ECM 
component in the brain parenchyma; however, cost and ease 
of use determine the final choice. 

The ultimate in design for the 3D model must be the devel- 
opment of an “all-human” system, whereby all components 
take into account the situation in vivo. We have recently 
developed an “all-human” 3D spheroid model to study inva- 
sion of tumour into the non-neoplastic brain. Here, we use 
an adaptation of the “hanging drop” method (Corcoran et al., 
2003) to produce MCTSs from brain tumour biopsy tissue 
and then juxtapose these with spheroids produced either from 
astrocyte-rich cultures derived from the brains of patients 
who had undergone surgical resection for intractable epilepsy 
or from commercially available human astrocytic cultures 
(Figure 10). These cultures are also maintained under human 
serum- supplemented conditions. Invasion of glial neoplasms 
into the “target” brain spheroid is studied using vital cell 
markers for each population by either confocal microscopy 
or live cell (real time) imaging over periods of up to 
72 hours (Figure 11). The confrontation cultures may be kept 
in a viable, healthy condition for several days and stud- 
ied subsequently, following fixation and processing by light, 
fluorescence, and electron microscopy. The use of total inter- 
nal reflected fluorescence (TIRF) microscopy permits high- 
signal, low-noise identification of immunolabelled integrins, 





Figure 10 “All-human”, three-dimensional co-culture between green flu- 
orescence- labelled glioma cell spheroid and red fluorescence- labelled, 
epilepsy resection- derived, astrocyte-rich brain spheroid culture. Ini- 
tially astrocytes from the non-neoplastic culture migrate into the tumour 
spheroid, but shortly afterwards tumour cells invade into and destroy the 
epilepsy-resection spheroid. 
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a) 





Live cell microscopy system incorporating humidified, gassed, 
incubation chamber with micromanipulators and software for image analysis 
of directionality and velocity of cell movement. 


Figure 11 


cell adhesion molecules, and underlying cytoskeletal ele- 
ments whose interaction underpins invasion and metastasis. 
By microinjection of subpopulations of somatic cancer cells 
obtained both post-mortem and from biopsy into “target” 
brain spheroids, we also investigate the interaction between 
these cancer cells and brain-derived astrocytes using the same 
technology as described in the preceding text. 


IN VITRO MODELS OF THE BLOOD-BRAIN 
BARRIER (B-BB) IN THE METASTATIC SPREAD 
OF NON-CNS CANCERS TO THE BRAIN 


The B-BB is formed by specialized cerebral microvascular 
endothelial cells (CMECs), which line the brain microves- 
sels. They are connected by extremely high resistance tight 
junctions and adherens junctions and lack the fenestrations 
seen in the endothelia of other organ vasculature (Ballabh 
etal., 2004; de Vries etal., 1995; Wolburg and Lippoldt, 
2002). The B-BB provides an important mechanism for pro- 
tecting the brain from fluctuations in plasma composition 
and from circulating agents such as neurotransmitters and 
xenobiotics capable of disturbing neural function (A bbott and 
Romero, 1996). Thus, the B-BB is an important consideration 
when designing drugs targeted towards the CNS and when 
treating CNS pathologies (Ballabh et al., 2004; Pardridge, 
2005). Studying the B-BB in vivo creates a number of 
difficulties and, therefore, presents the need for a robust 
model in vitro to facilitate studies of B-BB structure and 
function (Lemaire and Desrayaud, 2005), as well as to pro- 
vide knowledge about how metastatic cancer cells enter the 
CNS. Establishment of an “all-human” model of the B-BB 
has proved difficult. Past attempts at using primary bovine, 
porcine, rat, or mouse endothelial cells to mimic the inter- 
actions taking place in vivo have been time consuming, the 
lifespan of such cells being finite. Cerebral microvessels are 


enclosed by a web of astrocyte end feet and encircled by per- 
icytes. Microglia are found in close proximity, and neurons, 
by necessity, are closely associated with microvessels (B al- 
labh et al., 2004; de Vries et al., 1995; Abbott and Romero, 
1996; Abbott, et al., 2006). Astrocytes are commonly used in 
co-culture models of the B-BB and are believed to be neces- 
sary for the differentiation and maintenance of the endothelial 
B-BB phenotype (Abbott, 2002; Garcia et al., 2004; Sobue 
et al., 1999). In the past, a number of endothelial cell types, 
along with brain slices and primary cultures of microvessels, 
have been employed to try and represent the B-BB func- 
tionality. The most commonly used technique at the present 
time, with a 30-year history, is the culture of CMECs with 
or without the addition of primary or transformed astrocytes. 
The focus of these models currently is the issue of permeabil- 
ity, this being the primary drawback preventing application 
of the model to many situations. Early attempts at elucidating 
the mechanisms of the B-BB involved the use of animal mod- 
els (Clark et al., 1981; Pardridge and Landaw, 1984; Sasaki 
and Schneider, 1976). As far back as the late 1970s and 
1980s, techniques for isolation and culture of microvessels 
(K arnushina et al., 1980) and for culture of primary endothe- 
lial cells from brain tissue were developed from organotypic 
cultures (H auw et al., 1975). Such tissue initially came from 
rodents (Bowman et al., 1981; DeBault et al., 1981; Diglio 
etal., 1982; Hansson etal., 1980), and later from larger 
mammals (A udus and Borchardt, 1987; Goetz et al., 1985). 
These cultures paved the way for characterization of CMECs 
and in vitro models for studies of compound permeability 
through the B-BB, allowing observations and new experi- 
mental techniques that were not possible in in vivo mod- 
els (Bowman et al., 1983; Carson and Haudenschild, 1986; 
Goldstein et al., 1986). One of the main problems with the 
early CMEC cultures was contamination with other cell types 
such as smooth muscle cells from arterioles (Reichel et al., 
2003); however, protocols were quickly improved to reduce 
this problem (Reichel etal., 2003; Dallaire etal., 1991). 
As techniques for isolation, culture, and characterization of 
endothelial cells were refined and such cultures became more 
frequently studied, co-culture models of the B-BB began 
to emerge. These models arose from a greater understand- 
ing of the interactions between CM ECs and the surrounding 
astrocytes (Arthur et al., 1987; M axwell et al., 1987). Com- 
bining cultures of CMECs in cell culture inserts such as 
transwells (Pardridge et al., 1990; Shah et al., 1989) with co- 
cultures of CMECs and astrocytes (Gebhart and Goldstein, 
1988) led to the development of co-culture systems, which 
are now widely used in vitro B-BB models (Dehouck et al., 
1990). Co-culture models, and with them understanding of 
CMEC - astrocyte interactions and B-BB function, have con- 
tinually been researched and refined over the past 15 years 
(Dehouck et al., 1990; Demeuse et al., 2002; Hurst and Fritz, 
1996; Raub, 1996; Rauh et al., 1992; Stanness et al., 1999; 
Terasaki et al., 2003; Wolburg et al., 1994), and, despite their 
limitations, remain a focus of B-BB research both academ- 
ically and commercially. Attempts to derive B-BB models 
using non-cerebral endothelia such as human umbilical vein 
endothelial cells (HUVECs) and the MDCK and Caco-2 
epithelial cell lines (Garberg et al., 2005; Tio et al., 1990) 
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demonstrated the ability of astrocytes to induce B-BB char- 
acteristics in other cell lines. However, none of these models 
have proved particularly successful in a B-BB context, the 
engineered MDCK-MDR line being a possible exception 
(Reichel et al., 2003; Abbott, 2004). Culture of CM ECs with- 
out astrocytes has continued to evolve with improvements 
in isolation techniques and remains a widely used tool in 
B-BB research, particularly with production of immortalized 
CMEC lines (Kusch-Poddar etal., 2005; Muruganandam 
etal., 1997; Omidi etal., 2003; Regina etal., 1999; Wek- 
sler et al., 2005). We are currently using human astrocyte- 
rich, epilepsy-resection cells (UPES1/C) and commercially 
available human astrocyte cultures (CC-2565) in co-culture 
with human brain (hCM EC) endothelial cultures transduced 
by lentiviral vectors incorporating human telomerase/SV 40 
large T antigen (Weksler et al., 2005) on polycarbonate mem- 
brane filters (pore size dependent on the nature of the assay 
for which it is being employed) to produce and characterize a 
3D B-BB model system for the study of interaction between 


metastatic cancer cells and brain vasculature in the process of 
cancers metastasizing into the CNS (Figure 12). By the use 
of immunocytochemistry with subsequent TIRF microscopy, 
which permits high-signal, low-noise observation of inter- 
actions of closely apposed cancer and endothelial cells as 
well as cancer cell and astrocyte plasma membranes, we can 
examine the role of various integrin subunits, cell surface 
gangliosides, and cell adhesion molecules together with sub- 
cellular microfilament systems, which together control cell 
movement dynamics. 


IN SILICO MODELS 


In addition to the various in vitro/ex vivo and animal models 
for the study of CNS tumours, the concept of the discipline 
of “systems biology” has brought with it the notion that 
the wealth of gene-expression information gained through 
ongoing research programmes may be placed into context 


Transwell™ modified boyden chamber assay 
system 






8-um polycarbonate 
membrane filter 


Figure 12 Overview of model system for the study of metastatic cancer cells through physical elements of the brain vasculature. UPESC - non-neoplastic 
human astrocytes; hCMEC/D3 - human brain-derived endothelial cells; DMEM - Dulbecco's modified Eagle’s medium; ECM - extracellular matrix 


(e.g., laminin). 
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by the use of computer-generated and mathematical models 
and algorithms. Moreover, such approaches may be expected 
to help focus attention on specific genes of likely significance 
for small sample sizes (Wang et al., 2005). In this context, 
artificial neural networks have already been used in paediatric 
brain tumours such as medulloblastomas to provide a reduced 
number of gene sets for further analysis through application 
of symbolic machine learning techniques and cluster analysis 
(Narayanan et al., 2004). 


REFERENCES 


Abbott, N. J. (2002). Astrocyte-endothelial interactions and blood-brain 
barrier permeability. J ournal of Anatomy, 200(6), 629- 638. 

Abbott, N. J. (2004). Prediction of blood- brain barrier permeation in drug 
discovery from in vivo, in vitro and in silico models. Drug Discovery 
Today, 1(4), 407- 416. 

Abbott, N. J. and Romero, |. A. (1996). Transporting therapeutics across 
the blood-brain barrier. Molecular Medicine Today, 2(3), 106- 113. 

Abbott, N. J., et al. (2006). A strocyte-endothelial interactions at the blood- 
brain barrier. Nature Reviews. Neuroscience, 7(1), 41-53. 

Albini, A., et al. (1987). A rapid in vitro assay for quantitating the invasive 
potential of tumour cells. Cancer Research, 47, 3239- 3245. 

Arthur, F. E., et al. (1987). Astrocyte-mediated induction of tight junctions 
in brain capillary endothelium: an efficient in vitro model. Brain 
Research, 433(1), 155- 159. 

Audus, K. L. and Borchardt, R. T. (1987). Bovine brain microvessel 
endothelial cell monolayers as a model system for the blood-brain barrier. 
Annals of the New York Academy of Sciences, 507, 9- 18. 

Ballabh, P., et al. (2004). The blood-brain barrier: an overview: structure, 
regulation, and clinical implications. Neurobiology of Disease, 16(1), 
1-13. 

Bjerkvig, R., etal. (1986). Reaggregation of fetal rat brain cells in a 
stationary culture system. |: methodology and cell identification. In Vitro 
Cellular & Developmental Biology, 22(4), 180- 192. 

Bjerkvig, R., etal. (1990). Multicellular tumor spheroids from human 
gliomas maintained in organ culture. Journal of Neurosurgery, 72(3), 
463- 475. 

Bolteus, A. J., et al. (2001). Migration and invasion in brain neoplasms. 
Current Neurology and Neuroscience Reports, 1(3), 225 - 232. 

Bowman, P. D., et al. (1981). Primary culture of capillary endothelium from 
rat brain. In Vitro, 17(4), 353- 362. 

Bowman, P. D., et al. (1983). Brain microvessel endothelial cells in tissue 
culture: a model for study of blood-brain barrier permeability. Annals of 
Neurology, 14(4), 396- 402. 

Boyd, S. R., et al. (2002). Uveal melanomas express vascular endothelial 
growth factor and basic fibroblast growth factor and support endothelial 
cell growth. The British J ournal of Ophthalmology, 86(4), 440- 447. 

Carson, M. P. and Haudenschild, C. C. (1986). Microvascular endothelium 
and pericytes: high yield, low passage cultures. In Vitro Cellular & 
Developmental Biology, 22(6), 344 - 354. 

Clark, H. B., etal. (1981). Measurement of cerebral vascular extraction 
fractions in the rat using intracarotid injection techniques. Brain Research, 
208(2), 311- 323. 

Corcoran, A., et al. (2003). Evolution of the brain tumour spheroid model: 
transcending current model limitations. Acta Neurochirurgica (Wien), 
145(9), 819- 824. 

Dallaire, L., et al. (1991). Purification and characterization of metabolically 
active capillaries of the blood-brain barrier. The Biochemical J ournal, 
276(Pt 3), 745- 752. 

DeBault, L. E., etal. (1981). Cerebral microvessels and derived cells 
in tissue culture: Il. Establishment, identification, and preliminary 
characterization of an endothelial cell line. In Vitro, 17(6), 480- 494. 

Dehouck, M. P., etal. (1990). An easier, reproducible, and mass- 
production method to study the blood-brain barrier in vitro. J ournal of 
Neurochemistry, 54(5), 1798- 1801. 


Del Duca, D., et al. (2004). Spheroid preparation from hanging drops: 
characterization of a model of brain tumor invasion. J ournal of Neuro- 
oncology, 67(3), 295- 303. 

Demeuse, P., et al. (2002). Compartmentalized coculture of rat brain 

endothelial cells and astrocytes: a syngenic model to study the blood- 

brain barrier. J ournal of Neuroscience Methods, 121(1), 21- 31. 

Diglio, C. A., et al. (1982). Primary culture of rat cerebral microvascular 

endothelial cells. Isolation, growth, and characterization. Laboratory 

Investigation, 46(6), 554 - 563. 

Ding, H., et al. (2001). Astrocyte-specific expression of activated p21-ras 
results in malignant astrocytoma formation in a transgenic mouse model 
of human gliomas. Cancer Research, 61, 3826 - 3836. 

Fidler, I. J., et al. (1999). The biology of melanoma brain metastasis. C ancer 
Metastasis Reviews, 18(3), 387 - 400. 

Garberg, P., et al. (2005). In vitro models for the blood-brain barrier. 
Toxicology in Vitro, 19(3), 299- 334. 

Garcia, C. M., et al. (2004). Endothelial cell-astrocyte interactions and TGF 
beta are required for induction of blood-neural barrier properties. Brain 
Research. Developmental Brain Research, 152(1), 25- 38. 

Gebhart, A. M. and Goldstein, G. W. (1988). Use of an in vitro system 
to study the effects of lead on astrocyte-endothelial cell interactions: a 
model for studying toxic injury to the blood-brain barrier. Toxicology and 
Applied Pharmacology, 94(2), 191- 206. 

Goetz, |. E., etal. (1985). Long-term serial cultivation of arterial and 
capillary endothelium from adult bovine brain. In Vitro Cellular & 
Developmental Biology, 21(3 Pt 1), 172- 180. 

Goldstein, G. W., et al. (1986). In vitro studies of the blood-brain barrier 
using isolated brain capillaries and cultured endothelial cells. Annals of 
the New York Academy of Sciences, 481, 202- 213. 

Hanahan, D. and Weinberg, R. A. (2000). The hallmarks of cancer. Cell, 
100(1), 57- 70. 

Hansson, E., et al. (1980). Brain primary culture - a characterization. Brain 
Research, 188(1), 233- 246. 

Hauw, J. J., etal. (1975). Ultrastructural observations on human cerebral 
capillaries in organ culture. Cell and Tissue Research, 163(2), 133- 150. 

Holland, E. C. (2001). Gliomagenesis: genetic alterations and mouse 
models. Nature Reviews. Genetics, 2, 120- 129. 

Holland, E. C. (2004). Mouse models of human cancer as tools in drug 
development. Cancer Cell, 6, 197-198. 

Holland, E. C., et al. (2000). Combined activation of Ras and Akt in neural 
progenitors induces glioblastoma formation in mice. Nature Genetics, 25, 
55-57. 

Hu, X. and Holland, E. C. (2005). Applications of mouse glioma models 
in preclinical trials. Mutation Research, 576, 54- 65. 

Hurst, R. D. and Fritz, |. B. (1996). Properties of an immortalised vascular 
endothelial/glioma cell co-culture model of the blood-brain barrier. 
Journal of Cellular Physiology, 167(1), 81- 88. 

Jung, S., etal. (2001). Tracking the invasiveness of human astrocytoma 
cells by using green fluorescent protein in an organotypical brain slice 
model. Journal of Neurosurgery, 94, 80- 89. 

Jung, S., etal. (2002). Brain tumor invasion model system using 
organotypic brain-slice culture as an alternative to in vivo model. J ournal 
of Cancer Research and Clinical Oncology, 128, 469- 476. 

K arnushina, |. L., et al. (1980). Studies on a capillary-rich fraction isolated 
from brain: histaminic components and characterization of the histamine 
receptors linked to adenylate cyclase. J ournal of Neurochemistry, 34(5), 
1201- 1208. 

Kawaguchi, T., etal. (1985). Cellular behaviour of metastatic B16 
melanoma in experimental blood-borne implantation and cerebral 
invasion. Invasion & Metastasis, 5, 16- 30. 

Kelm, J. M., etal. (2003). Method for generation of homogeneous 
multicellular tumor spheroids applicable to a wide variety of cell types. 
Biotechnology and Bioengineering, 83(2), 173- 180. 

Kennedy, T. E., et al. (1994). Netrins are diffusible chemotropic factors for 
commissural axons in the embryonic spinal cord. Cell, 78(3), 425- 435. 

Kleihues, P. and Cavenee, W. K. (eds). (2000). Pathology and Genetics 
of Tumours of the Nervous System. IACR, Lyon, France, ISBN 92 832 
2409 4. 

Kusch-Poddar, M., et al. (2005). Evaluation of the immortalized human 

brain capillary endothelial cell line BB19 as a human cell culture model 

for the blood-brain barrier. Brain Research, 1064(1- 2), 21-31. 





12 PRECLINICAL MODELS FOR HUMAN CANCER 


Lantos, P. L. and Pilkington, G. J. (1977). Neuroblasts in cerebral tumours 
induced by ethylnitrosourea in rats: a fine structural study. Virchows 
Archiv. B: Cell Pathology, 25, 243- 259. 

Lantos, P. L. and Pilkington, G. J . (1979). The development of experimental 

brain tumours: a sequential light and electron microscope study of 

the subependymal plate. |. Early lesions (abnormal cell clusters). Acta 

Neuropathologica (Berlin), 45, 167-175. 

Lemaire, M. and Desrayaud, S. (2005). The priorities/needs of the 

pharmaceutical industry in drug delivery to the brain. International 

Congress Series/Excerpta Medica, 1277, 32- 46. 

Lordo, C. D., etal. (1987). The effects of diphenylhydantoin on murine 

astrocytoma radiosensitivity. J ournal of Neuro-oncology, 5(4), 339- 350. 

Mahesparan, R., etal. (2003). Expression of extracellular matrix 

components in a highly infiltrative in vivo glioma model. Acta 

Neuropathologica (Berlin), 105, 49- 57. 

Mareel, M., et al. (1979). Methods of study of the invasion of malignant 

C3H-mouse fibroblasts into embryonic chick heart in vitro. Virchows 

Archiv. B, Cell Pathology Including Molecular Pathology, 30(1), 95-111. 

Martin, K., et al. (1995). Nonexpression of CD15 by neoplastic glia: a 

barrier to metastasis? Anticancer Research, 15(4), 1159- 1166. 

Maxwell, K., et al. (1987). Induction of gamma-glutamyl transpeptidase in 

cultured cerebral endothelial cells by a product released by astrocytes. 

Brain Research, 410(2), 309- 314. 

Muruganandam, A., etal. (1997). Development of immortalized human 

cerebromicrovascular endothelial cell line as an in vitro model of the 

human blood-brain barrier. The FASEB J ournal, 11(13), 1187- 1197. 

Nakada, M., et al. (2004). The phosphorylation of EphB2 receptor regulates 

migration and invasion of human glioma cells. Cancer Research, 64, 

3179- 3185. 

Narayanan, A., etal. (2004). Analyzing gene expression data for 
childhood medulloblastoma survival with artificial neural networks, 
IEEE Symposium on Computational Intelligence in Bioinformatics and 
Computational Biology, San Diego, CA, 9- 16 ISBN 0780387287. 

Ohnishi, T., et al. (1998). A novel model of glioma cell invasion using 
organotypic brain slice culture. Cancer Research, 58, 2935 - 2940. 

Omidi, Y., etal. (2003). Evaluation of the immortalised mouse brain 
capillary endothelial cell line, b.End3, as an in vitro blood-brain barrier 
model for drug uptake and transport studies. Brain Research, 990(1- 2), 
95-112. 

Paget, S. (1989). The distribution of secondary growths in cancer of the 
breast. 1889. Cancer Metastasis Reviews, 8(2), 98- 101. 

Pardridge, W. M. (2005). The blood-brain barrier: bottleneck in brain drug 
development. NeuroRx, 2(1), 3- 14. 

Pardridge, W. M . and Landaw, E. M. (1984). Tracer kinetic model of blood- 
brain barrier transport of plasma protein-bound ligands. Empiric testing 
of the free hormone hypothesis. The J ournal of Clinical Investigation, 
74(3), 745- 752. 

Pardridge, W. M., et al. (1990). Comparison of in vitro and in vivo models 
of drug transcytosis through the blood-brain barrier. The Journal of 
Pharmacology and Experimental Therapeutics, 253(2), 884- 891. 

Pedersen, P., et al. (1998). Glioma cell invasion studied in organotypic 
coculture models, in Mikkelsen, T., et al. (eds), Brain Tumour Invasion: 
Biological, Clinical and Therapeutic Considerations, Vol. 1, pp 219- 230. 
Wiley-Liss, New York. 

Pilkington, G. J. (1992). Glioma heterogeneity in vitro: the significance 

of growth factors and gangliosides. Neuropathology and Applied 

eurobiology, 18, 434- 442. 

ington, G. J . (1994). Tumor cell migration in the central nervous system. 

rain Pathology, 4, 157- 166. 

ington, G. (2001). Brain tumours in the elderly, in Duckett, S. and dela 

orre, J. C. (eds), Pathology of the Ageing Human Nervous System, 2" 

edition, pp 408- 428. Oxford University Press. 

Pilkington, G.J. and Lantos, P. L. (1979). The development of experimental 

brain tumours: a sequential light and electron microscope study of the 

subependymal plate. I1. Microtumours. Acta Neuropathologica (Berlin), 

45, 177-185. 

Kington, G. J. and Lantos, P. L. (1990). Pathology of experimental brain 

tumours, in Thomas, D. G. T. (ed). Neuro-oncology. Primary Malignant 

Brain Tumours, Chapter 4, pp 51- 76. Edward Arnold Ltd. 

Kington, G. J., etal. (1983). Cell lines (VM Dk) derived from a spon- 

taneous murine astrocytoma: morphological and immunocytochemical 

characterization. J ournal of the Neurological Sciences, 62, 115- 139. 





Axwxra 











Pilkington, G. J., etal. (1985a). Tumorigenicity of cell lines (VM Dk) 
derived from a spontaneous murine astrocytoma: histology, fine structure 
and immunocytochemistry of tumours. Journal of the Neurological 
Sciences, 71, 145-164. 

Pilkington, G. J., etal. (1985b). Cloned neoplastic cells from a 
chemically-induced rat glioma: immunocytochemical characterisation. 
British J ournal of Experimental Pathology, 66, 561-566. 

Posner, J. B. and Chernik, N. L. (1978). Intracranial metastases from 
systemic cancer. Advances in Neurology, 19, 579-592. 

Raub, T. J. (1996). Signal transduction and glial cell modulation of cultured 
brain microvessel endothelial cell tight junctions. The American J ournal 
of Physiology, 271(2 Pt 1), C495- C503. 

Rauh, J., etal. (1992). Development of an in vitro cell culture 
system to mimic the blood-brain barrier. Progress in Brain Research, 
91, 117-121. 

Regina, A., etal. (1999). Dexamethasone regulation of P-glycoprotein 
activity in an immortalized rat brain endothelial cell line, GPNT. J ournal 
of Neurochemistry, 73(5), 1954- 1963. 

Reichel, A., et al. (2003). An overview of in vitro techniques for blood-brain 
barrier studies. Methods in Molecular Medicine, 89, 307 - 324. 

de Ridder, L., etal. (2000). Autologous spheroid culture: a screening 
tool for human brain tumour invasion. Critical Reviews in Oncol- 
ogy/Hematology, 36(2- 3), 107-122. 

Saggu, H. and Pilkington, G. J. (1986). Immunocytochemical characteri- 
sation of the A15A5 transplantable brain tumour model in vivo. Neu- 
ropathology and Applied Neurobiology, 12, 291- 303. 

Sasaki, S. and Schneider, H. (1976). Supravital diffusion of fluorescent 
Evans blue in brain and spinal cord tissue. Acta Neuropathologica 
(Berlin), 36(4), 363- 368. 

Schackert, G., etal. (1990). Regional growth of different melanomas as 
metastases in the brain of nude mice. American J ournal of Pathology, 
136, 95-102. 

Schiffer, D., etal. (1998). Proliferative properties of malignant brain 
tumors, in Mikkelsen, T., et al. (eds). Brain Tumor Invasion: Biological, 
Clinical, and Therapeutic Considerations, pp 161-184. Wiley-Liss 
Inc. 

Shah, M. V., etal. (1989). The application of bovine brain 
microvessel endothelial-cell monolayers grown onto polycarbonate 
membranes in vitro to estimate the potential permeability of solutes 
through the blood-brain barrier. Pharmaceutical Research, 6(7), 
624- 627. 

Singh, S. K., etal. (2004). Identification of human brain tumour initiating 
cells. Nature, 432(7015), 281- 282. 

Sobue, K., etal. (1999). Induction of blood-brain barrier properties 
in immortalized bovine brain endothelial cells by astrocytic factors. 
Neuroscience Research, 35(2), 155- 164. 

Stanness, K. A., et al. (1999). A new model of the blood- brain barrier: co- 
culture of neuronal, endothelial and glial cells under dynamic conditions. 
Neuroreport, 10(18), 3725 - 3731. 

Steck, P. A. and Nicolson, G. L. (1983). Cell surface glycoproteins 
of 13762NF mammary adenocarcinoma clones of differing metastatic 
potentials. Experimental Cell Research, 147(2), 255- 267. 

Steinsvag, S. K., et al. (1985). Interaction between rat glioma cells and 
normal rat brain tissue in organ culture. J ournal of the National Cancer 
Institute, 74(5), 1095- 1104. 

Sutherland, R. M., et al. (1971). Growth of multicell spheroids in tissue 
culture as a model of nodular carcinomas. J ournal of the National Cancer 
Institute, 46(1), 113- 120. 

Tamaki, M., etal. (1997). Implantation of C6 astrocytoma spheroid 
into collagen type | gels: invasive, proliferative, and enzymatic 
characterizations. J ournal of Neurosurgery, 87(4), 602- 609. 

Terasaki, T., et al. (2003). New approaches to in vitro models of blood-brain 
barrier drug transport. Drug Discovery Today, 8(20), 944- 954. 

Tio, S., et al. (1990). A strocyte-mediated induction of alkaline phosphatase 
activity in human umbilical cord vein endothelium: an in vitro model. 
European J ournal of Morphology, 28(2- 4), 289- 300. 

Ushio, Y., etal. (1977). Chemotherapy of experimental meningial 
carcinomatosis. Cancer Research, 37, 1232 - 1237. 

de Vries, H. E., etal. (1995). High-density lipoprotein and cerebral 
endothelial cells in vitro: interactions and transport. Biochemical 
Pharmacology, 50(2), 271- 273. 


MODELS FOR CNS MALIGNANCIES 13 


Wang, Y., etal. (2005). Gene selection from microarray data for cancer 
classification - a machine learning approach. Computational Biology and 
Chemistry, 29, 37- 46. 

Weksler, B. B., et al. (2005). Blood-brain barrier-specific properties of a 
human adult brain endothelial cell line. The FASEB Journal, 19(13), 
1872 - 1874. 

Werbowetski, T., et al. (2004). Evidence for a secreted chemorepellent that 
directs glioma cell invasion. J ournal of Neurobiology, 60(1), 71- 88. 


Wolburg, H. and Lippoldt, A. (2002). Tight junctions of the blood- 
brain barrier: development, composition and regulation. Vascular 
Pharmacology, 38(6), 323- 337. 

Wolburg, H., etal. (1994). Modulation of tight junction structure in 
blood-brain barrier endothelial cells. Effects of tissue culture, second 
messengers and cocultured astrocytes. J ournal of Cell Science, 107(Pt 5), 
1347 - 1357. 


Conventional Chemotherapeutics 


Sophie V. Barrett and J im Cassidy 
Beatson Oncology Centre, Glasgow, UK 





INTRODUCTION 


Over the last 50 years, the development of chemotherapy and, 
more recently, the advent of biological agents and targeted 
therapies have led to dramatic changes in the management 
of virtually all types of tumours. There are three main rea- 
sons for considering chemotherapy treatment in an individual 
patient. Firstly, palliative chemotherapy may be given to 
patients with metastatic, incurable disease, with the aim of 
producing disease stabilization or a reduction in tumour bulk. 
This may lead to increased life expectancy, symptomatic ben- 
efit, and improved quality of life. The second rationale is for 
the use of adjuvant chemotherapy in patients who are at sig- 
nificant risk of disease relapse. Clinical experience tells us 
that, for many cancers, a percentage of patients will relapse 
despite apparent local control at presentation and it is known 
that treatment is much less likely to offer a cure once the dis- 
ease has recurred. Adjuvant chemotherapy is used to reduce 
the possibility of disease recurrence. Thirdly, chemotherapy 
may be given in the neoadjuvant setting, that is, prior to local 
therapy. Potential benefits of neoadjuvant chemotherapy are 
to downsize a tumour, either rendering a curative local proce- 
dure possible or enabling a less radical approach to be taken, 
thereby reducing morbidity. A further theoretical advantage 
is the immediate systemic treatment of micrometastatic dis- 
ease, which might then impact on the risk of relapse. 

It is important to understand the mechanisms of action 
and potential toxicities of the drugs available to the oncol- 
ogist. Once these are appreciated, the rationale for specific 
drug combinations will become clear. This knowledge also 
means that improvements in drug combinations can be made, 
both to increase efficacy in tumours with relatively low suc- 
cess rates and to reduce toxicity in those where treatment is 
highly effective. M any chemotherapy drugs are given in com- 
bination regimens, as clinical experience has shown that a 
significant proportion of tumours will demonstrate resistance 
to any particular agent. However, when different drugs are 
combined, the response rates often improve markedly. As a 
general principle, drugs with different mechanisms of action 
should be combined to reduce the possibility of resistance, 
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as tumour clones resistant to one drug may be sensitive to 
another. 

Furthermore, consideration must be given to the toxic- 
ity of each drug in the combination. Most chemotherapy 
drugs have a narrow therapeutic index, which means that 
the dose range above which antitumour activity occurs but 
below which significant toxicity manifests is small. If each 
drug has a different toxicity profile, then it is more likely that 
maximum doses of each agent can be administered safely. As 
a general rule, an oncologist aims to administer the highest 
possible dose at short intervals to maintain dose intensity. 
In reality, however, the dose-limiting toxicity of many con- 
ventional chemotherapeutic agents is myelosuppression and 
this limits the achievable dose intensity. The development 
of haemopoietic growth factors has meant that higher dose 
intensities are possible in certain situations and their use has 
become more widespread, particularly in the management of 
potentially curable malignancies. 

Pharmacokinetic and pharmacodynamic interactions are 
also extremely important in determining the success of a 
chemotherapy combination. Reduced absorption, a partic- 
ularly important consideration with oral preparations, will 
affect the ability of a drug to reach a cancer cell and exert 
its cytotoxic effect. This is particularly marked with cer- 
tain drugs, such as the topoisomerase | inhibitor topotecan 
(Schellens et al., 1996). Conversely, reduced metabolism and 
reduced elimination of a drug, such as in renal or hepatic 
disease, will increase the potential for toxicity. 

This chapter will concentrate on the different groups of 
conventional anticancer agents and will discuss the mecha- 
nisms of action, pharmacokinetics and pharmacodynamics, 
application, and toxicities in turn. It is not possible to give 
an exhaustive account of each class of drug and readers are 
referred to Schellens et al. (2005) for a more in-depth review. 


ANTIMETABOLITES 


Antimetabolites were first found to have clinical anticancer 
activity almost 50 years ago, following the discovery that 
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aminopterin could cause remission in acute leukaemia. There 
are now several important drugs in this class, including 
the pyrimidine antimetabolites 5-fluorouracil (5-FU) and 
cytosine arabinoside (ara-C), and more recently the prodrugs 
capecitabine and gemcitabine. Other important drugs include 
the antifolates methotrexate (MTX) and pemetrexed and the 
purine analogues fludarabine and cladribine. The principal 
mechanism of action involves the inhibition of enzymes 
required during DNA or RNA synthesis. 


Pyrimidine Antimetabolites 


5-FU is widely used in the treatment of colorectal cancer, 
as well as in squamous cell carcinomas of the head and 
neck and the anus, and in breast cancer. It is generally 
given with a biomodulator, commonly folinic acid, which 
has been shown to improve efficacy (Poon etal., 1991). 
As well as inhibiting the enzyme thymidine synthase, 5- 
FU has also been shown to incorporate into nucleic acids, 
particularly RNA, with subsequent effects on RNA function. 
It is predominantly metabolized in the liver by the rate- 
limiting enzyme dihydropyrimidine dehydrogenase (DPD) 
(Milano and Etienne, 1994). A small percentage (between 
1 and 3%) of the population demonstrates reduced levels of 
DPD and this leads to significantly increased risk of toxicity, 
particularly mucositis and myelosuppression. Furthermore, 
there have been anecdotal reports of coronary artery spasm, 
leading to angina-type chest pain. 

Capecitabine is a novel oral prodrug of 5-FU, which is 
preferentially converted into 5-FU in tumour cells (Reigner 
et al., 2001). After administration, it is converted in the liver 
by the enzyme carboxylesterase to 5’-deoxy-5-fluorocytidine 
(5'-DFCR). This is then converted further by cytidine 
deaminase to 5’-deoxy-5-fluorouridine (5’-DFUR) and sub- 
sequently in tumour tissue by thymidine phosphorylase to 
5-FU. Because it is an oral preparation, it is more conve- 
nient than 5-FU in many situations and has been shown to be 
equivalent in efficacy (van Cutsem et al., 2004). Capecitabine 
is currently licensed for the treatment of metastatic colorec- 
tal cancer and breast cancer. Toxicity is similar to 5-FU and 
includes mucositis, diarrhoea, myelosuppression, and palmar- 
plantar erythrodysaesthesia. 

Ara-C is predominantly used in the treatment of haemato- 
logical malignancies and is licensed for either intravenous or 
intrathecal administration. It is phosphorylated to the active 
triphosphate form by the rate-limiting enzyme deoxycytidine 
kinase (dCK) and this active form then incorporates into 
DNA and inhibits DNA synthesis. Ara-C demonstrates syn- 
ergistic activity with other drugs, including alkylating agents, 
purine analogues, and MTX. 

Gemcitabine is a novel deoxycytidine analogue, which 
structurally resembles ara-C and requires activation via 
intracellular phosphorylation to active metabolites. It has 
shown significant activity in the treatment of non- small 
cell lung cancer, with equivalent response rates compared 
with other regimes but with improved disease-free survival 
(Schiller etal., 2002). It is also active in the treatment 


of transitional cell carcinoma of the bladder, together with 
pancreatic, ovarian, and breast carcinoma. 


Antifolates 


MTX, the most widely used antifolate, inhibits the enzyme 
dihydrofolate reductase. This enzyme is a critical component 
of the DNA synthesis pathway and acts to maintain the levels 
of reduced folate that are required as a cofactor in single- 
transfer carbon reactions. MTX is used in the treatment of 
haematological malignancies and solid tumours, particularly 
acute lymphoblastic leukaemia, non-Hodgkin's lymphomas, 
and breast cancer. Intrathecal MTX or high-dose intravenous 
MTX can also be used in the treatment of lymphoma that 
is at high risk of spreading into the central nervous system 
(CNS) or in the treatment of primary CNS lymphoma. 

Approximately 50% of MTX becomes bound to plasma 
protein following intravenous administration. A dministration 
of 5-formyltetrahydrofolate (leucovorin) following high-dose 
MTX alleviates bone marrow toxicity and mucositis, which 
may be severe. Further complications following high-dose 
MTX treatment include acute renal failure due to intratubular 
precipitation of the drug, which can be prevented by intra- 
venous hydration, and urinary alkalization. Transient hepatic 
transaminitis and hyperbilirubinaemia are also seen. 

Pemetrexed (Alimta) is a novel multi-targeted antifolate 
that inhibits several enzymes involved in folate metabolism 
and purine and pyrimidine synthesis, including thymidylate 
synthase, dihydrofolate reductase, and glycinamide ribonu- 
cleotide formyltransferase. This drug has broad anticancer 
activity in phase II trials in a wide variety of solid tumours 
and, in particular, has been used in combination with cis- 
platin for the treatment of malignant mesothelioma. In a 
recent phase II! trial, pemetrexed demonstrated equivalent 
efficacy to docetaxel, but with significantly less toxicity, in 
second-line treatment of non-small cell lung cancer (Hanna 
et al., 2004). The principal toxicities of pemetrexed, namely 
myelosuppression and mucositis, are significantly reduced by 
folic acid and vitamin B12 supplementation. 

The purine nucleoside analogues fludarabine and cladrib- 
ine (2-chlorodeoxyadenosine, 2-CdA) represent a group of 
cytotoxic agents with activity in low-grade lymphoid malig- 
nancies. Both drugs are activated via phosphorylation by 
dCK and altered levels of this enzyme are thought to be 
the main mechanism of resistance to these compounds. 


ALKYLATING AGENTS AND PLATINUM AGENTS 


The common mechanism of action of all members of this 
large group of drugs is the alkylation and subsequent cross- 
linking of DNA by the formation of covalent adducts. 
Following recognition by the nucleotide excision repair 
system of the cell, single- or double-strand DNA breaks are 
formed and this leads to apoptosis. 
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Alkylating Agents 


Oxazaphosphorines 


Cyclophosphamide and ifosfamide are the most widely 
used alkylating agents in clinical practice for a variety of 
tumours, including breast cancer, lymphoma, and sarcoma. 
Both are prodrugs and are activated via 4-hydroxylation 
by cytochrome P450 (Chen etal., 2004). Their antitu- 
mour effects are exerted via bifunctional alkylating mus- 
tard metabolites (Sladek, 1988). The cross-links formed 
differ slightly between cyclophosphamide and ifosfamide, 
because of the different intramolecular distance between the 
chloroethy! groups. 

The oxazaphosphorines can be administered either orally 
or intravenously, and the pharmacokinetics are well known 
(Boddy and Yule, 2000). The oral forms of both cyclophos- 
phamide and ifosfamide are well absorbed with a bioavail- 
ability of 85-100%. As well as its use in cancer, oral 
cyclophosphamide is widely used in low doses as an 
immunosuppressive agent in non-malignant diseases such as 
rheumatoid arthritis, because of its interaction with both the 
cell-mediated and humoral immune response. Intravenous 
cyclophosphamide is commonly used in the adjuvant treat- 
ment of breast cancer, often in combination with an anthra- 
cycline or the combination of MTX and 5-FU. It is also 
used as a component of high-dose chemotherapy regimens in 
haematological malignancies, both as a myeloablative ther- 
apy and to mobilize peripheral blood stem cells. Intravenous 
ifosfamide is commonly used in multidrug regimens in the 
treatment of recurrent lymphoma and sarcomas. However, 
oral ifosfamide is much less commonly used because of high 
levels of neurotoxicity when compared to the intravenous 
formulation. This is thought to be due to differences in the 
preferential route of metabolism between the two routes of 
administration. Both drugs are employed in combinations in 
the management of a variety of paediatric malignancies. 

After administration, both drugs and their metabolites are 
rapidly distributed throughout the body and are predomi- 
nantly excreted in the urine (Boddy and Yule, 2000). The 
dose-limiting toxicity of both drugs is myelosuppression. 
Other important toxicities are caused by the formation of 
toxic metabolites of both cyclophosphamide and ifosfamide. 
Nephrotoxicity in the form of haemorrhagic cystitis occurs 
following the administration of both drugs, due to the produc- 
tion of either acrolein (cyclophosphamide) or chloroacetalde- 
hyde (ifosfamide). Chloroacetaldehyde is also neurotoxic 
and can cause encephalopathy following ifosfamide treat- 
ment. U rotoxicity can be prevented using the protective agent 
Mesna, which must be given following ifosfamide or higher 
doses of cyclophosphamide. In the long term, there is an 
increased risk of a second malignancy with all alkylating 
agents. 

One of the main problems affecting the use of alkylat- 
ing agents is either intrinsic or acquired resistance. There 
are several possible mechanisms for this, including reported 
alterations in expression of cytochrome P450 enzymes and 
elevated glutathione-S-transferase (GST) activity. The mul- 
tidrug resistance (MDR) phenotype or overexpression of 


P-glycoprotein (PGP) has, however, not been implicated (for 
review, see Zhang et al., 2005). 


Temozolomide and Dacarbazine 


These related drugs have similar mechanisms of action, but 
temozolomide has the advantage of not requiring metabolic 
activation by microsomal enzymes (Tsang etal., 1991). 
Temozolamide is active in malignant melanomas and brain 
tumours, including astrocytomas and gliomas. Furthermore, 
it has also recently been shown to lead to an improvement 
in survival for patients with gliomas (Stupp et al., 2005). It 
forms O-6-methylguanine adducts in DNA and cytotoxicity 
is thought to involve activation of the mismatch repair 
pathway, followed by triggering of the apoptotic pathway 
(Liu et al., 1996). 

Temozolamide is well absorbed orally and given for 5 days 
of a 28-day cycle, the optimal scheduling ascertained from 
Phase | and II trials (Bleehen et al., 1995). Given its activity 
in brain tumours, it is not surprising that it has been shown 
to have significant penetration into the CNS in preclinical 
models (Newlands et al., 1997). Excretion of the metabolites 
of temozolamide is primarily via the kidneys. 


Nitrogen Mustards and Aromatic Mustards 


Intravenous melphalan has activity in the treatment of mul- 
tiple myeloma and is also utilized as myeloablative therapy 
prior to autologous or allogeneic bone marrow transplant. 
It consists of a nitrogen mustard attached to a phenylala- 
nine moiety and acts by forming both mono- and bifunc- 
tional DNA adducts. It is predominantly eliminated following 
hydrolysis of the chloroethyl side chains (Alberts etal., 
1979), with little renal excretion. The principal toxicities 
include myelosuppression and mucositis. 

The aromatic mustard chlorambucil is an orally active drug 
used in the treatment of low-grade haematological malignan- 
cies such as follicular lymphoma and chronic lymphocytic 
leukaemia. Virtually all of the absorbed drug is bound to 
plasma protein and is subsequently metabolized to pheny- 
lacetic acid. 


Nitrosureas 


This group of drugs, including carmustine (BCNU) and 
lomustine (CCNU), is active in brain tumours and multiple 
myeloma. Following administration, they bind to lipids and 
have a high volume of distribution and also have a high 
penetration into the CNS. They are unstable compounds and 
decompose spontaneously to reactive alkylating species. 


Platinum Agents 


There are three main platinum agents in widespread use 
against a variety of malignancies - cisplatin, carboplatin, 
and oxaliplatin. Cisplatin has revolutionized the treatment 
of testicular cancer, leading to dramatically improved cure 
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rates of >80%, but is also active in ovarian, bladder, and 
lung cancer, as well as in squamous cell cancers of the 
head and neck and the anus. Carboplatin was developed to 
circumvent the significant nephrotoxicity and neurotoxicity 
seen with cisplatin and shows a similar spectrum of activity, 
although there are conflicting reports on whether it is equally 
efficacious in its antitumour activity. In in vitro models, 
there is significant cross-resistance between these two drugs. 
Oxaliplatin is a novel agent that has recently been licensed 
for the treatment of colorectal cancer. It has a different 
mechanism of action and this explains its lack of cross- 
resistance with cisplatin and carboplatin. 


Cisplatin and Carboplatin 


Both cisplatin and carboplatin are platinum complexes, which 
diffuse rapidly into tissues and become covalently bound to 
plasma proteins. They form both inter- and intrastrand DNA 
cross-links (Eastman, 1987), which inhibit DNA replication 
and lead to triggering of the apoptotic pathway. The type 
of adducts formed by both drugs is similar, but the relative 
amounts are different. 

Although both cisplatin and carboplatin are active in a 
broad range of tumour types, their efficacy is limited by 
either intrinsic or acquired resistance. Abnormal DNA repair 
mechanisms have been shown to be the primary cause of 
cisplatin and carboplatin resistance. Mechanisms for this are 
thought to be either by elevated nucleotide excision repair in 
the presence of adduct formation (Zeng Rong etal., 1995) 
or by increased DNA damage tolerance, due to defects in 
the DNA mismatch repair system (Drummond et al., 1996; 
Johnson et al., 1997). 

Both drugs are given intravenously and are predominantly 
excreted via the kidneys. The dose-limiting toxicity of 
cisplatin is nephrotoxicity and safe administration requires 
the administration of both pre- and post-hydration. Other 
potential toxicities include myelosuppression, nausea and 
vomiting, ototoxicity, and peripheral neuropathy. In general, 
the side effects of carboplatin are less severe. The dose- 
limiting toxicity is thrombocytopenia, which occurs between 
days 17 and 21 of a 28-day cycle, and renal impairment is 
much less common. 


Oxaliplatin 


The lack of cross-reactivity between cisplatin and carbo- 
platin and oxaliplatin is due to the 1,2-diaminocyclohexane 
(DACH) carrier ligand. Oxaliplatin has been shown to be 
a highly active drug, with high response rates in col- 
orectal cancer, both as a single agent and in combination 
with 5-FU (Bleiberg and de Gramont, 1998; Diaz-Rubio 
et al., 1998). Following intravenous administration, oxali- 
platin diffuses rapidly into tissues and becomes bound to 
plasma protein. It is primarily excreted via the kidneys. Its 
dose-limiting toxicity is a cumulative mixed (but predomi- 
nantly sensory) neuropathy, which manifests as paraesthe- 
sia and dysaesthesia that are more pronounced following 
exposure to cold. This side effect is usually reversible and 


is related to cumulative oxaliplatin dosage. Other signif- 
icant toxicities include myelosuppression and nausea and 
vomiting. 


TOPOISOMERASE INHIBITORS 


Topoisomerases modify the tertiary structure of DNA by 
relaxing the DNA strands, allowing processing of the DNA 
by polymerases during DNA replication or gene expression 
(Berger et al., 1996). The nuclear enzyme topoisomerase | 
(topo I) is an essential enzyme involved in resolving the 
torsional stress associated with DNA replication, transcrip- 
tion, and chromatin condensation (Wang, 1996). The enzyme 
initiates DNA cleavage to form a covalent enzyme-DNA 
intermediate, which is followed by DNA relaxation and 
then re-ligation of the phosphate backbone to restore the 
DNA structure. Topoisomerase II (topo II) is also a nuclear 
enzyme essential for alterations in the tertiary structure of 
DNA during DNA replication. It forms a cleavable com- 
plex, allowing DNA replication to occur and it then re-ligates 
double-stranded DNA. 

Topo | inhibitors include irinotecan and topotecan. Topo II 
poisons include the anthracyclines adriamycin and epirubicin 
and the epipodophyllotoxin etoposide. The anthracyclines 
will be discussed later (see A ntitumour Antibiotics). 


Topoisomerase | Inhibitors 


The topo | inhibitors irinotecan and topotecan were devel- 
oped following a National Cancer Institute screening pro- 
gramme that identified an extract of the tree Camptotheca 
acuminata with significant cytotoxic activity. Unfortunately, 
clinical use of the active component of this extract, camp- 
tothecin, was limited due to its unacceptable toxicity. Subse- 
quent alterations in the chemical structure, however, led to 
the development of irinotecan and topotecan, both of which 
are better tolerated. These drugs stabilize the complex formed 
by topo | and DNA by binding to this intermediate and 
inhibiting DNA re-ligation. This stabilization leads to arrest 
of the replication fork, increased double-strand breaks, and 
apoptosis (Hsiang et al., 1989). 

Irinotecan is used in the treatment of metastatic colorectal 
cancer and this drug, together with oxaliplatin, capecitabine, 
and the novel biological agents bevacizumab and cetuximab, 
has revolutionized the treatment of this disease, improving 
the median survival from 10 to 20 months (K elly and Gold- 
berg, 2005). Once administered, irinotecan is metabolized to 
the active topo | inhibitor 7-ethyl-10-hydroxycamptothecin 
(SN-38) by carboxylesterases and also by cytochrome P450 
(Kawato et al., 1991). Irinotecan is given intravenously either 
every 3 weeks as a single agent or fortnightly in combination 
with 5-FU. Common toxicities include myelosuppression, 
alopecia, fatigue, mucositis, and diarrhoea, which may be 
severe. Diarrhoea is thought to be partly due to the cholin- 
ergic effects of irinotecan, acting as an inhibitor of aceto- 
cholinesterase (Gandia et al., 1993), and also in part due 
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to secretory mechanisms (Saliba et al., 1998). Atropine and 
loperamide have been used successfully to alleviate this side 
effect. There is considerable variability in the inter-patient 
toxicity of irinotecan and the increased toxicity seen in some 
individuals has been associated with increased levels of SN- 
38. Studies of the clinical pharmacogenetics of irinotecan 
have suggested that an important factor in variable toxicity 
may be polymorphisms in UDP-glucuronosyltransferase 1A 1 
(UGT1A 1), the enzyme responsible for conversion of SN-38 
to the less toxic metabolite SN-38G (Innocenti et al., 2004). 

Following administration, the majority of irinotecan is 
bound to albumin and this may affect the pharmacokinet- 
ics and pharmacodynamics in clinical situations. Subsequent 
elimination of irinotecan and its metabolites occurs via sev- 
eral routes. Approximately 20% of unmetabolized irinotecan 
is excreted unchanged in urine and the remainder is elimi- 
nated by a combination of biliary excretion and glucuronida- 
tion of the metabolites. 

Topotecan is useful in the treatment of patients with recur- 
rent or platinum-refractory ovarian carcinoma or non- small 
cell lung cancer. As a single agent, responses between 
15 and 30% have been reported (Kudelka etal., 1996; 
Ardizzoni etal., 1997), although less success is seen in 
those patients with platinum-insensitive disease. Although 
various schedules have been used, it is currently given 
intravenously daily for 5days, repeated every 3 weeks. Its 
dose-limiting toxicity is myelosuppression. Once absorbed, 
relatively little drug (<30%) is bound to plasma protein 
and, unlike irinotecan, little metabolism occurs. Between 
30 and 70% of the drug is eliminated unchanged in the 
urine. 


Topoisomerase II Inhibitors 


The epipodophyllotoxin etoposide has broad clinical efficacy 
and is used in the treatment of small cell lung cancer, 
sarcomas, ovarian cancer, haematological malignancies, and 
germ cell tumours; in the latter it is a crucial component 
of the combination regime of bleomycin, etoposide, and 
cisplatin, which has dramatically improved cure rates for this 
disease. 

It is generally administered intravenously because bio- 
availability is low and variable with the oral preparation. 
Following intravenous administration, virtually all of the 
drug becomes bound to plasma protein and subsequent 
metabolism occurs partly via cytochrome P450. In addition 
to hepatic metabolism, up to 50% of drug is excreted via 
the kidneys. The main toxicities include myelosuppression, 
mucositis, and alopecia, together with the long-term risk of 
second malignancy. 


ANTITUMOUR ANTIBIOTICS 


This class of chemotherapeutic agents includes the anthracy- 
clines, which act as inhibitors of the enzyme topoisomerase 


II, together with bleomycin and mitomycin C. All members 
of this group were originally derived from bacteria or fungi. 


Anthracyclines 


The anthracyclines doxorubicin (adriamycin), epirubicin, 
mitoxantrone, and idarubicin are derived from the first 
anthracycline, daunorubicin, which was isolated more 
than 40 years ago from the actinobacterium Streptomyces 
peucetius. Doxorubicin is a naturally occurring analogue, 
whereas epirubicin, mitoxantrone, and idarubicin are semi- 
synthetic compounds. Initially, these drugs were shown to be 
active in haematological malignancies but subsequent studies 
have also confirmed the significant activity of doxorubicin 
and epirubicin in breast and gastric cancer and sarcomas. 
Mitoxantrone is utilized in the treatment of breast and 
prostate cancer. 

The mechanism of action of these drugs has only recently 
been fully understood. It is known that anthracyclines 
intercalate into DNA and, in some way, inhibit DNA 
synthesis. Possible modes of action were thought to be either 
intercalation itself leading to inhibition of DNA transcription 
or the generation of oxygen free radicals (Doroshaw, 1986). 
However, it is now known that this class of anticancer drugs 
acts via inhibition of the enzyme topoisomerase || (Osheroff 
etal., 1995), followed by stabilization of the cleavable 
complex and subsequent triggering of the apoptotic pathway. 
Although free radicals are produced, it is not thought 
that they play a role in the cytotoxicity of anthracyclines; 
however, they may be important in cumulative cardiac 
toxicity. 

All five compounds are administered intravenously and 
idarubicin is also available as an oral preparation. More 
recently, anthracycline carriers such as liposomal doxoru- 
bicin and daunorubicin have been developed, with the aim of 
improving drug delivery and selective targeting of neoplastic 
cells. Following intravenous administration, anthracyclines 
become predominantly bound to plasma proteins. Their activ- 
ity is dose dependent (Focan et al., 1993). They do not cross 
the blood-brain barrier and are metabolized in the liver, 
meaning that the dose must be modified in hepatic dys- 
function. The principal short-term toxicities are myelosup- 
pression, alopecia, and mucositis, and all anthracyclines are 
vesicants. In the long term, cardiac toxicity in the form of car- 
diomyopathy is a cumulative dose-dependent phenomenon, 
which can be alleviated by the use of the cardio-protective 
iron chelator dexrazoxane (Swain et al., 1997). 


Bleomycin 


Bleomycin is a glycopeptide antibiotic with significant activ- 
ity, particularly against lymphomas and germ cell tumours. 
It was originally isolated from the fungus Streptomyces ver- 
ticillus. The cytotoxic effect is thought to be due to both 
single-stranded and double-stranded DNA damage, which 
requires the presence of specific cofactors (a transition metal, 
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oxygen, and a one-electron reductant). Bleomycin binds the 
transition metal and oxygen and, in the presence of a one- 
electron reductant, can catalyse formation of single-stranded 
and double-stranded DNA lesions. Following this, cell cycle 
arrest and apoptosis occur. 

Bleomycin can be administered intravenously, intramus- 
cularly, or subcutaneously. Elimination is primarily via the 
kidneys, with approximately 60% of the drug excreted 
unchanged in the urine (Crooke et al., 1977). Furthermore, 
bleomycin can be deactivated by the enzyme bleomycin 
hydrolase, which is found predominantly in the liver, spleen, 
bone marrow, and intestine. The most important bleomycin- 
related toxicity is dose dependent and involves lung inflam- 
mation that may lead to irreversible lung fibrosis. Several 
respiratory syndromes have been associated with bleomycin 
administration, including bronchiolitis obliterans with orga- 
nizing pneumonia, eosinophilic hypersensitivity, and intersti- 
tial pneumonitis, although the mechanisms of development 
are unclear. Pneumonitis occurs in a significant percentage 
of patients treated with bleomycin-containing chemotherapy 
and the risk of mortality is approximately 3% (Simpson et al., 
1998). Interventions that have been reported to improve 
pulmonary damage include steroids and oxygen supplemen- 
tation. Other side effects of this drug include fever and acute 
rigours post-administration, skin rash, stomatitis, and fatigue. 

Mitomycin C is a quinone antibiotic that acts as an 
alkylating agent, causing DNA cross-links and inducing sister 
chromatid exchanges. It is used in the treatment of superficial 
bladder cancer, together with squamous cell carcinomas of 
the head and neck and the anus; however, it has been 
superseded by more active agents in other tumour types, 
such as colorectal cancer and non-small cell lung cancer 
(Bradner, 2001). Its use today, therefore, is limited. 


ANTIMICROTUBULE AGENTS 


This group of drugs includes the taxanes paclitaxel and 
docetaxel and the vinca alkaloids vincristine, vinblastine, 
vinorelbine, and vindesine. Together they represent among 
the most active anticancer compounds, with significant effi- 
cacy against a broad spectrum of tumour types. Both taxanes 
and vinca alkaloids disrupt the assembly of microtubules 
by interfering with the balance between microtubules and 
tubulin. 


Taxanes 


This important class of cytotoxic drug was first developed 
following isolation of paclitaxel from the bark of the Pacific 
yew tree, Taxus brevifolia, in a screening programme by 
the National Cancer Institute. Subsequently, docetaxel was 
derived from the needles of the European yew, Taxus bac- 
cata. Because of the lack of availability of naturally occur- 
ring paclitaxel, it is now obtained by semi-synthesis from 
10-deacetylbaccatin II1, which is derived from the needles of 
the European yew. 


In the cell, microtubules exist in dynamic equilibrium 
with tubulin heterodimers, which consist of œ and 6 sub- 
units. Both paclitaxel and docetaxel promote the assembly of 
microtubules by binding to the B-subunits of the tubulin het- 
erodimer, the key component of microtubules. Subsequently, 
depolymerization of the tubules is prevented, interrupting 
normal cell division, and causing cell cycle arrest. Phos- 
phorylation of the protein Bcl-2, a critical component of 
the apoptotic pathway, then results in apoptosis (Haldar 
et al., 1997). 

Structurally, docetaxel differs from paclitaxel in two ways. 
It has a hydroxyl rather than an acetyl moiety at the C-10 
position and also a tert-butoxy group rather than a benzamide 
phenyl group at the C-3’ position of the C-13 side chain 
(Ringel and Horowitz, 1991). Although the mechanisms are 
not fully understood, docetaxel is most active during S phase, 
whereas paclitaxel exerts its effect between G2 and M phase 
(Dorr, 1997; Hennequin etal., 1995). Furthermore, it has 
been observed that docetaxel has a higher affinity for the 8- 
subunit than paclitaxel (Rowinsky, 1997) and is also more 
active in vitro. 

Following administration, both drugs become highly 
bound to plasma protein and have a large volume of distri- 
bution. Distribution into the CNS and other sanctuary sites, 
however, is low. Excretion is predominantly hepatic, via 
hydroxylation involving cytochrome P450. Mechanisms of 
resistance to taxanes are unclear but reports have suggested 
that mutations in the B-tubulin gene (M onzo etal., 1999) 
and differential expression of 6-tubulin subtypes (Hasegawa 
et al., 2003) may be important. 

Both paclitaxel and docetaxel have significant activity in 
a wide variety of tumour types, particularly breast, ovar- 
ian, prostate, non-small cell lung cancer, and germ cell 
tumours. In breast cancer, phase I| studies using docetaxel 
have demonstrated responses in more than 50% of patients 
with anthracycline-resistant metastatic breast cancer (Ravdin 
etal., 1995). Following on from studies that have con- 
firmed their efficacy in metastatic disease, attention has 
turned to the use of taxanes in early-stage disease and 
in locally advanced or inflammatory breast cancer. Recent 
studies have suggested that the addition of docetaxel to 
neoadjuvant chemotherapy with adriamycin and cyclophos- 
phamide significantly improves the clinical and pathological 
response rate in patients with operable breast cancer (Bear 
et al., 2003), although there was also a significant increase 
in toxicity. Synergism has also been demonstrated between 
paclitaxel and trastuzumab, the anti-c-erbB-2 monoclonal 
antibody (Slamon et al., 2001). In ovarian cancer, the combi- 
nation of paclitaxel and carboplatin has replaced the previous 
gold standard of cisplatin and cyclophosphamide (Piccart 
et al., 2000; du Bois et al., 2003). 

Toxicities common to both paclitaxel and docetaxel 
include myelosuppression, alopecia, peripheral neuropathy, 
and hypersensitivity reactions. The risk of hypersensitivity 
reactions can be reduced by the prophylactic use of corti- 
costeroids and histamine Hı and H2 receptor antagonists. In 
addition, docetaxel causes erythroderma, nail discolouration 
and thickening, fluid retention, and diarrhoea. 
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Vinca Alkaloids 


Naturally occurring vincristine and vinblastine were first iso- 
lated from the periwinkle plant, Vinca rosea L. Subsequently, 
the semi-synthetic analogues vinorelbine and vindesine have 
been developed and together these drugs have demonstrated 
a wide spectrum of activity, including in haematological 
malignancies, particularly Hodgkin’s disease and acute lym- 
phocytic leukaemia, breast and non- small cell lung cancer, 
and germ cell tumours. 

The primary mechanism of action of this group of drugs 
involves interference with the balance between tubulin and 
microtubules by prevention of the polymerization of tubulin. 
Because of this, mitotic spindle assembly is disrupted and 
mitosis is prevented, leading to the initiation of the apop- 
totic response via both P53-dependent and P53-independent 
pathways (Fan et al., 1998; Li et al., 1998). 

All the vinca alkaloids are highly protein-bound and also 
bind to platelets and lymphocytes following intravenous 
administration. They do not cross the blood-brain bar- 
rier in significantly meaningful therapeutic concentrations. 
Metabolism occurs via cytochrome P450 in the liver, fol- 
lowed by subsequent excretion via the hepatobiliary route. 
All members of this group, with the exception of vinorelbine, 
are vesicants. Important toxicities include myelosuppression, 
peripheral neuropathy, and constipation. 


CONCLUSION 


Over the last 50 years, chemotherapy has led to significant 
improvements in response, disease-free survival, cure rates, 
and quality of life for patients with the majority of tumour 
types. However, it is essential to consider the short- and 
long-term toxicities of individual agents and combinations of 
drugs when determining the most appropriate treatment for 
an individual patient. The benefits of using the highest dose 
for maximum therapeutic improvement must be balanced 
with the potential for causing unacceptable and possibly life- 
threatening toxicity. It is imperative that research continues 
to elucidate the mechanisms of specific drug toxicities, as 
this will enable development of the means to circumvent or 
reduce them. With these developments, the oncologist will 
be able to deliver a more biologically effective dose to the 
tumour with minimum toxicity to the surrounding tissues. 

A further challenge is to develop ways to individualize 
chemotherapeutic regimes for any one patient. M uch research 
in recent years has focussed on the identification and 
validation of biomarkers that are able to predict which 
tumours are likely to respond to a particular treatment or 
those which fall into a better or worse prognostic group. In 
this way, determination of the molecular marker profile of a 
tumour will mean that the chemotherapeutic regime most 
likely to kill that cancer can be predicted. In the future, 
this may enable clinicians both to avoid overtreating some 
patients and to intensify treatment in those patients who are 
at greatest risk of disease recurrence. 


REFERENCES 


Alberts, D. S., etal. (1979). Oral melphalan kinetics. 
Pharmacology and Therapeutics, 26, 737- 745. 

Ardizzoni, A., et al. (1997). Topotecan, a new active drug in the second- 
line treatment of small-cell lung cancer: a phase II study in patients with 
refractory and sensitive disease. The European Organization for Research 
and Treatment of Cancer Early Clinical Studies Group and New Drug 
Development Office, and the Lung Cancer Cooperative Group. J ournal 
of Clinical Oncology, 15, 2090- 2096. 

Bear, H. D., et al. National Surgical Adjuvant Breast and Bowel Project 
Protocol B-27. (2003). The effect on tumor response of adding 
sequential preoperative docetaxel to preoperative doxorubicin and 
cyclophosphamide: preliminary results. J ournal of Clinical Oncology, 21, 
4165 - 4174. 

Berger, J. M., etal. (1996). Structure and mechanism of DNA 
topoisomerase Il. Nature, 379, 225- 232. 

Bleehen, N. M., et al. (1995). Cancer research campaign phase |! trial of 
temozolomide in metastatic melanoma. Journal of Clinical Oncology, 
13(4), 910- 913. 

Bleiberg, H. and de Gramont, A. (1998). Oxaliplatin plus 5-fluorouracil: 
clinical experience in patients with advanced colorectal cancer. Seminars 
in Oncology, 25(Suppl. 5), 32- 39. 

Boddy, A. V. and Yule, S. M . (2000). M etabolism and pharmacokinetics of 
oxazaphosphorines. Clinical Pharmacokinetics, 38, 291- 304. 

du Bois, A., etal. Arbeitsgemeinschaft Gynakologische Onkologie 
Ovarian Cancer Study Group. (2003). A randomized clinical trial of 
cisplatin/paclitaxel versus carboplatin/paclitaxel as first-line treatment of 
ovarian cancer. J ournal of the National Cancer Institute, 95, 1320- 1329. 

Bradner, W. T. (2001). M itomycin C: a clinical update. Cancer Treatment 
Reviews, 27, 35- 50. 

Chen, C. S., etal. (2004). Activation of the anticancer prodrugs 
cyclophosphamide and ifosfamide: identification of cytochrome p450 
2B enzymes and site-specific mutants with improved enzyme kinetics. 
Molecular Pharmacology, 65, 1278- 1285. 

Crooke, S. T., etal. (1977). Effects of variations in renal function on the 
clinical pharmacology of bleomycin administrated as an iv bolus. Cancer 
Treatment Reports, 61, 1631- 1163. 

van Cutsem, E., etal. (2004). Oral capecitabine vs intravenous 5- 
fluorouracil and leucovorin: integrated efficacy data and novel analyses 
from two large, randomised, phase III trials. British Journal of Cancer, 
90(6), 1190- 1197. 

Diaz-Rubio, E., etal. (1998). Oxaliplatin as single agent in previously 

untreated colorectal carcinoma patients: a phase |! multicentric study. 

Annals of Oncology, 9, 105- 108. 

Doroshaw, J. H. (1986). Role of oxygen peroxide and hydroxyl radical 

formation in the killing of Ehrlich tumor cells by anticancer quinines. 

Proceedings of the National Academy of Sciences of the United States of 

America, 83, 4514- 4518. 

Dorr, R. T. (1997). Pharmacology of the taxanes. Pharmacotherapy, 17, 

96S - 1045. 

Drummond, J. T., et al. (1996). Cisplatin and adriamycin resistance are 
associated with M utLalpha and mismatch repair deficiency in an ovarian 
tumor cell line. The J ournal of Biological Chemistry, 271, 19645 - 19648. 

Eastman, A. (1987). The formation, isolation and characterization of DNA 
adducts produced by anti-cancer platinum complexes. Pharmacology and 
Therapeutics, 34, 155-166. 

Fan, S., etal. (1998). Disruption of p53 function in immortalized human 
cells does not affect survival or apoptosis after taxol or vincristine 
treatment. Clinical Cancer Research, 4, 1047-1054. 

Focan, C., etal. (1993). Dose-response relationship of epirubicin-based 
first-line chemotherapy for advanced breast cancer: a prospective 
randomized trial. Journal of Clinical Oncology, 11, 1253- 1263. 

Gandia, D., et al. (1993). CPT-11-induced cholinergic effects in cancer 
patients. J ournal of Clinical Oncology, 11, 196- 197. 

Haldar, S., etal. (1997). Bcl2 is the guardian of microtubule integrity. 
Cancer Research, 57, 229- 233. 

Hanna, N., et al. (2004). Randomized phase III trial of pemetrexed versus 
docetaxel in patients with non-small-cell lung cancer previously treated 
with chemotherapy. J ournal of Clinical Oncology, 22, 1589- 1597. 


Clinical 





8 THE TREATMENT OF CANCER 


Hasegawa, S., etal. (2003). Prediction of response to docetaxel by 
quantitative analysis of class | and III beta-tubulin isotype mRNA 
expression in human breast cancers. Clinical Cancer Research, 9, 
2992 - 2997. 

Hennequin, C., et al. (1995). S-phase specificity of cell killing by docetaxel 
(Taxotere) in synchronized HeLa cells. British Journal of Cancer, 71, 
1194-1198. 

Hsiang, Y. H., et al. (1989). Arrest of replication forks by drug-stabilized 
topoisomerase I-DNA cleavable complexes as a mechanism of cell killing 
by camptothecin. Cancer Research, 49, 5077-5082. 

Innocenti, F., et al. (2004). Genetic variants in the UDP-glucuronosyl- 
transferase 1A 1 gene predict the risk of severe neutropenia of irinotecan. 
Journal of Clinical Oncology, 22, 1382 - 1388. 

Johnson, S. W., etal. (1997). Increased platinum-DNA damage tolerance 
is associated with cisplatin resistance and cross-resistance to various 
chemotherapeutic agents in unrelated human ovarian cancer cell lines. 
Cancer Research, 57, 850- 856. 

Kawato, Y. etal. (1991). Intracellular roles of SN-38, a metabolite of 
the camptothecin derivative CPT-11, in the antitumor effect of CPT-11. 
Cancer Research, 51, 4187- 4191. 

Kelly, H. and Goldberg, R. M. (2005). Systemic therapy for metastatic 
colorectal cancer: current options, current evidence. J ournal of Clinical 
Oncology, 23, 4553- 4560. 

Kudelka, A. P., et al. (1996). Phase II study of intravenous topotecan as 
a 5-day infusion for refractory epithelial ovarian carcinoma. J ournal of 
Clinical Oncology, 14, 1552- 1557. 

Li, G., et al. (1998). Chemotherapy-induced apoptosis in melanoma cells is 

p53 dependent. Melanoma Research, 8, 17- 23. 

Liu, L. L., et al. (1996). Mismatch repair mutations override alkyltransferase 

in conferring resistance to temozolamide but not to 1,3-bis(2- 

chloroethy!)nitrosurea. Cancer Research, 56, 5375- 5379. 

Milano, G. and Etienne, M . C. (1994). Potential importance of dihydropy- 

rimidine dehydrogenase in cancer chemotherapy. Pharmacogenetics, 4, 

301 - 306. 

Monzo, M., etal. (1999). Paclitaxel resistance in non-small-cell lung 

cancer associated with beta-tubulin gene mutations. J ournal of Clinical 

Oncology, 17, 1786- 1793. 

Newlands, E. S., et al. (1997). Temozolamide: a review of its discovery, 
chemical properties and clinical trials. Cancer Treatment Reviews, 23, 
35-61. 

Osheroff, N., etal. (1995). Mechanism of action of topoisomerase 
Il-targeted anti-neoplastic drugs. Advances in Pharmacology, 29B, 
105- 126. 

Piccart, M. J., etal. (2000). Randomized intergroup trial of cisplatin- 
paclitaxel versus cisplatin-cyclophosphamide in women with advanced 
epithelial ovarian cancer: three-year results. Journal of the National 
Cancer Institute, 92, 699- 708. 

Poon, M. A., etal. (1991). Biochemical modulation of fluorouracil with 
leucovorin. Confirmatory evidence of improved therapeutic efficacy. 
Journal of Clinical Oncology, 9, 1967- 1972. 





Ravdin, P. M., etal. (1995). Phase II trial of docetaxel in 
advanced anthracycline-resistant or anthracenedione-resistant breast 
cancer. J ournal of Clinical Oncology, 13, 2879- 2885. 

Reigner, B., etal. (2001). Clinical pharmacokinetics of capecitabine. 
Clinical Pharmacokinetics, 40, 85- 104. 

Ringel, I. and Horowitz, S. B. (1991). Studies with RP56976 (Taxotere): 
a semi-synthetic analogue of Taxol. Journal of the National Cancer 
Institute, 83, 288- 291. 

Rowinsky, E. K. (1997). The development and clinical utility of the 
taxane class of anti-microtubule chemotherapy agents. Annual Review 
of Medicine, 48, 353- 374. 

Saliba, F., et al. (1998). Pathophysiology and therapy of irinotecan-induced 
delayed-onset diarrhea in patients with advanced colorectal cancer: a 
prospective assessment. J ournal of Clinical Oncology, 16, 2745- 2751. 

Schellens, J. H. M., etal. (1996). Bioavailability and pharmacokinetics 
of oral topotecan: a new topoisomerase | inhibitor. British Journal of 
Cancer, 73, 1268- 1271. 

Schellens, J. H. M., etal. (eds). (2005). Cancer Clinical Pharmacology. 
Oxford University Press. 

Schiller, J. H., etal. Eastern Cooperative Oncology Group. (2002). 
Comparison of four chemotherapy regimes for advanced non-small-cell 
lung cancer. The New England J ournal of Medicine, 346, 92- 98. 

Simpson, A. B., et al. (1998). Fatal bleomycin pulmonary toxicity in the 
west of Scotland 1991-95: a review of patients with germ cell tumours. 
British Journal of Cancer, 78, 1061- 1066. 

Sladek, N. (1988). Metabolism of oxazaphosphorines. Pharmacology and 
Therapeutics, 37, 301- 355. 

Slamon, D. J., etal. (2001). Use of chemotherapy plus a monoclonal 
antibody against HER2 for metastatic breast cancer that overexpresses 
HER2. The New England J ournal of Medicine, 344, 783-792. 

Stupp, R., et al. for the European Organisation for Research and Treatment 
of Cancer Brain Tumor and Radiotherapy Groups and the National 
Cancer Institute of Canada Clinical Trials Group. (2005). Radiotherapy 
plus concomitant and adjuvant temozolomide for glioblastoma. The New 
England J ournal of Medicine, 352, 987 - 996. 

Swain, S. M., etal. (1997). Cardioprotection with dexrazoxane for 
doxorubicin-containing therapy in advanced breast cancer. Journal of 
Clinical Oncology, 15, 1318- 1332. 

Tsang, L. L. H., etal. (1991). Comparison of the cytotoxicity in 
vitro of temozolamide and dacarbazine, prodrugs of 3-methyl(triazen- 
ly!)imidazole-4-carboxamide. Cancer Chemotherapy and Pharmacology, 
27, 342 - 346. 

Wang, J. C. (1996). DNA topoisomerases. Annual Review of Biochemistry, 
65, 635- 692. 

Zeng Rong, N., et al. (1995). Elevated DNA repair capacity is associated 
with intrinsic resistance of lung cancer to chemotherapy. Cancer 
Research, 55, 4760- 4764. 

Zhang, J., etal. (2005). Insights into oxazaphosphorine resistance and 
possible approaches to its circumvention. Drug Resistance Updates, 8, 
271- 297. 





Rational Drug Design of Small Molecule 
Anticancer Agents: Preclinical Discovery 


lan Collins, Rhoda M olife, Stan B. Kaye and Paul Workman 
The Institute of Cancer Research, Sutton, UK 


In this chapter we review the preclinical discovery of tar- 
geted small molecule drugs acting on targets involved in the 
causation and progression of human cancer. In the follow- 
ing chapter (see Rational Drug Design of Small Molecule 
Anticancer Agents: Early Clinical Development) we dis- 
cuss the clinical development of these agents. 


SUCCESS AND CHALLENGES WITH SMALL 
MOLECULE CANCER THERAPEUTICS 


Cancer drugs are leading the way in exploiting genomic 
and molecular biological information for the realization of 
individualized therapies. The approach established over the 
past decade is to discover and develop drugs that act on 
the precise molecular abnormalities driving the malignant 
transformation and progression of individual cancers. The 
success of this approach is illustrated by the regulatory 
approval of a range of molecularly targeted agents by 
the US FDA (Table 1). These include the ERBB2-targeted 
antibody trastuzamab (Herceptin) in 1998, the BCR-ABL 
kinase inhibitor imatinib (Glivec, in 2002), the EGFR kinase 
inhibitors gefitinib (Iressa, in 2003) and erlotinib (Tarceva, in 
2004), the VEGFR antibody bevacizumab (Avastin, in 2004), 
and the multi-targeted kinase inhibitor sorafenib (N exavar, 
in 2005). 

Despite these therapeutic successes, many cancers remain 
difficult to treat, particularly in their advanced metastatic 
forms. In addition, the failure rates for new anticancer treat- 
ments in the clinic are high and are in fact worse than for 
other disease areas. The aggregate figures for 1991-2000 
showed that the success rate in clinical development for 
oncology drugs was 5% compared to 11% overall (Kola 
and Landis, 2004). Furthermore, failure often occurs very 
late in drug development. Seventy percent of cancer drugs 
fail having entered the registration phase, after efficacy has 
been demonstrated and other data needed for regulatory 
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submission have been compiled. Fifty-nine percent of oncol- 
ogy drugs entering phase III fall out at that stage, while 70% 
entering phase I! fail at that point. In view of this, it is essen- 
tial that steps are taken to decrease the attrition rate and also 
to ensure that drugs and molecular targets that will not suc- 
ceed are identified as early as possible. This will reduce the 
spiralling costs of late-stage clinical development and allow 
resources to be transferred to those drugs that are most likely 
to succeed in the clinic. 

The likelihood of success can be improved by addressing 
the reasons for the high attrition rates of candidate drugs for 
cancer and other diseases (K ola and Landis, 2004). Fifteen 
years ago, poor pharmacokinetics and consequent inadequate 
bioavailability were the main causes of drug failure. Predic- 
tive assays were developed to weed out compounds with 
permeability and metabolic weaknesses (K assell, 2004), and 
by the year 2000 this had resulted in a significant decrease in 
the attrition rate due to these problems from 40 to 10%. The 
major contemporary causes of drug failure in the clinic are 
lack of therapeutic activity (30%) and unacceptable toxic- 
ity (30%) (Kola and Landis, 2004). The probability of these 
negative outcomes can be decreased by developing animal 
models that are more molecularly characterized and predic- 
tive of clinical performance (Sausville and Burger, 2006; 
Becher et al., 2006), and also by establishing better models 
for predicting both mechanism-based and off-target toxic- 
ity (Whitebread et al., 2005). It has to be accepted as part 
of life in drug development that the progression of drugs 
acting on novel molecular targets is inherently more risky 
than developing analogues of established agents (Ma and 
Zemmel, 2002). However, the potential benefits are consid- 
erable. The risk can be minimized by ensuring that only 
the best drug targets are selected (Benson etal., 2006), 
by optimizing all of the critical parameters to produce the 
best possible drug molecule (Bleicher et al., 2003), by using 
biomarkers to identify the most suitable patients to treat 
(Workman, 2003a), and by establishing proof of principle 
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Table 1 Targeted molecular cancer therapeutics receiving marketing approval by the US FDA 1996- 2006.° 


Examples of targeted 

















Y ear molecular therapeutics Drug type 

2006 (till Aug) Dasatinib Small molecule 
Sunitinib Small molecule 
Trastuzumab Antibody 

2005 Sorafenib Small molecule 

2004 Bevacizumab Antibody 
Cetuximab Antibody 
Erlotinib Small molecule 

2003 Gefitinib Small molecule 
Bortezomib Small molecule 

2002 Imatinib Small molecule 
90Y -I britumomab tiuxetan Radiolabelled antibody 

2001 Alemtuzumab Antibody 
Letrozole Small molecule 
Imatinib Small molecule 

2000 Gemtuzumab ozogamicin Antibody-cytotoxic 

conjugate 

1999 Exemestane Small molecule 

1998 Trastuzumab Antibody 

1997 Letrozole Small molecule 
Rituximab Antibody 

1996 Anastrozole Small molecule 





aSee www.centrewatch.com. 

>HER2-positive early breast cancer following surgery, chemotherapy, and radiotherapy. 
“Second-line therapy. 

dF or patients who have received at least two prior therapies. 


Primary molecular 
target(s) 


BCR-ABL, SRC 


Disease indication 


Imatinib-resistant chronic myeloid 
leukaemia 

Renal cancer and gastrointestinal 
stromal tumour 


PDGFR, VEGFR, c-KIT 


Breast cancer? ERBB2 

Renal cell carcinoma VEGFR, C-RAF, PDGFR 
M etastatic colorectal carcinoma VEGF 
EGFR-expressing metastatic EGFR 
colorectal cancer 

M etastatic non- small cell lung EGFR 

cancer 

M etastatic non- small cell lung EGFR 

cancer‘ 

M ultiple myeloma? 26S Proteasome 
Gastrointestinal stromal tumour c-KIT, PDGFR 
Non-Hodgkin's lymphoma CD20 

B-cell chronic lymphocytic CD52 
eukaemia 

Metastatic breast cancer® Aromatase 
Chronic myeloid leukaemia BCR-ABL 
CD33 positive acute myeloid CD33 
eukaemia 

Metastatic breast cancer‘ Aromatase 
HER2 positive metastatic breast ERBB2 
cancer 

Metastatic breast cancer? Aromatase 
Non-Hodgkin's lymphoma CD20 
Metastatic breast cancer‘ Aromatase 








First-line therapy for postmenopausal women with locally advanced or metastatic breast cancer. 
‘Advanced breast cancer in postmenopausal women whose disease has progressed following therapy with tamoxifen. 


9A dvanced breast cancer in postmenopausal women. 


for the proposed mechanism of drug action (Dalton and 
Friend, 2006). 

Introduction of new technologies has had a major impact 
on the development of new molecular cancer therapeutics. 
Of particular significance has been the application of high- 
throughput genomic approaches for target and biomarker 
discovery (Dalton and Friend, 2006), and high-throughput 
screening (HTS) for the identification of chemical starting 
points (Clemons, 2004; Wesche et al., 2005) and structure- 
based drug design (Anderson, 2003). It is important to 
emphasize that it is the adoption and integration of the 
various new technologies in a fully “joined-up” fashion that 
has led to many of the successes. 

Success in small molecule cancer drug discovery is depen- 
dent on the creative interaction between the key disciplines 
of medicinal chemistry and biology/pharmacology. Central 
to the classical drug discovery process are iterative cycles 
of chemical synthesis and biological testing. At each stage 
a hypothesis is generated, new compounds are designed, 
made and evaluated, and biological feedback is obtained. 
Successive rounds of such structural refinement lead to the 
generation of a clinical development candidate which meets 
pre-defined criteria dependent on the nature of the dis- 
ease and the targeted molecular abnormality. An important 
way to improve productivity is to reduce the cycle times 


between hypothesis generation and biological feedback. Pre- 
clinical optimization of drug candidates has often taken up 
to 5-10 years or more, but with new technologies this can 
now be completed in as little as 12- 18 months. Clinical trials 
can also take many years, and there are limits to how much 
these times can be reduced and the effectiveness of a new 
medicine still be adequately assessed. Reducing the cycle 
times in preclinical and early clinical development means 
that a determination of success or failure is achieved faster, 
and hence more opportunities can be pursued in a given time 
period. 

The process of preclinical and clinical drug development 
is commonly viewed as a linear progression from gene to 
drug. Creative use of new technologies, and in particular the 
diverse approaches now described collectively as “chemical 
biology”, has facilitated the linking together of the various 
elements involved in drug discovery (Collins and Workman, 
2006b) (Figure 1). For example, compounds generated in the 
early phase of drug discovery can be used as chemical probes 
to help target validation, predict potential pharmacological 
outcomes, select biological models and identify biomarkers. 
Rapid feedback from the clinic can provide valuable infor- 
mation to the preclinical discovery process, for example, 
by identifying important toxicities and suggesting alternative 
selectivity profiles for second-generation agents. 
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“From gene to drug”: The process of developing new small molecule molecular targeted therapeutics. Although traditionally viewed as a linear 


process, the application of chemical biology and structural biology techniques using small molecules, as well as the feedback of information from early 


clinical trials, knits together the various stages of preclinical discovery. 


DRUGGING THE CANCER GENOME 


Our understanding of the molecular basis of cancer can be 
followed historically through the characterization of animal 
viruses in the 1960s and 1970s, the discovery of cancer- 
inducing oncogenes and tumour-suppressor genes in the 
1970s and 1980s, and the elucidation of how cancer genes 
hijack signal transduction pathways in the 1990s (Varmus, 
2006a). Although the molecular understanding of cancer is 
not new, what has changed over the last 5- 10 years has 
been the adoption by the drug development community and 
pharmaceutical industry of molecular oncology as a source of 
disease-causing targets for the development of mechanism- 
based drugs (Workman, 2005a). 

The development of the previous generations of cytotoxic 
drugs is based on the somewhat simplistic notion that cancer 
cells differ from their untransformed, healthy counterparts 
mainly in replicating their DNA and dividing more rapidly. 
M any cytotoxics were identified by screening for compounds 
that had the ability to kill tumour cells. Despite the fact 
that cytotoxic agents were not conceived to exploit molec- 
ular differences between cancer and normal cells, many of 
these agents could nevertheless be described as “molecu- 
larly targeted”. Anti-folate thymidylate inhibitors were, for 
example, developed according to well-established principles 
of rational medicinal chemistry, incorporating some use of 
structure-based design (Marsham et al., 1999), and clearly 
have a well-defined enzyme target. Labels like “targeted 
molecular therapeutic” are now used to describe drugs that 
are not only rationally designed against well-characterized 


molecular entities, but which also act selectively on disease- 
causing oncogenic targets, pathways, and processes. Given 
the success achieved with small molecule and antibody-based 
targeted molecular cancer therapeutics, there is good reason 
to believe that we are now in a second golden era of can- 
cer drug development, following on from the first successful 
cytotoxic and antihormonal era (Workman, 2005b). 

Some of the main concepts and processes underpinning 
the development of modern molecular cancer therapeutics 
are illustrated in Figure 2. Activation of oncogenes and inac- 
tivation of tumour-suppressor genes, frequently accelerated 
by the inactivation of “gatekeeper” DNA repair genes, leads 
to the hijacking of cellular signal transduction pathways 
(Vogelstein and Kinzler, 2004) and in turn to the multiple 
phenotypic hallmark characteristics of cancer cells (Hanahan 
and Weinberg, 2000). These traits include not only the loss 
of cell cycle control and unrestricted proliferation but also 
the loss of dependence on positive and negative homeostatic 
regulatory factors, decreased apoptosis and inappropriate 
survival, immortalization, and the stimulation of invasion, 
angiogenesis, and metastasis. Each cancer trait offers a range 
of molecular targets for therapeutic intervention. In addition, 
cancer support processes such as the chaperoning of onco- 
genic proteins (e.g., by heat shock protein 90, HSP90) and 
chromatin regulation (eg., by histone deacetylase, HDAC) 
can be a source of important drug targets (McDonald et al., 
2006a; Minucci and Pelicci, 2006). 

There are important expectations that molecular cancer 
therapeutics will exhibit potentially better efficacy and cer- 
tainly have lower toxicity compared to cytotoxic agents. This 
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Figure 2 The intellectual framework for the development of targeted molecular cancer therapeutics. (a) Two parallel strands of research emerge from an 
understanding of the basic biology of cancer, leading to the development of new agents and of the molecular biomarkers required to rationally test them. 
These two strands are combined in the development of personalized therapy. (b) Schematic of the molecular events underlying oncogenesis and providing 


potential targets for therapeutic intervention. 


is clearly true of imatinib, which is seen as the poster child 
(role model) for molecular therapeutics (Capdeville et al., 
2002). Nevertheless, these new drugs generally act on molec- 
ular targets that are important in development and normal 
physiological homeostasis. A key concept that is used to 
explain the therapeutic selectivity of the new generation of 
targeted agents is that of “oncogene addiction” or “oncogene 
dependence” (Weinstein, 2002; Varmus et al., 2006b). This 
concept is supported by laboratory studies, including results 
from transgenic animal models, although further experimen- 
tal elucidation is required. However, the model in which 
cancer cells undergo selection during malignant progression 
leading to them being driven by, but also dependent on, key 
oncogenic pathways has proved an extremely helpful one. 
A useful recent classification of new cancer drug targets 
envisions them as falling under four different types of 
“dependency” (Benson et al., 2006): (i) Genetic dependence, 
founded upon oncogenic addiction and illustrated by imatinib 
in BCR-ABL positive leukaemia and MEK1/2 inhibitors 


in B-RAF mutated melanoma models (Solit et al., 2006); 
(ii) synergy dependence, based on the concept of synthetic 
lethality and exemplified by the selective cytotoxicity of 
poly(ADP-ribose) polymerase (PARP) inhibitors in BRCA 
gene defective breast cancer cells (Farmer et al., 2005); (iii) 
lineage dependence, arising from expression profiling data 
showing that cancers originating from a particular tissue 
or cell share multiple features in common, exemplified by 
the antihormonal treatments in prostate and breast cancer, 
and by the identification of the differentiation regulator 
microphthalemia-associated transcription factor (MITF) as 
an amplified oncogene in melanoma (Garraway et al., 2005); 
and (iv) host dependence, based on the appreciation that 
tumour- host cell interactions and other physiological factors 
related to the tumour microenvironment are crucial for 
cancer progression, and illustrated by the VEGF-targeted 
antibody bevacizumab and by small molecule VEGF receptor 
tyrosine kinase inhibitory drugs such as sorafenib and 
sunitinib. 
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In a complete reversal of the situation a decade ago, there 
is now no shortage of potential drug targets. An ongoing cen- 
sus of cancer genes has shown that the total number exceeds 
350 (Futreal et al., 2004; Wellcome Trust Cancer Genome 
Project web site). This clearly exceeds the global capacity for 
cancer drug discovery. Furthermore, new cancer genes con- 
tinue to be identified, particularly by high-throughput system- 
atic screening methods such as gene copy number analysis, 
expression profiling, and resequencing (Thomas et al., 2006). 
For example, high-throughput genome mutation screening 
led to the discovery of B-RAF as an oncogene in melanoma 
and other cancers (Davies etal., 2002). Array-based DNA 
copy number and expression profiling led to the identification 
of MITF, mentioned in the preceding text. High-throughput 
RNA interference technology is now established as a pow- 
erful tool for gene discovery (Chatterjee-K ishore and M iller, 
2005). Given that cancer gene discovery exceeds the capac- 
ity for drug development, the validation and prioritization of 
the best targets is now vitally important. 

Validation of potential cancer gene targets employs a com- 
bination of human genetics and genomics, functional analysis 
using overexpression or knockdown by RNA interference, 
and transgenic cancer models or model organisms (Ben- 
son etal., 2006). The “druggability” of the potential target 
is also very important in triaging and prioritizing targets 
(Hopkins and Groom, 2002). Receptors for small endoge- 
nous molecules, enzymes with well-defined active sites, like 
kinases, and small domain size protein- protein interactions 
are recognized as druggable with current technology. How- 
ever, many targets are not, as exemplified by the failure to 
develop drugs that inhibit mutant RAS or reactivate mutant 
P53. If a particular target proves undruggable, then an under- 
standing of the biological pathway in which it operates may 
reveal a more tractable target further down the pathway. 

The potential for achieving a therapeutic differential 
between cancer and normal cells is important but often very 
difficult to prove. Despite the cancer dependencies discussed 
in the preceding text, mechanism-based toxicity to normal 
cells is clearly possible, as, for example, with the skin rash 
seen with EGFR inhibitors (Perez-Soler and Saltz, 2005) or 
potential effects on insulin signalling with PI3 kinase path- 
way inhibitors (K night et al., 2006). Although it is important 
to identify and prepare for potential mechanism-based toxic- 
ity liabilities, therapeutic index is probably best evaluated 
in animal models once small molecule probes have been 
generated. 


GENERATING CHEMICAL LEADS 


Following target selection, the next important step in small 
molecule drug discovery is the generation of lead com- 
pounds (Figure 1). With the exception of biologically active 
natural products, which have often been “optimized” over 
the millenia by the selective forces of evolution (Mann, 
2002), small molecule compounds that are identified ini- 
tially in a drug discovery project are rarely the clinical 
candidate. Rather, they represent a chemical starting point 


which requires further refinement or optimization to become 
a drug. Chemical starting points can be obtained using 
the structures of endogenous ligands, known drugs, natu- 
ral products with biological activity and high-throughput or 
more focused screening of synthetic collections (Bleicher 
etal., 2003). There is also an increasing use of infor- 
mation derived from structural biology (Anderson, 2003). 
HTS against isolated cancer targets has been extremely 
effective for several protein classes, for example kinases 
(Wesche et al., 2005) and the molecular chaperone HSP90 
(McDonald et al., 2006a and 2006b). In the case of kinases, 
inhibitors can be found using libraries that are biased towards 
molecules capable of competing with ATP for binding at 
the catalytic site (see Figure 4 for examples). Alternatively, 
screens can be run in which a segment of a biochem- 
ical signalling pathway is recapitulated, as for example, 
with the RAS-MEK-ERK_ pathway (Newbatt et al., 2006), 
and this can identify compounds with a broader range of 
actions. 

Screening can also be carried out using intact cells or 
model organisms such as zebra fish embryos or nema- 
tode worms (Clemons, 2004). This facilitates screening for 
molecular targets that cannot be tackled using isolated bio- 
chemical assays and also allows many different targets to 
be probed simultaneously. Another advantage of lead com- 
pounds identified this way is that they are necessarily cell or 
tissue penetrant. As an example, cell-based screening led to 
the discovery of an inhibitor of WNT/-catenin signalling 
(Park etal., 2006). A prototype MEK inhibitor, the 1,4- 
bisaminobutadiene U0126 (Figure 4), was identified as an 
inhibitor of transactivation of the transcription factor AP-1 
by screening using a cell-based reporter assay (Favata et al., 
1998). The activity of the compound was shown to arise from 
direct inhibition of MEK 1 and 2. 

Such mechanistic deconvolution is essential to identify the 
precise molecular targets involved in compound action (H art, 
2005). Techniques for this include gene expression and pro- 
tein array profiling, affinity chromatography of cell lysates, 
or yeast chemical genetic screens. For example, this last 
approach was used to find the targets of a phenylaminopy- 
rimidine cell growth inhibitor from the same kinase inhibitor 
structural class as imatinib. A multicopy gene suppression 
screen found that specific resistance to the inhibitor was 
associated with overexpression of yeast protein kinase C1 
(Pkc1) and downstream kinases and with overexpression of 
components on other pathways that interact with the PK C1- 
MAPK signalling cascade. Subsequently, the inhibition of 
yeast Pkcl by the inhibitor was demonstrated in vitro (Luesch 
et al., 2005). M icroarray-based methods for gene expression 
are now widely used in all aspects of basic and translational 
cancer research (Clarke et al., 2004). These methods can be 
used to define gene expression signatures of targeted agents 
(Clarke et al., 2000) and these can be used as fingerprints to 
identify mechanism of action of new agents. The NCI panel 
of 60 human tumour cell lines can also be useful in identi- 
fying the mechanism of action of new agents, particularly in 
combination with target expression data (Weinstein, 2006). 

Where the chemical inhibitors are reactive - that is, 
can become covalently attached to the molecular target - 
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these can be used to isolate their molecular targets. Such 
proteome reactivity profiling is exemplified by inhibitors of 
breast cancer cell proliferation containing protein reactive 
groups, where affinity chromatography using a biotin-tagged 
analogue of the inhibitor was used to purify the labelled 
target protein, phosphoglycerate mutase 1 (PAGM 1), for 
identification (Evans et al., 2005). 

Mechanism of action can be probed directly in the case 
of imaging-based high-content screens, as in the identifi- 
cation of inhibitors of AKT kinase by imaging of protein 
recruitment to the cell membrane (Lundholt et al., 2005). A 
screen for FOX Ola translocation identified small molecule 
inhibitors of the PI3 kinase-AKT pathway and the nuclear 
transport machinery, demonstrating the potential for pheno- 
typic screening to probe multiple mechanisms in a single 
screen (K au et al., 2003). 

The so-called “fragment-based” screening platforms, based 
on nuclear magnetic resonance or X-ray crystallography, 
can be used to detect and characterize at the molecular 
level, the weak binding of relatively low molecular weight 
compounds. The binding modes of the fragments can indicate 
how to link them together to generate more traditional 
leads with higher potency (Rees etal., 2004). This was 
exemplified recently for p38 MAP kinase inhibitors (Gill 
etal., 2005). A powerful and efficient lead generation 
strategy, which bridges the gap between traditional HTS 
and fragment-based approaches, involves the combination 
of biochemical HTS to identify low-affinity compounds 
together with medium-throughput biophysical techniques, 
especially ligand-protein co-crystal structure determinations, 
to validate the activity of the weakly active hits (Card 
et al., 2005). 

Computational methods are increasingly used to support 
lead generation. The design of new screening libraries should 
incorporate empirically defined parameters which describe 
the physicochemical features of fragments, leads, and drugs 
(Lumley, 2005) (Table 2). These definitions of drug- and 


Table 2 Typical physicochemical and biological properties of fragments, 
leads, and drugs for compound library design and screening hit evaluation. 





Property Fragment Lead Drug 

M olecular <300 <400 - 450 <500 
Weight (MW) 

Lipophilicity <3 <4 <5 

(LogP) 

H-bond donor <3 <4-5 <5 

atoms (OH, NH) 

H-bond acceptor <3 <8-9 <10 

atoms (N,0O) 

Polar surface n.a. n.a. <140- 150A? 
area (PSA) 

Rotatable bonds n.a. <8 <10 

(nRot) 

Chemically n.a. None present None present 


reactive groups 


Target activity >105-10-M 10-%-10-7 M 10-8- 107° M 
(ICso or Kj) 

Structure - NMR or X-ray Useful SAR Full SAR 
activity (SAR) data established understood 


n.a. - not assessed. 


leadlike chemical space are derived from readily calculated 
properties such as molecular weight, lipophilicity, hydro- 
gen bonding capacity and surface polarity, and molecular 
flexibility (Lipinski etal., 2001; Veber etal., 2002; Vieth 
et al., 2004; Lu et al., 2004; Rees et al., 2004). A distinction 
between drugs and leads is made to allow for the general 
increase in size and functionality that is necessary to develop 
a screening lead active in vitro into a candidate drug with 
potency, selectivity, and efficacy in vivo (Oprea et al., 2001). 
The elimination from screening libraries of chemical features 
that confer broad non-specific activity or toxicity is important 
(McGovern et al., 2002; Rishton, 2003). HTS hit rates can be 
enhanced by virtual screening for the ability of compounds to 
fit with three-dimensional pharmacophores, which are mod- 
els of the binding site that may be generated from SAR, or 
from protein-inhibitor co-crystal structures (Bajorath, 2002). 
Although still a developing technology, this can reduce the 
number of compounds that need to be assayed biochemically, 
as was shown in the case of inhibitors of checkpoint kinase 
1 (Lyne et al., 2004; Foloppe et al., 2006). 

The “best” screening strategy will depend on the particular 
circumstances, such as the nature of the molecular target 
and the state of knowledge at the time. Large diverse 
compound libraries are particularly useful when there is 
relatively little chemical biology or structural information 
about the target. Libraries that are biased towards compounds 
with the relevant pharmacological “pedigree” can improve 
the hit rate in phenotypic screens, as was seen with RAS 
signal transduction pathway blockers (Muller et al., 2004). 
When a pharmacophore model has been defined, smaller, 
more structurally focused libraries can be employed. This 
is best exemplified by the ongoing discovery of kinase 
inhibitors, although the concept is also applicable to other 
protein structural families. The structural similarity of the 
ATP binding site across the kinome (Cherry and Williams, 
2004) facilitates the development of so-called “molecular 
master keys” or “privileged structures”. These are molecular 
scaffolds that have a proven fit to the ATP site and therefore 
exhibit a higher probability of binding to the desired target 
kinase. Such structures provide excellent starting points 
for the discovery of new inhibitors and also allow so- 
called “target hopping” - migration from one related target 
to another - within a particular chemical class (Muller, 
2003; Prien, 2005). There is a potential limitation, however, 
which is the danger of identifying “frequent hitters” that 
cross-react with many kinases. This necessitates the need 
to build in target selectivity during the drug development 
process. 

Natural products, such as taxanes, vinca alkaloids, and 
ansamycins show good activity in animal models and human 
cancer (Mann, 2002). This suggests that the chemical space 
they occupy may be a fruitful source of new drugs. Some 
of these compounds have general cytotoxic effects, how- 
ever, and it is important to distinguish these from effects on 
specific anticancer molecular targets when evaluating natu- 
ral products as starting points for anticancer drug design. 
New paradigms are guiding chemists in the design of 
libraries that may mimic the structural complexity of natural 
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products. Such libraries have the potential to explore chem- 
ical space more widely than those based on typical syn- 
thetic drugs (Clardy and Walsh, 2004). Diversity-oriented 
(Shang and Tan, 2005) and biology-oriented (Noren-M uller 
et al., 2006) synthetic approaches combine knowledge gained 
from structural biology and natural product chemistry with 
high-throughput synthetic and combinatorial chemistry. This 
offers the potential to significantly expand the repertoire of 
useful biologically active scaffolds, although the extent to 
which this approach will be successful in relation to drug 
discovery has yet to be defined (Lipinski and Hopkins, 2005). 


STRUCTURE-BASED DRUG DESIGN 


The incorporation of structural biology information into 
the drug discovery process has significantly enhanced the 
efficiency of the lead generation and lead optimization stages. 
As well as defining inhibitor “privileged structures” for 
given target classes, observation of the binding modes of 
inhibitors through ligand-protein (and ligand-DNA) X-ray 
crystallography helps to select modifications to the inhibitor 
structure which are most likely to result in retained or 
improved contacts with the molecular target. This has been 
useful notably in the development of kinase, HSP90, and 
HDAC inhibitors. Structural studies have also identified 
a subset of protein-protein interactions that are likely to 
be disrupted by small molecules, and the first successful 
examples of this approach have been demonstrated with pro- 
apoptotic agents that inhibit the interactions of MDM 2 - P53 
and BCL2 (Fry and Vassilev, 2005). 

Protein kinases have a highly conserved kinase domain 
tertiary structure in which a narrow binding cleft for ATP is 
defined by a bilobal fold, and inhibitors may occupy this site 
in several different modes (Noble et al., 2004) (Figure 3). 
ATP forms hydrogen bonds from its adenine, ribose, and 
phosphate groups to areas of the binding site conserved 
across the kinome. Originally this was seen as a potential 
barrier to the development of selective and tolerable kinase 
inhibitors. However, non-conserved features also exist within 
the ATP binding site, flanking the area occupied by the 
cofactor, and inhibitors can make additional use of these 
to achieve potency and selectivity. Thus, kinases are now 
recognized as druggable and attractive targets (Cohen, 2002). 

Protein kinases may exist in catalytically active or inactive 
forms, with the transition between them often controlled 
by specific phosphorylation events. Conformational changes 
associated with activation mean that the proteins may exist 
in more than one form, each of which is a potential drug 
target. The inhibition of active kinases by compounds such 
as gefitinib and erlotinib (Figure 4), which compete directly 
with ATP, have well-established design criteria (Cherry and 
Williams, 2004). More recently, similar guidelines have 
been proposed to aid the design of inhibitors, such as 
imatinib and sorafenib (Figure 4), that bind to and stabilize 
inactive kinase forms, preventing activation (Liu and Gray, 
2006). Other binding modes are possible, for example, the 
bisarylamine MEK1/2 inhibitor PD318088 binds at a site 


outside the ATP cleft and allosterically inhibits activity 
(Ohren et al., 2004). Other domains in the protein kinase may 
provide alternative drug targets, for example, the disruption 
of protein- protein interactions achieved by inhibitors of the 
AKT pleckstrin homology domain (Barnett et al., 2005) or 
the mTOR inhibitor rapamycin (Choi et al., 1996). 

The presence of cysteine residues in the active sites of 
some kinases has enabled the development of selective 
irreversible inhibitors. For example, structure-based design 
from the binding of gefitinib and other anilinoquinazolines 
allowed the positioning of a reactive acrylamide group to 
covalently bind to a cysteine in the ribose-binding pocket 
of ERBB family receptor tyrosine kinases. As the inhibitor 
structures such as canertinib (CI-1033; Figure 4) were well 
matched to the active site, a low reactivity functional group 
could be used, reducing non-specific reaction with other 
proteins (Fry, 2000). 

Structural biology also informs on the requirements for 
kinase inhibitor selectivity and the potential for drug resis- 
tance. Generally, kinase conformations are more similar 
between different enzymes for the active forms than for 
the inactive structures (Noble etal., 2004; Liu and Gray, 
2006). Inhibitors targeting the inactive forms are inherently 
more likely to be selective. In a similar way, inhibitors 
that bind to the active conformations but make greater use 
of the non-conserved regions of the ATP binding site are 
also potentially advantageous for selectivity. A complicat- 
ing issue is the consideration of the potential for mutations 
leading to drug resistance. Mutation of residues essential 
for the binding of drugs to the inactive form may be 
unimportant in the active form of the enzyme. Similarly, 
there are mutational hot spots corresponding to regions of 
the ATP active site not essential for cofactor binding or 
catalysis, but which may be essential for binding synthetic 
inhibitors. These scenarios provide for possible attenuation 
of inhibitor binding, while still retaining active kinase cat- 
alytic function. One well-characterized mutational hot spot 
is the so-called “gatekeeper” residue that determines the size 
and accessibility of a buried hydrophobic pocket adjacent 
to the adenine binding site, and which is often a contrib- 
utor to drug binding. Changes to this amino acid have 
been shown to underlie the emergence of some imatinib- 
resistant BCR-ABL and gefitinib-resistant EGFR kinase vari- 
ants (Gorre etal., 2001; Pao etal., 2005 and Kobayashi 
et al., 2005). Deliberate mutation of the gatekeeper has gen- 
erated variants that parallel the EGFRT79™ gefitinib-resistant 
mutants identified in clinical trials (Blencke et al., 2003). 
The emergence of resistance to imatinib in the clinic has 
driven a search for second-generation BCR-ABL inhibitors. 
Dasatinib (Figure 4) binds to the more conserved, active 
form of the kinase and inhibits several imatinib-resistant 
mutants, as well as other kinases, for example, SRC (Shah 
et al., 2004). 

Structure-based design has also been valuable for the pro- 
gression of lead compounds discovered as HSP90 inhibitors 
(McDonald et al., 2006a). The ATPase domain of HSP90 
has a folding pattern quite distinct from that of kinases dis- 
cussed in the preceding text (Figure 3). A key feature is 
the presence of a network of tightly bound water molecules 
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Figure 3 Structure-based design in anticancer drug discovery. (a) A schematic of the binding of ATP to an active kinase, based on CDK2-ATP (Protein 
Data Bank reference 1FIN), showing the major conserved and non-conserved regions of the binding site that can be exploited by small molecule inhibitors. 
The protein surface is coloured according to electrostatic potential (red = negatively charged, blue = positively charged, white = neutral). (b) The binding 
of erlotinib to the active form of EGFR tyrosine kinase (Protein Data Bank reference 1M 17). In this and subsequent panels the protein is coloured according 
to secondary structure (red = alpha helix, blue = beta sheet) and the drugs are depicted as space filling models coloured according to surface electrostatic 
potential (red = negatively charged, blue = positively charged, white = neutral). (c) The binding of imatinib to the inactive form of BCR-ABL kinase 
(Protein Data Bank reference 1IEP). Significant differences are seen in the conformation adopted by the kinase domain in the region of the ATP binding 
site between (b) and (c). (d) The binding of geldanamycin to the N-terminal ATPase domain of yeast HSP90 (Protein Data Bank reference 1A 4H). A quite 
different protein fold exists for this ATP binding site relative to the classical bilobal fold of protein kinases, see panels (b) and (c). (e) The binding of 
SAHA to HDAC8 (Protein Data Bank reference 1769). The inhibitor fills a deep tubular pocket that forms the binding site for acetylated lysine. 


mediating bridged hydrogen bonding between the protein 
and ligands, as shown for the natural product inhibitors 
geldanamycin and radicicol (Roe etal., 1999). A series of 
arylpyrazole inhibitors (Figure 5) contains a resorcinol group 
similar to that in radicicol and exploits this same water 
network. The development of these compounds provides 
an example of the use of ligand-protein co-crystal struc- 
ture determination to accelerate lead optimization (Cheung 
et al., 2005; Dymock et al., 2005; McDonald et al., 2006b). 


For other synthetic HSP90 inhibitors, based on purines, co- 
crystallography showed how an unexpected conformational 
change could occur in the chaperone, revealing anew binding 
pocket for the more potent inhibitors in the series (Wright 
etal., 2004). The possibility of significant protein confor- 
mational changes on binding structurally different ligands 
can confound structure-based design, and can be addressed 
by repeated crystallography during lead optimization as the 
inhibitor structures develop. 


SMALL MOLECULE ANTICANCER AGENTS: PRECLINICAL DISCOVERY 9 


NZ AGN NZ ON” 
\ o^ Sh o nOs 
Gefitinib Erlotinib 
DON 
O CI 
CI NH ONS > O 
2 NH N 4 JL F 
N N N 
LL a H H pF 
=~ [NAN N 
N O NN N< `o 
kð 
Canertinib Sorafenib 
La O „A 
NaN N N, N 
N O AA 
Zz H N 
SN 
SUN OH 
Imatinib Dasatinib 
O 
mS 
J | NH 4 N 
NZ 
F Can e 
O P Ee 
N 
H 
Sunitinib GW297361 
N O 
HANA ip E 
H "OL 
Br F l 
F 
PD381088 





NH» CN 
Rapamycin SAAS 
CN NH2 


U0126 


Figure 4 Chemical structures of selected kinase inhibitors described in the text, illustrating both the concept of privileged structure (compare gefitinib, 
erlotinib, and canertinib; compare sunitinib and GW 297361) and also the variety of chemotypes that can provide effective inhibitors. 


Determination of the structures of inhibitors bound to has shown the presence of a conserved, deep tubular pocket, 
HDACs, initially to a bacterial homologue (Finnin etal., providing an active site complementary to the acetylated 
1999) followed by human isoforms (Somoza etal., 2004), lysine of the substrates. At the base of the pocket is 
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Figure 5 Chemical structures of selected HSP90 and HDAC inhibitors 
described in the text. 


an enzyme-bound zinc atom that is part of the catalytic 
machinery. Many HDAC inhibitors contain a hydroxamate 
group that strongly chelates this metal atom, as present 
in suberoylanilide hydroxamic acid (SAHA) (Figure 5). In 
contrast, the mouth of the pocket is a flatter, lipophilic 
surface which varies considerably between isoforms and 
provides the opportunity for developing subtype selective 
inhibitors (Hildmann et al., 2006). Of note for the clinical 
development of HDAC inhibitors is the ability of HDACs to 
deacetylate proteins other than histones, for example, tubulin, 
and the consequent possibility of polypharmacology for some 
inhibitors (K oeller et al., 2003). 


LEAD PROFILING AND LEAD OPTIMIZATION 


Not all small molecules identified from HTS or other screen- 
ing platforms will necessarily be suitable for optimization to 
drug candidates. There are many possible barriers to pro- 
gression of a lead compound, including: low efficiency and 
specificity of biological activity relative to the compound’ s 
size and complexity (Hopkins et al., 2004); physicochemical 
properties inconsistent with solubility in biological matrices 
and absorption into cells or tissues; and the presence of chem- 
ical motifs associated with unwanted pharmacological effects 
or toxicity. M ulti-parameter lead profiling serves to select the 
starting points with the best chance of successful develop- 
ment to a drug candidate, which is the ultimate goal of lead 
optimization (Davis et al., 2005). This profiling against many 
chemical, physicochemical, and biological criteria continues 
iteratively throughout the optimization stage. 


An early evaluation of the synthetic tractability of the 
compounds in a potential lead series is needed, as many new 
analogues must be prepared during lead optimization. The 
widespread adoption of combinatorial and parallel synthesis 
strategies to make compound screening libraries means that 
many leads already have well-defined synthetic chemistry 
(Shuttleworth etal., 2005), exemplified in the preclinical 
development of sorafenib (Lowinger et al., 2002). Analysis 
of the structures of successful drugs in the clinic can 
suggest preferred structural fragments to incorporate into 
new agents (Vieth etal., 2004). Another early goal is to 
establish productive structure-activity relationships (SAR), 
whereby structural changes to the lead give improvements 
to the biological activity. The knowledge of ligand-protein 
structures can be extremely helpful in narrowing down the 
range of chemical modifications to be tried, as shown for 
arylpyrazole HSP90 inhibitors (McDonald et al., 2006b). 

The iterative cycles of synthesis and biological evaluation 
that drive lead optimization require the establishment of a 
biological test cascade that is made up of assays for all 
of the key properties to be optimized (Garrett et al., 2003). 
Essential from the outset are assays to measure potency at the 
molecular target and against the desired cellular phenotype, 
together with biomarker assays that demonstrate activity 
through the desired mechanism. Selectivity counterscreens 
are also essential at a fairly early stage. 

The selectivity of an agent for its molecular target, both 
against related proteins or more widely across the proteome, 
is an important determinant of efficacy and tolerability in the 
clinic. Often a desirable selectivity profile is anticipated from 
the underlying biology of the molecular target, but it is also 
important that feedback of information from early clinical 
experience is considered. For example, although the kinase 
inhibitor sorafenib was developed to target c-RAF, it became 
evident in clinical trials that other receptor tyrosine kinase 
inhibition, particularly VEGFR, PDGFR, c-KIT, and FLT3, 
was important for the efficacy of the compound in renal cell 
carcinoma (RCC) (Strumberg, 2005). 

One problem that arises with kinase inhibitors is the dif- 
ficulty in extrapolating from measurements of inhibition of 
isolated targets to the selectivity profile exhibited in cells 
(K night and Shokat, 2005). The different kinetic performance 
of even closely related enzymes, their different expression 
levels, and the different responsiveness of downstream ele- 
ments in signalling cascades may confound predictions of 
selective action. This was shown in yeast for the oxin- 
dole cyclin dependent kinase 1 (Cdk1) inhibitor GW 297361 
(Figure 4), which elicits a phenotypic response correspond- 
ing to selective inhibition of Pho85 though the compound 
is 20-fold selective in vitro for Cdk1 (Kung etal., 2006). 
Proteomic and chemical genetic techniques for assessing 
compound specificity offer one solution to this issue, such 
as the use of bacteriophage-expressed kinases to screen 
for inhibitor-binding selectivity across a large number of 
enzymes (Fabian etal., 2005). Nevertheless, in vitro pro- 
filing of enzymes and receptors remains a practical and 
valuable tool for comparing the specificity of compounds, 
and is increasingly being extended to investigate potential 
toxicological issues during lead optimization, for example, 
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hERG cardiac ion channel blockade which can lead to cardiac 
toxicity (Whitebread et al., 2005; Sanguinetti and Tristani- 
Firouzi, 2006). 

The contemporary reduction in drug failures due to poor 
bioavailability achieved by paying close attention to phar- 
macokinetic properties is reflected in the profiling carried 
out during lead optimization. The assessment of absorption, 
distribution, metabolism, excretion, and toxicity (ADMET) 
for large numbers of compounds has been aided by the 
development of high-throughput in vitro techniques, includ- 
ing assays for passive diffusion across artificial mem- 
branes, solubility, metabolism by microsome preparations, 
inhibition or induction of cytochrome P450 metabolizing 
enzymes, and the potential for active drug efflux (Obata 
etal., 2004; Kassell, 2004; Kerns etal., 2004). The last 
two are especially pertinent to cancer therapy. Firstly, co- 
administration of multiple agents is common and the poten- 
tial for drug- drug interactions that interfere with therapeu- 
tic levels is large (Hutzler etal., 2005). Secondly, drug 
efflux pumps are a major contributor to tumour resistance 
to chemotherapy, as well as compromising overall bioavail- 
ability (Longley and Johnston, 2005). The measurement of 
compound penetration into tumour tissue, particularly for 
poorly vascularized and hypoxic tumours, and correlation 
with efficacy is also important (Hicks et al., 2006). As many 
molecular targeted cancer therapeutics are anticipated to be 
cytostatic, identifying compounds suitable for chronic oral 
dosing becomes an important goal. In vivo pharmacoki- 
netic experiments can be made faster and more efficient 
using cassette-dosing protocols, where small numbers of 
related compounds are dosed together, as shown recently for 
CDK2 and HSP90 inhibitors (Raynaud et al., 2004; Smith 
et al., 2006). 


SELECTED CASE HISTORIES IN PRECLINICAL 
DEVELOPMENT 


The feedback of information from early clinical experience to 
inform preclinical drug discovery is important, as illustrated 
in several case histories of development of targeted molecu- 
lar cancer therapeutics. The phenylaminopyrimidine scaffold 
of imatinib originated from a series of PKC inhibitors, from 
which a subset were found to inhibit BCR-ABL kinase in 
subsequent screening (Capdeville et al., 2002). The introduc- 
tion of a single methyl substituent on the phenyl ring, which 
constrains the ligand’s conformation, removed the original 
PKC inhibitory activity and provided BCR-ABL-selective 
inhibitors. This can now be seen as an example of “target 
hopping” within the phenylaminopyrimidine privileged struc- 
ture class. Further optimization led to the addition of basic 
functionality to improve physicochemical and pharmacoki- 
netic properties. The introduction of solubilizing groups dur- 
ing lead optimization is a feature of several kinase inhibitor 
lead optimization programs (Collins and Workman, 2006a). 
Following the remarkable success of imatinib in clinical tri- 
als for BCR-ABL-driven chronic myeloid leukaemia (CML), 
the observation that the drug inhibits a small number of other 


kinases, especially the oncoprotein c-KIT, led to successful 
trials for the treatment of gastrointestinal stromal tumours 
(GIST) where c-KIT mutation is particularly relevant (J ud- 
son, 2002). 

Importantly, the emergence of imatinib-resistant kinase 
mutants in CML patients has guided the development of 
second-generation inhibitors, as discussed previously. In con- 
trast to imatinib, which binds and stabilizes the inactive 
form of BCR-ABL, the (pyrimidinylamino)thiazole inhibitor 
dasatinib targets active forms of the kinase and inhibits sev- 
eral imatinib-resistant mutants, while also inhibiting other 
targets such as SRC family kinases (Shah etal., 2004). 
Comparison of imatinib and dasatinib binding by X-ray 
crystallography suggests that dasatinib is able to recognize 
multiple conformations of the enzyme (Tokarski et al., 2006), 
illustrating the play-off between kinase inhibitor selectiv- 
ity and potential for development of resistance described 
earlier. 

The multi-targeted kinase inhibitor sorafenib was orig- 
inally developed as an agent targeted towards c-RAF 
(Lowinger etal., 2002). Combinatorial chemistry featured 
heavily in both lead generation and lead optimization of 
the urea chemotype, which is now regarded as a privileged 
structural class for kinase inhibition (Dumas et al., 2004). 
During clinical trials of sorafenib the importance of the 
compound's receptor tyrosine kinase polypharmacology, par- 
ticularly inhibition of VEGFR, PDGFR, c-KIT, and FLT3, 
was recognized, and led to successful approval for the treat- 
ment of RCC (Strumberg, 2005). This provides an example 
of how clinical experience can validate targeted combinato- 
rial therapy, in this case through the polypharmacology of a 
single compound. 

In the case of HSP90 inhibitors, pioneering clinical stud- 
ies with the natural product derivative 17-allylamino-17- 
demethoxygeldanamycin (17-AAG) demonstrated proof of 
concept and defined the biomarker signature of HSP90 inhi- 
bition in tumours (Banerji etal., 2005). 17-AAG showed 
efficacy in melanoma patients but also had solubility, for- 
mulation, and metabolic liabilities. This helped to set drug 
candidate criteria for the development of synthetic, small 
molecule inhibitors of HSP90 (McDonald et al., 2006a and 
2006b). Extensive use of structure-based design was made 
in the optimization of (arylpyrazole)resorcinols, as men- 
tioned earlier, particularly in selecting the positioning of 
new functionality on the core scaffold to achieve additional 
interactions with the protein and improve affinity, leading to 
VER49009 (Dymock et al., 2005). 

Clinical trials of the natural product HDAC inhibitor 
SAHA also provided feedback for the preclinical devel- 
opment of new small molecule inhibitors (Kelly and 
Marks, 2005). Again, the pharmacokinetic properties of 
the molecule were the main focus for improvement in 
subsequent drug development. Additionally, the assess- 
ment of potential cardiac toxicity has been a focus in 
new inhibitor development, based on early clinical experi- 
ence with some compounds, as discussed in detail in the 
following chapter (see Rational Drug Design of Small 
Molecule Anticancer Agents: Early Clinical Develop- 
ment). 
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BIOMARKERS AND THE PHARMACOLOGIC 
AUDIT TRAIL 


A major feature of the development of new molec- 
ular cancer therapeutics is the use of pharmacoki- 
netic- pharmacodynamic end points during both the preclin- 
ical and clinical phases (Frank and Hargreaves, 2003; Dal- 
ton and Friend, 2006; Workman, 2002; Workman, 2003a,b; 
Sarker and Workman, 2006). Molecular diagnostics are 
required to identify animal models and patients that are the 
most appropriate for evaluating the particular agent. M olec- 
ular biomarkers are also essential to demonstrate proof of 
concept for target modulation and to select the optimal dose 
and administration schedule. Biomarkers are used to make 
clinical trials more intelligent and informative, and to make 
decision-making throughout the preclinical and clinical phase 
more rational and effective. 

We have developed and advocated the use of the concept 
of the “pharmacologic audit trail” (Workman, 2002, 2003a,b; 
Sarker and Workman, 2006). This provides a logical and 
practical framework for monitoring the performance of a 
series of compounds in preclinical development and of the 
drug candidate in the clinic. The audit trail also provides a 
tool for assessing the risk of failure at the various stages 
of development and for making important decisions such 
as whether to proceed to the next stage or to terminate the 
project. 

The pharmacologic audit trail operates by posing a series 
of hierarchically or sequentially ordered questions (Figure 6): 
Is the status of the target appropriate in the model or patient? 
Are appropriate drug levels achieved in the circulation and 
in tumour tissues? If so, is the target modulated? If the 
target is modulated, for example, by demonstrating reduced 
phosphorylation of a kinase substrate, is the biochemical 
pathway in which the target operates also blocked? A nd if the 
pathway is blocked, is the intended biological process also 
affected? By biological process we mean the key hallmarks 
of cancer mentioned earlier (Hanahan and Weinberg, 2000). 
Thus Ki67 expression can be used as a measure of an 
anti-proliferative effect and the TUNEL assay can be used 
to assess apoptosis. Functional end points can be used to 
monitor effects of anti-vascular and anti-angiogenic agents. 

Data should, if possible, be collected at each stage of the 
audit trail shown in Figure 6. If the appropriate objective is 
not met, then urgent steps need to be taken. This may require 
changing the dose or schedule. It may involve modifying 
the compound or drug structure to overcome a particular 
problem. Or it may be that the project is terminated because 
the desired end points cannot be met, for example, if the 
target cannot be modulated or if the target is successfully 
modulated and no biological or clinical effect can be seen. 
As the drug progresses in the clinic through the hierarchy of 
questions and decision points, the risk of failure is reduced. 
The use of the audit trail means that failing drugs or projects 
can often be terminated much earlier than waiting for a late- 
stage decision, say in phase III. This approach is sometimes 
referred to as “fail fast”. If a target is inhibited and no 
clinical effect is seen, even with appropriately designed 
clinical trials in suitable patients (see Rational Drug Design 
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Figure 6 The pharmacological audit trail: a set of hierarchical questions 
to be addressed in preclinical and clinical drug development to establish 
a robust link between the activity of the drug on the intended molecular 
target and clinical response. 


of Small Molecule Anticancer Agents: Early Clinical 
Development) then the conclusion may be drawn that the 
target is not valid in human cancer. Where the outcome is 
more successful, the audit trail again allows the results to be 
interpreted in a mechanistic and informed fashion. 

In order for the audit trail to be useful, it is essential to 
have an appropriate set of robust and fully validated assays 
available for both pharmacokinetic properties and the diag- 
nostic, pharmacodynamic, and predictive end points that are 
required. Validation involves both scientific justification and 
the achievement of appropriate quality assurance standards. 

Biomarker discovery has been enhanced by developments 
in high-throughput genomic and proteomic technologies 
(Dalton and Friend, 2006). Western blotting and quantitative 
ELISA-based immunoassays are often used. Commercial 
platforms are being developed that allow immunoassays to 
be carried out in a robust, high-throughput fashion and in 
multiplex mode, thus allowing multiple end points to be 
read or several pathways (e.g., on-target vs off-target) to 
be monitored. Immunohistochemistry has been quite widely 
used, although care has to be taken to ensure the specificity 
of the antibodies employed, the stability of the eptitope 
(particularly for protein phosphorylation end points) and the 
conditions applied (Henson, 2005). 

Unfortunately, the uptake in the use of biomarker end 
points for decision-making in early clinical trials has been 
relatively poor (Parulekar and Eisenhauer, 2004). This may 
be because of ethical and logistic reasons, in particular, 
the need for pre- and post-treatment biopsies. Circulating 
tumour cells can be used for biomarker studies. Soluble, 
secreted biomarkers can also be assessed in the plasma. 
The development of minimally invasive methods that use 
positron emission tomography (PET) and nuclear mag- 
netic spectroscopy/imaging are very important (Workman, 
et al. 2006a). 
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LOOKING TO THE FUTURE: TOWARDS 
PERSONALIZED CANCER MEDICINE 


There have been great successes with small molecule targeted 
therapies, as well as with antibodies acting on similar targets 
(Table 1). Compounds like imatinib, erlotinib, and others 
discussed in this chapter provide important proof of concept 
that significant clinical benefit can be obtained by developing 
drugs that act on the particular oncogenic abnormalities that 
are responsible for transformation and malignant progression. 
However, although the principle and value of the rational, 
molecularly targeted approach are now established, cancer 
remains a formidably complex disease and many challenges 
have already been identified that need to be overcome. 

At the discovery level in the laboratory, many critical 
targets (e.g., mutant RAS, P53, and MYC) and pathways 
(e.g., Wnt/B-catenin) cannot yet be drugged. It is clear that 
drugging the cancer kinome is readily achievable (Workman, 
2005a,b; Collins and Workman, 2006a,b) but other target 
classes, for example, many protein- protein interactions and 
phosphatases, have thus far proved to be intractable with 
current technology. On the other hand, success with M DM 2- 
binding agents like the nutlins (Vassilev et al., 2004) and with 
BCL2 inhibitors such as ABT-737 (Oltersdorf et al., 2005) 
demonstrates that certain small domain size protein- protein 
interactions can be rendered druggable. 

It is clearly important to increase the 5% success rate 
of oncology drugs in the clinic. That 95% of candidate 
drugs fail is unacceptable. Furthermore, we must seek to 
eliminate expensive late-stage failures, such as those that 
occurred with matrix metalloproteinase, farnesyl transferase, 
and certain receptor tyrosine kinase inhibitors. The cycle 
times in preclinical discovery and clinical development need 
to be shortened further so that success - or failure - can be 
demonstrated sooner and drugs can be approved for patient 
benefit more rapidly. 

A major lesson learned from the last few years of 
experience with molecular cancer therapeutics is that the 
familiar problem of drug resistance is not going to go away, 
however cleverly targeted our new agents turn out to be. 
Because of this, and also given that most cancers are driven 
and sustained by a collection of molecular drivers, it is 
virtually certain that a combinatorial therapeutic approach 
will be needed. This is after all how the best results are 
obtained in current cytotoxic cancer chemotherapy and also 
in HIV-AIDS therapy. 

We are fortunate that technological solutions will continue 
to come out of the laboratory to help us deal with current 
challenges. Cycle times in discovery and development will 
be compressed through the integrated use of a toolbox of 
powerful and high-throughput techniques. The application 
of high-throughput genomic, molecular, and biochemical 
methodologies will accelerate the ongoing elucidation of 
the mutational repertoires and hierarchies that are involved 
in propelling various cancers. These technologies and the 
knowledge derived from them will empower the molecular 
detection, classification, monitoring, and treatment of cancer. 
Improved prevention, possibly involving chemopreventive 
drugs, may also be feasible. 


Alongside advances in understanding and detecting genetic 
and epigenetic abnormalities in cancer, we must develop bet- 
ter methods to validate and prioritize new targets; otherwise 
we will be swamped with cancer genes. The use of high- 
throughput RNA interference methods is already widespread, 
although removal of the target does not necessarily reca- 
pitulate inhibition by a small molecule. Dominant negative 
constructs may be more representative (Chatterjee-K ishore 
and Miller, 2005). Information from transgenic animal mod- 
els can be very valuable, although these do not always 
precisely mimic the human situation (Becher et al., 2006; 
Sausville and Burger, 2006; Dennis, 2006). Comprehending 
and exploiting oncogene dependence/addiction will continue 
to be important but greater emphasis on achieving a syn- 
thetic lethal effect, as seen with PARP inhibitors in cancer 
cells with BRCA gene DNA defects (Farmer et al., 2005), is 
clearly warranted. 

The majority of new cancer targets that have been stud- 
ied to date are involved in the control of proliferation and 
the cell cycle. Mechanism-based anti-angiogenic drugs are 
now coming through. Most of these are VEGFR kinase 
inhibitors. Inhibitors of HIF signalling would be of major 
interest (Semenza, 2003), and prototype compounds have 
been identified in cell-based screens (Rapisarda et al., 2002; 
Chau etal., 2005). It is important that the other hallmark 
phenotypic traits of cancer are also attacked therapeuti- 
cally. M echanism-based apoptosis inducers are now entering 
clinical trials (Fesik, 2005) and telomerase inhibitors show 
potential for blocking immortalization (Neidle and Parkin- 
son, 2002; Shammas et al., 2004). However, invasion and 
metastasis require greater investment. In this regard, we need 
to learn the lessons from the failure of matrix metallopro- 
teinase inhibitors which were developed clinically without 
due attention to their mechanism of action and biological 
effects. Although it is an important goal, clinical evaluation 
of specifically targeted metastasis inhibitors is challenging 
because of the long timescales that may be required to obtain 
a meaningful end point. 

The quality of chemical leads selected for optimization 
has improved as a better understanding of what constitutes 
drug- and leadlike chemical properties has evolved. The 
application of increasingly sophisticated and wide-ranging 
design and selection criteria, founded on an analysis of 
the successes and failures of different chemotypes in lead 
optimization, preclinical development, and clinical trials, 
will enhance this. The application of high-throughput, multi- 
parameter profiling will allow traditional “late-stage” issues, 
such as pharmacodynamics and toxicology, to be addressed 
earlier in the lead optimization process. This holistic view of 
preclinical development offers a way to maximize success in 
the complex task of engineering multiple biological activities 
and pharmaceutical properties into a single molecular entity. 
We must continue to pay attention to using the most relevant 
preclinical tumour models and to evaluate their predictive 
utility. 

In many if not most cases, the effects of targeted molecular 
cancer therapeutics will be cytostatic rather than cytotoxic 
and tumour regression may not be seen. Pharmacokinetic 
properties must be such that prolonged target modulation can 
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be sustained, probably requiring oral administration where 
feasible. Biomarkers are essential for both rational preclinical 
drug development and intelligent clinical trials, not only 
to demonstrate proof of concept for target inhibition and 
downstream effects, but also to design the optimal dosing 
regimens. Development of functional/molecular imaging end 
points will be especially important (Workman, et al. 2006a). 

It is increasingly becoming feasible to predict mecha- 
nisms of resistance before they occur in the clinic, by using 
molecular and chemical biology techniques. As mentioned, 
combinatorial multi-target inhibition will generally be essen- 
tial. This can be achieved in several ways. Combinations 
of highly targeted agents can be assembled on a ratio- 
nal basis, according to the detailed genetic and epigenetic 
make-up of the individual malignancy. M ulti-targeted kinase 
inhibitors are clearly proving useful and drugs that affect 
multiple downstream targets, such as molecular chaperone 
HSP90 inhibitors (McDonald et al., 2006a and 2006b; Sharp 
and Workman, 2006) and chromatin modifying enzyme 
inhibitors, particularly histone deacetylases but potentially 
many other enzymes involved in the histone code (J enuwein 
and Allis, 2001), will also be useful in this way. High- 
throughput technologies for profiling inhibitor selectivity will 
be critical for the development of designer multi-targeted 
agents (Becker et al., 2004; Daub, 2005; Fabian et al., 2005). 
Identifying the best combinations from the many that are 
possible is not straightforward. There may be merits in hit- 
ting the same target with different drugs, blocking the same 
pathway at different levels, or inhibiting different pathways 
and biological effects simultaneously. The choice of effec- 
tive combinations may be made by rational selection based 
on molecular understanding and appropriate biomarkers. The 
application of chemical inhibitors alongside high-throughput 
RNA interference methods can identify effective combinato- 
rial targets (Morgan-Lappe etal., 2006). This can also be 
done systematically by HTS of drug pairs (Borisy etal., 
2003). Systems biology approaches also have great potential 
(Fitzgerald et al., 2006). 

There will be major gains to be made from understanding 
the complex signal transduction networks that are captured 
and exploited by cancer cells. The simple linear pathways 
shown in text books do not operate that way in reality. 
Greater understanding of the role of feedback and feed- 
forward loops is essential. Assessment of network robustness 
and points of sensitivity for intervention will pay dividends. 
Such models are difficult to build, and they must be tested 
experimentally for their validity, but are now beginning to 
emerge (Alves etal., 2006). An illustration of the value of 
this approach is provided by the beneficial activity of the 
compound P1103 that inhibits both mTOR and PI3 kinase 
p110a, and thereby blocks the feedback activation of AKT 
seen with mTOR inhibitors (Fan et al., 2006; Workman, et al. 
2006b). 

When considering drug combinations, it is important to 
remember that although rational combinations of molecular 
therapeutics are probably the ideal objective, the combination 
of these contemporary targeted agents with cytotoxic drugs 
has value and is the focus of many clinical studies. The 
selection of such combinations is again challenging and 


is often driven by evidence of clinical activity and lack 
of overlapping toxicity (Jackman etal., 2004). However, 
molecular explanations and predictions of the activity of 
molecular therapeutic- cytotoxic combinations will emerge 
from laboratory research. For example, a recent study showed 
that the combination of the HSP90 inhibitor 17-A AG with the 
taxane paclitaxel is particularly effective in human ovarian 
cancer cell lines with high levels of activated AKT (Sain 
et al., 2006). 

Tumour heterogeneity remains a major concern in modern 
drug development. Human solid tumours are usually made 
up of many different cells, including host cells as well as 
various malignant clones (Bissell and Radisky, 2001). The 
presence of resistant cell populations is always a problem. Of 
particular concern for future studies is the presence of tumour 
stem cells, which are potentially capable of repopulating the 
whole tumour (Clarke and Fuller, 2006). Developing agents 
that affect these without compromising normal stem cells 
will be crucial (see Stem Cells and Tumourigenesis). 

This is a tremendously exciting era of cancer drug discov- 
ery and development. Although there are many challenges 
ahead, there are technologies available that can provide solu- 
tions to many of them, and other new technologies will 
continue to flow through from the laboratory. It was pre- 
viously proposed that it should be an achievable scientific 
goal to identify a chemical probe for every protein encoded 
by the genome (Schreiber, 2004). It is not unreasonable now 
to envisage achieving the therapeutic goal of developing a 
molecularly targeted drug for all oncogenic proteins encoded 
by the cancer genome. These targeted molecular therapeutics 
can then be combined to deliver bespoke therapies based on 
the genomic and molecular make-up of individual cancers. 
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Our increasing understanding of the genomic and biochem- 
ical abnormalities responsible for malignant transformation 
and progression has led to a new generation of molecular 
therapeutics (Workman, 2005; Collins and Workman, 2006a). 
In the previous chapter (see Rational Drug Design of Small 
Molecule Anticancer Agents: Preclinical Discovery) we 
described the concepts, technologies, and processes involved 
in the preclinical discovery of novel small molecule cancer 
therapeutics. It is critical that these new targeted agents are 
evaluated in an intelligent and informed manner. In this chap- 
ter, we describe the principles of contemporary early clinical 
trials with the new molecular therapeutics and illustrate these 
with selected examples. 


CLINICAL TESTING OF NOVEL SMALL MOLECULE 
ANTICANCER AGENTS 


After preclinical selection, formulation, and toxicology stud- 
ies, a new cancer drug enters into phase | clinical trials and 
progresses through to phase II, I1, and IV trials. The princi- 
pal aims of phase | trials are to define dose limiting toxicities 
(DLTs), the maximum tolerated dose (MTD), and therefore a 
recommended dose for phase II testing. Most phase | tri- 
als enrol patients with all tumour types who have failed 
standard therapy, or for whom no standard therapy exists. 
Phase II studies aim to establish clinical activity, usually 
by defining the response rate (RR) of the new agent in a 
specific tumour site, guided by findings in the phase | set- 
ting. Other measures of activity such as time to progression 
(TTP) are also evaluated. If results in a phase II setting are 
clinically significant and relevant, assessment in the phase 
II] setting is the next step, whereby the new agent is com- 
pared to standard therapy in the specific tumour type; the 
end points here are survival as well as TTP, efficacy, and 
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quality of life. Finally the phase IV setting centres on phar- 
macovigilance (see Clinical Trial Design for Anticancer 
Therapies). 

The traditional design of phase | studies for cytotoxic 
agents is now being challenged by targeted small molecule 
anticancer therapies (K orn et al., 2001). For cytotoxic agents, 
it is assumed that the toxicity of the agent increases with 
increasing dose, that the clinical benefit increases with 
increasing dose, and that there is a dose with acceptable 
toxicity that offers a clinical benefit (Korn, 2004). For the 
newer molecular targeted non-cytotoxic agents the third 
point may be true, but the former two points may not 
be appropriate. The cytotoxics generally act on DNA and 
tubulin, while the newer molecular targeted therapies have 
many single or combinatorial targets ranging from membrane 
receptors to signalling pathways to cell cycle- regulating 
proteins (Collins and Workman, 2006b) (see Rational Drug 
Design of Small Molecule Anticancer Agents: Preclinical 
Discovery). This has a number of implications; in particular, 
the antitumour effect is likely to be cytostatic and not 
cytotoxic and so other measures of an antitumour effect 
apart from reduction in tumour size come in to play. The 
novel and specific mode of action also means that there 
is often a lack of antiproliferative toxicity, for example, 
to bone marrow and gut, compared to the DNA-/tubulin- 
binding cytotoxics (Parulekar and Eisenhauer, 2004). So the 
end points of MTD in the phase | setting and RR by response 
evaluation criteria in solid tumors (RECIST) criteria in the 
phase II setting and beyond may not always be appropriate 
(Ratain and Eckardt, 2004). 

M olecular targeted agents may well have effects on organs 
other than the antiproliferative toxicity seen with cytotox- 
ics. However, DLT may be difficult to define in a phase 
| trial. In these circumstances, it is therefore crucially 
important to demonstrate that the agent in question has 
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the desired molecular target effect. This can be achieved 
by including measurements of pharmacokinetics and target 
inhibition as alternative end points (Gelmon etal., 1999; 
Schilsky, 2002). Pharmacokinetic- pharmacodynamic rela- 
tionships should be established as part of the pharmacological 
audit trail described in the previous chapter (Workman, 2002, 
2003a; Workman, 2002, 2003b; Sarker and Workman, 2007). 
Also important is the concept of an “optimal biological dose” 
(OBD) as opposed to MTD. There are challenges with this 
concept. First of all, it may be difficult to define the precise 
target in view of the complexity of cell signalling pathways 
and polypharmacology of many emerging agents (De J onge 
and Verweij, 2006). Secondly, if the correct target is iden- 
tified, the optimal level of target inhibition required for an 
anticancer effect must be reliably defined. Thirdly, it is diffi- 
cult to restrict enrolment to patients with accessible tumour 
tissue, on which these end points can be assessed, for both 
ethical and administrative reasons, assuming that target inhi- 
bition implies an assessment of tumour cells themselves. 
Finally, there must be one or more reliable biomarkers for 
evaluating drug effect (Parulekar and Eisenhauer, 2004). It 
is important that a distinction is made between a biomarker 
of drug action and a biomarker of benefit; a biomarker may 
indicate that the desired biological effect has occurred but 
provide no assurance that this will result in a clinical benefit 
to patients (Schilsky, 2002). 

Some of these issues can be addressed in preclinical stud- 
ies. It is essential that a direct or indirect measure of target 
inhibition is established and validated in the preclinical set- 
ting. The assay should be specific and reproducible for 
measuring target inhibition. The use of skin, mucosa, hair 
follicles, and peripheral blood mononuclear cells (PBM Cs) - 
acting as surrogate tissues - may provide a solution to the 
difficulties associated with tumour sampling. PBMCs are 
often used as they are easily accessible and possess many 
receptors and signalling pathways relevant to novel agents. 
It must be demonstrated that alternative tissues are a valid 
surrogate for the tumour. There should also be a clear link 
between the surrogate tissue and end point and the primary 
biological effect of the agent. Figure 1 shows biomarker 
changes in both tumour and skin biopsies following treatment 
with various molecularly targeted agents. Of current interest 
is the potential use of circulating tumour cells (CTCs) for 
biomarker studies (Cristofanilli etal., 2004). Recent stud- 
ies have indicated that CTC levels have predictive value in 
determining outcome (in breast cancer; Cristofanilli et al., 
2004). So far their use as a source of tumour cells for 
biomarker studies has not been tested, but the opportunity 
to employ them for serial assessment is particularly intrigu- 
ing. Soluble biomarkers present in the circulation also have 
advantages. 

In addition to the use of invasive molecular end points, 
target modulation can also be assessed using imaging tech- 
niques such as PET, dynamic computer tomography (CT), 
and also dynamic contrast enhanced-magnetic resonance 
imaging (DCE-MRI) to measure, for example, blood flow 
and vascular permeability (Workman et al., 2006a). These 
methods are particularly relevant for the anti-angiogenic and 
anti-vascular agents (Gelmon et al., 1999). With these and 
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Figure 1 |mmunohistochemical analysis showing biomarker changes in 


skin and tumour biopsies of patients treated with molecularly targeted 
agents. (a) Skin (surrogate tissue) analysis showing a decrease in the 
expression of pEGFR and pMAPK after therapy with gefitinib, particularly 
in the basal keratinocytes of the epidermis. In addition, there is reduced cell 
proliferation as shown by decreased staining for Ki-67. (b) Corresponding 
changes in the breast tumour of the same patient. (c,d) Similar changes are 
shown in skin and lung tumour biopsies, respectively, in a patient treated 
with erlotinib. 


other cytostatic agents, conventional imaging to demonstrate 
the end point of reduction in tumour mass is not rele- 
vant as it produces disease stabilization rather than shrink- 
age. DCE-MRI has been shown in some phase | studies 
of anti-vascular and anti-angiogenic agents, such as the 
vasculature-targeted drug combrestatin A 4 (CA 4P), to define 
a minimum effective dose but not an OBD (Galbraith et al., 
2003; Rehman and Jayson, 2005). Ongoing trials of CA 4P 
and other anti-vascular and anti-angiogenic drugs are incor- 
porating DCE-MRI into early phase clinical protocols to 
determine their future value as end points in late-stage trials 
(Liu et al., 2005). 

However, even if defining DLT is not to be the primary end 
point of studies, assessing and describing drug toxicity is still 
essential in trials of targeted therapies. It has been suggested 
that with some targeted therapies, normal tissue toxicity may 
be used as a surrogate end point for an efficacious dose and 
clinical benefit (Perez-Soler and Saltz, 2005). This has been 
suggested for the EGFR-targeted agents, where skin rash is 
easily accessible, and the vascular endothelial growth factor 
(V EGFR) antagonists, where hypertension is commonly seen 
(Perez-Soler and Saltz, 2005). 

EGFR is expressed in 30- 100% of various solid tumours 
(Ciardiello and Tortora, 2002) and is therefore an attractive 
therapeutic target. A number of EGFR tyrosine kinase 
inhibitors are now in use and in development including the 
following: 


e Reversible tyrosine kinase inhibitors, for example, 
erlotinib, gefitinib, and lapatinib, the last of which also 
inhibits ERBB 2. 
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Figure 2 Chemical structures of small molecules discussed in the text targeting inhibition of EGFR or VEGFR. 


e Irreversible tyrosine kinase inhibitors, for example, EK B- 
569 which also inhibits ERBB2 and canertinib (C1-1033), 
a pan-ERB inhibitor. 

e Chimaeric monoclonal antibodies (MAbs), for exam- 
ple, cetuximab. 

e Humanized MAbs, 
EM D72000. 


for example, panitumumab and 


Gefitinib and erlotinib (Figure 2) are approved for patients 
with advanced non-small cell lung cancer (NSCLC) post 
chemotherapy, and cetuximab is approved for the treatment 
of metastatic colorectal cancer (CRC) as monotherapy or 
in combination with irinotecan chemotherapy (Cohen et al., 
2003, 2005; U.S. Food and Drug Administration, Center for 
Drug Evaluation and Research, 2004, http://www.fda.gov/ 
CDER/DRUG/infopage/erbitux/default.htm). A rash is a 
major and consistent side effect of this class of agent, occur- 
ring in 45-100% of patients. It is typically a pustular rash 
that occurs on the face, neck, and upper torso, commenc- 
ing approximately after 1 week of therapy and improving 
with treatment. Interest in this adverse event has increased 
of late in view of a wealth of data that suggest a relationship 
between rash and response and survival (reviewed in Perez- 
Soler and Saltz, 2005). Initial reports showed that patients 
with EGFR-positive advanced CRC who developed a rash 
treated with cetuximab and irinotecan had a higher RR than 
those who did not (Saltz et al., 2001). This, as well as a corre- 
lation with survival, has been reported in several large phase 
Il and III studies of these agents (reviewed in Perez-Soler 
and Saltz, 2005). In addition, phase | dose escalation stud- 
ies indicated that the rash was dose dependent with higher 
drug exposure leading to a higher incidence and severity of 
rash (Baselga et al., 2000, 2002; Hidalgo et al., 2001; Ran- 
son et al., 2002). It is felt that as EGFR is expressed in skin 
itis likely that rash is due to inhibition of the receptor in skin 
cells (Murillas et al., 1995), although other mechanisms are 
possible, such as an alteration of follicular growth that may 
alter the skin flora and result in an inflammatory reaction 
(Busam et al., 2001). 

Rash could therefore be a surrogate marker of effective 
target inhibition and activity of anti-EGFR agents. However, 


before this is accepted there are some unanswered issues. 
For example, the reporting of rash varies between trials of 
the same agent (Perez-Soler and Saltz, 2005). Although the 
present version of the US National Cancer Institute Common 
Toxicity Criteria (NCI-CTC) v3.0 may be more accurate than 
previous versions in defining rash, it may not provide the 
level of refinement required for rash to be used as a Surro- 
gate marker of activity (Perez-Soler and Saltz, 2005). There 
could also be alternative mechanisms for the correlation, such 
as the presence of EGFR polymorphisms that may increase 
susceptibility to developing a rash (Perea et al., 2004). Alter- 
natively, if we consider those patients who develop a rash but 
derive no benefit, it could be that in these patients the amount 
of drug required to cause rash is less than that required to 
induce effective tumour inhibition; rash would therefore be of 
limited use as a surrogate end point. So although rash appears 
to contribute to evaluating the efficacy of these agents, more 
studies are required before any firm recommendation can be 
made. Indeed, trials in which escalating the dose of erlotinib 
until rash occurs are in progress in patients with NSCLC and 
glioma (Perez-Soler and Saltz, 2005). 

Regarding anti-angiogenic agents, there is some anecdotal 
evidence that hypertension associated with VEGFR inhibitors 
may be viewed as a potential surrogate end point for this class 
of agents in the way that rash is for the EGFR inhibitors, 
but as yet there is no published evidence to support this. 
Prospective trials addressing the issue of optimizing dosing 
of these agents with antihypertensive therapy are underway. 

Cytostatic agents require new study designs to answer a 
particular clinical question. Several different designs have 
been proposed for evaluating targeted therapies (K orn et al., 
2001). One of these is the randomized discontinuation design 
(Rosner et al., 2002). With this design, all patients receive 
the test agent. After a fixed period, for example 12 weeks, 
patients who respond to the test agent continue, those with 
progressive disease (PD) stop and those with stable disease 
(SD) are randomly assigned to continue with the test agent 
or placebo for another defined period. One advantage of 
this design is that a homogeneous group of patients who 
may respond (based on the known biology of the tumour) 
to a treatment are randomized. This potentially increases 
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the statistical power of the study with smaller numbers of 
patients. A second advantage is that the randomization of 
patients with SD also helps in distinguishing between a drug 
effect responsible for disease stabilization - the outcome of 
cytostatic agents - and the natural history of a malignant 
disease (Rosner et al., 2002). 

The randomized discontinuation design was applied in a 
phase || placebo-controlled trial of sorafenib in patients with 
metastatic RCC (Ratain et al., 2006). Sorafenib (Figure 2) 
was originally developed as an inhibitor of c-RAF in the 
RAF/MEK/ERK signalling pathway, but was subsequently 
found to have anti-angiogenic effects, most likely via effects 
on the V EGFR 2 and 3 as well as the platelet-derived growth 
factor receptor (PDGFR) (Wilhelm etal., 2004). Phase | 
studies showed that it was reasonably well tolerated despite 
diarrhoea, skin toxicity, and fatigue, at a recommended dose 
of 400 mg orally (PO) twice a day (bd) (Clark et al., 2005; 
Strumberg et al., 2005). Two hundred and two patients were 
treated for an initial 12 weeks (Ratain et al., 2006). Of 65 
patients (all with RCC) with SD at 12 weeks randomized 
to continuation with sorafenib (n = 32) or placebo (n = 33), 
50% of the former group were free of disease progression 
after a further 12 weeks of therapy compared to 18% of the 
latter group. For those with SD who progressed on placebo 
and were retreated with sorafenib, disease did not progress 
for a median of 24 weeks; this was the median progression- 
free survival (PFS) of those initially randomized to receive 
sorafenib. 

Ratain et al. commented that if this study had been a single 
arm study with the primary end point of RR, the results may 
have been negative as the number of defined responses is low 
(5%). Sorafenib has now been shown to significantly prolong 
both PFS and overall survival (OS) in metastatic RCC 
compared to treatment with medroxyprogesterone acetate 
(Escudier etal., 2005). The randomized discontinuation 
trial design therefore showed that a difference between 
sorafenib and placebo could be demonstrated prior to full 
phase II testing, with a small number of patients, and also 
enabled assessment of disease stabilization. However, the 
application of this study design is not without limitations 
and cannot necessarily be applied to all tumour types and 
cytostatic agents (Friedlin and Simon, 2005). In melanoma, 
for example, lack of activity of sorafenib was clear, without 
recourse to the randomized discontinuation trial design 
(Eisen et al., 2006). 

The following section will detail the clinical trial experi- 
ence with some of the targeted therapies which are making an 
impact in the clinic, and are not covered in detail elsewhere 
in this handbook. The studies reviewed will illustrate the 
attempts being made by investigators to use non-traditional 
trial designs and end points. M ost studies do, however, con- 
tinue to use traditional end points because of the lack of 
reliable and valid assays to measure target expression, the 
difficulty in identifying a specific drug target and the often 
tenuous links between a minimum level of target expression 
and drug effect (Parulekar and Eisenhauer, 2004; Workman 
et al., 2006). However, it is clear that as the field devel- 
ops, investigators are aware of the need to modify clinical 


trial parameters to drive the field of molecular therapeu- 
tics forward. The agents to be discussed as examples are 
the heat shock protein 90 (HSP90) inhibitors, the cyclin- 
dependent kinase (CDK) inhibitors, the histone deacetylase 
(HDAC) inhibitors, and the mammalian target of rapamycin 
(mTOR) inhibitors. 


HEAT SHOCK PROTEIN 90 INHIBITORS 


HSP90 inhibitors are of current interest because of their 
potential to cause combinatorial proteasomal degradation of 
multiple oncogenic client proteins (Sharp and Workman, 
2006; Pacey et al., 2006; McDonald et al., 2006a). 


17-Allylamino-17-demethoxygeldanamycin 


The first compound of this class to enter the clinic was the 
geldanamycin analogue 17-allylamino-17-demethoxygeld- 
anamycin (17-AAG) (Table 1; Figure 3). The clinical devel- 
opment of 17-AAG was based around several schedules - 
intravenous (i.v.) weekly, daily for 3-5days and twice 
weekly every 21days (q21). Goetz et al. (2005) adminis- 
tered 17-AAG to 21 patients as a 60-minute weekly infusion 
on days 1, 8, and 15 q28. The DLTs at 431mgm~? were 
grade 3 hepatotoxicity (transaminitis), nausea, vomiting, and 
myalgia. At the MTD of 308 mg m~?, the most common were 
gastrointestinal and constitutional toxicities, and anaemia. No 
significant myelosuppression was seen. Biologically active 
plasma concentrations of 17-AAG and its metabolite 17-AG 
were achieved at the MTD. Although HSP90 levels detected 
in PBMCs did not change significantly after treatment, levels 
of HSP70 increased up to 300% over control indicating that 
17-AAG affected the intended target. However, HSP90 client 
proteins were not altered and objective tumour responses 
were not seen. 

Ramanathan et al. (2005) investigated the same schedule 
in 44 patients. The MTD was 295 mg m~?. DLTs were seen at 
the highest dose level of 395mg m~? and comprised pancre- 
atitis, fatigue, and elevation of gamma glutamyl transferase 
(GGT). Evidence of HSP90 inhibition was not conclusive: 
there was no alteration in HSP90 or HSP70 levels in PBMCs 
pre- and post-therapy. A gain, no tumour responses were seen. 

Antitumour activity was, however, seen in the study of 
Banerji et al. (2005a) where 30 patients were treated with 
weekly infusions. Although the MTD was not reached as 
defined by the protocol because of formulation issues, dose 
limiting diarrhoea and transaminitis in one patient and diar- 
rhoea in another occurred at 450 mg m~?. Similar gastroin- 
testinal toxicities of nausea, vomiting, and anorexia were 
seen. Tumour biopsies were obtained pre- and post-treatment 
in up to 12 patients treated at 320- 450 mg m~? as these doses 
correlated with plasma concentrations of the drug known to 
have activity in preclinical models (Banerji et al., 2005a). 
The molecular signature of HSP90 inhibition - comprising 
c-RAF depletion, CDK4 depletion, and HSP70 induction, 
which was shown to correlate with target inhibition of 
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Figure 3 Chemical structures of geldanamycin derivatives discussed in the text targeting inhibition of the heat shock protein 90 molecular chaperone. 





Table 1 Phase | clinical trials of 17-A AG. 
Dose and schedule RP2D Toxicities References 
i.v. d1, 8, 15, q28; 308mgm=? Hepatotoxicity, Goetz et al. 
15- 431 mg m~? nausea, vomiting, (2005) 
diarrhoea, myalgia, 
fatigue, anorexia, 
anaemia 
i.v. d1, 8, 15, q28; 295mgm-? Pancreatitis, Ramanathan 
10- 395 mg m~? fatigue, et al. (2005) 
hepatotoxicity, 
nausea, vomiting, 
diarrhoea, fatigue, 
anorexia 
i.v. weekly; 450mgm-2? Hepatotoxicity, Banerji 
10- 450 mg m~? nausea, vomiting, et al. 
diarrhoea, (2005b) 
hypersensitivity 
iv. daily x5, q21; 40mg m~? Hepatotoxicity, Grem et al. 
10- 56 mg m~? nausea, vomiting, (2005) 
fatigue, 
myelosuppression 
i.v. twice weekly for 2 220mgm-* Hepatotoxicity, Erlichman 
weeks, q21 diarrhoea, et al. (2004) 
hyperglycaemia, 
dehydration 
A: i.v. DOC To be defined Febrile Solit et al. 
55-75mgm-2 > 17- neutropaenia (2005) 
AAG 80- 650 mg m~? 
q21; B: i.v. DOC 
35mg m™>? > 17- 
AAG 160mgm~ days 
1, 8, 15 q28 
GEM To be defined Myelosuppression, Haluska 
750- 1000 mg m~? > hepatotoxicity, et al. (2004) 
17-AAG dehydration, 


154mg m=? > CIS 
40 mgm~ days 1, 8, 
q21 


nausea, vomiting, 
anorexia, fatigue 


17-AAG - 17-allylamino-17-demethoxygeldanamycin; i.v. - intravenous; d - day; 


DOC - docetaxel; GEM - gemcitabine; CIS - cisplatin; + - followed by; RP2D - 
recommended phase || dose. 
@MTD not reached. 


malignant cells in vitro and in vivo (Maloney and Work- 
man, 2002; Banerji etal., 2005) - was seen by western 
blotting in tumour biopsies of 4, 8, and 8 patients respec- 
tively. Although there were no objective tumour responses, 
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Figure 4 Pharmacokinetic data, pharmacodynamic biomarker and radio- 
logical changes in a patient with metastatic melanoma treated with 17-AAG. 
(a) Pharmacokinetic data. (b) Western blot analysis of tumour tissue show- 
ing depletion of CDK4 and induction of HSP70. GAPDH is used as a 
control (c,d) Radiological stable disease over a 19-month period. 


two patients with metastatic melanoma achieved SD for 15 
and 41 months. Figure 4 shows pharmacokinetic data, phar- 
macodynamic biomarker changes, and evidence of SD in the 
latter patient. HSP70 was elevated and CDK 4 depleted, but 
C-RAF was uninformative. This shows the value of using a 
multiple biomaker signature. 

In a daily x5 q21 schedule, the DLTs at 56mg m~? 
were transaminitis (Grem et al., 2005). The recommended 
phase II dose from this study was 40 mg m~?. Other toxici- 
ties included transient mild transaminitis, nausea, vomiting, 
fatigue, and myelosuppression. Levels of HSP70 were ele- 
vated while those of LCK or c-RAF were decreased in 
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PBMCs. No tumour responses were seen. With a twice 
weekly for 2 weeks q21 schedule, the DLTs were hypergly- 
caemia, dehydration, diarrhoea, and transaminitis (Erlichman 
et al., 2004). Levels of HSP70 were increased in PBMCs; 
one patient with melanoma showed SD for 6 months. Prelim- 
inary signs of activity were also seen in a phase | study in 
13 patients with multiple myeloma treated with an i.v. twice 
weekly for 2 weeks q21 schedule (M itsiades et al., 2005). In 
addition, evidence of pharmacodynamic biomarker changes 
was observed, with bone marrow aspirates post treatment 
showing increased apoptosis and decreased phosphorylation 
of AKT. The toxicity profile was similar to that seen in other 
studies. 

Combination studies with cytotoxicity and biotherapy are 
ongoing. Preclinical studies have shown good results in 
combination with taxanes, particularly in the context of 
an activated PI3 kinase pathway (Sain etal., 2006). With 
docetaxel in either a weekly x3 q28 schedule or a q21 
schedule in 40 patients, the MTD is yet to be defined; 
DLTs so far have been limited to febrile neutropaenia 
(Solit etal., 2005). Seven patients had SD for 6months. 
Increases in HSP70 levels in PBMCs has been observed 
in all patients treated at >110 mg m~?, with decreases in 
c-RAF and AKT in some patients treated at >160 mg m~?. 
In another ongoing combination study of 17-AAG with 
gemcitabine and cisplatin, partial responses (PRs) have been 
shown in ovarian cancer, with demonstration of increased 
HSP70 protein levels and decrease in client protein ILK 
levels (Haluska et al., 2004). 

A promising combination is that of 17-AAG and trastuz- 
umab (Modi et al., 2005). This is based on ERBB2 being a 
highly sensitive HSP90 client protein. In their phase | study 
of heavily pretreated (including with trastuzumab) patients 
with metastatic ERBB2-positive breast cancer, weekly 17- 
AAG and trastuzumab resulted in a confirmed PR in 1 of 17 
patients, tumour regression in 3, and SD in 9. Recruitment 
continues to a phase II study and results are eagerly awaited. 
In multiple myeloma, the combination of bortezomib and 
17-AAG may hold promise, as suggested by early reports, in 
relapsed, refractory disease (Chanan-K han et al., 2005). 

In summary, treatment with 17-AAG is associated with an 
acceptable toxicity profile at therapeutic plasma concentra- 
tions. Target inhibition is achievable and there is a suggestion 
of antitumour activity. Phase II studies are underway, includ- 
ing those in metastatic melanoma, breast cancer, castration 
refractory prostate cancer (CRPC), and RCC. 


17-Dimethylaminoethylamino-17- 
demethoxygeldanamycin 


Despite its clinical activity, 17-AAG has a poor solubility 
profile with resultant formulation problems and also exhibits 
variable metabolism. Further efforts led to the development 
of a water-soluble analogue, 17-dimethylaminoethylamino- 
17-demethoxygeldanamycin (17-DMAG; Figure 3), which 
also has better bioavailability and perhaps efficacy, the latter 
based on preclinical findings. Phase | trials of 17-DMAG 
are underway under the auspices of the US National Cancer 


Institute and Cancer Research UK. An oral formulation is 
planned. 17-DMAG has potential advantages over 17-AAG 
with respect to formulation. 


NEW HSP90 INHIBITORS 


Further geldanamycin analogues are under development, 
including the hydroquinone IPI-504 (Ge etal., 2006; 
Figure 3). Following on from the geldanamycins, a range of 
new small molecule synthetic HSP90 inhibitors are emerging 
with a number of potential advantages. These include purine 
and diarylpyrazole resorcinol agents (see Rational Drug 
Design of Small Molecule Anticancer Agents: Preclinical 
Discovery) (McDonald et al., 2006b). 


CYCLIN-DEPENDENT KINASE INHIBITORS 


CDKs act downstream of many signal transduction pathways 
and are essential for cell cycle progression. CDK s and their 
regulatory proteins undergo mutation or altered expression 
in human cancers. They are therefore regarded as impor- 
tant targets for molecular cancer therapeutics (Collins and 
Garrett, 2005). 


Flavopiridol 


Flavopiridol (Figure 5) is a broadly acting CDK inhibitor 
and was the first of this class to enter the clinic. The first 
phase | trials of flavopiridol utilized a 72-hour infusion 
administered q14; data from preclinical models supported 
this schedule (Senderowicz et al., 1998; Thomas et al., 2002; 
Table 2). In the NCI study, the DLT was secretory diar- 
rhoea (Senderowicz et al., 1998). The MTD was 50mg m~? 
increasing to 78mg m~? with anti-diarrhoeal prophylaxis. At 
higher doses a pro-inflammatory syndrome of fever, fatigue, 
and reversible hypotension, as well as tumour pain was seen. 
There was one PR in a patient with RCC and minor responses 
(M Rs) in patients with RCC, CRC, and non-Hodgkin's lym- 
phoma (NHL). A subsequent study supported the data of 
the NCI study showing a DLT of diarrhoea and an MTD 
of 40 mg m~? day! (Thomas et al., 2002). One patient with 
refractory gastric adenocarcinoma had a complete response 
(CR) and remained disease free for >2 years post completion 
of therapy. In both studies, plasma levels of 300-500nM, 
sufficient to inhibit CDK activity in vitro, were achieved. 
Phase II studies using this schedule in RCC, gastric can- 
cer, NSCLC, mantle cell lymphoma (MCL), CRC, CRPC, 
chronic lymphocytic melanoma, and chronic lymphocytic 
leukaemia (CLL) have been completed, with largely negative 
results (Stadler et al., 2000; Schwartz et al., 2001; Shapiro 
etal., 2001; Lin et al., 2002; Aklilu etal., 2003; Liu etal., 
2004; Flinn etal., 2005; Byrd etal., 2005a; Table 3). A 
modest hint of activity in RCC was demonstrated in the 
study by Stadler et al. (2000). What was seen, however, 
was an unusually high incidence of thromboembolic events 
including deep vein thromboses, pulmonary embolism, 
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Figure 5 Chemical structures of small molecules discussed in the text targeting direct or indirect inhibition of cyclin-dependent kinases. 


Table 2 Phase | clinical trials of flavopiridol. 





Dose and schedule RP2D Toxicities References 
iv. Cl 72h q14 50mgm-2d-! Diarrhoea, pro-inflammatory Senderowicz et al. 
syndrome (1998) 
78mg m~? d- with 
anti-diarrhoeal prophylaxis 
iv. Cl 72h q14; 40mg m~? Diarrhoea, hypotension Thomas et al. 
8-56mgm-2d-! (2002) 
A: i.v. daily x5; A: 37.5mgm-*d-! Neutropaenia, nausea, vomiting, Tan et al. (2002) 


12-52.5mgm-2d-! 


B: i.v. daily x3; 50 
and 62.5 mg m~? d7? 


B: 50 mg m~? d7? 


C: i.v. day 1; 62.5 C: 62.5 mgm? d7? 
and 78 mg m~? d7! 
i.v. weekly; 80 mg m~? d-t 


40- 100 mg m~? dt 


i.v. - intravenous; CI - continuous infusion; d - day. 


myocardial infarction, and transient ischaemic attacks. In ret- 
rospect, these events were seen in phase | studies (Thomas 
et al., 2002) but not fully appreciated; however, there is no 
clear dose- or concentration-dependent relationship between 
drug and thrombosis. 

On the basis of the negative findings in the preceding 
text, alternative schedules have been investigated. Preclinical 
studies in human tumour xenografts showed that peak 
flavopiridol concentrations are required for maximal antitu- 
mour effect; peak levels can be achieved with bolus rather 
than continuous i.v. infusions (A rguello et al., 1998). Phase | 


diarrhoea, hypotension, 
pro-inflammatory syndrome 


Colonic ulceration, abdominal 
pain 


Sasaki et al. (2002) 


studies of bolus 1-hour administration daily over 1, 3, or 
5days ql4-21 were associated with neutropaenia as the 
DLT, alongside other toxicities seen in the infusional studies 
(Tan et al., 2002; Table 2). Another phase | trial of a 24-hour 
weekly infusion demonstrated colonic ulceration and abdom- 
inal pain as the DLT (Sasaki etal., 2002; Table 4). Phase 
Il trials of the daily bolus schedule in MCL, melanoma, 
CLL, endometrial cancer, RCC, and multiple myeloma have 
shown mixed results (Kouroukis etal., 2003; Burdette- 
Radoux etal., 2004; Byrd etal., 2005a; Grendys etal., 
2005; Van Veldhuizen et al., 2005; Dispenzieri et al., 2006; 
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Table 3 Phase I! studies of flavopiridol. 

Tumour type Dose and schedule N Response rate References 

Renal cell carcinoma iv. Cl 72h q14; 50 mg m~? d~t 35 6% Stadler et al. (2000) 

Gastric carcinoma i.v. CI 72h q14; 50 mg m~? d7} 16 0%; 1 minor Schwartz et al. (2001) 

response 

NSCLC v. CI 72h q14; 50 mg m~? d~t 20 0% Shapiro et al. (2001) 

M antle cell lymphoma Vv. CI 72h q14; 50mg m~? d-t 10 3 SD Lin etal. (2002) 

Colorectal cancer i.v. Cl 72h q14; 50 mg m~? d7? 20 0%; 5 SD Aklilu et al. (2003) 

Hormone refractory v. Cl 72h q14; 50mg m~? d-18 36 0%; 4 SD Liu et al. (2004) 

prostate cancer 

Chronic lymphocytic 80mg m~? CI 24h q14 26 0% Flinn et al. (2005) 

eukemia 

Chronic lymphocytic A: i.v. CI 72h q14; A:15 A: 0%; 4 SD Byrd et al. (2005a) 

eukemia 50mgm-2d-! 
B: i.v. 1h daily x3d q21; B:36 B: 11%; 19 SD 
50 mg m=? 

Mantle cell lymphoma i.v. Lh bolus x3d q21; 30 11%; 20 SD K ouroukis et al. (2003) 
50 mg m~? d- 

M etastatic melanoma iv. 1h bolus x3d q21; 17 0%; 7 SD B urdette-Radoux et al. 
50 mg m~? d7 (2004) 

Endometrial carcinoma i.v. 1h bolus x3d q21; 26 0%; 5 SD Grendys et al. (2005) 
50 mg m~? d- 

Renal cell carcinoma i.v. 1h bolus x3d q21; 38 12%; 14 SD Van Veldhuizen et al. 
50 mg m~? d7 (2005) 

M ultiple myeloma i.v. 1h bolus x3d q21; 18 0% Dispenzieri et al. (2006) 
50 mg m~? d- 





NSCLC - non- small cell lung cancer; i.v. - intravenous; CI - continuous infusion; d - day; N - number of patients; RR - response rate; SD - stable disease. 


aDose subsequently reduced to 40 mg m ~? d7} owing to toxicity. 
>Two sequential phase I1 studies. 


Table 3). Three PRs out of 28 patients assessable for response 
were seen in the study in MCL (Kouroukis et al., 2003). In 
the infusional study in the same tumour type, no responses 
were seen supporting the preclinical data (Lin et al., 2002). 
Byrd et al. (2005a) compared the bolus schedule with the 
infusional schedule in a sequential study and showed modest 
activity (11% RR) with the bolus schedule, with no activ- 
ity seen in the infusional schedule. M odest activity was seen 
in RCC with a similar RR to that observed in the infusional 
phase II study of Stadler et al. (Van Veldhuizen et al., 2005). 
All other studies showed negative results. 

As preclinical studies showed that flavopiridol can enhance 
apoptosis induced by cytotoxic chemotherapy, several combi- 
nation studies have been reported (M otwani et al., 1999). Ina 
phase | study of paclitaxel followed by flavopiridol (24-hour 
infusion), the DLTs were neutropaenia and pulmonary toxi- 
city; clinical activity was seen in patients with oesophageal, 
lung, and prostate cancer, including patients who had pre- 
viously progressed on paclitaxel (Schwartz etal., 2002; 
Table 4). Approximately 150 patients have been treated so 
far in phase | combination studies using docetaxel, irinote- 
can, cisplatin, carboplatin, and mitozantrone, indicating that 
combinations are feasible; however, it is clear from these 
studies that the sequence of administration is important, not 
least because some of these studies were associated with 
treatment-related deaths (Tan et al., 2004; Shah et al., 2005; 
Bible etal., 2005; Karp etal., 2005). Pretreatment with 


flavopiridol induces a G; arrest preventing cells from enter- 
ing the M phase where most cytotoxic drugs exert their effect 
(M otwani et al., 1999). Phase II studies in a variety of tumour 
types are ongoing. 


UCN-01 


The first phase | study of this staurosporine analogue 
(Figure 5) which has pan-CDK inhibitory activity (Busby 
etal., 2000) used a 72-hour infusional schedule q14 
(Sausville et al., 2001; Table 5). This was associated with 
an unexpectedly long half-life and thus the schedule was 
changed to q28. The recommended phase II schedule was 
an initial 72-hour infusion followed by monthly 36-hour 
infusions at 42.5 mg m~? day~?. DLTs were hyperglycaemia 
due to peripheral insulin resistance, pulmonary toxicity, 
nausea, vomiting, and hypotension. A PR of 6months 
duration was seen in a patient with metastatic melanoma 
and SD for 2.5 years was observed in a patient with large 
cell lymphoma. In other studies, a monthly 3-hour infusion 
was tested (Tamura etal., 1999; Dees etal., 2005). A 
similar DLT profile was observed and the recommended dose 
was an initial 95 mg m~? infusion followed by 47.5 mg m~? 
for subsequent courses (Dees etal., 2005). No objective 
responses were seen. 

In light of preclinical evidence suggesting that UCN-01 
potentiates the activity of several cytotoxics, subsequent 
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Table 4 Phase | studies of flavopiridol in combination with chemotherapy. 














Combination Dose and schedule RP2D Toxicities References 
+ PAC PAC: q21 None M yelosuppression, Schwartz et al. (2002) 
FLAV: i.v. Cl 24h pulmonary 
+ DOC DOC: 50-60 mg m~? Dose escalation not M yelosuppression, Tan et al. (2004) 
FLAV: i.v. CI 72h q21; feasible hypotension, fatigue 
26- 50 mg m~? d7: 
+ IRI RI - 100 or 125 mg m~? RI 100mg m=?+ Hepatotoxicity, fatigue, Shah et al. (2005) 
weekly x4 q42 FLAV 60mgm~?; myelosuppression 
FLAV: i.v. 1h weekly x4 RI 125 mg m=?+ 
q42; 10- 70 mg m~? FLAV 50mg m~? 
+ CIS or Carbo A: CIS - 30mgm~? q21 + CIS 60 mg m~?+ M yelosuppression, nausea, Bible et al. (2005) 
FLAV i.v. Cl 24h FLAV 100mgm~? vomiting, diarrhoea 
50-135mgm~, q21 (no RP2D for Carbo 
B: CIS = 45- 75mgm~2+ + FLAV as 
FLAV i.v. Cl 24h significant toxicity)? 
100 mg m~?, q21 
C: Carbo AUC 2-3 + 
FLAV i.v. Cl 24h 
100mg m~2, q21 
+ ara-C and MTZ FLAV - i.v. 24h daily x3, FLAV Prolonged Karp et al. (2005) 
(in relapsed acute 40-60mgm-2+ ara-C 2 g 50 mg m~? d-! x3 myelosuppression, cardiac 
leukemias) m~? over 72h starting d6 + toxicity? 


MTZ 40mgm™? on d9 


PAC - paclitaxel; DOC - docetaxel; IRI - irinotecan; Carbo - carboplatin, ara-C - arabinofuranosylcytosine; MTZ - mitoxantrone; FLAV - flavopiridol; i.v. - intravenous; CI - 


continuous infusion. 
Including one death. 
>Including four deaths. 


Table 5 Phase | and |! studies of UCN-01. 


Dose and schedule Phase End point/RP2D 


Toxicities References 





iv. Cl 72h 1.8- 53 mg m~? d7! 


over 36h q28 


i.v. CI 3h q21, Not reported 
0.65- 51.1 mg m~? 


i.v. Cl 3h q28, 3- 95 mg m~? 











i.v. CI 3h q21, 90 mg m~? cycle RR - 0% 
1 followed by 45 mg m~? 


thereafter 


1; RCC; n= 21 


iv. - intravenous; Cl - continuous infusion; RCC - renal cell cancer; RR - response rate. 


combinatorial studies have been reported (Pollack etal., 
1996; Hsueh etal., 1998; Kortmansky etal., 2005; Lara 
et al., 2005; Table 6). With 5-FU administered pre-UCN- 
01, the DLTs were syncope, arrhythmia, and hyperglycaemia 
(K ortmansky et al., 2005). No objective responses were seen 
but one patient demonstrated prolonged SD (>6 months). 
When escalating doses of cisplatin were administered pre- 
UCN-01 at 45mgm~? over 72 hours, the MTD of cisplatin 
was at the second dose level of 30mgm-? over 1hour 
(Lara etal., 2005). The DLTs were grade 5 sepsis with 
respiratory failure and grade 3 creatinine in one patient with 
subsequent death, and grade 3 atrial fibrillation in second 
patient. The study was thus terminated. Tumour biopsies 
were obtained in three patients pre- and post treatment; all 
patients showed decreased levels of Chk1 and Cdc25C. One 


42.5 mg m~? d-! over 72h 
q28 followed by 42.5mgm-*d-? 


95 mg m~? 3h q28 


Hyperglycaemia, Sausville et al. (2001) 
pulmonary, nausea, 


vomiting, hypotension 


Diarrhoea, nausea, 
arrhythmia 

Nausea, vomiting, 
hyperglycaemia, 
hypotension 

Nausea, diarrhoea, vomiting 


Tamura et al. (1999) 


Dees et al. (2005) 


Rini et al. (2004) 


patient with adenocarcinoma of unknown primary had a PR 
associated with an increased expression of p27*'?!. A phase 
Il study of the 3-hour q21 schedule in 21 patients with RCC 
failed to meet its efficacy goal of TTP of 4.5 months (Rini 
et al., 2004). 


E7070 


The indole sulphonamide E7070 (Figure 5) caused cell 
cycle arrest in G; phase, and showed significant antitumour 
activity in preclinical studies. The mode of action of E7070 
is multifactorial, including potent inhibition of carbonic 
anhydrase, and the compound alters gene expression levels 
of at least 60 gene transcripts (Supuran, 2003; Fukuoka 
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Table 6 Phase | trials of UCN-01 in combination with chemotherapy. 





Combination Dose and schedule RP2D Toxicities References 
+ 5-FU 5-FU: i.v. Cl, weekly, 5-FU: 2600 mg m~? weekly Arrhythmia, syncope, K ortmansky et al. 
250- 2600 mg m~? hyperglycaemia, headache, (2005) 
UCN-01: i.v. CI 72h q28, nausea, vomiting 
135 mg m~? cycle 1 then 
67.5 mg m~? thereafter: i.v. 
CI 24h 
+ CIS CIS: 20-75 mg m~? Dose escalation of CIS not Sepsis, respiratory failure, Lara et al. (2005) 


UCN-01: i.v. CI 72h q21; 
45 mg m~? d7! cycle 1 then 
over 36h thereafter 


5-FU - 5-fluorouracil; CIS - cisplatin; i.v. - intravenous; CI - continuous infusion. 


etal., 2001). Although not a direct inhibitor of CDKs, 
E7070 inhibits activation of both CDK 2 and cyclin E (Van 
K esteren et al., 2002) and suppresses CDK 2 catalytic activity 
(Fukuoka et al., 2001). 

Five phase | studies investigating different schedules of 
this chloroindoyl sulphonamide have been published (Droz 
et al., 2000; Punt et al., 2001; Raymond etal., 2002; Ter- 
ret et al., 2003; Dittrich et al., 2003; Table 7). From these 
studies, the common DLTs were neutropaenia and thrombo- 
cytopaenia; other toxicities comprised stomatitis, diarrhoea, 
folliculitis, nausea, vomiting, and fatigue. The recommended 
phase || doses of the daily x5 q21 schedule was 130 mg m~? 
(Punt etal., 2001), the 1hour q21 schedule was 700 and 
800mgm~2 in minimally and heavily pretreated groups 
respectively (Raymond et al., 2002), the 5-day continuous 
infusion q21 was 96mg m~? day~? (Terret et al., 2003), and 
the weekly x4 q6 week schedule was 400 mg m~? week! 
(Dittrich et al., 2003). In 1 of 33 patients, one PR was seen 
in a patient with heavily pretreated breast cancer (Punt et al., 
2001). In another study, 14 of 27 assessable patients had SD 
for 2- 23 months including 6 patients with documented PD in 


Table 7 Phase! and II trials of E7070. 


Dose and schedule Phase 


feasible beyond 20 mg m~? 


RP2D/end point 


renal impairment, atrial 
fibrillation 


the 3 months prior to study entry who had SD for >6 months 
(Raymond et al., 2002). Other patients with SD>6 months 
had melanoma, RCC, metastatic CRC, malignant paragan- 
glioma, and metastatic epithelial thymic cancer. In a third 
study, one PR in a patient with endometrial adenocarcinoma 
was seen (out of 55 evaluable patients) (Dittrich et al., 2003). 
Another patient with metastatic melanoma to nodes and sub- 
cutaneous tissue received 21 cycles of treatment; a lymph 
node biopsy after the 21st cycle showed necrotic tissue only. 
Disease remained stable for lyear after treatment stopped. 
Twelve patients achieved SD for a median of 5 months. This 
suggests that more frequent dosing may result in better clin- 
ical outcomes. 

The q21 day schedule was tested in the phase II setting 
with negative results in metastatic squamous cell carcinoma 
of the head and neck (SCCHN) and melanoma (Haddad 
et al., 2004; Smyth etal., 2005). In the study of SCCHN, 
three patients showed evidence of reduced phosphorylation 
of retinoblastoma (RB) protein post treatment which was 
thought to be related to the modulation of CDK activity by 
E7070 (Haddad et al., 2004). However, this did not correlate 


Toxicities References 





iv. daily x5 130mg m~? 


i.v. 1h q21, 50- 1000 mg m~? 





i.v. Cl 5d, q21; 96 mg m~? d7} 

6- 200 mg m=? d7! 

i.v. 1h weekly for 4 weeks, 400 mg m~? 

q42; 50-500 mg m~? 

i.v. 700mg m~? 1h q21 |, SCCHN, n= 15 RR 0% 

i.v. 700mg m~? 1h q21 I MM,n=28 RR 0%; n =4SD 
A: i.v. 700mgm-? 1h q21 |, NSCLC RR 6% 

B: i.v. 130mgm-2d-?x5 q21 

A: i.v. 700 mgm~? 1h q21 1, CRC RR 10% 


B: i.v. 130mgm-2d-?x5 q21 





700- 800 mg m~? 


M yelosuppression, diarrhoea, Punt et al. (2001) 


stomatitis fatigue 


M yelosuppression, skin, 
mucositis, conjunctivitis, 
nausea, fatigue, alopecia 

M yelosuppression, nausea, 
vomiting, fatigue 

Stomatitis, hyperglycaemia, 
sepsis, fever, nausea, fatigue, 
diarrhoea 

M yelosuppression, biochemical 
M yelosuppression, fatigue, 
skin, vomiting 

M yelosuppression, fatigue 


Raymond et al. (2002) 


Terret et al. (2003) 
Dittrich et al. (2003) 
Haddad et al. (2004) 
Smyth et al. (2005) 
Talbot et al. (2002) 


Not reported M ainwaring et al. 


(2002) 


i.v. - intravenous; SCCHN - squamous cell cancer of the head and neck; MM - metastatic melanoma; n - number of patients; NSCLC - non-small cell lung cancer; CRC - 
colorectal cancer; RP2D - recommended phase I1 dose; d - day; RR - response rate; SD - stable disease. 
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with durability of SD. Other phase II trials in NSCLC 
and CRC have equally shown evidence of minimal activ- 
ity with 1 out of 44 patients and 4 out of 44 patients, 
respectively, achieving a PR (Talbot et al., 2002; M ainwaring 
et al., 2002). 


Seliciclib 


Seliciclib (R-roscovitine; CY C202; Figure 5) is a purine- 
based inhibitor of CDKs, particularly CDKs 1, 2, 7, and 9 
(McClue etal., 2002; Whittaker etal., 2004). It inhibits 
RB phosphorylation in tumour cells and human tumour 
xenografts (Raynaud etal., 2005). Three phase | trials of 
oral seliciclib have been reported (Table 8). In the first, 
the recommended dose was 1250 mg twice daily (bd) for 
5 days q21 (Pierga etal., 2003). The DLTs were vomiting, 
hypokalaemia, and skin rash. Although no responses were 
seen, three patients each with adenocarcinoma of unknown 
primary, adrenocortical tumour, and malignant cylindroma 
showed SD for >6months. A 10-day schedule was explored 
in this study but has yet to be reported. In a second study, 
seliciclib was administered as a bd dose for 7days q21 
(Benson etal., 2003; White etal., 2004). The DLTs were 
again rash and hypokalaemia. Other toxicities included raised 
creatinine and nausea. The maximum dose reached was 
1600 mg day~?. No responses have been reported. 

In combination with gemcitabine and cisplatin in patients 
with previously untreated metastatic NSCLC, the recom- 
mended phase II dose was 800mg bd of seliciclib on days 
1-4, 8-11, and 15-18 with i.v. gemcitabine 1000 mg m~? 
on days 5 and 12 and cisplatin 75 mg m~? on day 5 (Siegel- 
Lakhai et al., 2005). The DLTs comprised elevation in GGT, 
nausea, vomiting, and transient hypokalaemia. Of 14 (out 
of 27) patients evaluable for response, 6 demonstrated a PR 


Table 8 Phase | trials of seliciclib. 





Dose and schedule RP2D Toxicities References 
PO bd 5d, q21; 1250mg bd Vomiting, renal Pierga et al. 
200- 3200 mg impairment, rash (2003) 

d-t 

PO bd 7d, q21; 800 mg bd Rash, hypokalaemia, Benson et al. 
200- 1600 mg nausea, renal (2003), White 
d7 impairment et al. (2004) 
A: seliciclib Seliciclib: Nausea, vomiting, Siegel-L akhai 
400mg PO bd + 800mg bd raised GGT et al. (2005) 
GEM d1-4, 8-11, myelosuppression 

1000 mg m-2+ 15-18 

CIS 75mg m~? 

B: seliciclib GEM: 

800mg PO bd + 100 mgm? 

GEM d5 and d12 

1000 mg m=?+ 

CIS 75 mg m~? 

C: seliciclib CIS; 

1200 mg bd - 75mgm-2 d5 

GEM 

1000 mg m=2+ 

CIS 75 mg m~? 


PO - per oral, GEM - gemcitabine; CIS - cisplatin; bd - twice daily; d - day; GGT - 
gamma glutamyl transferase. 


Table 9 Phase | trials of BM S-387032. 





Dose and schedule RP2D Toxicities References 

i.v. 1h CI q21 To be defined Fatigue, nausea, Jones et al. 
vomiting, anorexia, (2003) 
diarrhoea 

i.v. 1h CI weekly To be defined Rash, hypokalaemia, McCormick 
nausea, renal et al. (2003) 
impairment 

i.v. 24h CI q21 To be defined Nausea, vomiting, Shapiro et al. 
raised GGT (2003) 


myelosuppression 


i.v. - intravenous; Cl - continuous infusion; GGT - gamma glutamyl transferase. 


and 7, an SD (duration unknown). This order of efficacy may 
have been achievable with chemotherapy alone, and a ran- 
domized controlled trial would be necessary to distinguish 
any added benefits from the addition of seliciclib. 


BMS-387032 


The thiazolylpiperidine BM S-387032 (Figure 5) is a potent 
inhibitor of CDK 2, but also inhibits CDKs 1 and 4 (Misra 
etal., 2004). Preliminary results of three phase | trials 
of this compound have been reported (Jones et al., 2003; 
Shapiro et al., 2003; McCormick et al., 2003; Table 9). With 
a 1-hour infusion q21 schedule, the most common toxicities 
have been fatigue, nausea, vomiting, anorexia, diarrhoea, 
constipation, and transient transaminitis (J ones et al., 2003). 
Similar toxicities were seen with the 1-hour weekly infusion 
and a 24-hour infusion q21 schedule (McCormick etal., 
2003; Shapiro et al., 2003). The recommended phase I! doses 
are to be defined. Prolonged SD (>6 months) has been seen in 
a variety of tumours including RCC, NSCLC, oropharyngeal 
carcinoma, and leiomyosarcoma (Jones etal., 2003). Full 
reports of these studies are awaited. 


NEW CYCLIN-DEPENDENT KINASE INHIBITORS 


Several CDK inhibitors are now progressing through the 
clinic. New generation CDK inhibitors include PD 0332991, 
which is a member of the pyridopyrimidine class and a 
selective inhibitor of CDK 4/6 (Toogood et al., 2005) that 
has just entered the clinic (Shapiro, 2006). 

There remain unanswered questions concerning the speci- 
ficity versus promiscuity of CDK inhibitors, and also with 
respect to the precise biologic effects of these agents. For 
example, seliciclio and BM S-387032 are relatively selective 
for CDK 2, although they do also inhibit CDK 1. However, it 
is becoming clear that CDK 2 is not essential for cell prolif- 
eration, as shown by the following: 


e Evidence in a number of cell lines demonstrating that 
proliferation continues even after specific deletion of 
CDK2 by siRNA or antisense nucleotides (Tetsu and 
McCormick, 2003) 

e Viability of Cdk2 knockout mice (Ortega etal., 2003; 
Berthet et al., 2003) 
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e Cip/Kip proteins are able to induce G4 arrest in Cdk2~/— 
cells (Martin et al., 2005). 


This suggests that selectively targeting CDK 2 may not be 
of therapeutic advantage in all tumour types. Moreover, it 
has been suggested that other kinases that are not involved 
in the cell cycle such as CDKs 5, 7, 8, and 9 are affected 
by these agents (Benson etal., 2005). CDKs 7, 8, and 9 
are involved in RNA transcription through phosphoryla- 
tion of RNA polymerase II, and CDK 5 is associated with 
insulin secretion, thus explaining the hyperglycaemia seen 
with flavopiridol. While the inhibition of several CDKs may 
enhance antitumour effects, this may decrease tumour speci- 
ficity. In addition, this promiscuity of CDK inhibitors will 
not spare normal cycling cells, leading to antiproliferative 
toxicity. While such antiproliferative effects are accepted 
with cytotoxics, these do limit the potential for combina- 
tion with standard chemotherapy, and combination therapy 
may be where these agents will prove useful. The optimum 
CDK inhibitory profile therefore remains to be defined. 

With respect to combination regimes with cytotoxics, 
scheduling remains important as combining a cytostatic 
molecular therapeutic with an agent that works on cycling 
cells may have negating effects. The scheduling and interval 
between the different agents is likely to be crucial to 


clinical outcome (Motwani etal., 2003). Cytotoxic agents 
are not the only potential therapeutic partners for these drugs; 
combinations involving other molecular targeted agents are 
of interest as evidenced by preclinical synergy observed with 
tumour necrosis factor alpha (TNFa) and bortezomib (Kim 
et al., 2003; Dai et al., 2003). 

Finally, PD end points of CDK targets remain important 
to define and use in the clinic. Although PD end points have 
been defined in some preclinical studies (Whittaker et al., 
2004; Raynaud et al., 2005), there is very little information 
from clinical studies. 


HISTONE DEACETYLASE INHIBITORS 


HDACs are a family of enzymes involved in the epigenetic 
control of gene expression through modification of chromatin 
(see The Role of E pigenetic Alterations in Cancer). A ddi- 
tionally, HDACs also deacetylate proteins that are part of 
transcription factor complexes regulating the cell cycle and 
apoptosis, as well as other proteins. They therefore represent 
important targets for molecular cancer therapeutics (Kelly 
et al., 2005). There are now four main classes of HDAC 
inhibitors in the clinic: 
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Figure 6 Chemical structures of small molecules discussed in the text targeting inhibition of histone deacetylase. 
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The butyrates or short chain fatty acids, for example, 
phenyl butyrate and derivatives, and valproate (Figure 6) 
The hydroxamates, for example, suberoylanilide hydrox- 
yamic acid (SAHA), LAQ824, LBH589, PXD101 
(Figure 6) 

The cyclic peptides, for example, depsipeptide (FK 228, 
Romidepsin; Figure 6) 

e The benzamides, for example, M S-275 (Figure 6), Cl-944. 


Phenylbutyrate 


One of the earliest HDAC inhibitors to be studied in the clinic 
was the short fatty acid sodium phenylbutyrate (DiGiuseppe 
etal., 1999; Gore et al., 1997). Two phase | studies have been 
reported (Table 10). In one, phenylbutyrate was administered 
as a 7-day continuous infusion at 375 mg kg~* day~!. The DLT 
was encephalopathy, hypocalcaemia, and fever (Gilbert et al., 


Table 10 Phase! and II trials of HDAC inhibitors. 


2001). In another study in patients with myelodysplasia(M DS) 
and acute myeloid leukemia (AM L), patients were treated with 
either a 7-day continuous infusion q14, or a 21-day continu- 
ous infusion q28 (Goreet al., 2002). With the former schedule, 
one patient experienced CNS toxicity which resolved within 
48 hours of stopping therapy. Other toxicities included febrile 
neutropaenia, peripheral oedema, hypocalcaemia, hyperuri- 
caemia, and mild nausea. With the latter schedule, nausea, diar- 
rhoea, febrile neutropaenia, and peripheral oedema were seen. 
There were no clinical responses. 


Pivaloyloxymethyl Butyrate 


Pivaloyloxymethy! butyrate (AN-9, Pivanex), is a prodrug 
of butyric acid. Butyric acid itself was tested in the clinic 
with unremarkable results (Rephaeli et al., 1994, 2000). The 
limitations included its low potency, inability to sustain 











HDACi Tumour type Phase Results Toxicities References 
PB Solid tumours, MDS, | RP2D 375mgkg- d7? Encephalopathy, Gilbert et al. (2001) 
AML hypocalcaemia, fever, nausea, 
metabolic 
Gore et al. (2002) 
AN-9 Solid tumours, MDD 3.3mgm-2d-! x5; Nausea, vomiting, Patnaik et al. (2002) 
NSCLC 6% RR in NSCLC hepatotoxicity, fatigue, 
anorexia, diarrhoea 
Reid et al. (2004) 
SAHA Solid and RP2D PO 400mg od, Nausea, constipation, diarrhoea, Kelly et al. (2003), 
haematological 200 mg bd cont, 300 mg bd fatigue, hypergylcaemia, Kelly et al. (2005) 
3d weekly myelosuppression, ST wave 
changes and QTc prolongation 
Olsen et al. (2006) 
LAQ824 Solid and RP2D 72mgm~ 3h d1-3 M yelosuppression, fatigue, Rowinsky et al. (2004) 
haematological q21 nausea, QTc prolongation 
Kristeleit et al. (2004) 
LBH589 Solid and To be determined M yelosuppression, diarrhoea, Fischer et al. (2005) 
haematological nausea, vomiting, fatigue, 
anorexia 
Beck et al. (2005) 
Prince et al. (2006) 
PXD101 Solid and RP2D 1000 mg m~? Fatigue, atrial fibrillation, Steele et al. (2005) 
haematological diarrhoea 
de Bono et al. (2005) 
FK 228 Solid and RP2D 13.1mgm™ d1, 8, Fatigue, nausea, vomiting, Sandor et al. (2002) 
haematological; 15, q28 myelosuppression, ST segment 
changes 
Prostate Marshall et al. (2002) 
M olife et al. (2006) 
Stadler et al. (2006) 
Whittaker et al. (2006) 
MS-275 Solid tumours „ll 3mg biweekly q28 Nausea, anorexia, Gore et al. (2004) 
myelosuppression, electrolyte 
disturbances, myelosuppression 
7mg d1, 8, 15, q28 Donovan et al. (2005) 
Donovan et al. (2006) 
VPA Haematological I, Il RR 5- 30% Neurological, fatigue K uendgen et al. (2005) 


Pilatrino et al. (2005) 
Garcia-M anero et al. 
(2004) 


PB - phenylbutyrate; AN-9 - pivanex; SAHA - suberoylanilide hydroxyamic acid; VPA - valproic acid; MDS - myelodysplasia; AML - acute myeloid leukaemia; NSCLC - 
non- small cell leukaemia; RP2D - recommended phase II dose; MDD - maximum deliverable dose; PO - oral; RR - response rate. 
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relevant in vivo drug concentration, a rapid clearance, and 
a noxious odour (Rephaeli etal., 2000). This led to the 
development of analogues such as AN-9. Patnaik etal. 
(2002) treated 28 patients with solid malignancies with 
escalating doses of AN-9 given as a 6-hour infusion daily 
for 5days q21. No DLTs were seen and the maximal 
deliverable dose was limited to 3.3gm~*day~! owing to 
the maximal feasible volume of the intralipid formulation 
vehicle. Toxicities included nausea, vomiting, transaminitis, 
hyperglycaemia, fatigue, anorexia, injection site reaction, 
diarrhoea, and visual complaints. A PR was seen in a chemo- 
naive patient with NSCLC. On this basis, AN-9 was tested 
in the phase II setting in patients with NSCLC (Reid et al., 
2004). Forty-seven pretreated patients were treated with 
AN-9 daily for 3days q21. There were three PRs (6.4%) 
and 14 patients with SD (30%). Treatment was reported to 
be well tolerated. Because AN-9 had shown an excellent 
Safety profile, promising activity in patients with NSCLC, 
no overlapping toxicities with docetaxel, and synergy with 
docetaxel, a dose escalation study to assess the safety of 
this drug combined with docetaxel was reported (Reid et al., 
2004). Three of 12 patients responded to treatment with A N-9 
on days 1-3 and docetaxel on day 4. There were no DLTs. A 
full report of the final phase Ilb combination study is awaited. 

Other butyric acid derivatives tested in the clinic have 
included phenylacetate tested as a continuous infusion over 
2 weeks q42 (Conley etal., 1998), and i.v. bolus bd days 
1-14 q28 (Thibault et al., 1994). In these studies the main 
toxicities were neurocortical and gastrointestinal. Sodium 
butyrate was tested with a once daily oral continuous dose 
regimen at 27 g day! with DLTs of nausea and vomiting and 
fatigue, hypocalcaemia, neurocortical toxicity, and oedema 
(Thibault et al., 1995). 

Valproic acid (VPA), another member of the short chain 
fatty acid HDAC inhibitor family, and used for many years as 
an anti-epileptic agent, has in vitro activity against a variety 
of malignant cells and this effect was attributed to HDAC 
inhibition. It was tested in older, poor-risk patients with 
AML or MDS as a single agent or in conjunction with all- 
trans-retinoic acid (TRA) (Kuendgen et al., 2005; Pilatrino 
et al., 2005). Treatment was well tolerated with evidence of 
response or stabilization of haematological parameters in up 
to 30% of patients (Pilatrino et al., 2005). Phase II studies 
combining V PA with other differentiating agents are ongoing 
(Garcia-M anero et al., 2004). 


Suberoylanilide Hydroxyamic Acid 


The hydroxamate SAHA (Vorinostat) has undergone detailed 
clinical development and was first tested as an i.v. formula- 
tion to patients with both haematological and solid malignan- 
cies in a phase | setting (Kelly et al., 2003). Treatment was 
given as a 2-hour infusion for 3 or 5days per week, weekly, 
q14 or q21. Myelosuppression was the DLT in haemato- 
logic patients; no DLTs were seen in patients with solid 
tumours. Other toxicities included nausea, constipation, diar- 
rhoea, fatigue, reversible renal impairment, hyperglycaemia, 
and non-specific ST changes on electrocardiogram (ECG). 


It was thought that daily administration may improve the 
therapeutic benefit and an oral formulation was developed. 
An oral preparation of SAHA was administered to over 
70 patients with both solid and haematological malignan- 
cies as daily and twice-daily continuous dosing as well as 
once daily dosing for 3 days on a weekly basis (Kelly et al., 
2005). The DLTs were anorexia, dehydration, diarrhoea, and 
fatigue and the MTDs were 400mg daily (od) or 200mg 
bd for continuous dosing and 300 mg bd for x3 consecutive 
days per week. DLTs resolved within 7 days. Other toxicities 
included nausea, hyperglycaemia, hypocalcaemia, anaemia, 
and thrombocytopaenia. M ore haematologic patients experi- 
enced myelosuppression probably related to extensive prior 
therapy. There was no neutropaenic fever. Serial ECGs 
showed non-specific ST wave changes and prolongation of 
the QT interval. The pharmacokinetics after single oral dos- 
ing were linear from 200 to 600 mg as in the i.v. study. Peak 
concentrations were lower after oral administration but there 
was a two- to threefold increase in the 1,2 when compared 
to i.v. administration (range 92-127 minutes compared to 
34-42 minutes) (K elly et al., 2005; O'Connor et al., 2006). 

In both the i.v. and oral studies, evidence of target 
inhibition was obtained; western blot analysis showed an 
increase in histone acetylation in PBMCs which persisted 
for up to 10 hours after a 400 mg or higher dose. An increase 
in acetylated histones was seen in patients who were on 
study for 6 months or longer (Kelly et al., 2005). In the i.v. 
study, five patients had sufficient tumour biopsies for pre- and 
post-therapy assessment of histone acetylation. Three of 5 
patients had an increased accumulation of acetylated histones 
in post-treatment biopsy samples, suggesting that SAHA was 
able to inhibit HDAC target activity in cancer cells. Disease 
responses and prolonged stabilization were also seen in a 
wide range of tumours in both studies. In the oral study, four 
patients had confirmed CR (diffuse large B-cell lymphoma, 
[DLBCL]) and PR (laryngeal, [DLBCL], and thyroid). Two 
patients with mesothelioma had unconfirmed responses. The 
responses, however, were only seen at 400 and 600 mg dose 
levels, suggesting that higher dosing with prolonged daily 
exposure may be required for tumour regression (K elly et al., 
2005). Five patients with thyroid cancer remained on therapy 
for >2years; although this disease may have an indolent 
course, all patients had PD before trial entry. In the phase 
Il setting, SAHA at 400mg PO daily has produced a 30% 
RR, including one CR, in 74 patients with cutaneous T-cell 
lymphoma (CTCL) (Olsen etal., 2006). Thirty percent of 
patients experienced major symptom relief from pruritis. A 
filing for regulatory approval of SAHA in CTLC is expected 
in 2006. Other phase II trials are ongoing in several tumour 
types including DLBCL and mesothelioma. 


LAQ824 


LAQ824, another member of the hydroxamic class of HDAC 
inhibitors, was investigated in phase | studies. In 28 patients 
with solid tumours treated at doses of 6-100mgm~* over 
3hours on days 1-3 q21 cycle, grade 3 and 4 toxicities 
were transient transaminitis, fatigue, atrial fibrillation, and 
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renal impairment (Rowinsky etal., 2004; Table 10). Other 
toxicities included myelosuppression, fatigue, and nausea. 
Of 400 ECGs, 1 showed a prolonged QTc of >500 ms. 
The MTD was 72mgm~*. Three patients with SCLC, 
melanoma, and hepatoma showed SD for 5, 6, and 10 months 
respectively. 

Data from this study indicated that pharmacodynamic 
targets were altered. There was a consistent increase in 
acetylation of H3 and H4 in PBMCs lasting for 24 hours 
from the 36mgm~? dose level upwards (Kristeleit et al., 
2004). Interestingly, inhibition of HSP90 activity as shown 
by increased expression of HSP70 and decreased c-RAF 
levels were also demonstrated, and correlated with preclinical 
data (K risteleit et al., 2004). This effect is associated with 
HDAC6 inhibition and may be explained by increased 
acetylation of HSP90, leading to inhibition of the chaperone. 

Twenty-one patients with haematological malignancies 
were treated on a similar schedule (Ottmann et al., 2004). 
At the time of reporting, one DLT was seen in a patient 
with chronic myelogenous leukemia (CML) with cerebral 
bleed secondary to thrombocytopaenia on a background of 
rapid disease progression. Other toxicities reported included 
reversible hyperbilirubinaemia. None of 400 ECGs showed 
QTc prolongation. The pharmacokinetic and pharmacody- 
namic profile was comparable. One patient with AML 
responded after two cycles and remained free of disease after 
six cycles. Six patients had SD. 


LBH589 


LAQ824 has now been withdrawn from further development 
in view of the cardiac toxicity. The hydroxamate LBH589, 
an oral analogue, has a better preclinical and safety profile 
and has shown activity in CTCL, albeit in the phase | 
setting (Table 10). Out of 11 patients with CTCL treated 
with 20- 30mg three times per week oral LBH589, 2 have 
so far shown a CR; 3, a PR; 2, an SD; and 4, a PD 
(Prince et al., 2006). Response continued for 8months after 
discontinuing in one patient. Another two patients with SD 
who discontinued because of toxicity went on to achieve a 
CR and a PR each 3 months post discontinuation. Toxicities 
were gastrointestinal and constitutional. Microarray analysis 
of punch biopsies from CTCL involved skin lesions from 
two patients, one with a CR and one with PD showed 
distinct gene expression profiles between the three patients; 
an inverse relationship was suggested between the number 
of genes altered and clinical outcome. The patients with 
CRs demonstrated a change in expression in 1000 genes 
with 85% of genes being repressed, while in the patient 
with PD, 16000 genes were activated (60%) and repressed 
(40%). The numbers are small and no conclusions can 
be made until recruitment and study data analysis are 
completed. In other phase | studies, LBH589 (initially i.v. 
then oral) was well tolerated with expected side effects, 
no significant cardiac toxicity, and evidence of increased 
histone acetylation in PBMCs (Beck etal., 2005; Fischer 
et al., 2005). 


PXD101 


A third member of the hydroxamic acid class, PXD101, 
is also in the clinic. It has been administered as a 30- 
minute infusion daily for 5days q21 at doses ranging from 
600-1200 mg m~*. Preliminary results of a study in patients 
with haematological malignancies indicate that the drug is 
well tolerated - toxicities to date include fatigue, diarrhoea, 
nausea, and vomiting (Hansen et al., 2005). In a study of 34 
patients with solid tumours, DLTs comprised fatigue, atrial 
fibrillation, and diarrhoea (Steele et al., 2005; de Bono et al., 
2005; Table 10). The pharmacokinetics of i.v. PXD101 were 
dose proportional. The pharmacokinetic profile of a single 
daily oral dose of PXD101 was assessed in three patients 
and showed an oral bioavailability of 30%. A patient with 
mediastinal thymoma had a 70% reduction in tumour size 
and remained on study for lyear, and 10 patients had SD 
for 15 (n = 1), 6 (n = 6), 5 (n = 1), and 4 (n = 4) cycles. 
Histone H 4 acetylation in PBM Cs was seen at the end of each 
infusion and sustained for 4- 24 hours, and induction of p21, 
p19, and Apaf-1 expression was also observed. Recruitment 
to the recommended phase I! dose level of 1000 mg m~? was 
recently completed and a final report is pending. Phase | 
studies of continuous oral dosing of PXD101 commence in 
late 2006. 


Depsipeptide 


Depsipeptide (formerly FR 901228; FK 228; Romidepsin) is a 
naturally occurring compound that is a member of the cyclic 
peptide class of HDAC inhibitors. It is a prodrug of an active 
agent which is the reduced form of FK 228 known as redF K 
(Piekarz and Bates, 2004). In a phase | study, 37 patients with 
solid tumours were treated with FK 228 at escalating doses of 
1-24.9mg m~ i.v. over 4hours on days 1 and 5 q21 (San- 
dor et al., 2002). The DLTs were nausea, vomiting, fatigue, 
and thrombocytopaenia with other side effects being similar 
to those of the aforementioned HDAC inhibitors. Other toxi- 
cities reported included hypocalcaemia and hyperglycaemia. 
Intensive investigation of cardiac function, including 24-hour 
Holter monitoring prestudy and during cycle 1, multi-gated 
acquisition (MUGA) scan and serial ECGs, was performed. 
Non-specific ST and T wave changes and asymptomatic 
arrhythmias in three patients were seen but there was no 
clear relationship between drug administration and these 
ECG changes. Another phase | trial showed similar results 
(Marshall et al., 2002). 

Twenty patients with CLL and AML were treated on days 
1, 8, and 15 q28 (Byrd etal., 2005b). The toxicity profile 
was in line with that of previous studies, and although 
not significant, the constitutional nature of the symptoms 
prevented repeat dosing in several patients. Although histone 
acetylation increases of at least 100% were noted as well as 
increases in p21 protein levels, there were no responses to 
therapy. FK 228 is now being tested in the phase II setting in 
prostate and RCC as well as CTCL with promising results 
(Molife etal., 2006; Stadler etal., 2006; Whittaker et al., 
2006). Interim results of the study in CRPC indicates a 
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disease control rate as defined by CR, PR, and SD lasting 
6 months as approximately 15% (M olife et al., 2006). In the 
study of Whittaker et al., a 36% RR and 45% improvement 
in pruritis was reported in 38 patients with CTCL. Accrual 
to the study is ongoing. These studies are summarized in 
Table 10. 


MS-275 


In the phase | setting, the benzamide M S-275 was adminis- 
tered using oral schedules daily continuously for 28 days q56 
and once q14d; days 1, 8, 15, and 22 q56; twice weekly for 
3 weeks q28; and days 1, 8, 15 for q21 (Ryan et al., 2003; 
Gore etal., 2004; Donovan etal., 2005, 2006). The daily 
continuous dosing schedule was abandoned as the MTD was 
exceeded at the first dose level with transaminitis, hypophos- 
phataemia, and hypoalbuminaemia (Ryan et al., 2003). The 
main toxicities in these studies were similar to those of other 
HDAC inhibitors including gastrointestinal, constitutional, 
and mild myelosuppression, as well as electrolyte distur- 
bances (hypocalcaemia, -magnesaemia, -phosphataemia). No 
cardiac toxicity was reported. Histone protein acetylation in 
PBMCs was demonstrated in all studies. 

One patient with melanoma exhibited a PR and another 
SD (Gore etal., 2004). The 3mg q14 and the 7mg on 
days 1, 8, 15, q28 schedules have been analysed in a phase 
Il study in metastatic melanoma (Hauschild, 2006). SD of 
8 to >48 weeks have been observed in seven patients in 
both dose groups. Treatment was well tolerated. The authors 
recommend combinatorial therapy to increase the chances of 
producing objective tumour responses. 


ISSUES FOR THE DEVELOPMENT OF NEW 
HISTONE DEACETYLASE INHIBITORS 


New HDAC inhibitors are entering the clinic. Among the var- 
ious emerging anticancer therapies, these agents are showing 
intriguing potential, particularly for haematological malig- 
nancies. However, there remain several key points to be con- 
sidered. The first is cardiac toxicity. This was reported for all 
HDAC inhibitor classes. However, the significance of these 
cardiac effects must be kept in perspective. Those agents with 
significant cardiac toxicity, for example, LAQ824, have been 
withdrawn. Intensive cardiac monitoring has been performed 
with depsipeptide and overall the findings are moderate. 
For example, out of +4000 ECGs analysed in depsipep- 
tide studies, the ST-T wave changes and increase in heart 
rate noted was not associated with cardiac damage (Piekarz 
et al., 2006). The mean change in QTcB interval is actually 
14ms (Piekarz etal., 2006; Bates etal., 2006). Of +500 
patients treated with depsipeptide to date, six unexpected 
sudden deaths have been reported but in all cases other risk 
factors were present for sudden death (Bates et al., 2006). 
A recent editorial suggested that the cardiac toxicities seen 
with, for example, depsipeptide are no worse than those seen 
in the early developmental stages of doxorubicin and other 


now widely used and well established anticancer therapies 
(Bates et al., 2006). Appropriate patient selection for trials 
remains the key. It may also be that lower dose continu- 
ous exposure is likely to be the best regimen to deal with 
this issue and indeed render other toxicities, for example, 
gastrointestinal, more manageable. 

Secondly, although pharmacodynamic data from most 
studies have shown increased acetylation of histone proteins, 
we still do not fully understand the impact of acetylation 
of non-histone proteins. Other proteins such as HIF-1œ and 
HSP90 are regulated by acetylation, and it is possible that 
the anticancer effect of HDAC inhibitors may in part be due 
to the effects on non-histone proteins. We also need to obtain 
a clearer understanding of the effects of HDAC inhibitors on 
gene expression and of the consequences of these changes on 
drug efficacy and toxicity. Thirdly, of the 18 known HDACs, 
the ideal HDAC isoform inhibition profile remains to be 
defined. 

Finally, it remains unclear whether the clinical activity of 
HDAC inhibitors is limited to the lymphomas. Several trials 
are addressing the role of these agents in solid tumours. 
However, it may be that combinatorial therapy may be 
necessary to enhance effects in the latter group. 


PHOSPHATIDYLINOSITOL-3-KINASE PATHWAY 
INHIBITORS 


The phosphatidylinositol-3-kinase (PI3K) pathway is dereg- 
ulated at many points in multiple tumours (Workman, 2004; 
Vivanco and Sawyer, 2002). Two direct PI3K inhibitors, 
wortmannin and LY 294002, have undergone rigorous pre- 
clinical testing. Wortmannin is potent but chemically unstable 
(Wipf and Walter, 2005). The flavone LY 294002 (Figure 7) 
was effective at very high doses but was rapidly metabolized, 
and was associated with significant toxicities including wast- 
ing and dermatitis, thus further development ceased (Vlahos 
et al., 1994). A number of isoform-selective direct PI3K 
inhibitors are under development. These include the imi- 
dazopyridines and the pyridofuropyrimidines such as P1103 
(Workman, 2004; Workman et al., 2006b; Figure 7). Also, 
preclinical research on inhibitors of the downstream com- 
ponent protein kinase B (PKB; Akt) is an area of interest 
(Barnett et al., 2005). At present, the only inhibitors of PI3K 
in clinical studies are the mTOR inhibitors. The first of these, 
rapamycin (Figure 7), was originally isolated as an antifun- 
gal agent, but showed antitumour and immunosuppressive 
activity in preclinical studies, leading to its approval as an 
agent for the suppression of transplant rejection (Sehgal, 
2003). The antiproliferative, immunosuppressive, and anti- 
fungal effects of rapamycin stem from the same underlying 
mechanism (Sehgal, 1998). The drug forms a complex with 
the immunophilin protein FKBP12. This binary complex 
binds to a regulatory domain of the lipid kinase mTOR, 
preventing its activation. Inhibition of mTOR signalling 
leads to G1 phase cell cycle arrest. Three mTOR inhibitors, 
which are derivatives of rapamycin, have been tested in the 
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Figure 7 Chemical structures of small molecules discussed in the text targeting inhibition of components of the phosphoinositol-3 kinase signalling pathway. 


clinic: RA D001 (Everolimus), CCI-779 (Temsirolimus), and 
AP23573 (Figure 7). 


RADO01 (Everolimus) 


In phase | studies, weekly and daily oral schedules of 5- 75 
and 5-10 mg of R A D001, respectively, were assessed in both 
solid and haematological malignancies (O’Donnell et al., 
2003; Tabernero etal., 2005; Table 11). DLTs comprised 
stomatitis, neutropaenia, and hyperglycaemia (Tabernero 
et al., 2005). Other toxicities included fatigue, rash, mucosi- 
tis, and gastrointestinal disturbances. AUC increased in pro- 
portion to dose, Cmax plateaued at >20mg and the 4,2 
was 26-38hours (O’Donnell etal., 2003). Pharmacody- 
namic assessments showed inhibition of phosphorylation of 


Table 11 Phase | clinical trials of RADOO1. 

Tumour type Phase Dose and schedule 

Solid tumours Weekly: 20, 50, or 60 mg; daily 
5 or 10mg 

GIST Al Weekly: 20mg with imatinib 
600 mg day~1 

Solid tumours Weekly: 20mg with 
gemcitabine 600, 800, or 
1000 mg m~? weekly 

NSCLC Al Daily: 5 or 10mg with gefitinib 





250 mg daily 


GIST - gastrointestinal stromal tumour; NSCLC - non-small cell cancer. 


both S6K1 and p4E-BP1 at all dose levels; there was near 
complete inhibition of S6K1 phosphorylation in post- ver- 
sus pretreatment tumour biopsies (Tabernero et al., 2005). 
Surprisingly, phospho-AKT expression increased in a dose- 
dependent manner (Tabernero etal., 2005). This is now 
known to be due to a feedback loop (O'Reilly et al., 2006). 
Responses were seen in patients with NSCLC and colon can- 
cer with SD >4months in renal and breast cancers. The 
recommended dose in the O’Donnell et al. study was 20 mg 
weekly as doses above this only marginally increased S6K 1 
inhibition; the study by Tabernero et al. recommended 10 mg 
daily as the phase II dose. 

RADOO1 has also been tested in combination with ima- 
tinib in GIST and glioblastoma multiforme (GBM) (with 
hydroxyurea), gefitinib and erlotinib in NSCLC and gem- 
citabine in the phase I/II setting (Van Oosterom etal., 


References 


O'Donnell et al. (2003), 
Tabernero et al. (2005) 


Van Oosterom et al. (2004) 


Toxicities 


Stomatitis, neutropaenia, 
hyperglycaemia, rash, mucositis 


N eutropaenia, 
thrombocytopaenia 


Pacey et al. (2004) 


Acidosis, stomatitis, diarrhoea, Milton et al. (2005) 
hypokalaemia, elevated 


creatinine 
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2004; Milton etal., 2005; Pacey etal., 2004; Papadimi- 
trakopoulou etal., 2006; Reardon etal., 2006). With ima- 
tinib in GIST, RADOO1 was given weekly and an interim 
report suggests acceptable tolerability (Van Oosterom et al., 
2004). In the combination phase | study with hydroxyurea 
and imatinib, 22 patients with recurrent GBM were treated 
with daily RADOO1; DLTs were hypercholesterolaemia and 
thrombocytopaenia; four PRs were observed and accrual is 
ongoing (Reardon etal., 2006). Daily RAD001 was com- 
bined with gefitinib in a phase I/II study in advanced 
NSCLC cancer patients with DLTs (in two patients) at 
10mgRADOO1 of grade 4 acidosis, and grade 3 stomati- 
tis, diarrhoea, hypokalaemia, and elevated creatinine. One 
of six patients has achieved a confirmed PR and accrual 
continues at the 5mg RADOOI1 dose level (Milton etal., 
2005). When combined with erlotinib in a daily RAD001 
dose of 5mg schedule, DLT of grade 3 stomatitis was 
seen in three of six patients. RADOO1 was then given in 
an alternate day schedule with DLT of grade 3 stomati- 
tis and rash in one patient. Accrual continues at this latter 
schedule. A preliminary report of weekly RA D001 and gem- 
citabine indicates myelosuppression as the main toxicity. 
Interestingly, there appeared to be synergistic toxicity. The 
maximum dose of gemcitabine in this combination so far is 
600 mg m? which is far lower than would be expected (Pacey 
et al., 2004). 

Porter et al. (2006) reviewed the data of 12 patients with 
renal cancer treated in phase | studies. Three patients expe- 
rienced grade 3 toxicity comprising hypertriglyceridaemia, 
hyperglycaemia, and prolonged bleeding time. Six patients 
were progression free at 6 months and four patients, beyond 
12 months. There was one PR. In a formal phase II study of 
25 patients, three patients experienced PR and five patients 
SD for 6+ months; the median duration of treatment was 
7months (Amato et al., 2006). Phase II studies are under- 
way in several tumour types including neuroendocrine and 
CRC. 


Table 12 Phase |, II, and III clinical trials of CCI-779. 


CCI-779 (Temsirolimus) 


In phase | studies two schedules of this agent have been 
tested (Table 12). With a weekly i.v. infusion, DLTs of a 
manic depressive syndrome, stomatitis, and asthenia were 
noted at 220 mg m~? (Raymond et al., 2004). Other toxicities 
included rash, mucositis, or stomatitis and were reversible 
once treatment ceased. There were no surrogate PD end 
points available at the time this study was conducted. PRs 
were seen in two patients: one with RCC (at 15 mg m~?) 
and another with breast cancer (at 220mgm-~?) lasting 
for approximately 6months each. MRs lasting for 3 and 
5 months were seen in two other patients with RCC treated 
at 15 and 45mgm~? respectively. Thus, there was no 
real relationship between dose and clinical benefit, and the 
authors recommended phase I! weekly doses of 25, 75, and 
250 mg. 

With a daily x5 q14 schedule, thrombocytopaenia pre- 
vented dose escalation above 19 mg m~? day~?; a full report 
of this study is awaited. A third phase | study tested the com- 
bination of CCI-779 with 5-FU and folinic acid, using doses 
of CCI-779 of 15, 25, 45, and 75mg m~? (Punt et al., 2003). 
Significant toxicities were observed at all dose levels: stom- 
atitis was the DLT at 75 mg m~? and two treatment-related 
deaths due to mucositis and bowel perforation occurred at 
45mgm-?. The study was therefore abandoned. However, 
three patients with colorectal, gastric, and gallbladder cancer 
achieved a PR. CCI-779 was also combined with interferon 
(IFN) and a preliminary report showed the main toxicities to 
be mucositis, nausea, fatigue, and hyperlipidaemia (Dutcher 
et al., 2003). Two of an initial 20 patients experienced a PR. 

Four published phase II trials and one interim report 
have evaluated the efficacy of CCI-779 in GBM, breast, 
MCL, melanoma, RCC, and endometrial cancer (Galanis 
et al., 2005; Chan et al., 2005; Witzig et al., 2005; Margolin 
etal., 2005; Atkins etal., 2004; Oza etal., 2006). All 
studies assessed the 250 mg weekly dose, although three also 
tested 25 and 75mg (Chan et al., 2005; Atkins et al., 2004). 














Tumour type Phase Dose and schedule Toxicities Results References 
Solid i.v. weekly Depressive syndrome, RP2D 25, 75, and Raymond et al. (2004) 
7.5- 220 mg m~? stomatitis, fatigue, rash, 250mg 
mucositis 
Solid i.v. weekly with 5-FU Stomatitis, mucositis, bowel No RP2D due to Punt et al. (2003) 
perforation toxicity 
Breast i.v. 75 or 250mg weekly M ucositis, rash, nausea, RR 10%; 5 SD Chan et al. (2005) 
myelosuppression, depression 
M antle cell i.v. 250 mg weekly M yelosuppression, rash, RR 38% Witzig et al. (2005) 
lymphoma nausea, anorexia 
MM i.v. 250mg weekly Stomatitis, diarrhoea, rash RR 0% Margolin et al. (2005) 
RCC i.v. 25, 75, 250mg Rash, mucositis, nausea, fatigue RR 7%; minor Atkins et al. (2004) 
weekly responses 26% 
RCC A: i.v. 25mg CCI-779 Fatigue, breathlessness OS: A - 10.9m Hudes et al. (2006) 
B: IFN-a@ and CCI-779 (p = 0.0069) 
(15 mg) B-84m 
C: IFN-a@ C-7.3m 


MM - metastatic melanoma; RCC - renal cell cancer; i.v. - intravenous; IFN-q - interferon alpha; RP2D - recommended phase II dose; RR - response rate; SD - stable 
disease; OS - overall survival; m - months. 
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Radiological improvement was seen in 36% of patients with 
GBM and was associated with a longer TTP than non- 
responders (5 vs 2 months; Galanis et al., 2005). In the breast 
cancer study, 10% of 109 patients achieved PR (Chan et al., 
2005); these patients were equally distributed between the 75 
and 250mg dose levels. The overall RR in MCL was 38% 
with one CR, with a median TTP of 6 months (Witzig et al., 
2005), while no responses were seen out of 33 patients with 
metastatic melanoma (Margolin et al., 2005). 

In the study of RCC, patients received 25, 75, or 250mg 
i.v. weekly. There was one CR (ongoing for 3 years at the 
time of reporting) and seven PRs at all dose levels (total 
RR 7%). MRs were observed in 25% of patients. Overall, 
half of the 111 patients showed CR, PR, MR, or SD>24 
weeks (Atkins et al., 2004). The median TTP was around 
6months and median survival was 15 months compared 
to the 10 months that would be expected in the untreated 
population, at all dose levels. 

On the basis that PTEN is mutated in 25- 80% of patients 
with endometrial cancer, Oza et al. (2006) reported on a two- 
stage phase I| study in chemo-naive women with this tumour 
type. Of 19 patients evaluable for response, 23% showed a 
PR and 63%, SD. Responses occurred at all sites including 
visceral metastases, and interestingly, these responses were 
irrespective of PTEN status. Pharmacodynamic analysis of 
tumour cells showed a loss of phospho-mTOR from all 
patients but this did not correlate with response. Post- 
treatment phosphorylated S6 was low in tumour cells in 
the one patient who had PD, and levels were higher in 
patients with PR and SD. On the basis of these promising 
data, further randomized studies are planned in patients with 
endometrial cancer, where CCI-779 will be combined with 
either chemotherapy or hormone therapy. 

The first phase III study of an mTOR inhibitor against 
standard therapy was reported at American Society of Clin- 
ical Oncology (ASCO) in 2006 (Hudes et al., 2006). This 
study was performed in patients with poor-risk metastatic 
RCC. Retrospective analysis of the phase I! study of CCI-779 
in RCC suggested significant activity in a poor-risk group 
(Atkins et al., 2004). In addition, preclinical evidence sug- 
gested synergy between IFN-w and CCI-779. An interim 
analysis with 626 patients randomized to treatment with 


Table 13 Phase! and II clinical trials of AP23573. 








25mg weekly CCI-779, standard dose IFN-w and a com- 
bination of CCI-779 at 15mg with IFN-a, showed that the 
OS was significantly longer for patients treated with CCI-779 
compared to those treated with IFN-œ alone or the combi- 
nation (10 vs 7 vs 8months). This was despite the RR being 
only 9, 7, and 11% respectively. In addition, treatment with 
CCI-779 was associated with less grade 3 events than in the 
other arms. This is the first phase III study to show a survival 
advantage of an mTOR inhibitor in any tumour type, and a 
submission for FDA approval in renal cancer is anticipated. 


AP23573 


Results of phase | and II clinical trials of AP23573, the 
latest rapamycin analogue to enter the clinic are recently 
completed or underway (Table 13). Weekly and daily x5 
ql4 schedules have been tested in the phase | setting 
(Desai etal., 2004; Mita etal., 2004). A similar toxicity 
profile to RADOO1 and CCI-779 was reported in these 
studies. Interim results of the daily x5 schedule reported 
a PR in a patient with RCC and SD for >6months in a 
patient with sarcoma (Mita etal., 2004). In both studies, 
pharmacodynamic analysis demonstrated decreased levels of 
phosphorylated 4EBP1 levels in PBMCs. Rivera et al. (2005) 
reported on pharmacodynamic analysis using skin biopsies 
in the patients treated in the study by Mita et al. Pre- and 
post-treatment skin biopsy samples were evaluated for levels 
of phosphorylated S6 using immunohistochemistry (IHC). 
Phospho-S6 staining index was decreased by up to 30% 
at 4hours and 3 days post dosing, and in 8 of 22 patients 
analysed, inhibition was sustained for up to 10 days post 
dosing (Rivera et al., 2005). 

In a third phase | study, weekly AP23573 was com- 
bined with capecitabine (Perotti et al., 2006). No DLTs were 
reported after three dose levels of the mTOR inhibitor (25, 
37.5, and 50mg) with 1650 mg m~? PO od of capecitabine 
were administered to 15 patients. The most common toxi- 
city was stomatitis/mucositis. One patient with endometrial 
cancer demonstrated a PR and three patients (RCC, uterine, 
and head and neck) have had SD for >4months. PD studies 
have yet to be reported. 


Tumour type Phase Dose and schedule Toxicities Results References 
Solid iv. daily x5 q14 Anaemia, hepatotoxicity, rash RP2D to be defined Mita et al. (2004) 
Rivera et al. (2005) 
Solid i.v. weekly Anorexia, fatigue, diarrhoea, RP2D to be defined Desai et al. (2004) 
mucositis 
Solid i.v. dl, 8, 15 q28 M ucositis, stomatitis RP2D to be defined Perotti et al. (2006) 
CAP 1650 mg m~? PO 
od d1-14 
Haematological iv. daily x5 q14 Elevated TG, mucositis, Three minor Feldman et al. (2005) 
neutropaenic fever responses; study not 
complete 
Sarcoma iv. daily x5 q14 Mucositis, rash, fatigue, Study not complete Chawla et al. (2006) 


myelosuppression 


iv. - intravenous; CAP - capecitabine; PO - per oral; od - once daily; d - day; TG - triglycerides; RP2D - recommended phase |! dose. 
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In the phase II setting, AP23573 is being tested in haema- 
tological malignancies and soft tissue and bone sarcoma 
(Feldman et al., 2005; Chawla et al., 2006). The daily x5 
q14 schedule was used in both studies. All results are pre- 
liminary at this stage. The toxicity profile was as seen in 
phase | studies. MRs or SD was seen in 6 out of 11 evalu- 
able patients with haematological tumours (Feldman et al., 
2005). In phase II trials to date, the daily x5 q14 sched- 
ule was tested in haematological malignancies and sarcoma 
(Feldman et al., 2005; Sankhala et al., 2005). Of 193 evalu- 
able patients in the sarcoma study, a 28% clinical benefit 
response (CR, PR, or SD for at least 16 weeks duration) 
was shown. In addition, 18FDG-PET imaging showed rapid 
induction of partial metabolic responses in 26% of patients 
3-5 days post treatment. Other PD analyses that are ongoing 
but yet to be reported in this study are: analysis of mTOR 
pathway proteins in tumour biopsies and measurement of 
plasma cytokines, and angiogenic factors. 


NEW PHOSPHOINOSITOL-3 KINASE PATHWAY 
INHIBITORS 


It is expected that a number of inhibitors that block the P13 
kinase pathway at different points will enter the clinic at 
some time in the future. For example, inhibitors of P13 kinase 
p110a@ and AKT show considerable potential in preclinical 
models (Barnett et al., 2005; Luo etal., 2005; Fan etal., 
2006). P1103 shows activity in glioma and other cancers and 
is of particular interest in view of its ability to inhibit both 
mTOR and p110qa, thereby blocking the feedback loop that 
leads to increased AKT activation in response to mTOR 
inhibition (Fan etal., 2006; Workman etal., 2006). The 
s-triazine ZSTK474 with oral antiproliferative activity in 
preclinical models has been characterized as a P13 kinase 
inhibitor (Yaguchi etal., 2006). Potent, selective inhibitors 
of AKT with antitumour activity in animal models have 
been identified (Luo etal., 2005). It is likely that PI3 
kinase pathway inhibitors will have particular utility in 
tumours in which the pathway is activated by various genetic 
abnormalities, such as PTEN loss and p110q@ mutation. 


LESSONS, CHALLENGES, AND FUTURE 
PROSPECTS 


Over the past few years we have learnt that the new gen- 
eration of molecularly targeted agents pose new challenges 
in early clinical development. It is essential that clinical trial 
programmes are designed to fully take into consideration the 
nature of the genetics and biology of the biochemistry of 
the target, the pharmacokinetics and molecular pharmacol- 
ogy of the drug, and the biological and clinical effects that 
are expected. 

New forms of normal tissue toxicity seen with the novel 
molecular cancer therapeutics present both threats and oppor- 
tunities. As discussed, examples such as cardiac toxicity may 


well guide dosing schedules towards continuous (oral) dos- 
ing - indeed, this is likely to be the preferred option for many 
agents of this type. Other examples such as rash and hyper- 
tension offer the opportunity of guiding doses towards those 
agents which are clearly having a biological effect, albeit on 
normal tissues. 

We have also learnt, somewhat surprisingly, that the 
new molecularly targeted agents are capable of causing 
genuine tumour shrinkage, although at early time points new 
techniques such as PET scanning might be required to detect 
this. Nevertheless, prolonged tumour stasis may be the major 
gain from these treatments, and innovative trial designs will 
be needed to detect this with relatively small numbers of 
cases. The randomized discontinuation phase I! trial design 
offers one option as a way of objectively assessing SD, but 
its applicability is still open to further study. In patients 
expected to have a short remission duration from a course of 
conventional chemotherapy, molecularly targeted approaches 
may be effective as maintenance treatment in preventing 
relapse, and randomized trials of this type (in relapsed 
ovarian cancer) are now underway. 

Without the standard antiproliferative toxicities which 
guide the choice of dose of conventional cytotoxics, a 
dilemma in the use of the new molecularly targeted agents is 
deciding the optimal dose. Clearly biomarkers are essential in 
confirming target inhibition, but data on tumour as opposed 
to surrogate cells is generally scanty. At present, most 
investigations will err on the side of choosing a higher dose if 
uncertainty exists, with information on normal tissue toxicity 
often taking precedence over biomarker data. 

In the future, the development of more robust biomarkers 
will be essential. These may involve invasive biopsies and 
molecular assays, which have some potential logistic and eth- 
ical disadvantages, or alternatively may involve serum-based 
assays or non-invasive imaging. Normal tissue data may be 
useful as well as information from tumour cells themselves 
(including CTC). Application of these various biomarkers 
should lead to a more sophisticated approach to dosing of the 
new molecular targeted drugs. Such an approach does, how- 
ever, require that the appropriate biomarkers are identified 
and validated and that pharmacokinetic- pharmacodynamic 
data are established in relevant preclinical models. Experi- 
mental laboratory studies can define the parameters for the 
pharmacological audit trail that can be used in the clinic 
as a basis for rational decision making and pharmaceutical 
risk management. Biomarker development, though essential 
for targeted therapies, is also very challenging. One of the 
key challenges is the need to move from the high content 
assays often used for biomarker discovery (e.g., microarray- 
based SNP, gene expression, proteomic, and metabonomic 
profiling) to a more simple, robust, and cost-effective assay 
suitable for clinical use, particularly in the phase II setting 
and beyond, and to support regulatory submissions. Early 
clinical studies can incorporate exploratory biomarker anal- 
ysis. However, it is important that the biomarker strategy 
does not overburden the trial so as to make it unworkable or 
overly slow to complete. 

Considerations of dose and schedule may be rather dif- 
ferent when the molecular targeted agent is being used in a 
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combination regime, particularly with cytotoxic chemother- 
apy. M any investigators believe that these combinations will 
in fact prove to be the major application for molecular can- 
cer therapeutics, in particular, because of the potential for 
addressing various resistance mechanisms. 

Much work still remains to be done in translating pre- 
clinical information to clinical trial design in the context of 
combination therapy. It is sufficient to say, at this stage, that 
it should not be assumed that the dose and schedule which is 
logical to take forward as single agent therapy is necessarily 
the same as that which makes sense in the context of com- 
bination treatment. It may possibly be that the reverse is the 
case, and this could depend on the nature of the molecular 
target and the identity of the cytotoxic agent. Better animal 
preclinical models are needed to predict the best drug com- 
binations, ideally based on an understanding of molecular 
mechanisms. 

Clearly the main issue over the next few years will be 
patient selection: the major premise upon which the devel- 
opment of the molecular targeted agents is based has been 
the dependence of certain tumours on key signalling path- 
ways which can be identified and then pharmacologically 
inhibited. Progress is being made in demonstrating that the 
extent of benefit correlates with the molecular characteristics 
of the tumour being treated, and this argues for manda- 
tory molecular profiling prior to treatment. This may even 
require re-biopsy for diagnostic purposes, and it may be that 
patients will fully understand the importance of this, despite 
the inconvenience of an invasive procedure. A gain, new tech- 
niques, such as isolating CTC from blood samples, would 
be attractive in this context if sufficient tumour cells were 
available. Molecular biomarker- based enrichment of clini- 
cal trials with patients most likely to respond should increase 
RRs in the enriched population and decrease the number of 
patients required to show clinical benefit. This will justify the 
investment required for biomarker development. Such trials 
do, of course, need to be appropriately powered to demon- 
strate the required effect. 

It is becoming increasingly clear that the spiralling costs 
of novel treatments will be a major deterrent in terms of 
introducing these drugs into general clinical practice. The 
ability to identify that patient subgroup most likely to benefit, 
and in parallel the ability to avoid the use of expensive 
treatment in patients most unlikely to benefit, may be one 
of the most important developments in clinical practice over 
the next 5 years, as we move forward in this exciting era of 
molecularly targeted cancer medicine. 
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INTRODUCTION 


Radiation therapy remains an integral component of modern 
cancer therapy. The general aim of radiotherapy (RT) in can- 
cer treatment is to deliver sufficient radiation doses so as to 
induce cancer cell death while limiting effects to the nor- 
mal tissue. R adiation therapy therefore increases locoregional 
tumour control and may also improve overall survival. With 
recent advancements in computer software and hardware, 
radiation therapy planning, treatment, and delivery have 
improved dramatically. Parallel advances in imaging and 
molecular biology have also improved our ability precisely to 
define target volumes at risk as well as to evaluate response 
to therapy. Advances in conformal RT have increased the 
therapeutic ratio by improving target volume coverage while 
reducing normal-tissue toxicity. Other methods of increasing 
the therapeutic ratio involve the novel use of radiosensitiz- 
ers, concurrent chemotherapy, molecularly targeted therapy 
as well as altered radiation fractionation schedules to improve 
the efficacy of radiation to the tumour compared to injury 
to the normal tissues. The aim of this chapter is briefly to 
describe modern advances in imaging, radiation treatment 
planning, and delivery, as well as the use of radiosensitiz- 
ers with concurrent radiation to improve the therapeutic ratio 
and overall outcome. 


FUNCTIONAL AND METABOLIC IMAGING 


Conventional RT is primarily planned using a single set of 
CT scans acquired prior to the start of treatment. However, 
in addition to standard contrast-enhanced CT scanning, data 
from other imaging modalities such as magnetic resonance 
imaging/magnetic resonance spectroscopy (MRI/MRS) and 
positron emission tomography/single photon emission 
tomography (PET/SPECT) are becoming increasingly 
important in precisely defining target volumes at risk as well 
as accurate normal-tissue delineation (Zakian et al., 2001; 
Nelson, 2003; Pardo et al., 1994). 
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In order to take advantage of these gains in imaging, it is 
necessary to register these images into the treatment planning 
system. Image registration is the process that permits accurate 
mapping of imaging data from other modalities to a single 
coordinate system, typically the treatment planning CT scan 
(Petti et al., 1994). This permits us to obtain the geometric 
and electron density information that is required for accurate 
dose calculations from the CT scan while also acquiring 
additional information regarding anatomic or functional data 
from the MRI or PET studies (Figure 1). 

MRI provides superior soft tissue contrast relative to CT 
and has been used routinely in target volume definition 
for brain tumours, soft tissue sarcomas, and primary intra- 
hepatic neoplasms (Thornton et al., 1992). Physiologic and 
metabolic M RI can provide additional functional information 
that is not provided by morphological imaging alone, and 
can also serve as a surrogate marker for biologic processes. 
These techniques can permit the analysis of tumour tissue 
properties including chemical composition, vasculature, per- 
fusion, and water mobility within tissue architecture (Cao 
et al., 2006a). M ore recently, M R-derived cerebral blood vol- 
ume (CBV) has been evaluated for assessment of tumour 
regional aggressiveness, evaluation of treatment response to 
RT, and differentiation of treatment effects versus recurrent 
tumour (Figure 2) (Cao etal., 2006b; Kremer et al., 2002; 
Law etal., 2004; Oh et al., 2004). 

Proton MRS is a technique that is able to detect proton 
metabolites in tissue in vivo with corresponding high peaks 
in choline-containing compounds and reductions in N -acetyl- 
aspartate (NAA) within brain tumours as compared to the 
normal brain tissue (Preul et al., 1996) (Figure 3). 

This has been initially studied in brain tumours to improve 
target volume delineation and also for evaluation of treat- 
ment response. For example, Graves et al. demonstrated a 
trend for improved survival outcome in patients treated with 
stereotactic radiosurgery for recurrent gliomas when the pre- 
treatment MRS metabolic abnormality was included within 
the radiosurgical target volumes (Graves et al., 2001). 

The role of MRI/MRS has also been evaluated in the 
treatment of prostate cancer. Spectral analysis of healthy 
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CT scan MRI T1 post-gad 11C met PET 


Figure 1 Target volume definition for radiation planning for malignant 
high-grade glioma is typically based on MR imaging using T 1-weighted 
post-gadolinium (centre panel). MR imaging is typically registered to 
the treatment planning CT scan (far left panel), which is obtained for 
dose calculation. [!4C]M ethyl-L-methionine PET scan (far right panel) 
demonstrates tumour extent beyond the contrast-enhancing lesion on MRI. 





Figure 2 Cerebral blood volume map (far left panel) demonstrates an area 
of high CBV (red), approximately nine times higher than that of normal 
white matter, and extends beyond the contrast-enhancing tumour rim on 
MR T1-weighted post-gadolinium image (centre panel). MR FLAIR (fluid 
attenuated inversion recovery) on the far right panel demonstrates tumour 
extent beyond the contrast-enhancing rim that may represent vasogenic 
oedema, corresponding to an area of low CBV (dark blue). 





Figure 3 Proton spectra in a patient with newly diagnosed glioblastoma 
multiforme WHO grade 4. The spectra from the contrast-enhanced lesion 
(voxel 1) demonstrate an elevated ratio of the choline to NAA peak 
consistent with tumour in comparison to the spectra from the contra-lateral 
normal brain (voxel 2). 


prostatic tissue is identified by high levels of citrate and 
lower levels of choline, creatine, and polyamines (Pickett 
etal., 2004). Preliminary MRS correlative biopsies noted 
an increased level of choline and decreased level of cit- 
rate corresponding to an increase in Gleason score (Swan- 
son etal., 2003). The integration of MRI/MRSI into the 


treatment planning system can potentially reduce the radi- 
ation dose delivered to surrounding organs of risk including 
rectum/bladder and neurovascular bundle with more precise 
target volume delineation (McLaughlin et al., 2005). MRS 
combined with conformal RT using either brachytherapy or 
external beam radiotherapy can differentially increase radia- 
tion dose to high-risk areas defined as a dominant intrapro- 
static lesion (Pickett et al., 1999). 

Diffusion MRI is another technique that measures the 
mobility of water within tissue at the cellular level and 
appears to be a sensitive and early indicator of both treat- 
ment response and overall survival (Chenevert et al., 2000). 
Functional diffusion maps (FDM s) demonstrate that regional 
changes in apparent diffusion coefficients can be quantified 
within a tumour. When patients with primary high-grade 
gliomas were stratified based on FDM changes from week 3 
during treatment compared to baseline, they were found to 
have significantly different time to progression and overall 
survival (Hamstra et al., 2005). Further validation of these 
analyses with sufficient pathological and clinical end points 
will be needed prior to its incorporation into routine clinical 
practice. 

With a number of tracer compounds available, PET and 
SPECT can provide unique information regarding cellular 
and physiologic processes that may improve target volume 
definition in RT planning (Pardo et al., 1994; Grosu et al., 
2002). These techniques may allow for non-invasive mea- 
surements of tumour hypoxia, proliferation index, as well as 
markers of apoptosis (Chao et al., 2001; Barthel et al., 2003). 
Developing reliable biologic maps, which can then be cor- 
related to the treatment planning CT scan would permit us 
to test the hypothesis that differentially directing higher radi- 
ation doses to areas of greater tumour burden or functional 
radioresistance would improve outcome. The ability to evalu- 
ate tumour response early during the course of treatment may 
also allow for individualized adjustments of therapy prior to 
the completion of treatment. 


CONVENTIONAL 3D RADIATION TREATMENT 
PLANNING 


Conventional RT acquires an initial treatment planning CT 
scan and the gross tumour volume (GTV) is then typically 
defined on each individual CT slice (International Committee 
on Radiation Units, 1993). A clinical target volume (CTV) 
is then defined that includes a margin around the GTV to 
account for areas of potential microscopic spread. The CTV 
will then be further enlarged by a margin to create a plan- 
ning target volume (PTV ) (Figure 4; International Committee 
on Radiation Units, 1993). This margin is used to include 
uncertainties resulting from organ motion and from errors in 
physical set-up to assure consistent dose delivery to the CTV. 
Using a 3-D rendering of the patient's anatomy reconstructed 
from the CT data or any other imaging data, tumour and 
normal structures are displayed in a beam’s eye view (BEV) 
fashion (anatomy is displayed as from the perspective of the 
radiation source) (Galvin et al., 2004) (Figure 5). This allows 





Figure 4 Conventional target volume definitions using a treatment plan- 
ning CT scan for a patient with glioblastoma multiforme. Gross target 
volume (red) is defined on the CT scan, the clinical target volume (pink) 
is defined using a uniform 2cm expansion of the GTV, and the planning 
target volume (green) is defined to account for patient set-up uncertainties 
using a 5mm uniform expansion of the CTV. 





Figure 5 A beam’s eye view display of the planning target volume (pink) 
as well as the optic nerves (yellow) in a patient with a malignant high-grade 
glioma. A five-field non-coplanar IMRT plan was designed to improve 
tumour coverage while reducing the maximum dose to the optic structures. 
The individual beam intensity maps for each field are also displayed. 


the careful selection of optimal beam directions that allow the 
best separation of the target from the normal structures. Dose 


algorithms are then used to calculate the dose distribution of 
each structure (Galvin et al., 2004). The radiation treatment 
planning process of 3D conformal radiotherapy (3DCRT) is 
done in a trial-and-error iterative method, which can some- 
times be very time-consuming and difficult in complex cases. 


A recent advance in radiation treatment planning involves the 
use of computer based iterative optimization and intensity- 
modulated radiation therapy (IMRT, 2001) beams. Using the 
BEV display, the radiation beam is typically subdivided into 
a series of finite-sized beams (beamlets) of 1 x 1cm? or 
5 x 5mm? (Figure 6). On the basis of predefined clinical 
treatment goals, the intensity (fluence) of each beamlet 
is then optimized and the beamlet dose distributions are 
then computed. Computer search algorithms are then used 
to vary the individual beam intensities (beam weights) to 
meet the desired treatment plan. During the optimization, 
the quality of the plan will then be scored on the basis 
of its ability to achieve the predefined clinical treatment 
goals. After the optimization is complete, final intensity 
maps are then sequenced into a set of deliverable beam 
segments. For a more complete review, please refer to the 
IMRT Collaborative Working Group (2001) paper. IMRT 
with dose optimization has significantly improved our ability 
to maximize target dose while reducing the dose to critical 
normal structures at risk. This technology can also improve 





Figure 6 Beam intensity map of a single treatment field showing the 
varying beamlet intensities including the low-dose gradient (shown in dark 
grey) near the critical structure, such as the parotid gland. 
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Figure 7 The dose distribution for a complex intensity-modulated radia- 
tion therapy (IMRT) head and neck case is displayed. Dose colour-wash 
display demonstrates the rapid dose follow-off at the level of the left 
parotid gland (red) while maintaining adequate target volume coverage of 
the low-risk PTV (shown in yellow). 


target dose homogeneity while also avoiding high dose 
to normal structures such as the parotid glands (Figure 7) 
(Vineberg et al., 2002; Eisbruch et al., 1998). 


OPTIMIZATION TOOLS 


Optimization systems that allow increased flexibility and 
permit the direct incorporation of clinical treatment goals 
in the planning system have been developed. This allows 
the clinician to compare competing clinical priorities in an 
orderly fashion. The ability to change just one parameter 
in an inverse plan while keeping other normal structures 
as constant as possible may improve our ability to bal- 
ance risks and benefits of different clinical decisions on 
an individual basis. Different clinical decisions carry differ- 
ent consequences regarding normal-tissue toxicity and target 
coverage. This information should determine the optimiza- 
tion parameters used in the inverse planning process and 
allows clinical priorities to be directly incorporated into the 
optimization system (Tsien et al., 2003). 

In comparison to forward treatment planning, inverse 
planning requires the initial critical step of creating a 
cost function. There is an inherent assumption that the 
desired dose and dose- volume parameters that will yield an 
optimal plan are clearly identifiable. However, it is often 
difficult to specify clinical objectives simply in terms of 
absolute dose and dose- volume requirements because of the 
lack of clinical data regarding long-term toxicity. Further 
research is clearly needed to provide more information 


regarding fractionation effects, partial irradiation of critical 
structures to high dose, and long-term follow-up of IMRT 
on normal-tissue toxicity. Currently, tumour control and 
normal-tissue control probabilities (TCPs and NTCPs) can 
be interpreted only as a best guess estimate of risk. The 
use of combinations of different cost functions, including 
dose, dose- volume, and biologic-based costlets, in rendering 
clinically relevant cost functions in the dose optimization 
process is still an area of research that warrants further 
study. 

The availability of the 3D information has also led 
to the development of dose-volume analysis tools and 
dose- calculation algorithms that have improved our under- 
standing of both tumour and normal-tissue response to radi- 
ation (Lyman and Wolbarst, 1987). Using tools such as 
dose- volume histograms (DV Hs) with mathematical mod- 
els can help us to assess the relationship between DVH and 
the TCP as well as the NTCP (Figure 8). Clinical trials using 
the NTCP and DVH data in both liver and lung cancer have 
been reported and permit radiation dose escalation trials to be 
performed in a safe and well-monitored fashion (Lawrence 
et al., 1990; Martel et al., 1994). 
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Figure 8 Dose-volume histogram is used to assess the quality of a 
radiation treatment plan. (a) Excellent target coverage of the PTV while 
sparing the parotid gland. (b) Sparing of the healthy liver tissue with 
excellent coverage of the tumour PTV. The calculated risk of normal-tissue 
complication probability for this plan was 13%. 
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NEW TECHNOLOGIES 


Conformal RT can now be delivered with either photon 
or proton beams. Proton therapy has a unique advan- 
tage based on its physical characteristics with a highly 
defined stopping characteristic at a distance of its max- 
imum penetration due to the Bragg peak phenomenon 
(Lomax, 1999). This allows the delivery of lower doses 
of radiation to the normal surrounding tissues compared 
to photon therapy. However, proton therapy is available 
in only a limited number of centres worldwide given the 
extraordinarily high cost of charged-particle radiation units 
(greater than US$120 million compared to US$5-6 million 
for an IMRT-equipped photon unit) (Goitein and Jermann, 
2003). Other technical innovations include specially designed 
cobalt 60 machines for intracranial irradiation (Gamma 
Knife), robotic miniaturized linear accelerators for confor- 
mal treatment (Cyber K nife), and external beam machines 
placed in operating rooms for intraoperative RT (Shimamoto 
et al., 2002). Helical tomotherapy is also now commer- 
cially available and is technically the fusion of a heli- 
cal CT scanner with a linear accelerator. This allows the 
delivery of IMRT in a helical fashion using a binary 
multi-leaf collimator (MLC) during the continuous rotation 
of a linear accelerator as the patient moves in a longi- 
tudinal direction through the gantry bore (Mackie etal., 
1999). 


PATIENT IMMOBILIZATION, SET-UP, 
AND TREATMENT DELIVERY 


Treatment plans delivered with IMRT are predicated upon 
precise tumour volume delineation, rigid patient immobi- 
lization, and, thirdly, a complete understanding of organ 
motion and set-up uncertainty. IMRT requires greater pre- 
cision than conventional radiation therapy due to the sharp 
dose gradients obtained. To ensure that patient displacement 
is within the tolerance margin used in treatment planning, it 
is essential to have an effective immobilization that reduces 
patient movement. Despite its importance there have been 
relatively few data available regarding the value of exter- 
nal casts made from plastic or vacuum-locked beads that 
are widely used. Studies have shown that there are sig- 
nificant set-up uncertainties in the external beam radiation 
treatment in organs such as the prostate and peripheral lung 
tumours (Jaffray et al., 1999; Balter et al., 1996). Anatomic 
changes occurring during RT can also have significant dosi- 
metric effects in the setting of highly conformal treatment 
approaches, such as IMRT (Litzenberg et al., 2002; Shirato 
et al., 2000). 


IMAGE-GUIDED RADIOTHERAPY (IGRT) 


Standard radiation therapy uses weekly imaging of the treated 
region using film or electronic portal imaging. Recent devel- 
opments of image-guided radiotherapy (IGRT) can provide 


improved daily tumour localization as well as reproducibil- 
ity of patient treatment, which is an essential requirement of 
IMRT. By combining the use of patient positioning devices 
and daily imaging tools, IGRT has been used to target the 
tumour with enhanced precision. Daily target-localization 
techniques based on locating internal structures can reduce 
daily treatment uncertainties and systematic errors. Advanced 
imaging technologies including radiographic, fluoroscopic, 
and volumetric CT imaging, which allow in-room tar- 
get localization have an important role in further improv- 
ing treatment delivery. Commercially available technology 
include megavolt or kilovolt imaging equipped on the lin- 
ear accelerator, in-room Kilovolt imager, tomotherapy unit 
with on-board MV CT, and treatment machines equipped 
with cone-beam Kilovolt CT (Mackie etal., 1999; Litzen- 
berg etal., 2002; Shirato etal., 2000). Electronic portal 
imaging provides online portal fluoroscopy that can be used 
to facilitate daily localization of the target with implanted 
fiducial markers (Balter et al., 2003). Treatment machines 
are now equipped with X-ray tubes, which use cone-beam 
tomography to obtain volumetric CT data of the patient 
in the treatment position for daily localization and verifi- 
cation as well as accurate tracking of the delivered dose 
(Oldham etal., 2005). Today, these technologies are used 
to reposition the patient prior to treatment. In the future, 
this information may be used to adapt the treatment plan on 
the basis of the patient's anatomy at the time of treatment 
delivery. 


METHODS OF GATING RADIATION THERAPY 


Different approaches have been developed to minimize res- 
piratory motion during radiation therapy imaging, treatment 
planning, and delivery. Respiratory motion is typically taken 
into account by increasing the treatment margins around the 
target volume. However, this increases the volume of the 
normal organ that is irradiated and may reduce the radia- 
tion dose that can be delivered to the target. One approach 
delivers radiation treatment at a fixed phase of the respi- 
ratory cycle using a controlled breath holding device that 
forces the breath-hold at a specific part of the breathing phase 
(active breathing control), or by voluntary breath holding at 
deep inspiration (Wong etal., 1999). A second method to 
account for respiratory motion permits patients to breathe 
freely, and the radiation beam is then “gated” or turned 
on and off to allow treatment only in a limited portion of 
the respiratory cycle when the target is within the radi- 
ation field (Balter etal., 1998). External markers on the 
chest and abdomen act as surrogates for the ventilatory 
cycle, and thus, for treatment position. These approaches 
may not reflect tumour location as accurately but may be 
more tolerable than the fixed phase approach described in 
the preceding text. Perhaps the most sophisticated and tech- 
nically challenging method is to track markers that have 
been implanted in the tumour with visualization of the 
tumour position using on-board imaging CT scan (Shirato 
et al., 2000). 
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MONTE CARLO DOSE CALCULATION 


IMRT is also dependent on obtaining accurate dose 
calculations. Highly accurate and, therefore, more 
time-consuming dose algorithms are expected to have the 
greatest benefit in the accurate dose modelling in regions 
with substantial tissue inhomogeneities, such as in the lung 
and bone. Standard methods of calculating radiation doses 
are derived by sophisticated curve-fitting algorithms that tend 
to be less accurate for unusual geometries and locations 
where different tissue types vary (i.e, such as soft tissue 
and lung interfaces). Newer M onte Carlo methods model the 
interactions between photons and electrons in tissue more 
directly and with greater accuracy in these areas (Chetty 
et al., 2001; Keall et al., 2001). The effect of reduced elec- 
tron density on side scatter and dose equilibrium at the 
interface between low-density lung and tumour can be a 
greater issue of importance with IM RT. Several studies using 
Monte Carlo calculations have documented a potential for 
significant under-dosing in lung cancer treatments, which 
can be exacerbated by the use of high-energy photon beams 
(e.g, LOMV and higher) (Chetty etal., 2005; Ten Haken 
et al., 1996). 


CLINICAL OUTCOMES 


As described in the preceding text, considerable effort has 
been directed towards treating tumours and sparing normal 
tissues, with the goal of permitting dose escalation. IM RT 
combined with accurate localization and target volume def- 
inition permits the delivery of higher radiation doses to 
the tumour for the same normal-tissue complication rate. 
However, whether higher radiation doses to specific por- 
tions of the tumour can translate to higher local- regional 
control and perhaps improve overall survival is still under 
investigation. 

Increased radiation doses have demonstrated improved 
clinical outcomes for patients with prostate cancer. Pollack 
et al. reported an improvement in biochemical relapse-free 
survival in those patients with intermediate risk prostate 
cancer randomized to the higher radiation arm of 78 Gy 
compared to 70 Gy (Pollack etal., 2000; Pollack etal., 
2002). A second randomized study, was reported by Ziet- 
man etal. for patients with clinically localized prostate 
cancer (low and intermediate risk). All patients received 
conformal photon therapy to a dose of 50.4 Gy with- 
out the administration of any neoadjuvant, concurrent, or 
adjuvant hormonal therapy. Patients were randomized to 
either a 19.8 Gy (70.2 Gy conventional dose) or 28.8 Gy 
(79.2 Gy high dose) boost plan delivered using proton- 
beam therapy. Results demonstrated an improvement in 
the 5-year biochemical-free survival of 61.4% (95% Cl, 
54.6- 68.3%) for conventional dose and 80.4% (95% Cl, 
74.7- 86.1%) for high-dose therapy (P < 0.001), a 49% 
reduction in the risk of biochemical failure. The advan- 
tage of high-dose therapy was observed in both the low- 
risk and the higher-risk subgroups (risk reduction, 51% 


(P < 0.001) and 44% (P = 0.03), respectively). There has 
been no significant difference in overall survival between 
the treatment groups (Zietman et al., 2005). A retrospective 
review of 1473 patients from the University of Michigan 
also showed a positive association between increased radi- 
ation dose and biochemical relapse-free survival (Symon 
et al., 2003). However, longer follow-up is still required to 
see whether these improvements in biochemical relapse-free 
survival will ultimately translate to an improvement in over- 
all survival. 

Several studies have been performed to compare the qual- 
ity of life in patients treated with standard 2D head and 
neck radiation versus IMRT. A matched case-controlled 
study was performed prospectively using validated patient- 
reported xerostomia and head and neck- related quality of 
life (HNQOL) questionnaire. J abbari et al. noted a signifi- 
cant improvement in both domains in patients treated with 
IMRT compared to standard radiation, 6 months following 
completion of therapy (P = 0.01 and P = 0.04 respectively) 
(J abbari et al., 2005). Review of pattern of failure outcomes 
in head and neck cancer patients treated with parotid spar- 
ing IMRT techniques have also noted mainly in-field failures 
with no evidence of marginal failures (Dawson et al., 2000). 
This has also been confirmed by a number of other single 
institutions with median follow-up of greater than 3 years 
demonstrating local failures in the range of 10-15% with 
few marginal failures as well as preservation of parotid func- 
tion (Chao etal., 2003). These results confirm that highly 
conformal therapy can improve salivary function in patients 
with head and neck cancer without compromising excellent 
tumour control. 

At the University of Michigan, updated results of a 
lung 3D conformal dose escalation trial in which the dose 
delivered to a particular patient was determined in part by the 
calculated lung normal-tissue complication probability was 
recently reported. Results demonstrated an improvement in 
the 2-year local control rate by approximately 1% per Gy for 
all doses delivered above the standard dose of 60 Gy (Kong 
etal., 2004). Target volumes in this study included only 
the gross disease plus margin. For patients in the low-risk 
group, doses have been escalated to 84 Gy without excessive 
pulmonary or other toxicity. There were no failures observed 
in the un-irradiated adjacent nodes (Hayman et al., 2001). 

The use of 3D visualization and treatment planning has 
resulted in significant gains in patient outcome and reduc- 
tion in normal-tissue toxicity. However, it is also clear that 
substantial additional studies are still required to ensure that 
IMRT can be applied both safely and effectively through- 
out the community. IMRT will also increase the volume of 
normal tissue that receives low-dose radiation incidentally as 
compared to 3D conformal RT. IMRT techniques including 
helical tomotherapy may increase the integral dose of radi- 
ation or the total amount of radiation that the patient will 
receive. Careful long-term follow-up is required to ensure 
that the probability of radiation-induced second malignancy 
will not be increased especially in the pediatric population 
(Hall and Wuu, 2003). 
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MODIFIERS OF RADIATION RESPONSE 


In addition to improving the technical aspects of radiation 
delivery, described in the preceding text, two additional 
strategies are now being used to try to improve tumour 
control with acceptable toxicity. The first involves the use 
of “altered fractionation”, which means treatment that dif- 
fers substantially in fraction size and/or schedule compared 
to the “standard” 1.8-2.0 Gy five times a week. The 
second is the use of chemical modifiers of the radiation 
response. We will begin with a discussion of altered frac- 
tionation, followed by chemical modifiers, focusing on both 
chemotherapy and molecularly targeted therapies as radiation 
sensitizers. 


ALTERED FRACTIONATION 


There are two main strategies that have been developed, 
which increase the radiation dose intensity while maintain- 
ing similar risks of late normal-tissue toxicity. “A ccelerated 
fractionation” uses a standard radiation dose per fraction 
(1.5-2.0 Gy day~!) given two to three times daily in order 
to decrease the overall treatment time and reduce the like- 
lihood of “accelerated tumour repopulation”. This term is 
given to describe the clinical observation that protracting 
treatment time has been associated with a decrease in tumour 
control (Withers etal., 1988). A prospective randomized 
trial of continuous hyperfractionated accelerated radiother- 
apy (CHART) using continuous 1.5 Gy three times a day 
(t.i.d.) for a total of 36 Gy significantly improved survival 
compared to conventional fractionation in patients with unre- 
sectable lung cancer (Saunders et al., 1997). However, this 
strategy has been associated with some increase in acute and 
chronic toxicity. The second strategy, hyper-fractionation, 
uses multiple smaller than standard size fractions (1.2 Gy) to 
achieve the same (or greater) total dose over a shorter over- 
all treatment time. Hyperfractionated RT has been shown 
to improve local-regional control in two randomized head 
and neck trials compared to once-daily radiation. Radiation 
Therapy Oncology Group (RTOG) trial 90-03 was a four- 
arm study of altered radiation fractionation for patients with 
head and neck cancers that demonstrated an improvement in 
local control in both the hyperfractionated and accelerated 
fractionated with concomitant boost arm compared to stan- 
dard once-daily fractionation (Fu etal., 2000). There was, 
however, no significant improvement in overall survival. In 
the danish head and neck cancer (DAHANCA) 6 and 7 trial, 
1476 patients with larynx cancer were randomized to either 
five or six fractions per week (2 Gy daily) to the same total 
dose of 66-68 Gy (Overgaard etal., 2003). The acceler- 
ated 6days per week arm showed an improvement in the 
5-year local control rates compared to the 5 days per week 
arm (70 vs 60%, respectively) but no difference in overall 
survival. The integration of concurrent chemotherapy with 
altered fractionation radiation schemes are currently being 
assessed in head and neck as well as lung cancer. 


RADIOSENSITIZERS 


Radiation sensitizers act by enhancing the effectiveness of 
radiation treatment selectively in tumour cells in comparison 
to the surrounding normal tissue. The use of combined 
chemo RT has improved survival for patients with high- 
grade gliomas, cancers of the head and neck, lung, stomach, 
pancreas, esophagus, rectum, and anus (Stupp etal., 2005; 
Bernier et al., 2004; Cooper et al., 2004; Brizel et al., 1998; 
Forastiere et al., 2003; Cooper et al., 1999; Macdonald et al., 
2001; Intensity M odulated Radiation Therapy Collaborative 
Working Group, 2001; Gastrointestinal Tumor Study Group, 
1985; UKCCCR Anal Cancer Trial, 1996). In addition, 
chemoradiation permits organ preservation strategies in many 
clinical sites such as locally advanced cancers of the head 
and neck, bladder, breast, and soft tissue sarcoma. These 
latter strategies of combining chemoradiation have allowed 
patients to have similar locoregional control and survival 
while maintaining organ preservation and improvement in 
quality of life. 

Chemotherapy can increase radiation sensitivity by altering 
cell cycle distribution and by directly affecting radiation- 
induced DNA damage and repair processes in early S and 
mitosis, the most radiation-sensitive phase of the cell cycle. 
Drugs such as 5-fluorouracil and gemcitabine are extremely 
potent radiosensitizers that cause cells to arrest early in 
S phase. These drugs have been extensively studied in 
increasing radiation efficacy in both pancreatic and head and 
neck cancer (Eisbruch et al., 2001; Blackstock et al., 1999; 
Crane et al., 2001b). Other drugs that are frequently used in 
combination with radiation include paclitaxel, cisplatin, and 
inhibitors of topoisomerase I/II (Bernier et al., 2004; Cooper 
et al., 2004; Brizel et al., 1998; Forastiere et al., 2003; Crane 
et al., 2001b; Chen et al., 2003; Suntharalingam et al., 2000; 
Tishler et al., 2002). 

Newer molecularly targeted therapies in combination with 
radiation have also been proposed to increase the therapeutic 
ratio. The addition of a monoclonal antibody against epi- 
dermal growth factor receptor (EGFR) cetuximab has been 
shown to increase overall survival in locally advanced head 
and neck cancer (Bonner et al., 2006). However, the chal- 
lenge still remains to identify those patients who will derive 
benefit from molecularly targeted therapy and to define the 
role of EGFR inhibitors with concurrent chemoradiation. 


CHEMOTHERAPY 


Traditional Drugs 


The two most widely used chemotherapeutic radiation sensi- 
tizers are 5-fluorouracil (5-FU) and cisplatin. 5-FU, a pyrim- 
idine analog of uracil, functions as a radiosensitizer owing 
to its ability to prevent DNA synthesis through thymidylate 
synthase inhibition (Thomas and Zalcberg, 1998). Cisplatin 
forms DNA interstrand and intrastrand adducts that, when 
removed by repair processes, produce DNA strand breaks. 
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These breaks increase the number of lethal DNA double- 
strand breaks that are produced by a given dose of radia- 
tion (Eastman, 1987). Concurrent chemoradiation regimens 
improve outcome in diseases such as head and neck, cervix, 
lung, and bladder (Stupp etal., 2005; Bernier etal., 2004; 
Cooper etal., 2004; Brizel etal., 1998; Forastiere etal., 
2003; Morris etal., 1999; Keys etal., 1999; Rose etal., 
1999; Sause et al., 2000; Dillman et al., 1996). 


Gemcitabine 


Gemcitabine (2’,2’-difluoro-2’-deoxycytidine) is a deoxycy- 
tidine analogue, which has demonstrated significant activity 
in a number of solid tumour types such as non-small cell 
lung cancer (NSCLC), head and neck, pancreas, and breast 
cancer (Eisbruch et al., 2001; Blackstock et al., 1999; K ent 
et al., 2004; Suh et al., 2004). 

Gemcitabine diphosphate (dFdCDP) is a potent, 
mechanism-based inhibitor of ribonucleotide reductase, the 
enzyme responsible for de novo production of cellular 
deoxynucleotides (Shewach and Lawrence, 1995). A phase 
| trial combining radiation and gemcitabine in head and 
neck cancer has shown tumour incorporation of gemcitabine 
triphosphate at levels of 50-300mgm-? given weekly 
(Eisbruch etal., 2001). Gemcitabine, at full chemothera- 
peutic doses, has also been used with radiation to treat 
locally advanced pancreatic cancer (McGinn etal., 2001). 
The size of the radiation field has an important effect on 
toxicity. Conformal fields are well tolerated (McGinn et al., 
2001), whereas large portals encompassing clinically unin- 
volved lymph nodes produce substantial toxicity (Crane 
et al., 2001a). 


Temozolomide 


Temozolomide is an orally available agent that methylates 
DNA at nucleophilic sites and penetrates the blood-brain 
barrier (BBB). The formation of O%-methyl guanine leads to 
futile cycling of the mismatch repair pathway, leading to 
apoptosis. The enzyme O°-methylguanine- deoxyribonucleic 
acid methyltransferase (MGMT) can repair the O°- 
methylguanine lesions (Denny et al., 1994). 

European organization for research and treatment of can- 
cer (EORTC) and national cancer institute of canada (NCIC) 
phase III trial investigated post-operative concurrent (daily 
75 mg m~?) and adjuvant (weekly 150- 200 mg~*) temozolo- 
mide with radiation versus radiation alone for glioblastoma 
multiforme (Stupp et al., 2005). There was an overall sur- 
vival benefit in patients randomized to the chemoradiation 
arm of 14.6 months compared with 12.1 months for radia- 
tion alone. Interestingly, a separate analysis of these data 
demonstrated that silencing of MGMT expression correlated 
with improved outcome with temozolomide (Hegi etal., 
2005). These intriguing data need further study in prospective 
studies before using molecular stratification to individualize 
treatment. 

On the basis of these data, there is increased interest in 
combining effective chemotherapy and radiation in order to 


improve the therapeutic ratio by increasing the effectiveness 
of radiation without increased normal-tissue toxicity. Without 
blood tumour barrier (BTB) opening, there are few drugs 
which can easily pass the tight endothelium junctions that 
make up the BTB and BBB. Radiation has direct effects on 
both the BTB and BBB (Cao et al., 2005). This information 
can be utilized to improve chemotherapy drug delivery to 
tumour cells. MRl-derived vascular permeability imaging is 
a technique, which can be used to assess the fraction of 
the tumour volume with BTB disruption prior to radiation 
treatment, and can monitor further BTB opening during 
RT. The time course of BTB opening during RT and 
its relationship to radiation dose, fraction size, and dose 
volume can be used to design concurrent chemotherapy as a 
radiosensitizer and optimize the time window for improving 
drug delivery. Preliminary data suggest that this optimal 
time window opens after approximately 30 Gy of RT and 
steadily increases up to 1month following completion of 
RT. Radiation therapy appears to also affect the BTB more 
readily than the BBB (Cao et al., 2005). 


Tirapazamine 


Tumour hypoxia has been hypothesized to limit the efficacy 
of radiation in head and neck cancer. Tirapazamine is a 
benzotriazine di-N-oxide compound that releases a free 
radical electron leading to DNA double-strand breaks, single- 
strand breaks, and base damage when placed in low oxygen 
tensions (McKeown etal., 1996). Although tirapazamine 
may be more correctly viewed as a hypoxic cell cytotoxin, 
preclinical work has demonstrated synergy with radiation and 
cisplatin for in vitro and in vivo killing of human tumour cells 
(McK eown et al., 1996). 


MOLECULAR TARGETED AGENTS AS RADIATION 
SENSITIZERS 


EGFR is part of a subfamily of four closely related recep- 
tors including EGFR (or ErbB1, HER2/neu (ErbB2), HER3 
(ErbB 3), and HER4 (ErbB4) (Harari and Huang, 2004). Fol- 
lowing ligand binding of the receptor, auto-phyophorylation 
of the tyrosine kinase intracellular domain leads to a cascade 
of intracellular events (Milas etal., 2004). The signalling 
pathway involves activation of RAS and mitogen-activated 
protein kinase (MAPK), which activates several nuclear pro- 
teins, including cyclin D1, a protein required for cell cycle 
progression from G, to S phase. EGFR signalling is critical 
for cell proliferation, but also contributes to other processes 
including angiogenesis, metastatic spread, and the inhibition 
of apoptosis (Huang and Harari, 2000; M oyer et al., 1997). 

Preclinical studies have demonstrated that overexpression 
of EGFR is associated with worse prognosis and greater 
locoregional relapse rates following RT (Bentzen etal., 
2005). The use of EGFR inhibitors may potentially improve 
the outcome of these patients. When used alone, drugs 
targeted at EGFR family members have modest effects, 
with response rates of <15% (Akita and Sliwkowski, 2003; 
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Higgins etal., 2004). However, these drugs show great 
potential when combined with radiation therapy. 


Cetuximab 


Cetuximab is amonoclonal antibody that binds to EGFR with 
subsequent internalization and downregulation (Huang and 
Harari, 2000). A phase III trial in locally advanced head and 
neck cancer was recently reported. Four hundred and sixteen 
patients with advanced head and neck cancer were random- 
ized to at least 70 Gy radiation with or without cetuximab. 
Patients treated with radiation and cetuximab had an increase 
in median survival of 54 versus 28 months for patients treated 
with radiation alone. There was an improvement in both 
locoregional control and overall survival (P = 0.02) favour- 
ing the cetuximab arm (Bonner et al., 2006). However, it is 
still unclear whether there will be an additional benefit of 
EGFR inhibitors in combination with the current standard of 
care using chemoradiation. 


Tyrosine Kinase Inhibitors (TKI) 


Targeting the intracellular tyrosine kinase domain repre- 
sents an alternative strategy to monoclonal antibodies. R ecent 
studies have indicated that patients with a response to 
the reversible tyrosine kinase inhibitor, gefitinib, in locally 
advanced lung cancer carry a specific mutation in the EGFR 
kinase domain that confers susceptibility to gefitinib. It is 
uncertain whether these mutations also convey radiosensiti- 
zation (Kobayashi et al., 2005). 

Erlotinib is a potent and reversible quinazoline-type 
inhibitor of human EGFR tyrosine kinase that inhibits prolif- 
eration of tumour cells in cell culture, blocks cell cycle pro- 
gression at the G, phase, and triggers apoptosis (Chinnaiyan 
et al., 2005). A preliminary report of a randomized, placebo- 
controlled trial indicated that erlotinib prolonged overall 
survival in NSCLC patients following first-line or second- 
line chemotherapy compared with placebo. In this trial of 
731 patients, the median overall survival was 6.7 versus 
4.7 months (hazard ratio (HR) = 0.73; 95% Cl, 0.6- 0.87; 
P = 0.001) (Shepherd etal., 2004). Erlotinib has also 
demonstrated an improvement in overall and progression- 
free survival in addition to gemcitabine in patients with 
advanced pancreatic cancer in phase III NCIC trial (Moore 
et al., 2005). The most common toxicities observed in the 
erlotinib arm were rash, diarrhoea, and stomatitis. It will be 
of interest to combine these TK Is with radiation. 


Bevacizumab 


Bevacizumab is a humanized mouse monoclonal anti- 
body that binds vascular endothelial growth factor receptor 
(VEGFR) (Hurwitz etal., 2004). In a phase III trial of 
metastatic colon cancer patients, bevacizumab combined with 
infusional 5-FU, leucovorin, and irinotecan improved over- 
all survival, disease-free survival, and duration of response 


compared with chemotherapy alone (Crane etal., 2006). 
Preliminary results indicate that bevacizumab along with 
radiation can decrease tumour perfusion, vascular volume, 
microvascular density, as well as the number of viable pro- 
genitor endothelial cells. 


Bortezomib 


Bortezomib prevents proteolysis by inhibiting the protea- 
some, and has been shown to suppress nuclear factor kappa 
B (NF-«B) gene expression under normal activating stim- 
uli. Preclinical studies have shown that bortezomib renders 
tumour cells sensitive to radiation in culture and in xenograft 
models (Russo et al., 2001). 

Bortezomib with concurrent radiation was shown to induce 
detectable differences in NF-«B localization, apoptosis, and 
NF-«B-modulated genes and cytokines in tumour and serum 
in association with tumour reduction, indicating that the 
combination of bortezomib with radiation merits future 
investigation (Van Waes et al., 2005). 


CONCLUSION 


In this review, we have briefly summarized the exciting 
advances in functional and metabolic imaging that have 
improved target volume definition in RT planning, mod- 
ern techniques in radiation therapy planning and delivery, 
such as IMRT to deliver highly conformal RT, as well as 
the use of novel radiosensitizers with concurrent radiation 
to improve the therapeutic ratio and overall outcome. Sub- 
stantial progress has been made in identifying the targets of 
radiation sensitizers as well as in the introduction of a new 
generation of molecularly targeted therapies in combination 
with radiation. 

However, many important clinical areas of research still 
remain. Tumours such as malignant gliomas are heteroge- 
neous in their response to radiation. There are variations not 
only among individuals but also within an individual tumour. 
As more data are gathered regarding an individual tumour’ s 
response to radiation, the use of non-uniform dose distribu- 
tions tailored to a biologic target volume may be feasible. 

The novel use of non-invasive functional imaging tech- 
niques can also enable us to develop surrogate end points 
of treatment response and overall outcome. For instance, 
dynamic contrast-enhanced MRI as a surrogate marker of 
increased permeability has been used to assess response to 
anti-angiogenic therapy, such as bevacizumab with concur- 
rent radiation and the growing clinical availability of 3T 
magnets should facilitate this form of research. 

Although information is now becoming available on the 
ability to select patients for targeted therapies alone (i.e., 
EGFR mutations in NSCLC), the role of target selection is 
relatively unexplored when targeted therapies are combined 
with radiation. A selective cytostatic effect from molecularly 
targeted therapy could markedly enhance the effectiveness of 
a fractionated course of radiation by preventing accelerated 
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repopulation during treatment. Although an overall survival 
benefit has been demonstrated with the combination of 
cetuximab with radiation in head and neck cancer, it is 
unclear whether all patients will benefit from the combination 
especially with concurrent chemotherapy. There is a clear 
need to continue to perform well-designed preclinical and 
clinical studies to further improve both the biologic as well 
as technical advances that have been achieved to date in the 
modern era of radiation therapy. 
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INTRODUCTION 


The use of chemo- and radiotherapy remains central to the 
treatment of malignancy. However, it is still not curative 
for a large proportion of patients and continues to be a 
source of significant morbidity through toxicity. Gene and 
viral therapy represent a novel therapeutic strategy. The aim 
of gene therapy is to treat cancer either by the introduction 
of genes that will sensitize tumour cells to other therapies, 
replace a mutated gene with a wild-type copy, or activate an 
antitumour host immune response. Viruses can be used as 
vectors for carrying therapeutic transgenes, as well as being 
oncolytic in their own right. 

Using viruses to treat tumours is based on the inherent 
ability of a replicating virus to eventually destroy its host 
cell. The virus life cycle is summarized as entry into host 
cell, replication of viral DNA, assembly of new virions, and, 
finally, lysis of host cell and release of virions. Oncolytic 
viruses are tumour specific, causing lysis of tumour cells and 
not normal cells. The use of viruses as an anticancer therapy 
originated from reports of spontaneous regressions of solid 
tumours, for example, Hodgkin’s and Burkitt's lymphoma 
following natural infections with measles virus (Bluming and 
Ziegler, 1971; Taqi et al., 1981). Since 1998 there have been 
over 30 phase | and II clinical trials using oncolytic viruses 
alone, as gene therapy carriers, or as combination treatments 
with chemo- and radiotherapy. 

This chapter will focus mainly on oncolytic viruses and 
the approaches towards their optimization as a targeted 
anticancer therapy, as well as their use as gene therapy 
vectors. More recently, there has been increasing interest 
in the development of non-viral vectors as gene therapy 
carriers, and this is discussed towards the end of the chapter. 
Throughout the chapter, there is emphasis, where appropriate, 
on published data regarding human clinical trials. 


ONCOLYTIC VIRAL THERAPY 


Central to the safety of oncolytic viral therapy is the 
use of a virus that will specifically replicate within and 
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lyse tumour cells while leaving surrounding normal cells 
intact. There are viruses that are naturally tumour selective 
and viruses that have been engineered to become tumour 
specific. Engineered tumour specificity has been achieved 
in three main ways (i) by deleting viral genes that are 
necessary for viral replication in normal cells but not 
necessary for replication in tumour cells; (ii) by placing 
viral genes, responsible for initiation of replication, under 
the control of promoter sequences that are active in tumour 
cells only; and (iii) by modifying viral coat proteins so 
that the virus binds to and is internalized by tumour cells 
specifically. 


NATURALLY OCCURRING TUMOUR-SELECTIVE 
VIRUSES 


M any of the cellular changes that occur in response to a viral 
infection mimic those that occur during carcinogenesis, for 
example, inactivation of p53 and uninhibited cell cycling. For 
this reason, there are some naturally occurring viruses that 
preferentially grow within tumour cells. This makes them 
ideal candidates for oncolytic virotherapy. 

Reovirus is an example of a tumour-selective virus. 
Reovirus selectively replicates in cells with defects in the 
RAS oncogene pathway (Coffey etal., 1998). Constitutive 
activation of the Ras pathway, as occurs in most tumours 
(see Signalling by Ras and Rho GTPases), allows the virus 
to circumvent the PKR (ds-RNA-activated protein kinase) 
pathway, a natural intracellular defence against viral infection 
whereby host-cell protein synthesis is shut off in response to 
the presence of viral ds-RNA (Figure 1). Reovirus has shown 
tumour selectivity in breast, colon, and ovarian carcinomas 
as well as lymphoid malignancies in vitro and in xenograft 
mouse models (Alain etal., 2002; Hirasawa etal., 2002; 
Norman et al., 2002). There have been no published studies 
in humans. 

Newcastle disease virus (NDV) is similar to reovirus 
requiring constitutive activation of the Ras pathway in 
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order to replicate (Lorence etal., 1994). This virus is 
non-pathogenic in humans, being a chicken paramyxovirus. 
A naturally attenuated strain, PV 701, has been used in a 
human clinical trial in patients with advanced solid malig- 
nancies. This phase | trial reported one complete remis- 
sion and one partial remission out of 62 patients with 
minimal associated toxicity (Pecora etal., 2002). Simi- 
larly, a live attenuated strain of NDV, MTH-68/H, was 
used to treat high-grade gliomas in a phase | trial. Four 
patients received the virus regularly for the duration of 
their survival and survival rates at the time of publica- 
tion were quoted to be between 5 and 9years (Csatary 
et al., 2004). 

Vesicular stomatitis virus (VSV) is not pathogenic in 
humans. VSV is very sensitive to the antiviral effects of 
interferon (IFN). The PKR pathway has been shown to be 
the major component of IFN-mediated resistance to VSV 
(Stojdl etal., 2000). PKR is activated by IFN and this 
pathway is frequently mutated in cancer cells rendering 
them susceptible to the oncolytic effect of VSV (Figure 1). 
Attenuated strains of VSV have shown selectivity for human 
tumour cell lines in vitro, as well as showing an antitumour 
effect in xenograft models of human ovarian cancer, while 
being attenuated for growth in surrounding normal tissue 
(Stojdl et al., 2003). 

Autonomous parvovirus differs from other DNA viruses, 
as it is unable to drive resting cells into S phase of the 
cell cycle. The genetic aberrations in most tumour cells 
mean that they are constantly cycling, making parvovirus 
a candidate for tumour-specific cell lysis. To date, there 
is in vitro evidence of the oncolytic effect of parvovirus 
(Herrero et al., 2004), but there are no studies in humans 
yet. 


Double-stranded RNA-activated protein kinase (PKR) pathway (the sites of interaction by different viruses is shown in blue.) 


ENGINEERED TUMOUR-SELECTIVE VIRUSES: 
DELETION MUTANTS 


Adenovirus Gene Deletion Mutants 


Of the 40 known adenovirus serotypes, types 2 and 5 are 
used most extensively in the development of oncolytic ade- 
noviruses. There are several biological features of the virus 
that make it attractive for oncolytic virotherapy. The viral 
genome does not integrate into the host cell genome, mak- 
ing the risk of recombination and mutation low. The genome 
is well characterized and the technology to manipulate the 
viral genome is readily available. In a single replicative cycle, 
the viral load is amplified 1000-fold, making manufacture of 
high titre viral stocks possible. M ost importantly, the wild- 
type virus causes mild disease in humans, the main symptoms 
being those of upper respiratory tract infection and conjunc- 
tivitis. 

In order to produce progeny virus and propagate infec- 
tion within the body, the adenovirus must utilize the infected 
host cell machinery to replicate its DNA and synthesize 
new viral proteins. Transcription of adenoviral genes occurs 
in two main phases: early and late. Most normal epithe- 
lial cells in the virus-targeted tissues exist in a quiescent 
state and the function of the first two adenoviral genes to 
be transcribed, E1A and E18, is to drive the cell into the 
S phase of the cell cycle, enabling viral DNA replication to 
begin (see Regulation of the Cell Cycle, Cell Cycle C heck- 
points, and Cancer). E1A binds to the host retinoblastoma 
(Rb) family of proteins - pRb, p107, and p130 (see The 
Retinoblastoma Tumour Suppressor). Interaction of E1A 
with Rb frees the E2f transcription factor (Bandara and La 
Thangue, 1991). Free E2f activates a series of genes impor- 
tant for S phase and cell growth (Figure 2). Pushing the 
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Figure 2 The Rb pathway in relation to the cell cycle (the interactions of the adenovirus early gene products is shown in blue and the adenoviral mutants 


are shown in red.) 


cell into S phase activates cellular repair and apoptotic path- 
ways. The E1B gene produces two proteins that act to inhibit 
apoptosis, allowing viral replication to continue unimpeded. 
The E1B-55 kDa protein binds to and degrades p53 (Sarnow 
et al., 1982) and the 19K protein is an analogue of the anti- 
apoptotic factor Bcl2 (see p53 Family Pathway in Cancer) 
(Rao etal., 1992). The remaining early adenoviral genes 
include E2 that is involved in viral DNA replication; E3 
that modulates the host immune response; and E4 that is 
involved in DNA replication, mRNA transport, and inhi- 
bition of apoptosis. The late viral genes are involved in 
assembly of adenoviral particles and eventual lysis of the 
host. 

The first selectively replicating adenovirus, Onyx-015 
(also known as dl1520), has a deletion in the E1B-55kDa 
gene and was described in 1996 (Bischoff etal., 1996). 
Deletion of E1B-55kDa maintains the integrity of p53 in 
normal cells allowing those cells to apoptose in response to 
viral infection, preventing propagation of the virus. Although 
unable to replicate in normal cells with intact p53, Onyx- 
015 is able to replicate in cells with defective p53, a 
feature common to most tumours, making it potentially 
tumour specific. Onyx-015 has been tested in approxi- 
mately 20 phase | and II trials. Modes of delivery have 
included intratumoural, intravenous, intra-arterial, intraperi- 
toneal, and oral. To date, the virus is well tolerated with 
minimal side effects, such as low-grade fever, flu-like symp- 
toms, and reversible derangement of liver enzymes. The 
best responses have been achieved in squamous cell car- 
cinomas of the head and neck whereby the virus has been 
administered intratumourally as a monotherapy (N emunaitis 
et al., 2000; Nemunaitis et al., 2001b) and in combination 
with chemotherapy in patients classified as chemoresistant 


(Khuri etal., 2000; Lamont etal., 2000). In these stud- 
ies, complete responses ranged from 10 to 33% and partial 
responses from 33 to 36%. Importantly, the virus showed 
tumour selectivity with no replication apparent in peritu- 
moural tissue (Ganly etal., 2000). There has been mixed 
success following hepatic arterial delivery of Onyx-015 in 
patients with liver metastases secondary to gastrointesti- 
nal (GI) malignancy (Reid etal., 2001; Reid etal., 2002). 
Success has been limited in other solid tumours including 
pancreas, epithelial ovarian cancer with intraperitoneal deliv- 
ery, hepatocellular and hepatobiliary carcinomas, glioma, 
and advanced sarcoma (Mulvihill etal., 2001; Habib et al., 
2002; Vasey et al., 2002; Hecht et al., 2003; M akower et al., 
2003; Chiocca etal., 2004; Galanis etal., 2005). Table 1 
summarizes all human trials involving oncolytic viruses to 
date. 

Although Onyx-015 was heralded as a tumour-specific 
virus, replicating only in cells with defects in p53 function, 
there has been evidence contradicting this. Replication of 
Onyx-015 has been shown to occur in several cell lines with 
intact p53 (Goodrum and Ornelles, 1998; Rothmann et al., 
1998; Geoerger et al., 2002). Another approach to making 
adenoviruses tumour specific is to target the Rb pathway. In 
2000, results were reported with dl922- 947, a new mutant 
with a deletion of the conserved region-2 (CR-2) of the E1A 
gene (Heise et al., 2000). The CR-2 domain of E1A interacts 
with Rb, driving the cell cycle into S phase. A virus with a 
deletion in this region can only replicate in cells with pre- 
existing defects in the Rb pathway, as is the case with most 
tumour cells. Although this virus has yet to reach clinical 
trials in humans, it shows selective replication in tumour cells 
in vitro as well as potent antitumour activity in mouse models 
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Table 1 

Virus M odification 
Onyx-015  £E1B 55kDa and 


E3B deletion 


Human clinical trials of oncolytic viral therapy. 


Target cancer 
SqCC head and neck 


SqCC head and neck 


SqCC head and neck 


SqCC head and neck 


Primary and 
secondary liver 
tumours 


Pancreas 
SqCC head and neck 


Solid tumour 
malignancy with 
lung metastases 


Colorectal with liver 
metastases 


Hepatocellular 
carcinoma 


GI malignancy with 
liver metastases 


Epithelial ovarian 
carcinoma 


Colorectal 


Pancreas 


Hepatobiliary 
Advanced solid 
tumour malignancy 
Premalignant oral 


dysplasia 


Malignant glioma 


Advanced sarcoma 


M etastatic colorectal 
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M ode of 
delivery of virus 


ntratumoural 


ntratumoura 


ntratumoura 





ntratumoura 
ntratumoural 


ntratumoural 
ntratumoural 





ntratumoural 


Hepatic artery 
Intratumoural 

Hepatic artery 
Intraperitoneal 


Intravenous 


Intratumoural 


Intratumoural 


Intravenous 


Mouthwash 


Directly into 
resected glioma 
cavity 


Intratumoural 


Hepatic artery 


Combination 
therapy 


No 


Cisplatin and 
5-FU 


Cisplatin and 
5-FU 

No 

No 


No 
No 


Yes - varied 
regimens 


5-FU 
No 
5-FU 
No 


No 


Eight injections 
of virus into 
primary via EUS; 
final four 
treatments 
combined with 
gemcitabine 


No 


Irinotecan and 
5-FU IL-2 


No 


Mitomycin-C, 
doxorubicin, 
cisplatin 


5-FU 


Outcome 


No objective responses 


27% CR, 36% PR, 37% SD; 
at 6 months all non-virus 
treated groups had PD 


33.3% CR, 33.3% PR, 
11.1% MR, 22.2% SD 


21% CR 
No objective responses 


No objective responses 
10-14% PR-CR, 41-62% 
SD, 29% PD 


No objective response in 
patients receiving virus 
alone 


No objective responses 








Virus group - 1 PR, 4 PD; 
control group - 2 SD, 3 PD 


11% PR, 15% MR, 33% 
SD, 41% PD 


No objective responses 


2months SD in 7/18 
patients; 4months SD in 
2/18 


2 PR, 2 MR, 6 SD, 11 PD 


6.3% PR, 6.3% SD; 50% of 
patients >50% reduction in 
tumour markers. 


50% PD, 40% SD 
(remaining 10% not 
assessable) 


Histological resolution of 
dysplasia in 37% of 
patients. M ost responses 
transient 


M edian time to 

progression - 46 days, 
median survival 6.2 months. 
Three out of six patients 
alive at >19 months 
follow-up 


1PR,4 SD, 1 PD 


8% PR, 46% SD; median 
survival 

overall = 10.7 months, 
median survival in patients 
with SD = 19 month. 


Reference 
Ganly et al. (2000) 


Khuri et al. (2000) 


Lamont et al. (2000) 


Nemunaitis et al. (2000) 
Habib et al. (2001) 


Mulvihill et al. (2001) 
Nemunaitis et al. (2001b) 


Nemunaitis et al. (2001a) 


Reid et al. (2001) 
Habib et al. (2002) 
Reid et al. (2002) 
Vasey et al. (2002) 


Hamid et al. (2003) 


Hecht et al. (2003) 


M akower et al. (2003) 


Nemunaitis et al. (2003) 


Rudin et al. (2003) 


Chiocca et al. (2004) 


Galanis et al. (2005) 


Reid et al. (2005) 


(continued overleaf ) 
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Table 1 (continued). 
CV 706 E1A regulated by Prostate Intraprostatic 
PSA promoter; 
E3 deleted 
CG7870 E1A driven by Prostate Intravenous 
(aka CV prostate-specific 
787) rat probasin 
promoter; E1B 
driven by human 
PSA 
Ad5- E1B-55kDa Prostate Intraprostatic 
CD/TKrep deleted; insertion 
of cytosine 
deaminase/ HSV 
thymidine kinase 
fusion gene 
Prostate Intraprostatic 
Newcastle None M elanoma 
disease 
virus 
(NDV) 
Advanced solid Intravenous 
tumour malignancy 
High-grade glioma Intratumoural 
Vaccinia- Insertion of M elanoma Intratumoural 
GM-CSF GM-CSF 
Vaccinia- Insertion of PSA Prostate Vaccine 
PSA gene 
Prostate Vaccine 
Vaccinia- Insertion of CEA CEA -expressing Vaccine 
CEA gene tumours 
HSV-1 Deletion of both Malignant glioma Intratumoural 
mutant y34.5 loci and 
G207 the ICP-6 gene. 


No >50% reduction in PSA for DeWeese et al. (2001) 
all patients 
No No partial or complete PSA Small et al. (2006) 


responses. Stable PSA in 
5/23 patients 


No 50% reduction in PSA in 
19% of patients, 25% 
reduction in PSA in 44% of 
patients 


Freytag et al. (2002) 


Radiotherapy 50% of patients achieved 
PSA <0.5ngml-! 


No 55% 15-year survival. 


Freytag et al. (2003) 


Batliwalla et al. (1998) 


No Progression-free survival 
4-31 months; 1/62 CR, 
1/62 PR, 7/62 MR 

No 5-9 year survival 

No 14% CR, 57% PR-MR, 

29% PD; development of 

tumour-specific T cells. 

Stable PSA for 6 months in 

14/33 patients 

No 42% SD; development of 
PSA-specific T cells 


Pecora et al. (2002) 


Csatary et al. (2004) 
Mastrangelo et al. (1999) 


GM-CSF Eder et al. (2000) 


Gulley et al. (2002) 


GM-CSF, IL-2 Generation of CEA-specific Marshall et al. (2000) 
T cells 
No Radiographic and Markert et al. (2000) 


neuropathologic evidence of 
antitumour activity 


PR, partial response; MR, minor response; CR, complete response; SD, stable disease; EUS, endoscopic ultrasound. and PD, progressive disease. 


that was statistically significantly superior to that achieved 
with Onyx-015 (Heise et al., 2000). 

In order to improve tumour specificity, a double mutant, 
AxdAdB-3, was generated with deletions in both E1A and 
E1B (Fukuda etal., 2003). This mutant showed tumour 
selectivity and antitumour effect in gall bladder carcinoma 
cell lines in vitro and in vivo (Fukuda et al., 2003). For this 
virus to replicate the host cell must have deletions in both 
the Rb and p53 pathways and this limits its use because 
double mutations in tumours are less common than single 
mutations. 

A different approach to achieve tumour selectivity has 
been to target the PKR pathway. The intracellular PKR 
pathway is activated by the presence of viral ds-RNA and 
inhibits viral protein synthesis by phosphorylating eukaryotic 
initiation factor 2a (elF2a). Phosphorylated elF2a blocks 
the delivery of transfer RNA to the ribosome during pro- 
tein synthesis (Figure 1). Viruses have evolved mechanisms 
to overcome this pathway, one of which involves virus- 
associated (VA) RNAs that bind to PKR and inactivate it 
(Shenk, 2001). The Ras pathway also acts to inactivate PKR. 
Constitutive activation of Ras, as occurs in most tumours, 


makes the presence of the VA RNAs unnecessary. Delet- 
ing the genes (VAI and VAII) that encode the VA RNAs 
would prevent adenoviral replication in normal cells by acti- 
vating PKR but this is bypassed in tumour cells owing to 
Ras overexpression. The mutant virus dl 331 was engineered 
with a deletion in the VAI gene (Cascallo et al., 2003). This 
virus showed activity in vitro and in vivo against R as-mutated 
tumours (Cascallo et al., 2003). There have been no studies 
of dl 331 in humans. 


Herpes Simplex Virus Gene Deletion Mutants 


Herpes simplex virus-1 (HSV-1) has been most extensively 
studied as a candidate for oncolytic virotherapy. HSV-lisa 
neurotropic virus in humans but rarely causes severe disease 
in immunocompetent adults. HSV-1 has a sizeable genome 
of approximately 152 kb making it an attractive candidate for 
gene therapy as up to 30kb can be deleted to make space for 
insertion of transgenes. 

The first HSV-1 mutant, disptk, was engineered to be 
deleted for the thymidine kinase gene and was attenuated for 
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neurovirulence (M artuza etal., 1991). Endogenous thymi- 
dine kinase, necessary for nucleic acid metabolism, is only 
found in sufficiently high concentrations in replicating cells. 
The mutant dl sptk can only replicate in actively replicating 
cells making tumour cells targets and not resting normal cells. 
This virus showed antitumour activity in glioma cells in vitro 
and in vivo (M artuza et al., 1991). However, HSV capsid and 
core antigens were also detected within normal neurons and 
astrocytes adjacent to the tumour in rat gliosarcomas in vivo 
(Boviatsis et al., 1994). Other safety concerns included the 
fact that disruption of the thymidine kinase gene rendered 
these viruses insensitive to the antivirals acyclovir and gan- 
ciclovir meaning that undesirable viral replication could not 
be blocked by administration of these drugs. 

Like the adenovirus, HSV can block the host defence path- 
way that phosphorylates elF2a preventing host and viral 
protein synthesis. The protein product of the two y34.5 loci 
in the HSV genome interacts with cellular phosphatase la 
to dephosphorylate elF2a (Figure 1). A mutant HSV with 
deletions in the y34.5 loci showed significant attenuation for 
neurovirulence with no replication apparent in normal murine 
neural tissue (Bolovan et al., 1994). Another mutant HSV has 
been engineered to contain a deletion in the ICP-6 gene. This 
gene encodes the enzyme ribonucleotide reductase necessary 
for generation of deoxyribonucleotides for DNA synthesis. 
Unlike normal resting cells, replicating cells produce ribonu- 
cleotide reductase by complementation rendering this virus 
selectively replicative in actively dividing cells like tumour 
cells. The ICP-6 mutant has shown replicative selectivity in 
human colon cancer xenografts grown in livers of mice where 
antitumour activity was achieved with minimal viral replica- 
tion in surrounding normal liver (Carroll et al., 1996). 

Both the y34.5 and ICP-6 mutant have intact thymi- 
dine kinase genes maintaining their sensitivity to antiherpetic 
agents and hence safety. These mutations have been com- 
bined to generate the HSV-1 double mutant G207 (M ineta 
et al., 1995). A phase | clinical trial of G207 in malig- 
nant glioma showed both radiographic and neuropathologic 
evidence of antitumour activity with no associated toxic- 
ity (Markert etal., 2000). NV 1020 is another engineered 
HSV-1 mutant. It is clonally derived from a virus orig- 
inally constructed for vaccine studies against HSV-1 and 
HSV-2. NV 1020 contains a deletion in one of the y34.5 
genes as well as a deletion in the thymidine kinase locus. 
However, it contains an exogenous copy of the thymidine 
kinase gene from HSV-2 maintaining its sensitivity to anti- 
herpetics (Cozzi et al., 2001). This virus shows superior viral 
replication in vitro compared to G207 (Cozzi et al., 2001). In 
an animal model of transitional cell carcinoma of the bladder, 
both NV1020 and G207 showed antitumour effects com- 
parable to Bacillus Calmette-Guerin following intravesical 
delivery, without toxicity to surrounding healthy bladder tis- 
sue (Cozzi et al., 2001). Both G207 and NV 1020 have shown 
antitumour efficacy in animal models of peritoneally dissem- 
inated gastric carcinoma (intraperitoneal delivery), sarcomas, 
and malignant pleural mesothlioma with NV 1020 frequently 
showing superior efficacy over G207 (Bennett et al., 2002; 
Currier et al., 2005; Adusumilli et al., 2006). 


Vaccinia Virus Gene Deletion Mutants 


Vaccinia is a pox-type virus. It causes very mild disease in 
humans and is best known for its use in the live vaccine used 
to eradicate small pox. It has a large 200 kb genome making 
it suitable for insertion of large transgenes. 

The first vaccinia gene deletion mutant contained a 
deletion in the thymidine kinase gene, similar to HSV- 
1 disptk (Puhlmann etal., 2000). A vaccinia thymidine 
kinase- negative mutant expressing luciferase was con- 
structed and demonstrated to show luciferase activity in 
vitro and in vivo in lung, liver, and ovarian tumours tested 
(Puhlmann et al., 2000). 

M ost of the mutant vaccinia viruses have been developed 
for the targeting of therapeutic genes to tumours, and this 
will be discussed later. 


Poliovirus Gene Deletion Mutants 


Poliovirus is an RNA virus responsible for the neurodegen- 
erative condition polio, now controlled in most parts of the 
world due to successful vaccination programmes. Translation 
of the viral RNA depends upon the cell internal ribosome 
entry site (IRES) element. Replacement of the polio IRES 
with its counterpart from rhinovirus 2 resulted in attenuation 
of neurovirulence in primates (Gromeier et al., 2000). This 
particular mutant virus has showed replication in glioma cells 
but not in normal neurons in vitro (Gromeier et al., 2000). 


Influenza Virus Gene Deletion Mutants 


More recently, Influenza A virus has been engineered to 
replicate in cells that contain defective IFN pathways. The 
NS1 protein of influenza is responsible for counteracting the 
host antiviral IFN response. Deletion of the NS1 protein lim- 
its replication to cells with a defective IFN pathway, as is the 
case with most tumour cells. The selective oncolytic poten- 
tial of the NS1-modified influenza virus was demonstrated in 
IFN-resistant melanoma xenografts grown in mice (M uster 
et al., 2004). 


ENGINEERED TUMOUR-SELECTIVE VIRUSES: 
TISSUE-SPECIFIC PROMOTERS 


Certain tumour types express specific gene products, for 
example, alpha-foetoprotein (AFP) in hepatocellular carci- 
noma and prostate-specific antigen (PSA) in prostate cancer. 
Placing early viral genes under the control of the pro- 
moter/enhancer of one of these genes is a mechanism of 
limiting viral replication to tumour cells. 


Adenovirus With Tissue-specific Promoters 


M ost research in this area has involved prostate cancer using 
the PSA gene promoter as a tissue-specific transcriptional 
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control element. The mutant CV 706 is a prostate-selective 
agent with a promoter derived from the PSA gene driv- 
ing adenoviral E1A (Rodriguez etal., 1997). This virus 
has been trialled in a phase | study, delivered intrapro- 
statically in patients with locally recurrent prostate can- 
cer (DeWeese etal., 2001). Patients receiving the highest 
dose experienced >50% reduction in serum PSA; there 
were no significant toxicities, and biopsies showed intrapro- 
static replication of CV 706 (DeWeese etal., 2001). Sub- 
sequent to this was the development of CV 787 containing 
the prostate-specific rat probasin promoter driving E1A as 
well as the human prostate-specific promoter driving E1B 
(Yu etal., 1999). This virus shows improved oncolytic 
efficiency in vitro compared to CV 706 (Yu etal., 1999). 
The results from the human phase | trial of intravenous 
CV 787 for metastatic prostate cancer (known as CG7870 
in the trial) did not, however, show any complete or par- 
tial PSA responses in the 23 patients enrolled (of note, 
the virus was delivered intravenously) (Small etal., 2006). 
Other tissue-specific promoters have included DF 3/MUC1 
(a gene overexpressed in some breast carcinomas) promoter 
driving E1A in human breast carcinoma xenografts (K uri- 
hara et al., 2000); AFP (expressed in 80% of hepatocellular 
carcinoma) promoter driving E1A in human _hepatocel- 
luar carcinoma cell lines in vitro and in vivo (Hallenbeck 
et al., 1999); and a Tcf promoter driving E1A in colorec- 
tal tumours where defects in the Wnt-signalling pathway 
(see Wnt Signal Transduction) occur because of consti- 
tutive activation of promoters with Tcf-binding sites as a 
consequence of APC /f-catenin gene mutations (Fuerer and 
Iggo, 2002). 

The major limitation of tissue-specific promoters is that 
they are targeted to very specific subsets of tumour types 
and even within a tumour it is probable that not all of 
the cells will express the specific tumour marker. Equally, 
some of the tumour-specific antigens are expressed to a 
degree in normal tissue allowing an unwanted bystander 
lytic effect in healthy tissue. One method to overcome this 
is to design promoters that are active in all tumour types. 
As previously mentioned most tumours harbour mutations of 
cell cycle control proteins, such as Rb, leading to constitutive 
overexpression of E2F. Overexpression of E2F continuously 
pushes cells into S phase of the cell cycle causing the 
uncontrolled growth phenotype that defines cancer. The 
mutant virus Ad E2F-1(RC) takes advantage of this by 
having an E2F promoter driving E1A expression (Tsukuda 
et al., 2002). Although this virus did not induce cytolysis 
in non-proliferating normal epithelial cells and fibroblasts, 
it has the potential to cause toxicity by replicating in 
highly proliferative normal tissue such as bone marrow 
and skin. To optimize this strategy further, Ad 01/PEM E 
was designed to contain an E2F antagonist placed under 
the control of a p53 promoter (Ramachandra et al., 2001). 
Normal cells containing functional p53 would express the 
E2F antagonist preventing viral replication, whereas tumour 
cells with defects in p53 would not express the antagonist. 
This virus showed oncolytic efficacy superior to that of 
Onyx-015 in human xenograft tumour models (Ramachandra 
et al., 2001). 


Also common to most tumour cells is reactivation of 
telomerase. During each cell cycle the telomeres at the 
ends of chromosomes shorten, limiting the number of cell 
divisions. The enzyme telomerase is able to lengthen them 
(see Telomerase). Human telomerase reverse transcriptase 
(hTERT) is not expressed in most human somatic cells 
but is upregulated in the majority of cancer cells. Placing 
E1A under the control of an hTERT promoter generated an 
adenovirus, hTERT-Ad, with oncolytic activity superior to 
Onyx-015 in vitro and in vivo (Wirth et al., 2003). 

Another option has been to target the hypoxic fraction 
of tumours particularly as these areas are the most resistant 
to chemo- and radiotherapy. Transcriptional responses to 
hypoxia are mediated by hypoxia-inducible factor (HIF) 
binding to hypoxia-responsive elements (HREs) in target 
genes. HY PR-Ad is a hypoxia/HIF-dependent replicative 
adenovirus whereby a promoter containing an HRE (Post 
and Van Meir, 2003) controls E1A expression. This virus 
showed conditional cytolysis of hypoxic but not normoxic 
cells in vitro (Post and Van M eir, 2003). 


Herpes Simplex Virus With Tissue-specific 
Promoters 


The use of tumour-specific promoters has also been applied 
to HSV-1. An example of this is G92A in which the 
early ICP4 gene is placed under the control of an albumin 
promoter. Albumin is exclusively produced in the liver, 
targeting this virus specifically to hepatocellular carcinoma. 
G92A showed oncolytic effect in xenograft models of 
hepatocellular carcinoma but not prostate cancer in vivo 
(Miyatake etal., 1999). Similarly the HSV-1 mutant d12. 
CALP was constructed with the |CP4 gene under the control 
of a calponin promoter. Calponin is aberrantly expressed 
in a number of sarcomas. This virus showed selectivity 
for calponin-positive synovial sarcoma, leiomyosarcoma, and 
osteosarcoma in vitro and an antitumour effect in vivo 
(Yamamura et al., 2001). 


Parvovirus With Tissue-specific Promoters 


The parvoviral P4 promoter has been modified to contain 
binding sites for the 6-catenin/Tcf transcription factor, sim- 
ilar to that designed for the adenovirus. This virus showed 
high specificity in colorectal carcinoma cell lines where there 
is overexpression of the Wnt-signalling pathway (Malerba 
et al., 2003). 


ONCOLYTIC VIRUSES AND GENE THERAPY 


Inducing an Antitumour Immune Response 


The aim of this therapeutic approach is to recruit the patients’ 
own immune system to generate an antitumour response. 
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This is achieved either by sensitizing the immune system 
to tumour antigens or by stimulating the immune system 
directly, in particular, a cytotoxic T-cell response. 

Vaccinia viruses have been constructed to express tumour- 
specific antigens, in particular, PSA and carcinoembryonic 
antigen (CEA) to generate an immune response against 
prostate cancer and CEA-expressing tumours respectively. 
For prostate cancer, two phase | studies have shown the 
virus to be safe including when combined with granulocyte- 
monocyte colony stimulating factor (GM-CSF) therapy 
(Eder etal., 2000; Gulley etal., 2002). Immunological 
responses were seen as evidenced by an increase in PSA- 
specific T cells that were able to lyse PSA-expressing 
cells in vitro. Stabilization of serum PSA between 11 and 
25 months was also noted (Eder etal., 2000; Gulley etal., 
2002). In CEA-expressing tumours, CEA-specific T-cell 
responses were generated particularly following stimula- 
tion with GM-CSF and low dose IL-2. The treatment was 
well tolerated but with limited clinical activity (Marshall 
et al., 2000). 

The other approach has been to use viruses to express 
cytokine genes within tumours to stimulate the immune sys- 
tem directly. HSV, V SV, and vaccinia have all been modified 
to express IL-12 (Jarnagin etal., 2003), IL-4 (Andrean- 
sky etal., 1998; Fernandez etal., 2002), and IL-2 (Qin 
et al., 2001). Although most oncolytic viruses induce a 
T-cell response in their own right, insertion of cytokine 
genes enhanced this response, an effect associated with 
increased antitumour potency. Insertion of IL-12 into HSV 
induced a significant intratumoural infiltration by CD4* 
and CD8* lymphocytes compared to virus alone in mice. 
This effect appeared to enhance both antitumour potency 
and immune memory as fewer mice treated with the IL- 
12-expressing HSV developed subsequent tumours follow- 
ing a re-challenge with tumour cells compared to those 
treated with HSV alone (43 vs 86% respectively) (J arnagin 
et al., 2003). 

A human phase | trial of a vaccinia/GM -CSF recombinant 
virus has been targeted to treat patients with cutaneous recur- 
rences of melanoma. The virus was delivered intratumourally 
to seven patients twice weekly for 6 weeks and was well tol- 
erated. Treated areas showed dense infiltration by CD4* and 
CD8* lymphocytes, eosinophils and histiocytes, and virally 
encoded GM-CSF messenger ribonucleic acid (mRNA) was 
detected at treatment sites up to 31 weeks (M astrangelo et al., 
1999). The clinical responses, however, were varied. Patients 
with significant tumour burden did not respond. One patient, 
with only dermal metastases, achieved a complete remis- 
sion (Mastrangelo et al., 1999). Vaccinia expressing IL-2 has 
also entered phase | human trials in patients with treatment- 
resistant malignant mesothelioma. In this particular trial, 
vaccinia was rendered replication restricted, the virus being 
used solely as a vehicle for delivery and expression of the 
IL-2 transgene. Restricting the replicative cycle of the virus 
lessens or eradicates its oncolytic potential. Patients were 
treated intratumourally for 12 weeks. Although transgene 
expression was observed and associated with significant T- 
cell infiltrate, it would seem that immune activation alone is 


inadequate as no tumour regressions were observed (M ukher- 
jee et al., 2000). 


Gene-directed Enzyme Prodrug Therapy (GDEPT) 


This method of drug-induced tumour cell death, also known 
as suicide gene therapy, has two fundamental steps. The first 
is the delivery of a gene encoding a non-human enzyme to 
tumour cells, usually via a recombinant virus. The enzyme is 
selected for its ability to convert a non-toxic prodrug into a 
cytotoxic substance that will then destroy the cell in which it 
has been formed. The second step is the systemic delivery of 
the prodrug. The main advantage of this approach is that it 
enables generation of higher drug concentrations selectively 
within a tumour microenvironment than could be achieved 
by systemic delivery alone. There is also a local bystander 
effect seen with this mode of therapy whereby the cytotoxic 
generated within one cell is able to kill neighbouring non- 
transduced cells, particularly important as not every cell 
within a tumour mass will become infected by vector. There 
are four main enzyme systems that have been developed in 
combination with replication-competent viruses - thymidine 
kinase-ganciclovir, cytosine deaminase-5-fluorouracil (CD- 
5-FU), cytochrome P450-cyclophosphamide/Ifosfamide, and 
nitroreductase-C B 1954. 

The herpes simplex virus thymidine kinase (HSV -tk) 
enzyme activates the prodrug ganciclovir by phosphorylating 
it. Ganciclovir triphosphate is an inhibitor of cellular DNA 
synthesis. Introduction of the HSV -tk gene into an oncolytic 
adenovirus in combination with systemic delivery of ganci- 
clovir selectively inhibits DNA synthesis in tumour cells. In 
animal models of glioma and colorectal carcinoma admin- 
istration of ganciclovir in combination with an oncolytic 
adenovirus expressing the HSV -tk transgene improved anti- 
tumour potency compared with virus alone (Wildner et al., 
1999; Nanda et al., 2001). Contrary to this, other studies have 
suggested that this approach does not augment the oncolytic 
potential of the adenovirus (Lambright etal., 2001). This 
may be due to the fact that ganciclovir triphosphate interferes 
with viral as well as cellular DNA synthesis, thus inhibiting 
viral replication. 

The CD-5-FU system involves insertion of the Escherichia 
coli CD gene into an oncolytic virus that converts the pro- 
drug 5-fluorocytosine to 5-fluorouracil. The CD gene has 
been inserted into Onyx-015 and VSV. Both these viruses 
showed improved antitumour potency in the presence of 5- 
fluorocytosine in murine models of colorectal carcinoma, 
mammary carcinoma, and lymphoma (Porosnicu et al., 2003; 
Zhang et al., 2003). To progress this further, a double suicide 
gene therapy approach has been generated using the Onyx- 
015 virus containing both the CD and HSV-tk transgenes 
administered in combination with both 5-fluorocytosine and 
ganciclovir. In cervical carcinoma xenografts therapeutic out- 
come was significantly enhanced by administration of double 
prodrug therapy (Rogulski et al., 2000). The virus also poten- 
tiates the effect of radiotherapy (Rogulski et al., 2000). This 
virus, Known as Ad-CD/TKrep, has entered human phase 
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| trials to treat prostate cancer. The virus was adminis- 
tered intraprostatically followed, 2days later, by systemic 
administration of 5-fluorocytosine and ganciclovir. The treat- 
ment was well tolerated with 19% of patients demonstrating 
>50% reduction in PSA and 44% demonstrating >25% 
reduction (Freytag etal., 2002). A second phase | study 
with Ad-CD/TKrep, also in prostate, combined the dual 
prodrug therapy with radiotherapy. The addition of radio- 
therapy did not cause extra toxicity over and above that 
expected with radiation alone and all 15 patients treated 
demonstrated a significant decline in PSA (Freytag et al., 
2003). At 9 months of follow-up 50% of patients achieved a 
serum PSA <0.5 ng ml-t (Freytag et al., 2003). 

The third gene-directed enzyme prodrug therapy (GDEPT ) 
system involves insertion of the CYP2B1 gene into an 
oncolytic virus. CYP 2B1 encodes a cytochrome p450 oxidase 
that is responsible for activation of the prodrugs cyclophos- 
phamide and ifosfamide. Insertion of the rat CYP2B1 gene 
into HSV-1 improved the cytotoxicity of the virus in the 
presence of cyclophosphamide in vitro and in vivo (Paw- 
lik et al., 2002). This particular HSV-1 mutant retained an 
intact thymidine kinase gene allowing the virus to be attenu- 
ated in the presence of ganciclovir (Pawlik et al., 2002). This 
provides a safety mechanism should toxicity occur. 

The nitroreductase-CB 1954 system involves insertion of 
the E. coli nitroreductase gene into a viral vector in 
order to activate the prodrug CB1954 (5-(aziridin-1yl-)-2,4- 
nitrobenzamide) to a short-lived highly toxic DNA cross- 
linking agent. Originally nitroreductase was delivered in 
a replication-defective adenovirus, meaning that the virus 
has no intrinsic oncolytic potential but is being used as 
a vector only. The virus, CTL102, alone has been tri- 
alled in humans with resectable liver metastases from col- 
orectal carcinoma. The trial confirmed high nitroreductase 
expression at sites of virus administration without toxic- 
ity (Palmer etal., 2004). Trials are underway combining 
CTL102 with CB1954 in patients with inoperable tumours. 
More recently, nitroreductase has been inserted into Onyx- 
015 at the site of the E1B-55kDa deletion. The oncolytic 
viral vector expressed significantly more nitroreductase than 
the replication-defective virus, resulting in greater sensitiza- 
tion of tumour cells to CB1954 both in vitro and in vivo 
(Chen et al., 2004). This translated to improved survival in 
colorectal carcinoma xenografts in mice (Chen et al., 2004). 
To further improve tumour targeting of nitroreductase, the 
gene has been inserted into an oncolytic adenovirus with 
Tcf-binding sites in the promoters driving E1A, E1B, and E4 
(Lukashev etal., 2005). This virus showed greater tumour 
selectivity in colorectal carcinoma xenografts compared to 
Onyx-015; however, addition of CB1954 did not improve 
the antitumour efficacy of the virus in this study (Lukashev 
et al., 2005). 

The main problem with this therapeutic approach is 
the fact that activation of the prodrug may have antiviral 
effects in its own right. Timing of delivery of prodrug 
is clearly important to minimize this. Clinical experience 
to date suggests that this is a well-tolerated therapeutic 
modality even when combined with radiation, and there are 
documented therapeutic responses. 


Replacing Mutated Genes with Wild Type 


The existence of mutations in certain genes responsible 
for cell growth and repair is common to most malig- 
nant cells. One approach to gene therapy is to reinstitute 
control over cell growth and proliferation by introducing 
a wild-type copy of the mutated gene. An example is 
p53, mutated in approximately 50% of solid tumours. In 
the event of DNA damage p53 induces cell cycle arrest 
and initiates DNA repair or induces apoptosis. Delivery 
of wild-type p53 to solid tumours has been studied in 
humans using an adenoviral vector. The studies published 
to date have used a replication-defective adenoviral vec- 
tor. The most recently published study reported delivery 
of the vector intravenously to 17 patients with advanced 
solid tumours. The adenoviral-p53 DNA was detectable by 
PCR in the patients’ serum up to 28days post-treatment, 
but no objective clinical responses were observed (Tolcher 
et al., 2006). 


COMBINING ONCOLYTIC VIRUSES WITH 
CHEMOTHERAPY AND RADIOTHERAPY 


In vitro studies suggest that combining chemo- or radiother- 
apy with oncolytic viruses results in a degree of cytotoxicity 
that is more than additive, implying synergy. The cellular 
mechanisms behind this have yet to be identified and are 
probably multifactorial. In clinical trials, the best results have 
been achieved when oncolytic viruses have been combined 
with chemo- or radiotherapy. 

Both the oncolytic adenovirus Onyx-015 and the oncolytic 
HSV-1 mutant G207 have shown enhanced or synergistic 
cytotoxic effects with chemotherapy in vitro (Heise etal., 
1997; Chahlavi et al., 1999). Chemotherapy does not appear 
to interfere with the cytotoxic properties of the oncolytic 
viruses and the enhanced/synergistic effects of the combined 
treatments makes it possible to administer lower doses of 
chemotherapy without loss of efficacy. The best clinical 
results in human trials have been achieved when Onyx- 
015 has been combined with chemotherapy, particularly for 
squamous cell carcinoma of the head and neck (27 and 
33% complete remission rates) (K huri etal., 2000; Lamont 
et al., 2000). 

In vitro synergy has also been demonstrated with the 
adenovirus CV706 and oncolytic HSV-1 mutants when 
combined with radiotherapy (Advani etal., 1998; Chen 
et al., 2001). In human trials, the combination of adenovirus- 
mediated double suicide gene therapy (Ad-CD/TK rep) with 
radiotherapy produced promising clinical results without 
significant toxicity (Freytag etal., 2003). These results 
suggest that, unlike human genomes, it appears that viral 
genomes experience little damage from ionizing radiation. 
This enables the virus to replicate with unaltered efficiency in 
the presence of radiation, and in some cases, with improved 
efficiency (Chen et al., 2001). 

The cytotoxic effects of oncolytic viruses do not seem 
adversely affected by chemo- or radiotherapy. Human 
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clinical trials, though in early phase, suggest promising 
results with combination therapy. Importantly, the com- 
bined therapies have demonstrated minimal toxicities to 
date. 


NON-VIRAL GENE THERAPY VECTORS 


The benefits of using non-viral vectors is that they are less 
likely to elicit an unwanted immune response, there is no risk 
of recombination, and they are easier to produce on a large 
scale. There are two main types of gene delivery method - 
physical and via a chemical carrier. 


Physical Methods of Delivery 


The physical method of gene delivery involves forcing 
plasmids into cells using mechanical techniques such as 
direct injection, electroporation, gene gun, ultrasound, and 
hydrodynamic injection. The direct injection method can 
be systemic or into skeletal muscle, skin, tumour, or 
specific target organ. The main problem with this tech- 
nique is the rapid degradation of the therapeutic gene by 
nucleases and components of the mononuclear phagocyte 
system. 

Electroporation involves the use of electric fields to 
increase cell permeabilization and facilitate gene transfer 
following injection of therapeutic gene. This method has 
been used in murine models of colorectal carcinoma to 
deliver the IL-12 gene in order to stimulate an antitumour 
immune response (Tamura et al., 2001). In this study, the 
plasmid containing the target gene was injected directly 
into the tumour with resultant antitumour effect and desired 
infiltration by CD8* T cells (Tamura et al., 2001). Delivery 
of the IL-12 gene to treat tumours at a site distant to the gene 
injection site has also been demonstrated. Electroporation 
delivery of the IL-12 gene to skeletal muscle has yielded high 
levels of IL-12 in the serum associated with an antitumour 
effect in murine models of squamous cell carcinoma whereby 
the carcinomas were distant to the injected skeletal muscle 
(Hanna et al., 2001). 

The gene gun method involves creating a compressed 
wave of helium gas that accelerates DNA-coated gold par- 
ticles at high speed. This technique allows direct pen- 
etration through cell membranes into the cytoplasm and 
even the nucleus. However, penetration into tissue is 
shallow using this method and, therefore, it has mainly 
been used for gene transfer to skin (Li and Ma, 2001). 
Ultrasound aids delivery of target genes by increasing 
the permeability of cell membranes to macromolecules, 
such as plasmid DNA. Hydrodynamic injection involves 
rapid injection of large volumes of DNA solution. High- 
pressure injection enhances expression of the target DNA, 
especially in the liver, possibly by facilitating egress 
of the plasmid DNA out of the blood vessels (Budker 
et al., 2000). 


Chemical Carriers 


Chemical methods of gene delivery involve lipids, proteins, 
or polymers that will complex with DNA, condensing it into 
particles and directing it into cells. 

One of the most extensively studied carrier mechanisms is 
the lipid carrier whereby plasmid DNA is contained within 
liposomes. Liposomes were originally designed to carry 
no charge. Neutral liposomes are associated with minimal 
toxicity as they are compatible with biological fluids. N eutral 
liposomes have been used for some time as drug carriers to 
improve tissue penetration. An example in oncology would 
be Caelyx, a liposomal formulation of doxorubicin. The 
liposome maintains doxorubicin in the circulation longer so 
that a greater amount is delivered to the tumour. 

Cationic liposomes are positively charged, forming com- 
plexes with negatively charged DNA through charge inter- 
action. The charge interaction means that the plasmid DNA 
does not have to be trapped inside the liposome potentially 
allowing for transfer of larger DNA molecules. Cationic lipo- 
somes are manufactured so that they maintain a degree of 
positive charge even when bound to DNA, which allows 
efficient interaction with negatively charged cell membranes. 
Following interaction with cell membrane, cationic lipo- 
somes are internalized by endocytosis. The endosome is 
disrupted in the cytosol, releasing the liposome-bound DNA. 
Bound plasmid DNA is imported to the nucleus via the 
nuclear pore complex that recognizes nuclear localization 
signals on the target DNA. Cationic liposomes inhibit gene 
expression so that dissociation of DNA from the liposome 
must occur before transcription occurs. It is thought that this 
is achieved by the effect of anionic lipids within the cell that 
attract the cationic liposomes away from the plasmid DNA 
(Li and Ma, 2001). 

A phase | study in 1993 complexed the HLA-B7 gene 
to cationic liposomes and delivered it intratumourally to 
HLA-B7-negative patients with advanced melanoma (N abel 
et al., 1993). Expression of the HLA-B 7 protein was detected 
in all tumours treated without development of antibodies 
against the foreign DNA. One out of the five patients devel- 
oped regression of directly treated tumours accompanied 
by regression at distant sites (Nabel etal., 1993). Similar 
results were also achieved following intratumoural injec- 
tion of cutaneous metastases with the liposome-complexed 
HLA-A2 gene, particularly in cervical and ovarian carci- 
nomas (Hui etal., 1997). Promising clinical results were 
also seen in patients who received the IL-2 gene complexed 
to the cationic liposome Leuvectin (Vical Inc., San Diego, 
CA) (Galanis et al., 1999). Twenty-four patients were treated 
intratumourally weekly for 6 weeks without significant tox- 
icity. Increased IL-2 expression was detected in biopsy 
specimens from the treated tumours, and this was associ- 
ated with CD8* T-lymphocyte infiltration (Galanis etal., 
1999). One patient with renal cell carcinoma and one with 
melanoma achieved partial responses lasting 16-19 months 
and an additional 11 patients achieved stable disease lasting 
3- 18 months (Galanis et al., 1999). 

Polymers, also known as polyplexes, are synthetic cationic 
structures that form aggregates with DNA through charge 
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interactions similar to cationic liposomes. Polymers transport 
DNA to cells using similar mechanisms to cationic lipo- 
somes. Longer polymers are more efficient at condensing 
DNA and offer better protection of DNA against enzy- 
matic degradation. However, optimization of polymer length 
is important because overcondensation by a long polymer 
may impede release of the DNA following cellular uptake 
(Li and Ma, 2001). The most commonly used polyca- 
tion is polyethyleneimine (PEI), which condenses DNA by 
countercharge complexation and also helps destabilize the 
endosome facilitating release of DNA and its subsequent 
transport to the nucleus (Li and Ma, 2001). Dendrimers are 
a type of highly branched synthetic polymer. They are three- 
dimensional macromolecules built up from a monomer with 
new branches added in a step-wise manner to create a tree- 
like structure. 

Both dendrimers and polymers have entered human clini- 
cal trials as carriers of cytotoxic drugs as a way of improving 
drug delivery to tumour cells at higher concentrations. Poly- 
mers and dendrimers as gene carriers have not been trialled in 
humans to date. However, there are data from animal studies. 
A polypropylenimine dendrimer carrying the tumour necro- 
sis factor alpha (TNFa) gene showed therapeutic efficacy 
in murine xenograft models of epidermoid carcinoma, cervi- 
cal carcinoma, and colorectal carcinoma (Dufes et al., 2005). 
The dendrimer was administered systemically and the TNFa 
expression plasmid was regulated by the telomerase gene 
promoter hTERT, making it tumour targeted. The combina- 
tion of dendrimer and TNFa expression plasmid was more 
potent than either treatment alone, although interestingly the 
dendrimer exhibited some plasmid-independent antitumour 
activity (Dufes et al., 2005). Tumour-specific targeting of 
polymers has been demonstrated in vitro using a PE|-based 
polymer with an attached human epidermal growth factor 
receptor-2 (HER 2)-specific monoclonal antibody (Chiu et al., 
2004). The polymer carried plasmid DNA containing the 
luciferase reporter gene. Transfection ability (as measured by 
luciferase activity) was 20-fold greater in HER2 expressing 
cells compared to HER2 negative cells (Chiu etal., 2004). 
This has implications for targeted gene or drug delivery to 
human HER2 expressing breast carcinoma. 

A new approach to vector optimization has been to 
combine viral and non-viral vectors to create a hybrid vector 
as a method of overcoming the limitations of the individual 
vectors. Virosomes are liposomes that contain viral antigens 
embedded in their membranes. The advantage of virosomes 
is that they stimulate both the innate and adaptive immune 
system and mimic the natural way of antigen presentation. 
For this reason, their main application currently is the 
development of cancer vaccines (see Cancer Vaccines). 


SAFETY, EFFICACY, AND FUTURE DIRECTIONS 


The biggest setback to viral gene therapy came in 1999 when 
an 18-year-old boy, J esse Gelsinger, died while participating 
in a gene therapy trial. Gelsinger who suffered from ornithine 
transcarbamylase (OTC) deficiency was administered an E1- 


and E4-deleted adenovirus containing the OTC transgene. 
Within 4hours of receiving the treatment he became unwell, 
eventually developing disseminated intravascular coagulation 
and multiorgan failure from which he died 4days later. The 
virus had been administered systemically and his death was 
attributed to a massive inflammatory response aimed at the 
vector itself. It remains unclear why this toxicity occurred, 
particularly as a female patient had previously been safely 
administered the same dose of vector. 

In oncology, the safety profile to date has been good. The 
most commonly reported toxicity has been flu-like symptoms 
particularly if the virus has been administered systemically 
rather than intratumourally. These symptoms are attributed 
to an increase in cytokines, such as TNFa, interleukins, 
and interferon y. Other reported side effects have included 
reversible elevations in liver enzymes and bilirubin. Other 
theoretical safety issues include the possibility that a virus 
might revert to or recombine with its wild-type strain. This 
would alter its tropism and possibly increase its potential to 
become transmissible to other humans. 

One of the main hindrances to the efficacy of oncolytic 
viral therapy is activation of the immune system. On the 
one hand, immune activation can have a beneficial antitu- 
mour effect and on the other it can hinder viral therapy 
through activation of an antiviral innate immune response 
followed by the production of virus-specific neutralizing anti- 
bodies. The presence of neutralizing antibodies appears to 
be more important when virus is administered systemically 
having little effect on viral infection and replication when 
virus is administered intratumourally. This clearly limits the 
application of viral therapy to accessible tumours and makes 
treatment of visceral metastatic disease difficult. Within the 
adenovirus genome the early E3 genetic region functions 
to suppress the host immune response through mechanisms 
such as downregulation of MHC I, host protection from 
lysis by TNF-a, and downregulation of receptors involved 
in apoptosis such as Fas and tumour necrosis factor- related 
apoptosis-inducing ligand (TRAIL) (Andersson et al., 1985; 
Burgert and K vist, 1985; Gooding et al., 1988; Stewart et al., 
1995; Shisler et al., 1997). This enables the virus to hide 
from the immune system improving its potential to replicate 
and spread within the host. The E3 region is not necessary 
for virus survival in vitro and has traditionally been deleted 
from most oncolytic adenoviruses to date, including Onyx- 
015, in order to create space within the genome for insertion 
of transgenes. There is increasing interest in the adenovirus 
E3 region and in manipulation of the host immune response 
to improve persistence of virus within the body without los- 
ing any of the immune-mediated antitumour effects. 
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IMMUNOTHERAPY 


Immunotherapy has the potential to provide non-cross- 
resistant mechanisms of antitumour activity that could be 
effectively integrated with other treatment modalities includ- 
ing surgery, radiation, chemotherapy, and targeted ther- 
apies. A major advantage of immune-based therapies is 
the ability to target specifically the transformed tumour 
cell relative to the normal cell of origin. As a result, 
minimal and less severe non-specific toxicities would be 
expected when compared with other cancer treatment modal- 
ities. A fundamental requirement towards the development 
of an effective immunotherapy approach is the recogni- 
tion of tumour-specific proteins and more specifically the 
recognition of immunoreactive or immunodominant tumour- 
specific antigens. While a number of tumour-specific anti- 
gens have been reported (most notably in melanoma and 
renal cell cancer (Vieweg and Jackson, 2004; Mulders 
et al., 2003; Wang and Rosenberg, 1999)), the clinical 
translation into the development of effective immunother- 
apy has been limited (Krejci etal., 2004 Michael and 
Pandha, 2003; Sondak et al., 2006; Boon et al., 2006). These 
observations have revealed that the immunologic interac- 
tion between tumour and host is complex and involves 
a delicate balance of tumour antigen recognition versus 
tumour escape through immune regulatory pathways (Gajew- 
ski et al., 2006; Laheru and Jaffee, 2005). As we begin to 
understand more about these mechanisms of immune modu- 
lation, new opportunities for immunotherapy have emerged. 
They range from antigen-targeted treatment to vaccines that 
enhance tumour-specific antibody and cellular responses. We 
will review the important features of an effective antitu- 
mour immune response, discuss the results of some of the 
more promising strategies that are currently under clini- 
cal development as they relate to pancreatic cancer, and 
offer a prediction of what can be expected in the near 
future. 
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Features of the Immune System Pertinent for 
Successful Cancer Immunotherapy 


The immune system comprises a number of cell types which, 
when activated, are extremely efficient at recognizing and 
killing their target (Greten and Jaffee, 1999). In particular, 
B and T cells possess arrays of clonally distributed anti- 
gen receptors that enable them to recognize foreign antigens 
and to discriminate self from non-self. In fact, it has been 
estimated that both T and B cells can express more than a 
million different antigen-specific receptors through recombi- 
nation of the genes encoding for their cognate receptors at the 
time of maturation in the thymus and bone marrow, respec- 
tively (Marincola et al., 2000). Therefore, the immune sys- 
tem should have an unlimited capacity to recognize antigenic 
differences between normal and malignant cells, whether 
they are in the form of the product of a new genetic alter- 
ation, a reactivated embryonic gene, or an overexpressed 
gene. Other cell types that are likely involved in immune 
recognition of cancer include professional antigen presenting 
cells (APCs), particularly dendritic cells and macrophages, 
and natural killer (NK) cells (M arincola et al., 2000). 


Tumours Use Multiple Mechanisms to Evade 
Immune Recognition 


Despite such potential advantages, it was once thought that 
patients with cancer would have depressed immune responses 
given the disease, the associated cachexia and weight loss, 
and subsequent treatment effects. In addition, it has long been 
known that human cancers are, in general, poorly immuno- 
genic. However, it has been demonstrated that, for example, 
following surgery and/or chemotherapy and radiation ther- 
apy, patients with pancreatic cancer are able to mount an 
effective cellular and humoral immune response against com- 
mon antigens in spite of these challenges (Tseng et al., 2005). 
In order for cancers to progress in the context of an immuno- 
competent host, tumour cells must develop local and systemic 


Table 1 


Alteration to 
immune response 


Mechanisms of tumour immune evasion. 


Local factors 
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Systemic factors 


Genetic alterations in 1. HLA class | 
immune cell 2. TAP 
molecules 3. B-2- 
M icroglobulin 
Immune cell 1. IL-10 1. IL-1 
inhibitors 2. TGF-B 2. IL-6 
upregulated 3. COX-2 3. IL-10 
4. VEGF 4. TGF-B 
5. B7-H1 
6. B7-H4 
Immune checkpoints 1. B7-H1/B7-H4 1. B7.1/B7.2 and 
influenced by signalling CTLA-4 
tumours disrupted signalling by 
dendritic cells 
2. B7-DC/PD-1 
signalling by 
dendritic cells 
3. B7-H1/PD-1 
signalling by 
dendritic cells 
Defects in immune 1. Deletion of 1. Peripheral 
cell localization activated T cells deletion of 


via T-regulatory 
cell accumulation 


activated T cells 
via T-regulatory 


in tumours cells 
2. Alterations in 
chemokine 
signalling 
Loss of N/A 1. Dysregulated 


co-stimulation 


function of B7 


family of 
molecules, OX -40 
and CD-40 
Cellular effects 1. T-cell apoptosis 1. Inhibition of 

increased dendritic cell 
maturation by 
production of: 
VEGF 

2. COX-2 
production 


3. VEGF production 


mechanisms that allow them to escape immune recognition. 
Dissection of the complex mechanisms involved in immune 
tolerance to tumours is ongoing in preclinical models and 
in patients. For immune-based therapies to be successful at 
treating pancreatic cancer, they must incorporate strategies 
that can bypass these mechanisms of immune evasion. Per- 
tinent features of these local and systemic mechanisms by 
which tumours evade immune recognition are described in 
the following text and in Table 1. 


Local Processes 


It is clear that the tumour as well as the tumour microenvi- 
ronment play a critical role in immune evasion. In the local 
tumour environment, the loss of appropriate signalling may 
occur by downregulation of human leukocyte antigen (HLA) 
class | molecules through a variety of processes such as loss 
of expression of HLA class | alleles and 6-2-microglobulin, 


and downregulation of transporter associated with antigen 
processing (TAP), which transports antigenic peptides to 
the site in the cell where they bind to newly synthesized 
HLA molecules for presentation to T cells. Such alterations 
within the tumour cell are not uncommon since tumours 
have unstable genomes. The instability of the genome is also 
responsible for the frequently described loss of tumour anti- 
gen expression. In addition to the loss of appropriate antigen 
recognition molecules on the tumour cell, tumour cells nat- 
urally lack expression of co-stimulation molecules, which 
are required for effective T-cell activation. Additional local 
mechanisms of immune escape are known to occur includ- 
ing tumour cell secretion of immunosuppressive cytokines 
such as transforming growth factor (TGF)-81, TGF-82, and 
IL-10, which can further limit host defenses by interfer- 
ing with the production of inflammatory cytokines and/or 
the recruitment of APCs to the tumour microenvironment 
(Laheru et al., 2001; Wolf et al., 2003). 


Systemic Processes 


Efficient immune priming against tumour cells is dependent 
on T-cell receptor (TCR) recognition of specific peptide 
fragments derived from the tumour cell in the context of 
the appropriate HLA class | molecule and co-stimulatory 
molecules. The context in which the antigen is presented 
to the T cell appears to determine whether the T cell 
subsequently becomes activated. In the absence of the 
appropriate co-stimulatory signals, engagement of the TCR 
can lead to ignorance, anergy, or even apoptotic T-cell death 
(von Bernstorff et al., 2001). 

Even in the presence of appropriate co-stimulatory sig- 
nals, systemic mechanisms are in place to actively regulate 
all types of antigen-specific immune responses including 
tumour-specific immune responses. In fact, many years ago 
it had been observed that some chemotherapeutic agents 
(cyclophosphamide and some of the alkylating agents) 
enhance immune-based therapies when given in sequence 
with them (Berd et al., 1986). It was not until recently that 
studies have been able to provide a mechanism for this obser- 
vation. It now appears that the tumours induce regulatory T 
cells (Tregs), previously called suppressor T cells, that secrete 
cytokines including IL-10, turn off activated T cells and also 
induce T-cell apoptosis (Matar et al., 2001). The induction 
of these T regs appears to be tumour antigen-specific, although 
these T cells function in an antigen-unrestricted manner. The 
induction of these regulatory T cells is likely to be a natu- 
ral mechanism by which the host immune system provides 
checks and balances to control all types of immune responses 
(Chen et al., 2003; Piccirillo and Shevach, 2004; Liyanage 
et al., 2002). This response is likely to be only one of many 
natural mechanisms of regulation that need to be temporarily 
overcome to effectively induce systemic immune responses 
to pancreatic cancer. It is important to note that Treg, have 
been isolated from the peripheral blood of patients with pan- 
creatic cancer (Schmielau et al., 2001). 

There are other mechanisms of systemic immune suppres- 
sion that are less well defined. Alterations in expression of 
the TCR on the T-cell’s surface results in downregulation of 
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downstream signal transduction pathways (Takeda and A kira, 
2005). This in turn leads to decreased T-cell proliferation and 
function. It has already been demonstrated that expression of 
the TCR-& chain, which is the large intracytoplasmic homod- 
imer associated with the CD3 complex, is selectively reduced 
in patients with pancreatic adenocarcinoma and other solid 
tumours (Schmielau et al., 2001). The syndrome of cancer 
cachexia is also thought to play a significant role in systemic 
immune suppression associated with pancreatic adenocarci- 
noma. The majority of pancreatic cancer patients develop 
the characteristics of this syndrome including weight loss 
through depletion of adipose tissue and skeletal muscle mass 
as well as the development of secondary states of immune 
deficiency as manifested by suppressed delayed type hyper- 
sensitivity (DTH) responses to common antigens. A number 
of cytokines that have been implicated in the production of 
cachexia are known immunosuppressive cytokines including 
IL-1, IL-6, IL-10, and TGF-6 (Shibata etal., 2002; Ercol- 
ini etal., 2005). Other even less defined factors including 
differences in T-cell avidities for specific tumour antigens 
are likely contributors to the ineffective immune responses 
in cancer patients (Hassan et al., 2006). 


Immunotherapy Clinical Trials 


Currently, immunotherapy strategies under clinical develop- 
ment can be broadly divided into passive and active ther- 
apeutic approaches that will be illustrated here by specific 
examples of their application in one of the most challenging 
clinical targets, pancreatic cancer. Passive immunotherapy 
mainly involves the use of monoclonal antibodies that are 
specifically raised against tumour antigens or proteins that are 
part of critical tumour-associated signalling pathways such as 
HER-2/neu and epidermal growth factor receptor (EGFR). 
Antibodies have so far been the most successful form of 
immunotherapy clinically although none have been approved 
for treatment of pancreatic cancer as yet. A dvantages include 
specific targeting of tumour cells while sparing normal tis- 
sue, relative ease of administration, and low toxicity profile. 
The major disadvantages include the absence of T-cell acti- 
vation, which therefore precludes T-cell-mediated cytotoxic 
killing and the generation of memory immune responses. 
In addition, a potential limiting factor in its use involves 
tumour heterogeneity. Specifically, all tumour cells within a 
proliferating mass may not express the antigen being targeted 
by the antibody. Furthermore, successful delivery of the 
antibody to the tumour’s microenvironment depends on ade- 
quate vascularization, which is seldom uniform within solid 
tumour deposits. Despite these disadvantages, it is encour- 
aging to note that passively administered antibodies have 
already been shown to induce significant clinical responses 
in several diseases including lymphoma and breast cancer. A 
number of monoclonal antibodies have also undergone clin- 
ical testing to assess their ability to treat pancreatic cancer 
(Table 2). Additional studies targeting more recently identi- 
fied tumour antigens such as mesothelin in pancreatic cancer 
are under clinical development (Martagnoni etal., 2005). 
See Antibody Therapy for C ancer. 


Active immunotherapy is typically divided into non- 
specific and specific processes. Non-specific therapy attempts 
to augment an immune response without directly targeting a 
specific tumour antigen. In contrast, active specific or vaccine 
therapy targets specific tumour antigens as a result of the 
induction of antigen-specific B- or T-cell-mediated immune 
responses. The major advantage of active specific therapy 
is the ability to generate antigen-specific memory T-cell 
responses that are capable of being reactivated if tumour cells 
expressing the same antigen profile recur. The induction of 
cellular immune responses has the added benefit of allowing 
natural access to the microenvironment of the tumour. 
Preclinical studies have already shown that T-cell-mediated 
vaccine therapy can induce antitumour immune responses 
that are potent enough to eradicate murine tumours that 
derive from a number of tissue types including colorectal and 
pancreatic tumours (Laheru and Jaffee, 2005). Translation 
of these vaccine approaches into therapies for patients 
with pancreatic adenocarcinoma, are in clinical development 
(Table 2). 


Antigen-based Vaccines 


A few candidate pancreatic antigens recognized by B and T 
cells have already been identified and fall into several cat- 
egories including reactivated embryonic genes (carcinoem- 
bryonic antigen, CEA), mutated oncogenes/suppressor genes 
(KRAS and P53), altered mucins (MUC-1), and overex- 
pressed tissue-specific genes (HER2/neu and Gastrin-17) 
(Hruban et al., 1993; Finn et al., 1995; Apostopopoulos and 
M cK enzie, 1994; Hammarstrom, 1999). Viral vector, protein, 
and peptide vaccines employing some of these antigens have 
been tested in clinical trials. Although T-cell responses have 
been observed, these responses have not yet been correlated 
with clinical regressions (Gjertsen et al., 2001; Ramanathan 
et al., 2005; Marshall et al., 2005; Jaffee et al., 2001; Laheru 
et al., 2004, 2005; Toubaji et al., 2005; Gilliam et al., 2004; 
Morse et al., 2005; Xiong et al., 2004; Kindler et al., 2005). 

Mutated K-Ras vaccines have been the most extensively 
studied peptide/protein-based vaccine approach in patients 
with pancreatic adenocarcinoma. In the largest study, patients 
with either resected or advanced pancreatic adenocarcinoma 
were intradermally administered a 17 amino acid peptide 
containing either the specific K-RAS codon 12 mutation 
(resected disease) or a mixture of four K-Ras peptides con- 
taining the four most common mutations (advanced disease). 
Human granulocyte/macrophage- colony-stimulating factor 
(GM-CSF) (40 um) was administered intradermally prior to 
peptide vaccination. Patients were vaccinated weekly for 4 
weeks and were given booster injections at weeks 6 and 
10. Peptide vaccination was well tolerated in all 48 patients. 
Of the 48 vaccinated patients, 43 were evaluable for induc- 
tion of immune response. A positive DTH (measured as 
>5mm induration 48 hours postvaccination) was observed 
in 21/43 evaluable patients. In addition, the peptide vaccine 
elicited a positive mutated K -Ras specific proliferative T-cell 
response in the peripheral blood of 17/43 evaluable patients. 
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Table 2 Clinical testing of monoclonal antibodies in the treatment of pancreatic cancer. 


Study 


Gjertsen et al. 
(2001) 


Jaffee et al. 
(2001) 


Laheru et al. 
(2005) 


Toubaji et al. 
(2005) 


M orse et al. 
(2005) 

Ramanathan 
et al. (2005) 


Marshall et al. 
(2005) 


Gilliam et al. 
(2004) 


Laheru et al. 
(2004) 


Xiong et al. 
(2004) 
Kindler et al. 
(2005) 


Patient number/ 
stage of disease 


10 resected/38 
advanced 


14 patients/adjuvant 


60 patients/adjuvant 


12 (5 resected 
pancreas 7 patients 
with resected colon) 


14 
patients/metastatic 


8 patients/adjuvant 


58 CEA-expressing 
tumours (25 colon 
cancer, 7 “other” GI 
cancer) 


154 
patients/metastatic 


50 
patients/metastatic 


41 patients/EGFR+ 


33 
patients/metastatic 
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Antigen selection 
Mutated K -Ras 


Whole cell 


Whole cell 


M utated K -Ras with 
DETOXTM 


rF-CEA-TRICOM 


MUC-1 


CEA + TRICOM 


G17DT gastrin 
peptide 


Whole cell 


EGFR 


Soluble VEGF 


Delivery 


Intradermal 
paraumbilical + 
GM -CSF 


GM-CSF genetically 
engineered 
allogeneic vaccine 
administered ID 


GM-CSF genetically 
engineered 


M utant peptide 
administered SQ 
every 4 weeks 
maximum six 
vaccines 


Antigen pulsed onto 
DC 


MUC-1 pulsed on 
DC q 3 weeks for 
three vaccinations 
Stage |: dose escalate 
rF-CEA-TRICOM 


Stage Il: rV-CEA + 
MTD-rF-CEA 

Stage III: 
rV-CEA/GM + 
rF-CEA/GM 

Stage IV: 
rV-CEA/GM + split 
rF-CEA/GM 

G17DT versus 
placebo (weeks 0, 1, 
3, 24, 52) 

Cohort A: 30 
patients - GM-CSF 
vaccine administered 
ID 


Cohort B: 20 
patients - cytoxan 
and GM-CSF 
vaccine 
Gemcitabine + 
cetuximab 
Gemcitabine + 
bevacizumab 


IFN, interferon; OS, overall survival; CRC, colorectal cancer; TTP, time to tumour progression 


M edian survival 


25 months for 
resected 


NA 


NR 


44.4 months 
(pancreas) 


41.5 months 
(CRC) 


NR 


NR 


NA 


151 versus 
82 days 

(p = 0.03) 
Cohort A: 
2.3 months 


Cohort B: 
4.7 months 


7.6 months 


12.4 months 


Comments 


M edian survival 

148 days for immune 
responders versus 

61 days for non-immune 
responders 


Safe; three long-term 
survivors (all now 8+ 
years) with positive 
DTH to autologous 
tumour responses and 
mesothelin-specific 

T cells 

Preliminary report 
1-year survival 88%; 
2 years 76% 


5/11 evaluable patients 
with >1.5 X increase 
IFN-y after three 
vaccinations 


CEA-specific immune 
responses 

Isotype switch by 
ELISA in two patients 


Vaccines safe; 23 
patients (40%) with 
stable disease at 

4 months; trend towards 
enhanced CEA -specific 
immune responses for 
patients treated on 
stage IV 


Safe, no immune end 
points reported 


30/50 patients received 
>2 previous chemo 
schedule safe; 3 
long-term survivors 

>l year 

Mesothelin epitopes are 
identified exclusively in 
patients with prolonged 
TTP and OS 


1-year survival 32% 


1-year survival 54% 


Reference 


Gjertsen et al. 
(2001) 


Jaffee et al. 
(2001) 


Laheru et al. 
(2005) 


Toubaji et al. 
(2005) 


Morse et al. 
(2005) 

Ramanathan 
et al. (2005) 


Marshall et al. 
(2005) 


Gilliam et al. 
(2004) 


Laheru et al. 
(2004) 


Xiong et al. 
(2004) 
Kindler et al. 
(2005) 
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Interestingly, K-Ras specific tumour infiltrating lymphocytes 
were identified in a subset of tumour biopsies from four 
immunologically responding patients at week 14. Mean sur- 
vival of patients following resection was 25.6 months. In 
the group with advanced disease, stable disease was seen 
in 11/34 evaluable patients. An immune response (defined 
as either a positive DTH or a proliferative T-cell response) 
was observed in 20 of the 34 treated patients including all 
11 patients demonstrating stable disease. The median sur- 
vival in the group who demonstrated an immune response 
was 148 versus 61 days in the group that did not demon- 
strate an immune response (P = 0.0002) (Table 2) (Gjertsen 
et al., 2001). 

Mucin-1 (MUC-1) is a glycosylated transmembrane pro- 
tein that is uniquely characterized by an extracellular domain 
that consists of a variable number of tandem repeats of 20 
amino acids rich in proline, serine, and threonine residues. 
While normally present lining ductal epithelial surfaces 
including the gastrointestinal tract, altered MUC-1 is over- 
expressed on the cell surface of many cancers including 
pancreatic adenocarcinoma. Data from animal and phase 
| clinical studies have demonstrated that HLA -unrestricted 
T cells isolated from patients with MUC-1 expressing 
tumours can recognize these exposed epitopes and can induce 
MUC-1 specific DTH responses. M ore recently, immuniza- 
tion with MUC-1 peptide has been shown to induce an 
HLA-A2-restricted T-cell response (Table 2) (Ramanathan 
et al., 2005). 

CEA is another glycoprotein that is overexpressed in 
pancreatic cancers. A CEA vaccine approach has been 
tested in 18 patients with CEA -expressing advanced tumours, 
including one patient with pancreatic adenocarcinoma. A 
recombinant vaccinia virus containing the CEA gene (rV- 
CEA) was generated, as the vaccinia virus is capable of 
infecting APCs and could therefore potentially present CEA 
to both CD4+ and CD8* T cells. In addition, a second 
recombinant anti-CEA vaccine, avipox-CEA (ALVAC) was 
generated. The avipox virus is similar to the vaccinia virus 
but is not capable of infecting mammalian cells and would 
therefore pose a decreased risk for a systemic infection. 
Patients were assigned to one of two cohorts. The first 
cohort received one vaccination of rV-CEA followed by 
three vaccinations of ALVAC at 4-week intervals. The second 
cohort received vaccinations 4 weeks apart in the reverse 
sequence. A second CEA vaccine study using this approach 
combined with GM-CSF is ongoing (Table 2) (Marshall 
et al., 2005). 


Whole Tumour Cell Vaccines 


Whole tumour cell vaccine approaches involve the use 
of autologous or allogeneic tumour cells to stimulate an 
immune response. However, studies aimed at dissecting 
antitumour immune responses have confirmed that most 
tumours are not naturally immunogenic. Preclinical models 
suggest that the failure of the immune system to reject 
spontaneously arising tumours is unrelated to the absence 
of sufficiently immunogenic tumour antigens. Instead, the 
problem is derived from the immune system’s inability to 


appropriately respond to these antigens. These findings have 
led to the concept that a tumour cell can become more 
immunogenic if engineered to secrete immune-activating 
cytokines. 

Tumour cells genetically modified to secrete immune- 
activating cytokines have been extensively studied for their 
ability to induce systemic antitumour immune responses. 
Preclinical studies have shown that these vaccines can 
induce immune responses potent enough to cure mice of 
pre-established tumours. In one comparison study of 10 
cytokines, GM-CSF was most potent, generating systemic 
immunity dependent on both CD4+ and CD8* T cells 
(Dranoff et al., 1993). GM-CSF is known to be involved in 
the recruitment and differentiation of bone marrow - derived 
dendritic cells and dendritic cells are known to be the 
most efficient APCs at activating T cells. Studies aimed at 
optimizing this cytokine-secreting tumour vaccine approach 
confirmed that GM-CSF secretion must be at the site of 
relevant tumour antigen. Simple injection of soluble GM- 
CSF along with the appropriate tumour cells does not provide 
the sustained local levels required to provide a sufficient 
immunologic boost. This information suggested that the mere 
presence of GM-CSF was not sufficient. R ather, the sustained 
release and duration of GM-CSF secretion appeared to 
be critical for priming the immune response. Furthermore, 
high levels must be sustained for several days. In the 
preclinical data, it appeared that a minimum of 35ng/10° 
cells/24 hours is necessary to generate effective antitumour 
immunity (Jaffee et al., 1998). 

The results of a phase | study testing irradiated allogeneic 
pancreatic tumour cell lines transfected with GM-CSF as 
adjuvant treatment administered in sequence with adjuvant 
chemoradiation in patients with resected pancreatic adeno- 
carcinoma was reported. Fourteen patients with stage II or 
III disease received an initial vaccination 8 weeks follow- 
ing pancreaticoduodenectomy. This was a dose escalation 
study in which three patients each received 1 x 107, 5 x 10’, 
and 1 x 108, and five patients received 5 x 108 vaccine 
cells. Study patients were jointly enrolled in an adjuvant 
chemoradiation protocol for 6months. Following the com- 
pletion of adjuvant chemoradiation, patients were re-assessed 
and those who were still in remission were treated with 
three additional vaccinations given 1 month apart at the same 
original dose that they received for the first vaccination. 
Few toxicities were observed. Systemic GM -CSF levels were 
measured to assess the longevity of vaccine cells at the 
immunizing site. Serum GM-CSF levels could be detected 
for up to 96hours following vaccination. Postvaccination 
DTH responses to autologous tumour cells were observed 
in one of three patients receiving 1 x 10° and in two of 
four patients receiving 5 x 10° vaccine cells (Jaffee etal., 
2001). Of interest, overexpressed pancreas tumour antigens 
have now been identified via a number of different strategies 
including serial analysis of gene expression (SAGE) (Argani 
et al., 2001a,b). The most relevant candidate proteins can be 
ranked in order of importance for screening based on the fol- 
lowing additional criteria: (i) proteins that are non-mutated 
and would be generalizable to most patients with that can- 
cer, (ii) proteins thought to be of biological importance to 
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tumour growth and disease progression, and (iii) proteins 
that are not expressed or minimally expressed in normal tis- 
sue. M esothelin is a candidate pancreatic tumour antigen that 
was recently identified using this approach (Swierczynski 
et al., 2004). Mesothelin is a transmembrane glycoprotein 
and derives from a larger protein, mesothelin/megakaryocyte 
potentiating factor (MPF) (Hassan et al., 2004). M esothelin 
is overexpressed by most pancreatic tumours (Swierczynski 
et al., 2004). This antigen was recently identified as a T- 
cell target using lymphocytes that were isolated from three 
pancreatic cancer patients who had been immunized with 
an allogeneic, GM-CSF-secreting pancreatic tumour vaccine 
and who demonstrated other evidence of immune and clinical 
responses (Thomas et al., 2004). As mentioned in the pre- 
ceding text, antibodies against mesothelin are currently being 
tested as therapeutic agents for patients with advanced pan- 
creatic cancer. A follow-up study administering a schedule of 
five vaccinations integrated around chemoradiotherapy for 60 
patients with resected pancreatic adenocarcinoma using the 
highest bioactive vaccine dose identified in the initial phase | 
study has been completed. The administration of a GM -CSF 
allogeneic pancreatic cancer vaccine was safe and well toler- 
ated. Treatment-related side effects included transient vaccine 
injection site reactions. At this early and preliminary analy- 
sis, 56 patients were evaluable at 1 year and 36 patients were 
evaluable at 2 years. The 1-year survival was 88% and the 
2-year survival was 76% (Swierczynski et al., 2004). 


New Immunotherapy Targets 


As additional pancreatic tumour antigens are identified, the 
next significant challenge lies in developing strategies to 
improve the in vivo delivery of these antigens to APCs and 
thereby allow effective antigen processing and presentation 
and subsequent activation of a potent antitumour immune 
response. Dendritic cells (DCs) are now accepted as the 
most efficient APCs in B- and T-cell activation. Several 
clinical trials have tested ex vivo expanded and primed DCs 
as a vaccine approach (M orse et al., 2005). However, these 
studies have revealed the difficulty in reliably producing 
phenotypically mature DCs for clinical testing as only mature 
DCs are capable of efficiently presenting antigens to T 
cells. If antigen is not presented in the proper context 
by mature DCs, immune downregulation or tolerance can 
occur. It has been shown in animal models that immature 
DCs induce T-cell tolerance (Wang et al., 2006; Kim et al., 
2006; M ahnke and Enk, 2005; M ende and Engleman, 2005). 
As an alternative to DC-based delivery, recombinant viral- 
and bacterial-vector delivery systems are currently under 
development or are already undergoing clinical testing. 
The use of modified viral particles or targeted bacteria to 
deliver tumour antigens to the immune system is based on 
the innate ability of the agent to efficiently infect APCs 
in vivo. Early approaches have included viruses, such as 
vaccinia (Marshall et al., 2005; Kochi etal., 2003; Dietrich 
et al., 2003). However, the use of immunogenic vectors 
in cancer patients who have been previously exposed to 
a similar vector often induces vigorous antivector immune 


responses before effective priming against the tumour antigen 
can occur. As such, other viral particles and bacterial 
delivery systems are under development for the treatment 
of pancreatic cancer, including fowlpox viruses and Listeria 
monocytogenes (Kochi et al., 2003; Dietrich et al., 2003). 


Targeting Immune Checkpoints 


In spite of encouraging results from immunotherapy clinical 
trials, it is clear that tumours still grow despite the detec- 
tion of tumour-specific immune responses. To explain this 
observation, it has been postulated that patients with can- 
cer develop peripheral tolerance to their tumour. Insights 
into the mechanisms that underlie immune tolerance have 
provided opportunities for designing combinatorial immune- 
based interventions that enhance the antitumour immune 
response. For example, preclinical studies and early clini- 
cal trials in patients with prostate cancer and melanoma have 
demonstrated that downregulation of signalling through cyto- 
toxic T lymphocyte-associated antigen-4 (CTLA-4), using an 
antagonist monoclonal antibody, increases antitumour immu- 
nity in some patients, even when administered as a single 
agent (Chambers et al., 2001; Kwon etal., 1999; Maker 
et al., 2005, 2006; Reuben et al., 2006; Attia etal., 2005). 
Phase | clinical trials that analyse the effects of combin- 
ing antibodies that block CTLA-4 signalling with antigen- 
targeted vaccination in patients with pancreatic cancer are 
about to begin. 

Tregs are now accepted as another immune checkpoint 
for the systemic regulation of the antigen-specific T-cell 
responses at the tumour site. A number of preclinical studies 
have demonstrated that the administration of Treg-inhibiting 
agents - either immune-modulating doses of chemotherapy 
or an IL-2-receptor-targeted antibody that depletes Tregs - 
to naive hosts increases the antitumour effects of immune- 
based therapies (Berd et al., 1986; Reilly etal., 2001). A 
phase II study compared a whole-cell pancreatic cancer 
vaccine given either alone or in combination with immune- 
modulating doses of the Tyeg-inhibiting chemotherapeutic 
agent cyclophosphamide in patients with metastatic pancre- 
atic cancer who were previously treated with two or more 
chemotherapies. The study reported an increased number of 
patients experiencing progression-free survival in the cohort 
that received cyclophosphamide plus the vaccine (40% of 
patients at 16 weeks), compared with the cohort that received 
the vaccine alone (16% of patients at 16 weeks), (Laheru 
et al., 2004) (Table 2). M ore importantly, post-immunization 
increases in mesothelin-specific T cells were observed almost 
exclusively in patients with prolonged survival. The side 
effects associated with this vaccine approach are limited 
to local, transient, and vaccine skin-site reactions. These 
side effects are usually tolerable and self-limiting, lasting no 
more than 2 weeks and requiring minimal, if any, interven- 
tion. The results of these studies will provide direction for 
the future development of vaccines in cancer. For example, 
immune-based therapies are currently being combined with 
targeted therapies that are believed to have multiple mech- 
anisms (immune and non-immune mediated) of antitumour 
activity, such as inhibitors to EGFR and VEGF receptor. 
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Future Expectations 


There are challenges that must still be overcome if immune- 
based therapies are to play an important role in the treatment 
of advanced cancer. First, immunotherapy must be able to 
circumvent the genetic alterations within a tumour cell that 
result in their ability to evade immunologic recognition and 
eradication. Typically, genetic alterations result in the loss 
of antigen expression or the ability to present antigen for 
adequate immune system activation. One possible solution to 
this problem is to design polyvalent vaccines and antibodies 
that target several tumour rejection antigens. Until recently, 
the known tumour-associated proteins have been few in 
number. With the recent sequencing of the human genome, 
and the availability of rapid gene-profiling techniques that 
are being employed to identify genes involved in tumour 
formation, it is now possible to identify candidate tumour 
antigens that are also the targets of the immune system. It is 
therefore likely that new targets will be tested in immune- 
based therapeutic strategies in the near future. 

It is also unlikely that immunotherapy alone will be 
able to overcome mechanisms that functionally inactivate 
tumour-specific T cells. Consequently, it might be possi- 
ble to enhance the effects of immune-based approaches by 
combining the cytoreductive and/or immune-modulating ele- 
ments of chemotherapy and radiotherapy with the tumour 
cell cytotoxic specificity of immunotherapy. Furthermore, as 
the mechanisms of tumour tolerance become better under- 
stood, it should also be possible to directly modulate specific 
molecular targets that are found to be involved in regulating 
T-cell activation and suppression. Ultimately, the success of 
immune-based therapies will depend on the development of 
multiple strategies that can be applied in synergy. 
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INTRODUCTION 


Systemic cytotoxic chemotherapy has benefited many 
patients with haematological and solid tumours. However, 
the success of cytotoxic drugs is hampered by their tox- 
icity to non-tumour tissue. The relative non-selectivity of 
conventional chemotherapy limits the dose that can be 
delivered to tumours and can cause significant morbid- 
ity (and occasionally mortality) in patients. Therapy with 
small, targeted molecules, for example sunitinib, aims to 
suppress pathways that promote tumour survival, but speci- 
ficity can be limited by the inhibition of multiple targets. 
The exquisite specificity of antibodies potentially over- 
comes this challenge and provides an ideal mechanism for 
targeted cancer therapy. The ability to produce antibod- 
ies with a single specificity, that is, monoclonal antibod- 
ies (mAbs), has produced a revolution in cancer therapy. 
Using hybridoma technology, antibody libraries, or trans- 
genic mice, high-affinity antibodies can be generated against 
an extensive range of targets. mAb therapy can disrupt 
cancer cells using a variety of mechanisms. An mAb can 
target a growth factor or its receptor, initiate an immuno- 
logical assault, activate apoptosis, or deliver a cytotoxic 
payload such as a radioisotope. Furthermore, the physical 
characteristics of mAb-based molecules can be extensively 
modified so that therapeutics can be designed to meet spe- 
cific clinical requirements. Several antibody-based therapies 
are now licensed to treat haematological or solid tumours 
(Table 1). 


THE STRUCTURE OF ANTIBODIES 


Immunoglobulin G (IgG) is the most abundant class of 
immunoglobulins in human serum. Each IgG consists of 
two identical heavy chains and two identical light chains 
held together by disulphide bonds (Figure 1). Comparison 
of the amino acid sequences of different IgG molecules 
reveals that the N-terminal region of each chain contains 


The Cancer Handbook 2nd Edition. Edited by Malcolm R. Alison 
© 2007 John Wiley & Sons, Ltd. 


amino acid sequences that show high levels of variation. 
Hence, each chain consists of a variable region and a constant 
region (the heavy-chain constant region is subdivided into 
C41, C42, and Cy3). Each variable region contains three 
hypervariable complementarity-determining regions (CDRs) 
that confer the specific antigen-binding characteristics of 
an individual antibody. Spatial complementarity between 
antibody and antigen allows non-covalent binding of the two 
molecules. 

In nature, the generation of immense antigen-binding 
diversity occurs due to the random rearrangement of 
immunoglobulin genes during the early development of the 
B cell and subsequent somatic hypermutation. W hile the vari- 
able regions enable antigen binding, the constant regions 
provide secondary biological function. When IgG binds to 
antigen, the Cy2 and C43 regions can bind to fragment 
crystalizable y receptors (FcyRs) on immune cells (e.g., 
natural killer cells, neutrophils, macrophages). Four groups 
of FcyRs exist on immune cells (FcyRI, FcyRII, FcyRIII, 
FcyRIV) and their functions include activation or inhibi- 
tion of effector cell responses and uptake of immune com- 
plexes (Nimmerjahn et al., 2005; Nimmerjahn and Ravetch, 
2006). Binding of IgG to an activating FcyR can initiate 
antibody-dependent cellular cytotoxicity (ADCC). Similarly, 
following IgG antigen binding, the interaction of two or 
more C42 regions with the complement component C1q can 
activate the complement cascade, resulting in complement- 
dependent cytotoxicity (CDC). 


MONOCLONAL ANTIBODIES 


Paul Ehrlich proposed a century ago that therapeutic “magic 
bullets” were required to selectively target cells that caused 
disease. Antibodies provide an ideal format for achieving 
this owing to their exquisite specificity. Kohler and M ilstein 
(1975) described a method to generate a clone of antibodies 
with a single antigen specificity by fusing an antibody- 
generating mouse spleen cell with a mouse myeloma cell. 
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Table 1 Monoclonal antibodies approved for the treatment of cancer. 








Generic name Trade name Target Antibody type Cancer Reference 
Trastuzumab Herceptin HER2 Unconjugated Breast cancer Slamon et al. (2001) 
Humanized 
Piccart-G ebhart et al. 
(2005) 
Romond et al. (2005) 
Bevacizumab Avastin VEGF Unconjugated Colorectal cancer Hurwitz et al. (2004) 
Humanized 
Sandler et al. (2005) 
Yang et al. (2003) 
Cetuximab Erbitux EGFR Unconjugated Chimaeric Colorectal cancer, Cunningham et al. 
squamous cell (2004) 
carcinoma of the head 
and neck 
Bonner et al. (2006) 
Rituximab M abThera, Rituxan CD20 Unconjugated Chimaeric Non-H odgkin’s Coiffier et al. (2002) 
lymphoma 
Forstpointner et al. 
(2004) 
Marcus et al. (2005) 
Alemtuzumab Campath CD52 Unconjugated Chronic lymphocytic Elter et al. (2005) 
Humanized eukaemia 
Gemtuzumab M ylotarg CD33 Conjugated with Acute myeloid Larson et al. (2005) 
ozogamicin calicheamicin, eukaemia 
Humanized 
| britumomab Zevalin CD20 Conjugated with °°Y . Non-Hodgkin's Gordon et al. (2004) 
tiuxetan M urine ymphoma 
Witzig et al. (2002) 
Tositumomab Bexxar CD20 Conjugated with 1341, Non-Hodgkin's K aminski et al. (2005) 
Murine ymphoma 





VEGF - vascular endothelial growth factor; EGFR - epidermal growth factor receptor. 





IgG 
(150 kDa) 


Figure 1 Schematic representation of intact immunoglobulin G (IgG). IgG 
consists of two identical heavy chains and two identical light chains held 
together by disulphide bonds. For simplicity the variable and constant 
regions are labelled only on one side of the molecule. Vy - variable 
heavy region; Vı - variable light region; Cy - constant heavy region; C, - 
constant light region. 





For the first time large quantities of an antibody with a single 
specificity could be generated for a chosen target. 

Bernstein and colleagues (1980) demonstrated that the 
survival of mice with leukaemia can be increased by the 
administration of a murine IgG mAb that targets thymus cell 
differentiation antigen (Thy-1.1) on leukaemia cells. Sub- 
sequent clinical trials provided evidence that mAb therapy 
could induce tumour regression in patients with cancer. For 
example, a murine IgG mAb that targets GD3 (a disialo- 
ganglioside expressed on melanomas) was administered to 
21 patients with metastatic melanoma in a phase | clini- 
cal trial (Vadhan-R aj et al., 1988). Four patients experienced 
a significant reduction in the size of tumour deposits and 
this was believed to be secondary to ADCC and CDC. 
However, 20 of the 21 patients developed human anti- 
mouse antibodies (HAMAs) and 14 patients developed an 
urticarial skin reaction that required treatment. Early clin- 
ical trials not only provided evidence of clinical efficacy 
but also indicated that the immunogenicity of murine mAbs 
needed to be reduced to allow repeated doses of a mAb 
to be given safely and effectively. The key to the devel- 
opment of mAbs into successful therapeutic agents has 
been recombinant technology, which has provided meth- 
ods to reduce immunogenicity and generate a diverse fam- 
ily of mAb-based molecules whose characteristics (e.g., 
valency, molecular size, and clearance) can be modified as 
desired. 
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REDUCING IMMUNOGENICITY 


Immunogenic mA bs stimulate HAMA formation, which can 
increase the risk of anaphylactic reactions, alter the clearance 
of the antibody and reduce or abolish efficacy. M urine mA bs 
are immunogenic even in patients who are receiving intense 
immunosupression. An example of the immunogenicity of 
murine mAbs is provided by muromanab-CD3 (Orthoclone 
OKT®3), an anti-CD3 murine mAb, which is licensed for 
the treatment of acute rejection in kidney, heart, or liver 
transplants. Despite concomitant immunosuppressive ther- 
apy, 60% of patients produce anti-idiotype antibodies and 
44% produce anti-isotypic antibodies against muromanab- 
CD3 (Jaffers etal., 1986). In addition retreatment with 
muromanab-CD3 can cause life-threatening anaphylaxis 
owing to the presence of anti-muromanab-CD3 IgE in the 
serum (Abramowicz et al., 1992). 

Recombinant DNA technology has allowed modification 
of the original murine mA bs to reduce immunogenicity while 
retaining antigen specificity (Figure 2). The first develop- 
ment was the generation of chimaeric mA bs that consist of 
a murine variable region combined with a human constant 
region (Morrison et al., 1984). Chimaeric antibodies are less 
immunogenic than murine antibodies and several antibod- 
ies licensed for the treatment of cancer have a chimaeric 
structure, for example, rituximab and cetuximab. However 
chimaeric antibodies can still be limited by immunogenic- 
ity. For example, 61% of patients who receive infliximab 
(Remicade®), a chimaeric mAb used to treat Crohn's dis- 
ease, develop anti-infliximab antibodies after five infusions of 
the mA b. Patients with high concentrations of anti-infliximab 
antibodies are more likely to have an infusion reaction and 
a shorter duration of treatment response compared with 
patients with low levels of anti-infliximab antibodies (Baert 
et al., 2003). 

The immunogenicity of mAbs can be further reduced 
by the production of humanized mAbs in which the entire 
antibody has human sequences except for the CDRs, which 
remain murine (J ones et al., 1986). Several humanized mA bs 
have been licensed for the treatment of cancer, for example, 
trastuzumab, alemtuzumab, and bevacizumab. 

Two different approaches have led to the development 
of entirely human mAbs. The first has been to create in 
vitro recombinant human antibody libraries (Marks et al., 
1991). Libraries can be generated using light-chain variable 
domain (Vz) genes and heavy-chain variable domain (Vy) 
genes derived from human B lymphocytes and incorporated 
into a selection platform such as phage display. Each 
phage particle expresses a unique antibody on its surface 
and recombinant antibody libraries can contain billions of 
different antibodies. Phage display technology was used to 
generate adalimumab (Humira®), a human antibody that 
targets tumour necrosis factor. Adalimumab is licensed for 
the treatment of rheumatoid arthritis and psoriatic arthritis 
(Weinblatt et al., 2003; M ease et al., 2005). 

Human mAbs can also be produced using transgenic 
mice in which the mouse germ line has been manipulated 
by introducing human heavy- and light-chain genes while 
the endogenous murine antibody genes have been disrupted 


(Lonberg etal., 1994; Green etal., 1994). The transgenes 
function in a manner comparable to native immunoglobulin 
genes, that is, they can undergo V(D)J joining, heavy-chain 
class switching, and somatic mutation. Panitumumab (A BX - 
EGF) is a fully human anti-EGFR mAb generated from 
transgenic mice (Yang et al., 2001). Administration of pani- 
tumumab to 88 patients with advanced renal cell carcinoma 
did not cause any HAMA formation or hypersensitivity reac- 
tions (Rowinsky et al., 2004). 


ANTIBODY FRAGMENTS AND RECOMBINANT 
mAb-BASED MOLECULES 


The essential feature of IgG is the combination of highly spe- 
cific antigen recognition and an ability to activate secondary 
biological functions through the Fc region. The understand- 
ing that different regions of IgG are responsible for different 
functions came from a series of experiments in which IgG 
was enzymatically cleaved. Digestion of IgG with the prote- 
olytic enzyme papain produces two univalent Fab (fragment 
antigen binding) fragments and an Fc fragment that does not 
bind antigen. The enzyme pepsin cleaves IgG at a different 
site producing a divalent F(ab’). fragment and the C-terminal 
portion of the Fc fragment known as pFc’. The enzymat- 
ically produced antibody fragments F(ab’). (divalent) and 
Fab’ (monovalent) retain the specificity of intact IgG but are 
smaller and lack Fc functions. 

Subsequently recombinant technology has enabled the 
production of a variety of novel mAb-based molecules 
(Figure 3). Single-chain fragment variable antibodies (ScF vs) 
are univalent recombinant antibody fragments consisting 
of a Vy joined to a V by a polypeptide linker (Huston 
et al., 1988; Begent et al., 1996). Single-chain Fv antibodies 
(27 kDa) are smaller than intact IgG (150kDa). Dimers con- 
sisting of two scFv molecules (diabodies) can be produced 
by reducing the length of the polypeptide linker between V 4 
and V_, which inhibits intramolecular V4 and V, interaction 
and instead favours dimer formation. Recombinant antibody 
fragments are suitable for incorporation into fusion proteins. 
A fusion protein is generated by combining the gene for 
a recombinant antibody fragment (e.g., scFv) with the gene 
for a second protein (e.g., an enzyme). Hence fusion proteins 
give a second biological function to a recombinant antibody 
fragment. 


THERAPEUTIC TARGETS FOR MONOCLONAL 
ANTIBODIES 


Tumour-specific antigens are molecules that occur only on 
tumour tissue. These antigens are ideal mAb targets but, 
unfortunately, they are very rare. Antibodies have there- 
fore been designed to target the more frequently occurring 
tumour-associated antigens. Tumour-associated antigens are 
overexpressed on malignant tissue but occur to a lesser 
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Figure 2 Schematic representation of murine, chimaeric, humanized and fully human IgG. Murine sequences are shown in pink and human sequences are 
shown in blue. In chimaeric IgG the variable regions are murine, whereas in humanized IgG only the CDRs are murine. Vy - variable heavy region; Vi - 


variable light region. 


extent on normal tissue. Overexpressed growth factor recep- 
tors (e.g., epidermal growth factor receptor, EGFR) and 
oncofoetal antigens (e.g., carcinoembryonic antigen, CEA) 
are examples of tumour-associated antigens. 

The characteristics of antigens can affect the efficacy of 
antibody therapy, for example, shedding of antigen from the 
tumour into the circulation can saturate antibody binding 
sites. In addition, among patients with a particular type of 
cancer there is frequent variation in the level of expression 
of the tumour-associated antigen. This is demonstrated by the 
transmembrane receptor tyrosine kinase HER 2, which is only 
overexpressed in 15-25% of breast cancers. Even within 
an individual tumour there can be heterogeneous antigen 
distribution. However some antibody therapies, for example, 
radioimmunotherapy (RIT), exert a toxic effect that is not 
limited to the individual antigen-positive cell. Radioactivity 
from RIT can kill bystander antigen-negative cancer cells 


(although non-malignant cells nearby may also be killed). 
As stated earlier, a tumour-associated antigen may not be 
entirely confined to tumour tissue and consequently toxicity 
can occur when antibody binds to antigen on non-malignant 
cells. The cardiomyopathy that occasionally complicates 
therapy with the anti-HER2 mAb trastuzumab (Herceptin®) 
is believed to be secondary to the presence of HER2 on 
cardiac cells (Crone et al., 2002). 


DELIVERING A THERAPEUTIC ANTIBODY 
TO CANCER CELLS 


Ensuring that there is sufficient delivery of antibody to the 
tumour is a further consideration in the design of mA b ther- 
apy. Antibody delivery to the peripheral rim of the tumour 
mass is usually good because this region is well perfused by 
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Figure 3 Schematic representation of IgG and smaller antibodies produced by enzymatic cleavage (e.g., F(ab’)2 and Fab’) or recombinant technology 
(e.g. minibody, diabody, and scFv). scFv - single-chain fragment variable antibody; V 4 - variable heavy region; V, - variable light region; Cy - constant 


heavy region; C, - constant light region. 


relatively normal blood vessels from adjacent tissue. How- 
ever, the centre of a tumour is frequently poorly perfused 
and this limits antibody delivery. This challenge has led to 
the combining of antibody therapy with drugs that specifi- 
cally target the central region of a tumour. Combretastatin 
A4 phosphate (CA4-P) targets tumour vasculature causing 
shutdown of tumour blood vessels and consequently cen- 
tral tumour necrosis. Pedley and colleagues (2001) have 
investigated the combination of CA4-P with RIT. In mice 
bearing colorectal xenografts, combination therapy with the 
131|-Jabelled murine anti-CEA mAb A5B7 and CA4-P was 
associated with a complete response (CR) in five of the six 
treated mice. This response remained for more than 9 months 
until the end of the experiment. 13+I-labelled A5B7 given 
alone produced a tumour-growth delay of 35 days, and CA 4- 
P by itself had no effect. Patients with CEA-expressing, 
advanced gastrointestinal tumours are currently being treated 
with 111-labelled A5B7 and CA4-P in a phase I/II trial. 

To achieve maximal therapeutic effect, antibodies that 
reach a tumour need to diffuse throughout the tumour mass. 
Several characteristics of the antibody can affect this pro- 
cess, for example, size, affinity, and valency. These factors 
affect the total quantity of antibody targeted to a tumour, the 
tumour to normal tissue antibody ratio, the depth of tumour 
penetration, and the time course of tumour targeting/antibody 


clearance. Yokota and colleagues (1992) demonstrated that 
tumour penetration occurs more quickly with small antibod- 
ies. The penetration of radiolabelled IgG (150kDa), F(ab’), 
(110 kDa), Fab’ (55 kDa), and scFv (27 kDa) were compared 
in athymic mice bearing human colon carcinoma xenografts. 
The scFv penetrated the tumour more rapidly than the larger 
antibody fragments. The peaks of scFv and IgG penetration 
occurred at 30 minutes and 96hours, respectively. Further- 
more, at 6hours after administration, scFv penetrated the 
tumour faster than Fab’. Since scFv and Fab’ are both univa- 
lent and have similar affinities to the target antigen, it is likely 
that the faster penetration of scFv is due to its smaller size. 
Although small antibodies achieve rapid tumour penetration, 
they are also cleared quickly from the systemic circulation. 
Single-chain Fv antibodies, for example, undergo first-pass 
renal clearance. This fast clearance can reduce the propor- 
tion of injected antibody that reaches each gram of tumour 
tissue. Milenic et al. (1991) demonstrated that 24 hours after 
administration, the percentage of injected antibody per gram 
of tumour tissue (% ID g~*) was less with scFv or Fab’ than 
with IgG or F(ab’)2. 

The affinity of an antibody for the antigen also affects 
quantitative delivery and distribution of the antibody. Exper- 
iments using anti-HER2 scFvs with a variety of differ- 
ent affinities suggest that while low-affinity scFvs achieve 
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reduced tumour localization, very high-affinity scFvs may 
fail to diffuse from the perivascular region (Adams et al., 
1998, 2001). Adams and colleagues (2006) have investigated 
the effects of valency on the retention of antibody in human 
tumour xenografts in mice. A divalent homodimer (consisting 
of two HER2-binding scFvs) was compared with a monova- 
lent heterodimer (consisting of a HER2-binding scFv with a 
non-HER2-binding scFv). These dimers were also compared 
with a smaller monovalent HER 2-binding scFv. Clearance of 
the homodimer, heterodimer, and scFv were very similar. The 
divalent homodimer resulted in significantly greater tumour 
targeting (3.6% ID g~‘) than the monovalent heterodimer 
(1.1% ID g1), indicating that for antibodies of very sim- 
ilar size increased valency increases tumour retention. The 
monovalent heterodimer and monovalent scFv achieved sim- 
ilar levels of tumour targeting (1.1% ID g7} and 1.3% ID 
g~}, respectively). These experiments suggest that for anti- 
body fragments of this size valency is more significant than 
size in determining tumour retention. 


MECHANISMS OF ACTION OF THERAPEUTIC 
ANTIBODIES 


Antibody-Dependent Cellular Cytotoxicity 
and Complement-Dependent Cytotoxicity 


As described in the preceding text (see The Structure of 
Antibodies), a bound antibody is capable of activating 
elements of the immune system to exert a cytotoxic effect, 
that is, ADCC and CDC. Activation of ADCC and CDC 
appears to be important in the mechanism of action of 
the anti-CD20 mAb Rituximab (MabThera®, Rituxan®), 
which is licensed for the treatment of lymphoma. The 
response rate and time to disease progression of patients 
receiving rituximab for follicular lymphoma are significantly 
higher in individuals with certain FcyRila and FcyRllla 
polymorphisms (Weng and Levy, 2003). Furthermore, in 
mice injected with lymphoma cells, the therapeutic effect 
of rituximab is dependent on whether the animals have a 
functioning complement system. In knockout mice that are 
deficient in the complement component Clq the activity of 
rituximab is completely abolished. (Di Gaetano et al., 2003). 

ADCC also appears to be important in the mode of 
action of the anti-HER2 mAb trastuzumab. In mice bearing 
human breast cancer xenografts, the efficacy of trastuzumab 
is enhanced in mice deficient in the inhibitory Fc receptor 
FcyRIlb and reduced in mice deficient in activating Fc 
receptors (Clynes et al., 2000). 


Inhibition of Growth Factors 


The target of a therapeutic anticancer antibody does not 
need to be an epitope on the cancer cell itself. An alter- 
native strategy has been to target a soluble growth factor 
that promotes tumour survival. Vascular endothelial growth 
factor (VEGF) is produced by many types of tumours and 


stimulates angiogenesis (see Angiogenesis). There is evi- 
dence that tumours with a high expression level of VEGF 
behave more aggressively than tumours with a low expres- 
sion level (Ohta et al., 1996). Bevacizumab (Avastin®) is a 
humanized mAb that binds to VEGF and inhibits angiogene- 
sis. The combination of bevacizumab and IFL chemotherapy 
(irinotecan, fluorouracil, and leucovorin) as a first-line ther- 
apy in patients with metastatic colorectal cancer significantly 
increases median survival compared with IFL alone (Hur- 
witz et al., 2004). This trial is the first to demonstrate that 
an anti-angiogenesis mAb can increase survival in cancer 
patients. Therapy with bevacizumab is also associated with 
an increased median survival in non-small cell lung can- 
cer (Sandler et al., 2005) and a prolongation of the time to 
disease progression in metastatic renal cell carcinoma (Y ang 
et al., 2003) (see Anti-angiogenic and Anti-stromal T her- 


apy). 


Inhibition of Growth Factor Receptors 


Activation of cell membrane growth factor receptors can 
stimulate intracellular signalling pathways that promote can- 
cer cell survival. Growth factor receptors can be overex- 
pressed on tumour tissue and, hence, can provide a potential 
target for mAb therapy. Members of the EGFR family have 
been extensively investigated as targets for mAb therapy. 

HER2 is a transmembrane receptor tyrosine kinase and 
a member of the EGFR family (see Signalling by Tyro- 
sine Kinases). Approximately 15-25% of breast cancers 
overexpress HER2, and patients with HER2-positive breast 
cancer have a worse prognosis than patients with HER2- 
negative tumours. Trastuzumab is a humanized mAb that 
targets an epitope on the extracellular domain of HER2. 
Initial demonstration of clinical efficacy was in patients 
with HER2-positive metastatic breast cancer (Slamon et al., 
2001). Trastuzumab has subsequently shown striking effi- 
cacy when used as adjuvant treatment for early breast 
cancer. In women with operable HER2-positive breast can- 
cer, the combination of trastuzumab and chemotherapy 
significantly increases disease-free survival (hazard ratio = 
0.54, p < 0.0001) (Piccart-Gebhart et al., 2005) and over- 
all survival (hazard ratio = 0.67, p = 0.015) (Romond et al., 
2005) compared with chemotherapy alone. 

EGFR is overexpressed in a number of tumour types, 
and activation of EGFR by epidermal growth factor or 
transforming growth factor-a can stimulate tumour growth. 
The chimaeric mAb cetuximab (Erbitux®) targets the extra- 
cellular domain of EGFR and inhibits EGFR activation. 
Cetuximab has demonstrated clinical efficacy in patients with 
EGFR-expressing irinotecan-refractory metastatic colorectal 
cancer. In these patients, cetuximab monotherapy produces 
a response rate of 10.8%, while cetuximab with irinote- 
can produces a response rate of 22.9%. The combination of 
cetuximab and irinotecan significantly increases time to pro- 
gression compared to cetuximab alone (Cunningham et al., 
2004). Cetuximab is also effective in patients with locore- 
gionally advanced head and neck cancer, where the addition 
of cetuximab to radiotherapy significantly prolongs median 
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survival compared with radiotherapy alone (Bonner et al., 
2006). Cetuximab therapy is frequently complicated by the 
development of a skin rash, which is believed to be caused 
by EGFR expression on keratinocytes and skin fibroblasts. 
The rash principally affects the face, neck, and upper torso. 
In patients receiving cetuximab and irinotecan for metastatic 
colorectal cancer, the response rate is significantly higher 
in patients who develop a rash than in those who do not 
(Cunningham et al., 2004). 


Induction of Apoptosis 


Programmed cell death or apoptosis is involved in many bio- 
logical activities including the destruction of virally infected 
and potentially malignant cells (see Apoptosis). A ctivation 
of apoptosis can occur via the intrinsic P53-mitochondrial 
pathway or the extrinsic death-receptor pathway. The death 
receptors TRAIL-R1 and TRAIL-R2 are overexpressed in 
numerous cancers including those of the lung, breast, and 
colon (Rowinsky, 2005). Targeting TRAIL-1 or TRAIL- 
2 with mAbs has demonstrated efficacy in human tumour 
xenografts, and mAbs directed at TRAIL-1 or TRAIL-2 are 
now in early clinical trials (Hotte, 2005; Patnaik, 2006). 


CONJUGATED ANTIBODIES 


It is possible to combine an mAb with a second entity so 
that the resulting conjugated antibody has a second bio- 
logical function that is not present on naturally occurring 
antibodies, for example, radioactivity. Conjugated antibodies 
therefore consist of an antibody component that is responsi- 
ble for tumour targeting and a payload that brings about the 
cytotoxic effect. Antibodies can be conjugated to a variety of 
effectors including radioisotopes, cytotoxic drugs, enzymes, 
or immunotoxins. 


Radioimmunotherapy 


RIT is a method for selectively delivering radioactivity 
to a tumour site by using an antibody conjugated with a 
radioisotope (Figure 4). Consideration of the properties of the 
radioisotope (e.g., energy of emission, path length, half-life) 
and the characteristics of the antibody (e.g., molecular size, 
valency, penetration and distribution within the tumour, and 
clearance) allows for the designing of RIT that maximizes 
the radiation dose to the tumour while minimizing the dose 
to normal tissues. 

Two RIT conjugates are licensed for the treatment of lym- 
phoma. Both use a f-emitting radioisotope to target the 
cell surface molecule CD20, which is expressed on nor- 
mal and malignant B cells. Y ttrium-90 ibritumomab tiux- 
etan (Zevalin®) consists of the murine anti-CcD20 mAb 
ibritumomab (the murine version of rituximab) covalently 
bound via the chelator tiuxetan to °°Y. A phase III ran- 
domized trial compared 2°Y -ibritumomab with rituximab in 






Cancer cell 


Figure 4 In radioimmunotherapy a tumour-targeting antibody is labelled 
with a radioisotope. Radioactivity is delivered to the target cell and to 
nearby bystander cells. 


rituximab-naive patients with relapsed/refractory low-grade, 
follicular or transformed CD20* non-Hodgkin's lymphoma 
(NHL). The overall response rate was significantly higher 
in patients who received °°Y -ibritumomab than rituximab 
(80 vs 56%, p = 0.002) (Gordon et al., 2004). In addition, 
9°Y -ibritumomab produces a CR rate of 15% when given 
to patients with rituximab-refractory, follicular NHL (Witzig 
etal., 2002). Tositumomab (Bexxar®) is an }3|-labelled 
murine IgG mAb and is also licensed for the treatment of 
NHL. In atrial of 1°41-tositumomab as first-line treatment for 
76 patients with advanced follicular B-cell lymphoma, a CR 
was seen in 75% of patients. Results after a median followup 
of 5.1 years indicate that among patients who experience a 
CR, there is an actuarial 5-year progression-free survival of 
77% (Kaminski et al., 2005). 

Linden and colleagues (2005) have conducted a phase I/II 
clinical trial of repeat doses of a humanized anti-CD22 mab 
(epratuzumab) conjugated with %Y in patients with NHL 
who had failed at least one line of standard chemotherapy. 
Sixteen patients were treated with between two and four 
doses of [9°Y Jepratuzumab per week. A CR occurred in three 
patients (19%) and event-free survival in these patients was 
14- 32 months. 


Antibodies Conjugated with Cytotoxic Drugs 


Cytotoxic drugs can be conjugated to antibodies to selec- 
tively deliver the cytotoxic agent to a tumour. Gemtuzumab 
ozogamicin (Mylotarg®) is a humanized anti-CD33 mAb 
conjugated with the cytotoxic calicheamicin. When gem- 
tuzumab ozogamicin binds to CD 33, the resulting complex is 
internalized into the cell and the cytotoxic calicheamicin moi- 
ety is released by hydrolysis of the mA b- calicheamicin link. 
Therapy with gemtuzumab ozogamicin induced remission 
in 26% of 277 patients with CD33-positive acute myeloid 
leukaemia treated at first recurrence (Larson et al., 2005). 
Gemtuzumab ozogamicin is the only antibody - drug conju- 
gate currently licensed for cancer therapy. 
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Preclinical in vivo efficacy has been demonstrated for 
a mAb- cytotoxic drug conjugate targeting prostate-specific 
membrane antigen (PSMA) (Ma et al., 2006). M onomethy- 
lauristatin E, an inhibitor of tubulin polymerization, was con- 
jugated to a fully human anti-PSMA mAb and given to mice 
bearing prostate-specific antigen (PSA )-secreting, androgen- 
independent prostate cancer xenografts. The mA b- monome- 
thylauristatin E conjugate resulted in a significant reduction 
in serum levels of PSA and a significant increase in median 
survival compared with vehicle control. 


Immunotoxin Therapy 


Immunotoxin therapy is a method to deliver a highly potent 
bacterial or plant toxin to a tumour using an antibody - toxin 
complex. The complex enters the target cell by endocytosis; 
the toxin is cleaved from the complex and exerts a cyto- 
toxic effect by inhibiting protein synthesis. Kreitman and 
colleagues conducted a phase | clinical trial of a recombinant 
immunotoxin consisting of a portion of Pseudomonas exo- 
toxin fused to an anti-CD22 Fv fragment. The recombinant 
immunotoxin was given to patients with pre-treated CD 22- 
positive B-cell malignancies. A CR rate of 61% was achieved 
in 31 patients with hairy cell leukaemia and the median dura- 
tion of CR was 36 months. Significant adverse events were 
reported and four patients developed haemolytic uraemic 
syndrome requiring plasmapheresis (K reitman et al., 2005). 


Antibody-Directed Enzyme Prodrug Therapy 
(ADEPT) 


Antibody-directed enzyme prodrug therapy (ADEPT) uses 
an antibody- enzyme conjugate to deliver an enzyme to a 
tumour. When the antibody - enzyme conjugate has bound to 
the tumour and cleared from the circulation, a low-toxicity 
prodrug is given that is converted by the tumour-bound 
enzyme into an active cytotoxic (Figure 5). ADEPT is a two- 
step strategy and an example of pre-targeting (Bagshawe, 
1987; Bagshawe etal., 1988; Senter etal., 1988). The 
active cytotoxic drug has a short half-life to minimize 
systemic toxicity. The aim of ADEPT is to maximize the 
dose of cytotoxic drug at the tumour and to minimize 
the concentration of cytotoxic drug in the circulation. The 
enzyme used in ADEPT has no human counterpart with 
the same substrate specificity so that the prodrug cannot be 
converted by human enzymes. 

Several clinical trials of ADEPT have been conducted, 
and there has been significant development of the technique 
(Bagshawe et al., 1995; Bagshawe and Begent, 1996; Napier 
et al., 2000; Francis et al., 2002; Mayer et al., 2006). Clini- 
cal trials of ADEPT have targeted CEA and initially used a 
F(ab’). fragment of a murine antibody chemically conjugated 
to the bacterial enzyme carboxypeptidase G2 (CPG2). These 
trials demonstrated preliminary evidence of efficacy and 
established the requirements for successful ADEPT, namely, 
tumour localization of the antibody- enzyme complex, high 
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Figure 5 Antibody-directed enzyme prodrug therapy (ADEPT) delivers 
an antibody - enzyme conjugate to the tumour. W hen the antibody - enzyme 
conjugate has cleared from the systemic circulation, a low-toxicity prodrug 
is given that is converted by the tumour-bound enzyme into an active 
cytotoxic. The short half-life of the cytotoxic aims to minimize systemic 
toxicity. scFv - single-chain fragment variable antibody. 


tumour to non-tumour enzyme ratios, a short-acting cyto- 
toxic drug, and low immunogenicity of the antibody - enzyme 
complex. A novel scFv- enzyme fusion protein has been 
developed for ADEPT by fusing the gene encoding a selected 
anti-CEA scFv with the gene for the enzyme CPG2. The 
high-affinity scFv chosen for clinical trials (MFE-23) was 
selected from a library of scFvs generated from the spleen 
cells of mice immunized with CEA (Chester et al.,1994). 
Expression of the fusion protein in the yeast Pichia pastoris 
provides a high yield and creates a glycosylated fusion pro- 
tein that is cleared rapidly from the circulation via mannose 
receptors on the liver (M edzihradszky et al., 2004). Optimal 
efficacy of ADEPT is likely to require repeated treatments. 
However, CPG2 is immunogenic and human anti-C PG 2 anti- 
bodies frequently develop, preventing further therapy (Napier 
et al., 2000; Francis et al., 2002). It is envisaged that identifi- 
cation and modification of immunodominant T-cell epitopes 
will be required to reduce the immunogenicity of CPG2. 
ADEPT using a recombinant fusion protein demonstrates 
preclinical efficacy (Sharma etal., 2005). Mice bearing 
human colon carcinoma xenografts were given ADEPT 
consisting of a glycosylated fusion protein (the anti-CEA 
scFv MFE-23 fused with CPG2) and a bis-iodo phenol 
prodrug. Six hours after administration of the fusion pro- 
tein, the tumour to plasma ratio of CPG2 activity in 
LS174T xenografts was 1400:1. Radioluminography and 
immunofluorescence of the tumour confirmed colocalization 
of }*°|-labelled fusion protein and CEA at 4 hours. Repeated 
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administration of ADEPT produced significant evidence of 
efficacy in SW1222 and LS174T xenografts. A phase | 
clinical trial of ADEPT using a glycosylated fusion pro- 
tein (MFECP1, consisting of the anti-CEA scFv MFE-23 
fused with CPG2) and a bis-iodo phenol prodrug is currently 
ongoing. 


CONCLUSION 


Monoclonal antibodies are an anticancer therapy of growing 
importance and formidable potential. Their exquisite speci- 
ficity and ability to be modified according to required char- 
acteristics offer the prospect of further therapeutic success. 
Recombinant technology is fundamental to the successful 
development of mAbs and is enabling the production of 
fully human mA bs, smaller mA b-based molecules, and mul- 
tifunctional fusion proteins. The efficacy of mAbs in cancer 
therapy has been mirrored by their increasing use in non- 
malignant indications, for example, abciximab for unstable 
angina, omalizumab for asthma, and daclizumab to prevent 
rejection of renal transplants. It is anticipated that techniques 
such as DNA microarray and proteomics technology will dis- 
cover new tumour-associated antigens. Using the immense 
diversity of recombinant antibody libraries, mA bs with a high 
affinity to newly identified targets can be selected. 

The use of mA bs has also introduced new challenges. One 
important question is how best to combine mA bs with other 
therapies. Combination therapy may be synergistic as in the 
example of cetuximab and irinotecan in colorectal cancer. 
The increased efficacy of cetuximab and irinotecan compared 
with cetuximab alone in patients with irinotecan-refractory 
disease suggests that cetuximab may reduce irinotecan resis- 
tance (Cunningham etal., 2004). A further rationale for 
combining cytotoxic chemotherapy with mA b therapy is their 
lack of overlapping toxicities. Combining a mAb with a dif- 
ferent targeted therapy, for example, a small-molecule drug 
or a different mAb, is a strategic approach since a tumour 
may not be dependent on a single pathway for survival. 

Managing the adverse effects of mAbs will remain an 
important issue. The mechanism-dependent side effects of 
currently licensed mAbs, for example, rash with cetuximab 
and cardiomyopathy with trastuzumab, suggest that high 
levels of vigilance will be required with all new mAbs. Fur- 
thermore, the use of trastuzumab in an adjuvant setting means 
that identifying and managing persistent or late adverse 
effects of mAb therapy will become increasingly important. 

Therapy with mAbs is likely to be at the forefront of 
developing treatment regimes that are individualized for 
each patient. The molecular characteristics of the tumour 
and the mAb and the patient’s molecular profile will have 
to be considered. Elements of this are already in practice, 
for example, trastuzumab is only recommended to patients 
with tumours that overexpress HER2. The demonstration 
by Weng and colleagues that the therapeutic efficacy of 
rituximab in patients with follicular lymphoma is affected 
by a patient’s FcyR polymorphisms suggests that, in the 
future, treatment decisions could be affected by the patient’ s 


molecular profile in addition to the tumour’s characteristics 
(Weng and Levy, 2003). 

The mAbs currently licensed for the treatment of cancer 
offer a small foretaste of the diverse selection of mA b-based 
therapies that are anticipated in the near future. 
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Anti-angiogenic and Anti-stromal Therapy 
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INTRODUCTION 


It is well established that tumours are dependent on angio- 
genesis for growth and the ability to metastasize (Folk- 
man, 1971) and, therefore, angiogenesis is an attractive 
target for cancer therapeutics (see Angiogenesis). |den- 
tification of the factors and pathways involved in 
angiogenesis has enabled the development of several strate- 
gies to inhibit the process. These include the direct tar- 
geting of endothelial cells and indirect targeting through 
the inhibition of the release of proangiogenic growth 
factors. 

In order for tumour cells to become metastatic and 
for endothelial cells to become angiogenic, they develop 
altered interactions with the extracellular matrix (ECM) 
(see Models for Tumour Cell- Stromal Cell Interac- 
tions). The tumour microenvironment comprises stromal 
fibroblasts, infiltrating immune cells, blood and lymphatic 
vascular networks, and the ECM. These can be stim- 
ulated by cancer cells to produce a variety of growth 
factors, chemokines, and matrix-degrading enzymes that 
enhance the proliferation and invasive potential of the 
tumour (see The Biology of Tumour Stroma). Through 
increased interstitial fluid pressure and alterations in vascu- 
lar flow, stromal changes can also affect drug delivery to 
tumours. 

Targeting both stromal cells and tumour cells in thera- 
peutic strategies against angiogenesis may be advantageous. 
Unlike tumour cells, stromal and endothelial cells are genet- 
ically stable and, therefore, are not susceptible to the spon- 
taneous mutations that render them resistant to cytotoxic 
therapy. 

Inhibition of angiogenesis is also potentially less toxic 
than cytotoxic treatments. Tumour endothelial cells are 
actively proliferating, whereas normal endothelial cells 
are quiescent under physiological conditions with angio- 
genesis only occurring infrequently in adults- during 
inflammation, ovulation, pregnancy, wound healing, and 
ischaemia. 


The Cancer Handbook 2nd Edition. Edited by Malcolm R. Alison 
© 2007 John Wiley & Sons, Ltd. 


MODELS OF ANTI-ANGIOGENESIS STRATEGIES 


In vitro and in vivo models are required to evaluate the 
activity of potential anti-angiogenic agents (see Models 
for Angiogenesis). Initially assays were developed using 
normal mature endothelial cells, including inhibition of chick 
chorioallantoic membrane neovascularization, inhibition of 
vascularization of a matrigel plug containing angiogenic 
factors implanted in a mouse, and inhibition of vascular 
growth towards an angiogenic stimulus implanted in a rat 
or mouse cornea. Tumour endothelial cells, however, differ 
from normal endothelial cells as they have an immature 
phenotype and are characterized by fenestrated and leaky 
vessels with an abnormal architecture and, therefore, these 
models may be unsuitable. Tumour endothelial cells also 
divide up to 50 times more frequently and express higher 
levels of cell surface molecules such as vascular endothelial 
growth factor receptors (VEGFRs) and E-selectin. 

Although it is possible to observe the effect of anti- 
angiogenesis strategies on human xenografts through measur- 
ing the effects on tumour diameter and the number of lesions, 
the tested vasculature is murine. The endothelial cell targets 
investigated are therefore murine homologues of the human 
protein targets and although they may have high homology, 
they do not necessarily correlate with activity in human vas- 
culature. 

Development of transgenic animals, transplantation of 
immunodeficient mice with human bone marrow, and trans- 
fusion of immunodeficient mice with human endothelial 
progenitor cells may be suitable methods for preclinical 
investigation of anti-angiogenesis strategies. 


PRINCIPLES OF ANTI-ANGIOGENIC 
AND ANTI-STROMAL THERAPY 


Anti-angiogenic therapy can target different pathways 
involved in angiogenesis (Figure 1) and there are different 
classes of anti-angiogenic drugs. Anti-angiogenic therapies 
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Figure 1 


Multiple pathways in tumour angiogenesis. Angiogenesis is dependent on interactions between tumour, stromal, endothelial, and bone 


marrow - derived cells. M any growth factors and receptors that represent targets for anti-angiogenic and anti-stromal therapies have been identified. Some 


of these factors and interactions are illustrated. 


can be classified into three categories (Gasparini et al., 
2005): 


1. Direct anti-angiogenic drugs: These act by targeting 
endothelial cells and inhibiting endothelial cell prolifer- 
ation, migration, and the formation of new vasculature, 
for example, angiostatin, endostatin, and thalidomide. The 
action of direct angiogenesis inhibitors may be indepen- 
dent of the type of cancer cell and as endothelial cells are 
genetically stable, the risk of acquired resistance is low. 

. Indirect anti-angiogenic drugs and anti-stromal therapies: 
These inhibit the production of angiogenic factors by 
tumour, inflammatory, or stromal cells and may also inter- 
fere with extracellular processes, for example, marimastat. 
As tumour cells are genetically unstable, the risk of resis- 
tance is higher with this approach. 

. Mixed anti-angiogenic drugs: These interfere with both 
endothelial and tumour cells, for example, bevacizumab 
and sunitinib SU 11248. These include the multi-targeted 
kinase inhibitors and epidermal growth factor receptor 
(EGFR) inhibitors. 


N 


WwW 


In addition to these, anti-stromal therapies also inhibit 
angiogenesis. The ECM is an important regulator of normal 
tissue behaviour. M atrix-degrading enzymes including pro- 
teases of the cysteine, serine, and matrix metalloproteinases 
(MMPs) modulate basement-membrane and ECM remod- 
elling. M atrix-degradation is necessary for angiogenesis and 
tumour invasion, and inhibition of these enzymes may inhibit 
the angiogenic process. 


DIRECT ANTI-ANGIOGENIC AGENTS 


Angiogenic inhibitors may be downregulated for successful 
tumour growth to occur. Angiostatin and endostatin, derived 
from the proteolytic processing of plasminogen and collagen 
XVIII, are both endogenous angiogenesis inhibitors that 
have shown their potential in vivo, although the precise 
mechanisms of their action remain unclear. 


Angiostatin 


Angiostatin, a 38 kDa proteolytic fragment of plasminogen, 
was initially purified from the urine and blood of mice 
bearing Lewis lung carcinoma xenografts (O'Reilly etal., 
1994). Marked growth and vascularization of metastases was 
observed following the removal of the primary tumour, the 
source of angiostatin. 

As angiostatin demonstrated antitumour activity in vitro 
and in vivo, recombinant angiostatin (rhA ngiostatin) was 
developed as a potential therapeutic agent. In a phase 
Il study, patients with previously untreated stage III or 
IV non-small cell lung cancer (NSCLC) with good per- 
formance status received standard chemotherapy (carbo- 
platin/paclitaxel) together with subcutaneous rhA ngiostatin. 
The overall disease control rate was higher than histori- 
cal controls and, therefore, phase III trials are underway to 
establish its efficacy compared with conventional treatment 
(Kurup et al., 2006). 


ANTI-ANGIOGENIC AND ANTI-STROMAL THERAPY 3 


Endostatin 


Endostatin, also an endogenous angiogenesis inhibitor, is a 
20 kDa internal fragment of the carboxy terminus of collagen 
XVIII and is a fragment of the ECM. It is cleaved by 
proteases such as elastase and the cathepsins and circulates in 
the blood. It was discovered, like angiostatin, during tumour 
dormancy studies. 

Inhibition of the growth of many murine and human 
tumours following administration of endostatin has been 
observed in vivo (Folkman, 2006). Human endostatin inhibits 
endothelial cell migration, whereas mouse endostatin blocks 
migration and causes endothelial cell cycle arrest; the reasons 
for the difference are unknown. Human endostatin binds to 
several cell surface proteins including heparin sulphate pro- 
teoglycans, VEGFR2, and integrins; however, a functional 
receptor has not been identified. 

Recombinant endostatin has been developed and safely 
administered to patients in phase | trials; although no objec- 
tive tumour response was noted, 2 out of 32 patients with 
advanced cancer had long-lasting stable disease (Hansma 
et al., 2005). 


INDIRECT ANTI-ANGIOGENIC DRUGS 
AND ANTI-STROMAL THERAPIES 


Marimastat 


MM Ps are tumour-associated lytic enzymes, responsible for 
remodelling of the ECM. This system is highly involved in 
metastasis and angiogenesis and, therefore, MMP inhibitors 
are under extensive investigation as anti-metastatic and anti- 
angiogenic treatments. MMP inhibitors possess a metal- 
binding group that chelates the zinc ion at the active site 
of the MMP. The main targets of these inhibitors are MM P2 
and MM P9, which are associated with malignancy. 

M arimastat is a synthetic inhibitor of M M P1, —2, —3, —7, 
and —9 that showed promise preclinically. It was evaluated at 
doses of 2- 100 mg orally, twice daily, in clinical trials either 
alone or in combination with chemotherapy. M usculoskeletal 
side effects were dose limiting at doses of 10mg or above 
twice daily (King et al., 2003). Although early data suggested 
some efficacy, results from phase II! trials have not been 
encouraging. 

Four hundred and fourteen patients with advanced pancre- 
atic cancer were randomized to receive marimastat (5 mg vs 
10 mg vs 25 mg) or gemcitabine; overall survival was no dif- 
ferent between the two groups although patients treated with 
gemcitabine had a better progression-free survival (PFS) and 
fewer musculoskeletal side effects (Bramhall etal., 2002). 
Marimastat was also evaluated as maintenance therapy in 
small cell lung cancer, where 532 patients were random- 
ized to receive either marimastat or placebo (Shepherd et al., 
2002). There was no difference in survival between the two 
groups, and the patients treated with marimastat reported a 
significantly poorer quality of life at 3 and 6 months. 


Clinical results with marimastat have been poor due to 
its narrow therapeutic index. Other MMP inhibitors are 
in clinical development at present including BM S-275291, 
prinomastat, metastat, and neovastat (Gasparini et al., 2005). 


Neovastat 


Neovastat (AE-941), a naturally occurring compound, iso- 
lated from shark cartilage which inhibits MMPs, inhibits 
vascular endothelial growth factor (VEGF) signalling, and 
induces endothelial cell apoptosis. This agent is under eval- 
uation in clinical trials. 


Integrins 


Integrins are cell surface receptors, mediating cell-cell and 
cell- ECM interactions. Many integrins and integrin ligands 
are known to function in angiogenesis although their precise 
functions have not been elucidated (Eliceiri and Cheresh, 
2001). The integrin wyf3 was found to be upregulated in 
tumour vasculature and inhibitors blocked angiogenesis in 
response to growth factors in tumours (Brooks et al., 1994). 
A humanized version of a mouse monoclonal integrin ay B3 
antibody, A begrin (formerly Vitaxin) has been developed and 
is under evaluation in early phase clinical trials of melanoma 
and prostate cancer. 

Other integrin inhibitors include disintegrins and peptide 
and non-peptide integrin antagonists. The therapeutic poten- 
tial of these compounds is yet to be defined. 


MIXED ANTI-ANGIOGENIC AGENTS 


The Role of the VEGF Pathway 


VEGF and its receptors (VEGFRs) are pivotal to the devel- 
opment of tumour neovasculature, with a number of roles in 
the angiogenic process. The VEGF-related family of growth 
factors comprises six glycoproteins VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, VEGF-E, and placental growth fac- 
tor (PLGF). These ligands mediate their effects by several 
receptors (Ferrara etal., 2003), VEGFR1 (FIt-1), VEGFR2 
(FIk-1), and VEGFR3, which are primarily associated with 
lymphangiogenesis. The various members of the VEGF fam- 
ily have differing binding specificities for each of these 
receptors. 

VEGF is asurvival factor for endothelial cells in vitro and 
in vivo. Activation of the VEGF-VEGFR axis triggers multi- 
ple signalling pathways resulting in endothelial cell survival, 
mitogenesis, proliferation, migration, and expression of adhe- 
sion molecules (Figure 2). Endothelial progenitor cells are 
also mobilized from the bone marrow, and VEGF acts as a 
chemoattractant. VEGF is one of the most potent inducers of 
vessel permeability and has been associated with malignant 
effusions (Zebrowski et al., 1999a,b). 
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Figure 2 Sites of anti-VEGF therapy. VEGF binds to the receptor VEGFR, leading to dimerization and phosphorylation of the receptor tyrosine kinase. 
This leads to the activation of downstream signalling pathways, causing migration, proliferation, and survival of endothelial cells. 


Most of the anti-angiogenic approaches in preclinical 
and clinical development focus on inhibition of this key 
pathway. Several approaches have been developed including 
antibodies to VEGF or VEGFR, soluble VEGF/VEGFR 
hybrids, and tyrosine kinase inhibitors to VEGFRs. 

The earliest strategies involved the development of neu- 
tralizing antibodies to VEGF; inhibition of angiogenesis 
and tumour growth was observed in human xenografts fol- 
lowing the administration of murine anti-VEGF antibod- 
ies (Kim etal., 1993). Decreased primary and metastatic 
tumour growth, with decreased angiogenesis, was also 
observed in vivo with anti-VEGFR2 antibodies both alone 
(Prewett et al., 1999) and in combination with chemotherapy 
(Bruns et al., 2002). Subsequent strategies have used mono- 
clonal antibodies against VEGF and small molecule tyrosine 
kinase inhibitors against VEGFR (Tablel). RNA interference 
approaches and monoclonal antibodies that block VEGFR1 
or PLGF are also currently under development. 


Bevacizumab 


Bevacizumab is a humanized monoclonal antibody against 
VEGF that acts by binding and neutralizing all VEGF-A 


isoforms, preventing them from binding and activating V EGF 
receptors. It has been evaluated in a number of phase 
III clinical trials with promising results when given in 
combination with chemotherapy (Table 2). 

Bevacizumab was first evaluated in previously treated 
patients with metastatic breast cancer, in a randomized trial 
(Miller etal., 2005). Although an increased response rate 
was seen when bevacizumab was given with capecitabine 
compared with capecitabine alone, this did not translate into 
a survival benefit. 

Subsequently, evidence of activity was observed in renal 
cell cancer, which was considered to represent an ideal 
target for anti-angiogenesis strategies. Sporadic clear cell 
carcinomas have inactivation of the Von Hippel-Lindau 
(VHL) gene leading to overexpression of hypoxia-inducible 
factor— 1g, the accumulation of which results in the induction 
of numerous proangiogenic substances including VEGF. 

Patients with progressive metastatic clear cell cancer, 
refractory to interleukin-2, were randomized to receive 
2-weekly high (10mg kg~!) or low dose (3mg kg~?) 
of bevacizumab or placebo (Yang etal., 2003). Patients 
receiving placebo were allowed to cross over to treat- 
ment at the time of progression. Significant prolonga- 
tion of PFS was observed with high-dose bevacizumab 


ANTI-ANGIOGENIC AND ANTI-STROMAL THERAPY 5 


Table 1 Various agents in clinical development. 














Drug Description Targets Phase of development 
Specific anti-VEGF agents in clinical development 
Bevacizumab (Avastin®) Monoclonal antibody VEGF II-IV, marketed 
VEGF-Trap Soluble receptor VEGF, PLGF, VEGF-B 
VEGF-AS (Veglin®) Antisense oligonucleotide VEGF, VEGF-C, VEGF-D 
Multi-targeted agents, selectively targeting VEGF receptors, in clinical development 
Vatalanib (PTK 787) Small molecule tyrosine kinase VEGFR1, VEGFR2, VEGFR3, I 
inhibitor PDGFR-8, c-KIT 
Neovastat® (A E-941) Shark cartilage component VEGF-VEGFR binding, MM P2, II 
MM P9 
Broad-spectrum multi-targeted agents 
Sorafenib (BAY 43-9006) Small molecule Raf kinase and VEGFR2, PDGFR-£, FLT3, c-KIT II 
tyrosine kinase inhibitor 
Sunitinib (SU11248) Small molecule tyrosine kinase VEGFR2, PDGFR-£, FLT3, c-KIT II 
inhibitor 
Table 2 Completed phase III trials for bevacizumab in combination with standard chemotherapy. 
Number of 
Tumour type Stage Previous treatment Regimen patients Outcome Reference 
Breast cancer IV Anthracycline/ BV (15mg kg-!) + 462 Increased RR Miller et al. (2005) 
taxane/ trastuzumab capecitabine 3 
weekly 
Comparable PFS and 
Os 
Breast cancer IV or No BV (10mg kg~!) + 722 Increased RR, Zon et al. (2006) 
recurrent paclitaxel 2 weekly prolonged PFS 
Colorectal cancer IV No BV (5mg kg?) + 813 Increased RR Hurwitz et al. (2004) 
IFL 2 weekly 
Prolonged PFS and 
Os 
Colorectal cancer IV 5-FU/irinotecan BV (5mg kg") + 829 Increased RR, Giantonio et al. (2005) 


FOLFOX4 2 weekly 


compared with placebo (4.8vs 2.5 months). No significant 
differences were observed in overall survival, possibly due 
to the permitted crossover to treatment on progression. 
Transient hypertension and asymptomatic proteinuria were 
reported. 

The pivotal breakthrough for anti-angiogenic therapy with 
bevacizumab was observed in previously untreated metastatic 
colorectal cancer. Patients were randomly assigned to receive 
irinotecan, bolus fluorouracil, and leucovorin (IFL) with 
bevacizumab 5 mg kg! 2 weekly (n = 402) or to IFL with 
placebo (n = 411) (Hurwitz et al., 2004). Addition of beva- 
cizumab to IFL resulted in statistically significant increases 
in survival (20.3vs 15.6 months), PFS (10.6 vs 6.2 months), 
response rate (44.8vs 34.8%), and duration of response 
(10.4 vs 7.1 months) compared with IFL chemotherapy alone. 
Treatment-induced hypertension was easily managed. In six 
patients receiving bevacizumab, gastrointestinal perforation 
was observed, resulting in one death, two discontinued, and 
three interrupted therapies. 

The study design initially included a third treatment arm 
in which patients received bevacizumab with 5-FU and 
leucovorin (LV). At interim analysis, recruitment into the 
FU/LV/bevacizumab arm was stopped to enable full accrual 


prolonged PFS, and 
Os 


in the two primary treatment arms. Median overall sur- 
vival was 18.3 months in the FU/LV/bevacizumab arm (n = 
110) and 15.1 months in the IFL/placebo arms at the time 
of interim analysis. Median PFS (8.8vs 6.8 months), over- 
all response rates (40 vs 37%), and durations of response 
(8.5 vs 7.2 months) were comparable in the two arms. There- 
fore, FU/LV /bevacizumab is a suitable treatment regimen in 
patients with previously untreated metastatic colorectal can- 
cer who may not be suitable for treatment with IFL (Hurwitz 
et al., 2005). 

Adding bevacizumab to oxaliplatin- fluoropyrimidine reg- 
imens has since been found to improve overall survival 
and prolong time to tumour progression (TTP) (Giantonio 
et al., 2005). 

Bevacizumab has also been evaluated in stage IIIB or 
IV NSCLC (De Vore etal., 2000). Ninety-nine patients 
were treated with carboplatin/paclitaxel either alone or in 
combination with bevacizumab at doses of 7.5mg kg! or 
15mgkg~! 2 weekly. Although response rate was increased 
by 10% and TTP was prolonged for 3months in the high- 
dose bevacizumab group, six patients developed severe 
haemoptysis, four of whom died. Bleeding arose from 
centrally located tumours close to major blood vessels. 
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Squamous histology was identified as a risk factor for 
haemoptysis and, therefore, ongoing trials are investigating 
the use of bevacizumab in patients with a non-squamous 
histology. 

Evidence of bevacizumab-activity has also been observed 
in metastatic breast cancer; prolonged PFS was seen when 
bevacizumab was given in addition to paclitaxel in previously 
untreated patients (Zon et al., 2006). 


VEGF-Trap 


VEGF-Trap is a fusion protein engineered by combining the 
VEGFR1 immunoglobulin (Ig) domain 2 and the VEGFR2 
Ig domain 3 fused to human IgG, (Holash etal., 2002). 
This binds to VEGF with a 100-fold greater affinity than 
bevacizumab as well as binding to PLGF. VEGF-Trap 
has shown evidence of activity both in vitro and in vivo 
(Holash et al., 2002). A phase | study using subcutaneously 
administered VEGF-Trap in patients with refractory solid 
tumours showed no objective responses in 33 patients; 14 
out of 24 assessable patients had evidence of stable disease 
after 10 weeks (Dupont et al., 2004). 


Small Molecule Inhibitors of VEGFR 


VEGF inhibition can also be achieved through the use of 
small molecule tyrosine kinase inhibitors. In addition to 
VEGFR, these molecules also inhibit other tyrosine kinase 
receptors, including receptors to platelet-derived growth 
factor (PDGF) and fibroblast growth factor (FGF), which 
may have therapeutic relevance, as PDGF is involved in the 
regulation of endothelial cell-smooth muscle interactions, 
and FGF is an endothelial mitogen. Some of these agents 
have been evaluated in phase II! clinical trials (Table 3) and 
new agents are under development. 


Sunitinib SU11248 


S$U11248 is an orally available small molecule tyrosine 
kinase inhibitor of VEGFR2, PDGFR-8, c-KIT, and FLT3. 


Table 3 Completed phase II! trials for multi-targeted agents. 


Inhibition of ligand-dependent phosphorylation of these 
receptors is seen in vitro and inhibition of VEGF-induced 
endothelial cell proliferation and PDGF-induced prolifera- 
tion of mouse fibroblast cells is also seen (Mendel et al., 
2003). Growth inhibition was also observed in vivo; reduc- 
tion in microvessel density was observed in SU11248- 
treated tumours assessed by immunohistochemical staining 
for CD31. 

Sunitinid has shown partial response to several tumours 
including renal cell carcinoma and gastrointestinal stromal 
tumours (GISTs). It is well tolerated with fatigue being the 
dose-limiting side effect. Other common adverse effects were 
mild and included neutropenia, thrombocytopenia, nausea, 
and diarrhoea. 

In phase II and II clinical trials in cytokine-refractory clear 
cell metastatic renal cancer, response rates of 34% and a PFS 
of 8.3 months were seen in 106 patients treated with 6-week 
cycles of sunitinib (4 weeks on, 2 weeks off) (M otzer et al., 
2006). The main side effects were fatigue and diarrhoea. 

Patients with metastatic renal cell cancer were then ran- 
domized to first-line therapy with sunitinib or interferon-a. 
PFS was significantly higher in the sunitinib group (11vs 
5 months) as was objective response (37 vs 9%) at interim 
analysis (M otzer etal., 2007). This is the first demonstra- 
tion of the benefit of this class of agent over conventional 
cytokine therapy in renal cell cancer. 

Sunitinib also prolongs TTP and overall survival in 
patients with GIST who have failed imatinib therapy because 
of resistance or intolerance (Casali et al., 2006). 


Sorafenib 


Activating mutations of the RAS oncogene family are com- 
mon in solid tumours and one of the effects of activated 
RAS is the initiation of the RAF/MEK/ERK pathway through 
the activation of RAF kinase. Sorafenib (formerly Bay 43- 
9006) was originally developed as an oral RAF kinase 
inhibitor that inhibited RAS-dependent tumour growth in 
human xenograft models. It also inhibits other receptor tyro- 
sine kinases including VEGFR2, VEGFR3, FLT-receptor, 
PDGFR-£, and c-K IT. 

Dose-limiting toxicities in phase | studies were diarrhoea, 
fatigue, and skin toxicities (Strumberg et al., 2005). Consid- 
erable disease-stabilizing activity was seen in phase II trials 





Previous Number of 
Tumour type Stage treatment Drug Target patients Outcome Reference 
Colorectal cancer IV No Vatalanib or VEGFR1 1168 No significant Hecht et al. (2005) 
(CONFIRM 1) placebo with change in PFS 
FOLFOX4 

VEGFR2 

VEGFR3 

PDGFRB c-KIT 
Renal cell cancer Advanced Sorafenib RAF kinase, 900+ Improved PFS Escudier et al. (2005) 

VEGFR2, PDGFRa, 

PDGFR&, FLT3, and 

c-KIT 
Gastrointestinal Yes Sunitinib VEGFR2, PDGFRB, 312 Prolonged TTP Casali et al. (2006) 


stromal tumour 


FLT3, and c-KIT 
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in renal cell cancer (Ratain et al., 2006) and early phase II 
data suggest a significant increase in PFS when it is given in 
patients with previously treated renal cancer (Escudier et al., 
2005). Phase | trials have also evaluated the use of sorafenib 
in combination with gemcitabine, doxorubicin, and oxali- 
platin in a number of refractory solid tumours (Siu etal., 
2006; Kupsch et al., 2005; Richly et al., 2006). The combi- 
nations were well tolerated and are being further evaluated. 


PTK787/ZK222584/Vatalanib 


PTK 787 is an oral inhibitor of VEGFR1, VEGFR2 and 
PDGFR-£, and c-KIT tyrosine kinases. It inhibits VEGF- 
induced endothelial cell proliferation and migration and 
reduces neovascularization induced by tumours implanted 
subcutaneously into nude mice. In vivo studies have demon- 
strated significant tumour growth inhibition in a range of 
tumour types; in an immunocompetent murine renal car- 
cinoma model, PTK 787 inhibited the growth of primary 
tumours, reduced the number of metastases, and decreased 
tumour blood vessel density (Wood etal., 2000; Drevs 
et al., 2000). 

A phase II trial of PTK 787 in metastatic renal cell cancer 
demonstrated some clinical activity (George et al., 2003). In 
41 patients with renal cell carcinoma, partial responses were 
seen in 2 patients (5%) and minor responses (less than 50% 
shrinkage) in 6 patients (15%). The role of PTK 787 is also 
being investigated in lung cancer and in combination with 
FOLFOX4 in patients with metastatic colorectal cancer. 


ZD6474 


ZD6474 is an orally available inhibitor of the VEGFR 
and EGFR pathways, inhibiting tumour angiogenesis and 
proliferation. Dose-dependent inhibition of tumour growth 
has been observed in human xenograft models (Wedge et al., 
2002). The safety and tolerability of this agent has been 
evaluated in phase | trials (Holden etal., 2005), and the 
adverse events included diarrhoea, rash, and asymptomatic 
prolongation of the QT interval. ZD6474 is currently being 
evaluated in phase II studies, as the phase | data indicate 
disease stabilization in over 40% of patients. 


Limitations of VEGF-targeted Therapy 


VEGF-specific monotherapy has not been found to pro- 
long survival in cancer patients. Conversely, multi-targeted 
tyrosine kinase inhibitors targeting multiple pathways can 
increase PFS in monotherapy. 

Although anti-VEGF therapies are generally well toler- 
ated, safety concerns have been raised through an increase 
in the number of treatment-related deaths from thromboem- 
bolic events, bowel perforations, and haemorrhage, which 
are rare. Several anti-angiogenesis inhibitors cause hyper- 
tension, which may be secondary to the inhibition of nitric 
oxide release. Hypertension and asymptomatic proteinuria 


decreased following cessation of bevacizumab therapy (Y ang 
et al., 2003). 


Thalidomide 


Thalidomide was originally developed as a sedative hypnotic 
in the 1950s when its use became associated with teratogenic 
activity. Use of thalidomide in the first trimester of pregnancy 
became associated with the development of aplastic and 
hypoplastic limb defects in the foetus and these teratogenic 
effects are thought to be related to its anti-angiogenic activity. 

Thalidomide reduces mRNA and protein expression of 
basic fibroblast growth factor (bFGF) and VEGF in vitro 
resulting in inhibitory effects on endothelial cell proliferation 
and angiogenesis (D'Amato etal., 1994; Moreira etal., 
1999). It also has other antitumour effects including reduction 
in tumour necrosis factor-alpha (TNF-a) production from 
macrophages and induction of apoptosis or G1 cell cycle 
arrest. 

Although moderate activity of thalidomide in renal cell 
cancer has been reported in several phase II studies in 
metastatic renal cancer, it does not confer a survival advan- 
tage if added to interferon therapy, in previously untreated 
patients (Eisen etal., 2000; Motzer etal., 2002). Admin- 
istration of thalidomide is limited by toxicity including 
fatigue, somnolence, constipation, neuropathy, and throm- 
boembolism. No objective evidence of thalidomide activity 
has been observed in advanced melanoma, breast, and ovar- 
ian cancers (Eisen et al., 2000). 


Celecoxib 


Celecoxib is a selective cyclooxygenase 2 (COX 2) inhibitor 
developed as an analgesic for use in patients with osteoarthri- 
tis and rheumatoid arthritis. COX 2 contributes to angiogen- 
esis by upregulating VEGF expression. Celecoxib inhibits 
COX2 and thereby angiogenesis, blocking the growth of 
tumours (M asferrer et al., 2000). Its use in combination with 
chemotherapy is being evaluated in phase II trials in colorec- 
tal cancer and NSCLC. 


Interferon-Alpha (IFN-a) 


IFN -œ is commonly used in the treatment of renal cell cancer. 
It appears to exert anti-angiogenic effects through inhibition 
of VEGF gene transcription and via the downregulation of 
bFGF. 


FUTURE STRATEGIES 


Combination Strategies 


Preclinical strategies have demonstrated that angiogenesis 
inhibitors produce additive or synergistic effects when com- 
bined with cytotoxic chemotherapy or radiation therapy. A 
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potential mechanism is that these agents work on different 
cellular targets. Angiogenic inhibitors also reduce interstitial 
pressure, which may aid the tissue diffusion of chemother- 
apy. Hypoxia within tumours contributes to resistance to 
chemotherapy and radiotherapy; blocking of angiogene- 
sis reduces intratumoural hypoxia. Tumours have tortuous, 
dilated, chaotic blood vessels, and anti-VEGF treatments 
may normalize the tumour vasculature allowing more effi- 
cient delivery of drugs and radiotherapy (Jain, 2005). Further 
research into these mechanisms may enable more efficacious 
strategies to be developed. 

Clinical data supports the use of combination strategies, 
whereas an overall survival benefit with anti-V EGF-specific 
agents used as monotherapy has yet to be demonstrated in 
phase III trials. The addition of VEGF-specific agents to 
conventional chemotherapy has however shown benefit. 


Metronomic Chemotherapy 


Schedules of cytotoxic chemotherapy can be given regularly 
at sub-cytotoxic doses with the activated endothelium as 
the principal target. This is advantageous as the genetically 
stable endothelial cell is the primary target, and both the 
parenchymal and stromal tumour components are targeted. 
At lower doses, there is also less systemic toxicity as 
well as potential for long-term administration. Although the 
predominant effect is in the vascular compartment, effects of 
the low doses may also occur in the tumour. 

Certain chemotherapeutic agents, such as the camptothecin 
analogues, vinca alkaloids, and taxanes may have anti- 
angiogenic effects when used in lower concentrations than 
those used for cytotoxic effect. Cyclophosphamide, vin- 
blastine, paclitaxel, and docetaxel are the most promising 
anti-angiogenic chemotherapy agents with evidence of this 
activity being observed in vitro and in vivo (Gasparini 
et al., 2005). Classic examples of metronomic chemotherapy 
include the efficacy of oral etoposide in NSCLC and germ 
cell tumours that are refractory to intravenous etoposide. No 
clinical studies have compared metronomic scheduling with 
conventional dosing. 


Targeting Stem Cells 


Tumours recruit circulating endothelial precursor cells and 
haematopoietic stem cells to themselves and into the devel- 
oping vasculature. These progenitor cells are thought to bea 
requirement for angiogenesis and inhibition of their recruit- 
ment may be a potential strategy to prevent angiogenesis 
(Rafii et al., 2002). Further research into the biology of this 
mechanism is needed before it can be developed into a ther- 
apeutic strategy (see Stem Cells and Tumourigenesis). 


CONCLUSIONS 


Anti-angiogenic and anti-stromal strategies have potential 
in the future treatment of cancer, and strategies using 


agents that target the VEGF pathway have already begun to 
show clinical benefit. Further elucidation of the mechanisms 
underlying angiogenesis will enable newer agents to be 
developed. As multiple intracellular signalling pathways are 
involved, inhibition of one of these pathways may not lead 
to complete inhibition of angiogenesis and this limits the 
efficacy of many of these agents in the single-agent setting. 

Assessing the efficacy of new angiogenesis inhibitors in 
the clinical trial setting remains difficult. Conventionally, 
phase | trials are carried out in patients with chemotherapy- 
resistant bulky metastatic disease. These tumours already 
have an established vasculature and furthermore may have 
already become resistant to apoptosis-inducing signals. Fur- 
thermore, tumour response may not be an appropriate end- 
point as treatment with angiogenesis inhibitors may only 
result in disease stabilization. Although tumours cannot grow 
larger than 2-3 mm? without a new blood supply, they can 
remain viable and, therefore, anti-angiogenic therapy may 
not be cytotoxic. 

Vascular targeting agents, for example combrestatin, can 
cause acute cytotoxic-like effects through the rapid destruc- 
tion of existing tumour vessels. It may be possible to use 
objective tumour response as an end point with these drugs 
although they are not strictly considered to be inhibitors of 
angiogenesis that prevent new blood vessel formation. 

Despite the genetic stability of the target cells, it is still 
possible for resistance to these strategies to develop. By 
blocking one molecular pathway, initial control may be 
achieved; however, this pathway may be circumvented or 
alternative pathways may be activated. 

Treatment within the context of combination strategies 
may increase the rates of response and improve survival 
with other agents such as endostatin and MMP inhibitors. 
Using these agents in combination with conventional cyto- 
toxic chemotherapy and radiotherapy has shown evidence 
of greater efficacy as seen with bevacizumab. Targeting 
the tumour stroma is also likely to potentiate conventional 
therapies. Development of successful anti-stromal therapy 
remains difficult due to the complexity of underlying molec- 
ular mechanisms. 
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INTRODUCTION 


Ribonucleic acid interference (RNAi) is an endogenous, 
ubiquitous pathway, evolutionarily highly conserved in 
eukaryotes. It appears to have developed as a defence against 
viral infection and is now recognized as a key player in phys- 
iological post-transcriptional gene regulation. 

The ability of double-stranded ribonucleic acid (dsRNA), 
specifically to silence homologous genes was originally 
observed in 1990 in petunias and termed cosuppression 
(Jorgensen, 1990). In 1998, seminal work by Fire etal. 
demonstrated the phenomenon in Caenorhabditis elegans 
and further studies have elucidated the underlying mech- 
anism (Fire etal., 1998). This natural pathway has been 
rapidly exploited by molecular biologists using synthetic 
RNA duplexes, termed short interfering ribonucleic acids 
(siRNAs) which mimic intermediates in the RNAi pathway 
resulting in efficient, specific gene silencing. 


MECHANISM OF RNAi 


RNAi is initiated when a cell encounters a dsRNA 
duplex. This may originate from exogenous sources: 
either transcribed from an invading virus, or experimen- 
tally introduced synthetic RNA. Endogenous sources of 
dsRNA include non-coding micro-ribonucleic acid (miRNA) 
genes (see Micro-RNAs as Oncogenes and Tumour Sup- 
pressors) or transposons. Primary micro-ribonucleic acid 
(pri-miRNA) transcripts, >100 nucleotides (nt) in length, 
are processed in the nucleus into smaller (~60 nt), stem- 
loop structures called precursor micro-ribonucleic acid (pre- 
miRNA), before being exported to the cytoplasm (Figure 1). 

In the cytoplasm, Dicer (an RNAse III enzyme) cleaves 
dsRNA >30 bp into 21-23-nt duplexes with a 2-nt over- 
hang at the 3’ end. Such duplexes are termed short inter- 
fering ribonucleic acid, or mature miRNA when derived 
from pre-miRNA. siRNAs, regardless of their origin, subse- 
quently bind to a multi-protein nuclease complex to form the 
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ribonucleic acid-induced silencing complex (RISC). ATP- 
dependent unwinding of the siRNA duplex is required for 
activation of RISC, allowing either strand of the siRNA to 
act as a guide for recognition of its complementary target 
mRNA. 

The fate of the target mRNA depends on the degree 
of complementarity of the guide strand to the target. siR- 
NAs that are exactly complementary to their target cause 
site-specific cleavage of the mRNA target by the RNA 
endonuclease A go2. The cleaved mRNA is then released and 
degraded, leaving the activated RISC available to find and 
further cleave the target MRNA (Elbashir et al., 2001). 

Exogenous, synthetic siRNA sequences are usually 
designed to target a unique sequence in the coding 
region of mRNA and are perfectly complementary to their 
target. Endogenous miRNAs tend to bind to the 3’ UTR 
(untranslated region) of their target mRNA. They bind with 
imperfect complementarity and repress gene expression by 
blocking translation of the target MRNA. Thus, both siRNA 
and miRNA assemble with and function via RISC; their 
mechanism of gene silencing is interchangeable, depending 
on the degree of base pairing to their target (Table 1). 

Certain siRNA sequences induce transcriptional gene 
silencing (TGS) in yeast and plants, via the formation and 
maintenance of heterochromatin. It has recently been shown 
that TGS can be induced in mammalian cells by dsRNA ina 
similar way (M orris, 2006). TGS occurs in the nucleus, and is 
a mysterious process mediated by dsRNA sequences directed 
against gene promoter regions - causing RNA-directed DNA 
methylation of the homologous promoter and/or covalent his- 
tone modification of the chromatin - resulting in long term 
gene suppression (Matzke and Birchler, 2005). The role of 
TGS in mammalian gene regulation is not fully understood 
at present. 

RNAi was successfully used to induce targeted gene 
silencing in C. elegans and Drosophila, using long dsRNA 
(Fire etal., 1998). However, early studies in mammalian 
cells were hampered by the interferon response, which 
is triggered by dsRNA duplexes >30 bp. The interferon 
response activates a cascade of interferon-stimulated genes 
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Figure 1 


Mechanisms of RNA -mediated gene silencing: micro-R NA s are transcribed from host DNA by Pol II as pri-miRNA and processed by the nuclear 


RNAse III enzyme Drosha to 60-nt pre-miRNA. Short hairpin RNA (shRNA), is transcribed from vector DNA by Pol Ill. The RNAi intermediates are 
exported from the nucleus by Exportin 5 and processed by the cytoplasmic RNAse III Dicer into 21-nt duplexes. siRNAs from exogenous or endogenous 
sources are then bound by the dsRNA binding protein R2D2 forming RISC (RNA-induced silencing complex). RISC activation involves unwinding the 
siRNA and requires ATP. The “guide” strand of the siRNA remains incorporated in the activated RISC, which probes mRNA for complementary sequences. 
Upon identification of a target, the degree of complementarity of the guide strand to the target determines the fate of the target strand. In the nucleus, 
transcriptional gene silencing (TGS) may also occur via an RNAi related mechanism, leading to RNA -directed DNA methylation and histone modification. 





Table 1 Contrasting miRNA- and siRNA -mediated gene silencing. 
miRNA siRNA 

Source Endogenous Exogenous 
(genomically (viral/experimentally 
encoded) introduced) 

Precursor Pre-miRNAs (~70 None or shRNA 
mers) (short hairpin RNA 

~50 mers) 
Complementarity Incomplete Perfect/near perfect 


to target 


Binding to target Usually at 3’ UTR Anywhere on 
target - usually in 
coding region 
Site-specific 
cleavage of target 
mRNA by Ago2 


Effect Block translation 


(ISGs), results in inhibition of protein synthesis, and leads to 
cell death. It can be evaded in vitro by reducing the dsRNA 
duplexes to 19-25 bp. This was first demonstrated in 2001 
(Elbashir et al., 2001). 


COMPARISON WITH OTHER GENE SILENCING 
METHODS 


In the laboratory, RNAi has subsequently been widely 
adopted as a standard technique. It is favoured because of 
its superior potency, specificity, and efficiency when com- 
pared with previous methods of gene silencing. RNAi allows 
silencing of a wider range of genes than previous anti- 
sense methods, and has proven to be an invaluable tool in 
gene function analysis. The knockdown of multiple genes 


is readily achieved with RNAi, facilitating the dissection 
of networks of gene interactions. This has obvious advan- 
tages in the study of complex processes such as oncogenesis. 
RNAi techniques can save time and money, and are acces- 
sible by a broader range of researchers than, for example, 
gene knockout mouse models. The efficiency and robustness 
of RNAi technology has enabled its development for func- 
tional genomic screening, where libraries of RNAi molecules 
directed against thousands of genes are used to identify 
novel players in a given pathway (Berns et al., 2004; Ngo 
et al., 2006). 

Compared to antisense methods, lower concentrations of 
nucleic acid are required for effective gene silencing. It has 
been estimated that the half maximal inhibition levels (ICs59) 
of siRNAs are 100- 1000-fold lower than an optimized anti- 
sense oligonucleotide directed against the same target. M ore 
durable gene silencing (up to 10 mammalian cell divisions), 
can be achieved following transient transfection with siRNA 
(Dorsett and Tuschl, 2004). 

The specificity of RNAi is such that disease-linked alleles 
of genes that differ by a single nucleotide polymorphism 
(SNP), from the wild-type allele can be targeted for silencing 
without suppressing the expression of the wild-type gene 
(Miller et al., 2003). 


siRNA DESIGN 


Some sequences are more efficient than others at silencing 
a target gene. In contrast to gene knockdown by anti- 
sense methods, this is largely determined by the siRNA 
sequence, rather than the target mRNA conformation. The 
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thermodynamic properties of the ends of the siRNA duplex 
determine which strand of the siRNA duplex is functional. 
The strand that has a less tightly paired 5’ end is preferen- 
tially incorporated into RISC, becoming the “guide” strand; 
meanwhile, the opposite “passenger” strand of the siRNA 
is degraded along with the target (Schwarz etal., 2003; 
K hvorova et al., 2003 and see Figure 2). 

By a systematic analysis comparing the efficacies of 
180 siRNA sequences targeting two genes, Reynolds et al. 
determined eight criteria for effective siRNA design. These 
are as follows: (i) low G/C nucleotide content (30-52%), 
(ii) three or more A/U nucleotides at the 5’ terminus 
of the antisense strand (i.e, the strand with sequence 
complementary to the mRNA target), (iii) lack of internal 
repeats that could form secondary structures, and (iv- viii) 
sequence-specific preferences at positions 3, 10, 12, and 
19 on the sense strand. The number of criteria reflects 
the many steps involved in the RNAi process, that is, low 
thermodynamic stability at the 5’ end on the antisense strand 
(rule ii) enhances the likelihood that it will be incorporated 
into RISC and act as guide; other rules are important 
in enabling site-specific cleavage of the target strand by 
slicer (Reynolds et al., 2004). Various groups have published 
similar sets of rules for functional siRNA design (Ui-Tei 
et al., 2004; Hsieh et al., 2004). 

More recently, it has been shown that the secondary 
structure of the RNA target can influence the efficacy 
of siRNA. Westerhout etal. demonstrated that a vari- 
ant of the HIV1 virus was able to escape the effects 
of a previously potent siRNA by evolving a mutation 
upstream of the target sequence. The mutation stabilized 
an alternative secondary structure in the target region, ren- 
dering it inaccessible to the siRNA (Westerhout etal., 
2005). Predictions of RNA secondary structure can be 
obtained from the mfold website: http://bioweb.pasteur.fr/ 
seqanal/interfaces/mfold-simple.html (Zuker, 2003). Such 
algorithms may, in the future, be incorporated into the ratio- 
nal design of siRNAs. 

The following web-based tool allows free siRNA design 
following registration: http://jura.wi.mit.edu/bioc/siR NA ext/ 
(Yuan et al., 2004). Some companies (e.g., http://www .dhar- 
macon.com) have designed siRNA sequences for all genes 
and offer guaranteed gene silencing by their reagents. In sil- 
ico design tools such as these enable investigators to obtain 
potent siRNA with less time and expense invested in testing 
multiple silencing reagents than with antisense approaches. 
Validation of the efficacy of the sequences in model systems 
remains an essential step, but typically only three to four 
sequences need to be tested to obtain efficient knockdown. 


OFF-TARGET EFFECTS 


Given the information regarding the interchangeable nature 
of siRNA and miRNA, it may seem unsurprising that 
genome-wide microarray analysis of gene expression follow- 
ing siRNA revealed off-target effects in genes with partial 
homology to the intended target. Jackson et al. found that 
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Figure 2 Anatomy of an siRNA: siRNAs consist of 21-bp dsRNA with 
symmetrical 3’ hydroxyl groups and 5’ phosphates at each end. The 
thermodynamic stability of the first few base pairs of either end determines 
which end unwinds more easily and which strand incorporates into the 
RISC complex. For efficient, specific silencing, it is critical that the siRNA 
antisense strand is incorporated into RISC and acts as the guide to target 
cleavage of sense MRNA. Therefore, low thermodynamic stability at the 5’ 
end of the antisense strand is preferred. The 5’ end of the antisense strand 
is known as the seed region, this area directs the specificity of the siRNA; 
in some circumstances only seven contiguous nucleotides are sufficient 
for recognition of a homologous target for gene silencing (Jackson etal., 
2006). Cleavage of the target mRNA is carried out by Ago2 (Argonaut 
2), and occurs between nucleotide positions 10 and 11 on the guide strand 
(counting from the 5’ end of the guide). A single base pair change here is not 
tolerated and results in loss of silencing effect (Brummelkamp et al., 2002a). 
However, minor alterations to the siRNA such as chemical modification of 
some nucleotides is tolerated elsewhere, this can be exploited, for example, 
to alter the siRNA stability, prolonging its effect, without altering the 
specificity of gene silencing. 


off-target gene silencing can occur in mRNAs with as few as 
11 contiguous matches to the siRNA seed region at the 5’ end 
of the antisense strand (Jackson et al., 2003). This number 
has subsequently been revised to seven contiguous matches 
(Jackson et al., 2006a). This report contradicted the prevail- 
ing dogma regarding the “exquisite specificity” of siRNA. 
However, as Jackson stated, most other studies had only 
examined the expression of a few genes in addition to the 
intended target; an approach she likened to “looking for keys 
under a lamp post”. The off-target effects on gene expres- 
sion observed are less pronounced than the silencing of the 
intended target and can be partially abrogated by minimizing 
the dose of siRNA. 

These findings have led to further refinements in siRNA 
design criteria with more sophisticated sequence compari- 
son tools to filter and exclude candidate siRNAs containing 
sequences homologous to non-target mRNA. These are based 
on the NCBI BLAST website (http://ncbi.nih.gov/BLA ST/) 
(Reynolds et al., 2004; Jackson et al., 2003). Design algo- 
rithms also now include 3’ UTR of mRNAs as a potential 
siRNA target site. 

For functional genetic studies, two independent siRNA 
sequences targeted at the same gene are often used to control 
unforeseen off-target effects. It is also essential that low 
doses of potent siRNA sequences be used (eg., <20nM; 
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Semizarov et al., 2003). A number of studies have elegantly 
controlled off-target effects by validating the specificity of 
their knockdown phenotype, by re-introducing the target gene 
in an siR NA -resistant form, and demonstrating a recovery of 
the wild-type phenotype despite ongoing siRNA expression. 
Such “functional controls” are deemed the gold standard for 
RNAi experiments (Whither RNAi?, 2003). At present, few 
in vivo studies have employed more than one siRNA against 
the same target as a control for off-target effects. 

Although the phenomenon of off-target effects due to unin- 
tended activity of siRNAs was demonstrated by expression 
microarray, if siRNAs can induce miRNA-like translational 
suppression, the full ramifications of this would only be 
detectable by a proteomics approach. One study, at least, has 
reported unexpected off-target effects seen more dramatically 
at the protein level than at mRNA level. These appeared to 
be unrelated to the degree of target gene silencing (Scacheri 
et al., 2004). 

The recent findings that siRNAs directed against gene 
promoter sequences can induce TGS in mammalian cells 
raise the possibility that it might also be prudent to screen and 
exclude further siRNA designs bearing homology to genomic 
DNA sequences, rather than to simply exclude homologous 
complementary deoxyribonucleic acid (cDNA) sequences 
through a BLASTn search when designing siRNAs, although 
this is not done routinely at present. 

In addition to predictable off-target effects due to mRNA 
sequences bearing partial homology to the intended target, 
it has been proposed that introduction of siRNAs could 
saturate the RNAi machinery and antagonize the function 
of endogenous miRNA resulting in upregulation of genes 
usually controlled by miRNA. This would be expected to 
produce dose-dependent changes in gene expression rather 
than sequence-dependent effects. Although this is not thought 
to be a prominent feature in cell culture systems where 
extremely low doses of siRNA are used, such effects could 
potentially be more relevant in whole animal studies and 
clinical applications because of the wider variation in the 
siRNA dose delivered to different tissues and variation in 
the extent to which different cell types rely on miRNA- 
mediated gene regulation. The effects of saturating doses 
of siRNA may also be more relevant in clinical studies, if 
siRNAs against multiple targets are used in a bid to avoid the 
emergence of resistance, increase the efficacy of suppression, 
or target multiple pathways simultaneously. It remains to 
be seen if these postulated problems result in biologically 
significant adverse effects in vivo. 


INDUCTION OF INNATE IMMUNITY 


As previously stated, long dsRNA sequences trigger an 
interferon 1 response in mammalian cells. Delivery of 
siRNAs under 30 bp avoids interferon secretion via 2’,5’- 
oligoadenylate synthetase (OAS) and prevents this. However, 
subsequent studies using microarray expression analysis 
revealed that under certain circumstances siRNAs of 21 


bp could induce the expression of a subset of interferon- 
stimulated genes. This partial interferon response seems to 
be dose and sequence dependent, and does not cause cell 
death (Bridge et al., 2003; Sledz et al., 2003). It appears that 
further members of the innate immune system are capable 
of recognizing siRNAs; these include the toll-like receptors 
(TLR3, TLR7, TLR8 interact with RNA), dsRNA protein 
kinase receptor (PKR), and retinoic acid-inducible gene 1 
(RIG1). 

The TLRs exist in the endosomal/lysosomal compartments 
of dendritic cells, where they respond to sequence-specific 
triggers and recognize short nucleotide motifs that resemble 
viral sequences. Transfection of siRNA with lipid com- 
plexes delivers them to the endosomal compartment. It has 
been shown that liposomal transfection of siRNA is more 
immunostimulatory in mouse models than injection of naked 
siRNA and this may be mediated by TLR signalling (Judge 
etal., 2005). Sledz etal. found a dose-dependent activa- 
tion of the JAK-STAT pathway mediated by the dsRNA- 
dependent PKR on examining the effects of two independent 
siRNA sequences (Sledz et al., 2003). 

Certain sequence motifs are known to enhance triggering 
of the interferon cascade, and such sequences can be avoided 
at the siRNA design stage to evade the host response. 
Jackson etal. recently reported that off-target effects can 
be reduced by chemical modification by 2-O-methyl ribosy| 
substitution at position 2 in the antisense (guide) strand 
of the siRNA, without affecting the efficiency of silencing 
the intended target (Jackson et al., 2006b). It has also been 
reported that the occurrence of non-specific effects can be 
reduced by the introduction of a central “bulge” in the 
siRNA duplex by introducing a single nucleotide mutation 
into the passenger/sense strand. Both of the above strategies 
are thought to avoid activation of dsRNA-responsive cell 
signalling by making the duplex more closely resemble 
native miRNA (Cullen, 2006). 

It may also be feasible pharmacologically to attenuate 
the innate immune system to facilitate the therapeutic use 
of siRNAs; for example, chloroquine is known to reduce 
lysosomal trafficking (Judge et al., 2005). In the meantime, 
it remains important to carefully control the siRNA effects 
before drawing conclusions regarding a gene knockdown 
phenotype. It is also preferable to compare the effects of 
more than one independent siRNA sequence directed against 
the same target (W hither RNAi?, 2003). 

Given that sequence-independent triggering of interferon 
may also occur, it may be difficult to define a truly negative 
control siRNA sequence, so serum levels of cytokines and 
interferon should be checked in whole animal experiments. 
A number of in vivo studies have included measurements of 
serum cytokines in their analyses with encouraging results. 
For example, no increases in plasma levels of IL-12 or IFNa 
were found after intravenous administration of transferrin- 
targeted siRNA packaged in a cyclodextrin polycation to 
mice (Hu-Lieskovan etal., 2005). Another group dissected 
mouse vaginal mucosa after topical administration of lipid- 
complexed siRNA and showed that there was no induction 
of IFN 8, Oas, or Statl, when assayed by RT-PCR (Palliser 
et al., 2006). 


RNA INTERFERENCE 5 


METHODS OF DELIVERY 


Synthetic siRNA Duplexes 


For the nematode C. elegans, soaking the animals in syn- 
thetic dsRNA or ingestion of bacteria expressing dsRNA 
induces specific, RNAi-mediated gene silencing throughout 
the organism that is also inherited by the first-generation 
progeny (Timmons et al., 2001). Mammalian cells are some- 
what more resistant to the introduction of RNA duplexes. A 
variety of methods have been used to introduce 21-bp syn- 
thetic siRNAs into cells. The standard method for cells in 
culture is via transfection of RNA mixed with lipoprotein 
complexes, for example, oligofectamine. The efficiency with 
which cells are transfected is cell line dependent. Other meth- 
ods such as electroporation are also employed in difficult-to- 
transfect cell lines. 


Chemical Modification of siRNA 


The duration of silencing following transfection of synthetic 
siRNA in mammalian cells depends not only on degradation 
of siRNA by endonucleases present in serum but also 
on the rate of cell division. Rapidly dividing cells dilute 
the pool of activated RISC until it is no longer at an 
effective dose. Typically, siRNA gene silencing will last 
5-7days in cultured cells. Song etal. showed that in 
non-dividing terminally differentiated macrophages, siRNA 
induced effective silencing of CCR5, an endogenous receptor 
for HIV 1 for 15 days. Intriguingly, when the HIV 1 p24 gene 
was targeted in the same system, silencing lasted only 7 days, 
suggesting that the presence of the target gene may also be 
necessary for persistence of siRNA (Song et al., 2003). 

Various modifications borrowed from developments in 
antisense technology have been tested, which aimed at 
enhancing the stability of siRNA duplexes in serum. M any 
of them have been found to be effective at increasing the 
stability of siRNA without adversely affecting gene silencing 
(Table 2). 


Table 2 Modifications to stabilize siRNA duplexes in serum. 








Silencing 
M odification Site effect References 
Blunt-ended +++ Czauderna et al. 
sequences (2003b) 
2’-O-methylation Entire duplex Nil Czauderna et al. 
(2003b) 
2’-O-methylation Alternate bases +++ Czauderna et al. 
(2003b) 
2’-O-methylation Four bases at the +++ Amarzguioui 
3’ ends of either et al. (2003) 
strand 
2'-Fluoro On all +++ Chiu and Rana 
substitution pyrimidines (2003) 
Phosphothioate Two links at +++ Amarzguioui 
backbone either end of et al. (2003) 
siRNA 
Phosphothioate Throughout Cytotoxic A marzguioui 
backbone et al. (2003) 


M odifications of the passenger strand that increase the 
stability of the duplex but reduce uptake of the passenger 
into RISC are desirable, for example, disrupting base pairing 
at the 5’ end of the guide, or removal of the 5’ terminal 
phosphate on the passenger strand. Encouraging results were 
shown by Morrissey et al., who used multiple modifications 
to produce an siRNA duplex against hepatitis B virus (HBV) 
with greatly enhanced serum half-life (71/2 of 3days in 
90% serum vs 5 minutes for the unmodified siRNA). The 
stabilized duplex showed a 1.510910 greater decrease in serum 
HBV DNA compared with unmodified siRNA following 
administration by hydrodynamic injection to mice (M orrissey 
et al., 2005a). 

It is not clear whether such modifications will have a 
great impact in vivo. A different group reported no benefit 
in functional knockdown using stabilized siRNA despite 
demonstrating a prolonged serum half-life (Layzer etal., 
2004). It has been postulated that once in the cell, the 
RNA guide strand is protected from endonuclease attack 
by its binding to RISC. Effective delivery of unmodified 
siRNA has been demonstrated via local administration to 
a variety of tissues. Following systemic administration of 
siRNA, renal clearance is the most important determinant of 
their circulating half-life (Dykxhoorn and Lieberman, 2006); 
approaches to combat this are discussed later. 


Short Hairpin RNA/Vector-based Methods 


A different approach of prolonging the RNAi effect is 
through the stable transfection of DNA vectors. The pSUPER 
vector was developed in 2002, and it directs the expression 
of RNA sequences which spontaneously form stem-loop 
structures, or short hairpin ribonucleic acid (shRNA). Using 
an RNA polymerase II! promoter, a 49-nt precursor transcript 
is synthesized consisting of two 19-nt “target” sequences 
separated by a short spacer and followed by five thymidines 
(T5) as a termination signal. The stem-loop precursor RNA 
mimics endogenous miRNA and is processed in the cell by 
Dicer into an effective 21-nt siRNA containing the sense and 
antisense target sequences. An antibiotic resistance marker 
in the vector allows the selection of successfully transfected 
cells, and stable expression of the shRNA can be maintained 
(Brummelkamp et al., 2002a). 

Inducible systems of siRNA expression in cells have been 
developed to allow conditional knockdown of siRNA target 
genes. For example, Czauderna et al. developed a vector 
based on the widely used tetracycline-dependent expression 
system (Czauderna etal., 2003a). This approach allows 
tightly controlled shRNA expression in model systems. Viral- 
based DNA vectors allow permanent expression of shRNA in 
mammalian cells, since viral DNA expression cassettes can 
integrate into the host cell genome and their expression can 
be maintained indefinitely (e.g., PRETRO-SUPER, based on 
a retroviral vector; Brummelkamp et al., 2002b). However, 
translation of these techniques from in vitro to in vivo 
experiments raises all the risks and anxieties regarding the 
oncogenic potential of integration of DNA into the host 
genome. 
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Viral Delivery of Vector-based shRNA 


These techniques have been developed in the hope that they 
will provide a platform for stable, efficient RNAi in vitro and 
the potential for a new form of gene therapy. Virus delivery 
systems that have been utilized include retroviral, lentiviral, 
and adenoviral vectors. 

The advantages of viral systems include high rates of infec- 
tivity in cell types that are otherwise difficult to transfect 
(e.g., primary cell lines and non-dividing cells). Electropo- 
ration to deliver shRNA vectors is relatively toxic to cells. 
Viral systems can offer flexibility; the shRNA insert can be 
shuttled between different vectors, allowing the variation of 
the promoter used to drive expression, for example, either 
inducible or constitutive promoters can be used to drive the 
expression of shRNAs. 

Certain viral vectors exhibit cell type specificity. Alter- 
natively, a viral vector system can be engineered with a 
receptor- ligand bridge to target specific cells. 

A RNA polymerase II based vector was developed, which 
produced a several hundred base pair RNA transcript, and 
induction of interferon response was evaded by prevent- 
ing export of the shRNA to the cytoplasm. Injection of 
embryonic stem cells with this vector led to the creation 
of a tissue-specific knockdown mouse (Shinagawa and Ishii, 
2003). Conditionally replicating adenoviruses that selectively 
replicate in neoplastic cells have also been developed as 
delivery vehicles to target the expression of shRNA to cancer 
cells (Carette et al., 2004). 

In addition to the anxieties surrounding gene therapy, 
virus-based vectors have some other drawbacks. For exam- 
ple, it is more difficult to control dosage of siRNA within 
the cell, which may result in greater (or more variable) toxic- 
ity, and with increased dosage there may be a commensurate 
increased risk of non-specific effects and triggering of innate 
immune responses. 


IN VIVO DELIVERY OF siRNA 


Effective in vivo delivery of siRNAs is seen as the biggest 
challenge facing RNAi technology. Because of this, ex 
vivo manipulation of cancer cells followed by in vivo 
administration has been used extensively in research. 

Hydrodynamic therapy has been effective in systemic 
delivery of siRNAs in mice. Hydrodynamic therapy consists 
of rapid injection of RNA in saline solution into the tail vein 
of a mouse; this causes transient right-sided heart failure 
and disruption of plasma membranes, allowing rapid entry 
of siRNA into cells. It has been shown to deliver siRNA 
duplexes successfully to the liver and other well-perfused 
organs (McCaffrey etal., 2002). However, this delivery 
technique requires large amounts of siRNA (~50 yg per 
mouse) and is simply too dangerous an approach for systemic 
administration in humans. 


Local Administration 


Local delivery methods are preferable in terms of limiting 
exposure and reducing toxicity of these agents, they also have 
the advantage of facilitating the detection of unexpected off- 
target effects. However, it would obviously be preferable to 
obtain a safe, systemic method of delivery for therapeutic 
use in oncology. 

Hydrodynamic therapy has been used to deliver siRNAs 
regionally to skeletal muscle. A limb is isolated using a 
tourniquet and RNA is injected intravenously and this has 
been proposed as a potential method of administration of 
siRNA in humans (Hagstrom et al., 2004). Electroporation 
has also been used successfully to administer siRNA locally 
to skeletal muscle in mice (Golzio et al., 2005). 

A variety of other routes for local delivery of siRNAs 
to accessible tissues have been tested in preclinical stud- 
ies, for example, intratumoural, intraperitoneal, intranasal, 
and topical methods. Some examples of promising routes 
of administration evaluated follow. Vaginal instillation of 
siR NAs targeting herpes simplex virus (HSV -2) genes (UL27 
and UL29) protected mice from a lethal dose of the HSV -2 
virus when administered either before or after HSV -2 chal- 
lenge. siRNAs (500 pmol) mixed with oligofectamine were 
taken up by epithelial and lamina propria cells and were 
found to silence target gene expression in the mouse vagina 
and ectocervix for 9 days (Palliser et al., 2006). 

siRNAs targeting the severe acute respiratory syndrome 
(SARS) coronavirus were administered intratracheally with- 
out transfection reagents, in Rhesus macaques. Unmodified 
siRNAs at 10mg kg"! were efficiently delivered to the lungs 
and were effective for either prophylactic or therapeutic treat- 
ment of SARS infection (Li et al., 2005). 

Intrathecal injections of siRNA have also been carried 
out. A polyethylenimine (PEI)-conjugated siRNA directed 
against NMDA receptor 2B (NR2B), a subunit of Nmda 
receptor, which modulates pain, decreased the expression 
of Nr2B mRNA and its associated protein, and abolished 
formalin-induced pain behaviours in a rat model. The effect 
on protein levels lasted for 14 days following injection of 
5g of sSIRNA-Nr2B, leading to speculation that siRNAs 
delivered directly to the CNS may have prolonged activity 
due to the relative paucity of endonucleases at this site (Tan 
et al., 2005). 

The eye has also been a popular and important site 
for the testing of siRNA reagents. The first phase | clin- 
ical trial of intravitreal siRNA injection targeting vas- 
cular endothelial growth factor receptor 1 (VEGFR1) to 
treat age-related macular degeneration is currently underway 
(Campochiaro, 2006). 


Systemic Administration: Unmodified siRNA 


Unmodified siRNA duplexes directed against VEGF were 
administered to nude mice bearing subcutaneous implants 
of rat fibrosarcoma cJ4 cells, which constitutively express 
luciferase. siRNAs were injected either intravenously or 
intraperitoneally or subcutaneously. Animals given a single 
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dose of anti-VEGF siRNA by all three routes showed 
40-50% suppression of luciferase activity in the tumour 
implants at 3 days compared with control siRNA. Animals 
given daily i.p. injections showed a 66% reduction in tumour 
size and a 70% reduction in tumour VEGF at 16days 
compared with controls (Filleur et al., 2003). 

Duxbury etal. targeted the ribonuclease reductase M 2 
subunit with unmodified siRNA (given as 150 pg kg™? i.v.) 
in pancreatic tumour cell (MIAPaCa2) implants in nude 
mice and showed a synergistic effect in combination with 
gemcitabine treatment (150mgkg~* i.p.), with an 87% 
reduction in tumour size after 6 weeks of twice weekly 
treatment. Mice receiving the combination treatment had 
no evidence of liver metastases, whereas 80% of control 
and 40% of animals undergoing monotherapy had significant 
hepatic tumour burden (Duxbury et al., 2004a). 

In the same laboratory, CEA-CAM6 a cell surface adhe- 
sion molecule was used as an siRNA target. BxPC3 
pancreatic adenocarcinoma cells were implanted in the pan- 
creas of nude mice. Unmodified siRNAs were given i.v. at 
150g kg~? twice weekly for 6 weeks. Mice treated with 
CEA-CAM 6 specific siRNA had smaller tumours, 46% lower 
CEA-CAM6 levels, reduced evidence of angiogenesis, and 
reduced hepatic metastases (0 vs 60% for controls). Sur- 
vival after 6 weeks was 0/10 for control siRNA treated 
mice and 9/10 for anti-CEA-CAM6 treated mice (Duxbury 
et al., 2004b). 


Delivery Modifications 


Methods to improve the pharmacokinetics of siRNA used 
systemically have been developed, aimed at reducing the 
renal clearance of siRNA. However, little direct comparison 
of these different techniques has been carried out. 

Conjugating the 3’ end of the passenger strand to choles- 
terol improved the elimination half-life from 6 minutes for 
unmodified siRNA to 95 minutes for chol-siRNA following 
intravenous injection in rats at 50mg kg~?. This was thought 
to be mediated by binding of the chol-siRNA to albumin. The 
cholesterol-modified siRNA showed a broad tissue distribu- 
tion 24 hours following injection (Soutschek et al., 2004). 

Modified liposomes such as stable nucleic acid lipid 
particles (SNALPs) increased the elimination half-life of 
modified siRNA from ~2 minutes to 6.5hours and was 
shown to effect silencing in the murine liver after i.v. 
injection (Morrissey et al., 2005b). 

CCLA, a synthetic cardiolipin analogue has been used to 
make new cationic cardiolipin liposomes for i.v. adminis- 
tration (NeoPhectin-AT). Delivery efficiency was found to 
be seven times better in comparison to DOTAP liposomes 
in delivering siRNAs by tail injection of mice. This reagent 
was used with Raf-1-directed siRNA successfully to silence 
expression of Raf-1 in tumour tissues and inhibit tumour 
growth in a xenograft model of human prostate cancer (Pal 
et al., 2005). 

Modified virus envelopes or virosomes have been 
employed as delivery vehicles for siRNA. Influenza virus 
envelopes were used to deliver fluorescent dye- labelled 


siRNAs by intraperitoneal injection into mice. Such 
virosomes are vesicles that bear the influenza virus spike 
protein haemagglutinin (HA), in their membrane, which 
mediates the binding of the particles to cells. The virosomes 
are taken up by receptor-mediated endocytosis and fuse with 
the endosomal membrane to release their contents into the 
cytoplasm (de J onge et al., 2006). 

SV 40 pseudovirions have also been shown to be capable 
of delivering siRNA to 0.45 human lymphoblastoid cells 
with greater efficiency than lipid transfection. VP1, a capsid 
protein from the simian virus 40 was used for in vitro 
packaging of pseudovirions containing siRNA (Kimchi- 
Sarfaty et al., 2005). 


Targeting 


M ethods have also been developed to improve the targeting 
of siRNA to specific cells/organs, for example, conjuga- 
tion of transferrin to a cyclodextrin-containing polycation 
complex was used to effectively deliver siRNA against EW S- 
FLI1 in a murine model of metastatic Ewing’s sarcoma, with 
improved tumour targeting to transferrin receptor - expressing 
tumour cells. Removal of the targeting ligand or the use of 
a control siRNA sequence eliminated the antitumour effects 
(Hu-Lieskovan et al., 2005). 

Song et al. developed a Fab-protamine fusion protein to 
target the delivery of siRNA . The antibody Fab fragment was 
directed against the HIV 1 env protein and fused to protamine, 
which binds siRNA. B16 melanoma cells expressing env 
were specifically targeted by the particle when administered 
either by intravenous or intratumoural injection in mice. 
siRNAs directed against c-myc, Mdm2, VEGF were used 
with the fusion protein either alone or in combination and 
were effective in reducing cell proliferation in vitro and 
reducing tumour growth in mice (Song et al., 2005). 


RESEARCH APPLICATIONS OF siRNA 


RNAi technology has allowed the rapid resolution of the 
functions of many previously uncharacterized genes and has 
enhanced the opportunities for dissecting complex networks 
of gene interactions. 

High-throughput assays have been developed to allow 
rapid screening for all genes involved in a given pathway. 
Functional genomics assays have been used widely in 
Drosophila and C. elegans because of the ease of introducing 
RNA into cells, but this approach has only more recently 
been applied to mammalian cells. Berns et al. constructed 
an RNAi library of retroviral vectors encoding 23742 
distinct shRNA s that target 7914 different human genes for 
suppression. This was used to identify five novel modulators 
of P53-dependent proliferation arrest (Berns etal., 2004). 
siRNA libraries have also been used to screen for “synthetic 
lethal” gene- gene interactions, in order to identify genes that 
become essential for the survival of cancer cells, as new drug 
targets (Ngo et al., 2006). 
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The unprecedented specificity of RNAi has provided new 
Opportunities for functional genetic analysis in examining 
the roles of closely related genetic isoforms/splice variants. 
Even if therapeutic siRNAs do not prove to be viable, 
the sophisticated analysis of disease-associated isoforms and 
splice variants is likely to lead to the discovery of more 
specific targets for drug therapy (Gaur, 2006). 

Disease-associated splice variants provide an excellent 
target for siRNA. For example: KLF 6 is a tumour-suppressor 
gene mutated in prostate cancer cells. A common germ- 
line mutation in KLF6 results in the IVSAA allele, which 
is associated with prostate cancer and alters the balance of 
three alternatively spliced KLF6 isoforms. Wild-type KLF 6 
acts as a tumour suppressor, it undergoes alternative splicing 
to make three isoforms (KLF6 SV1, SV2, SV3), the IVSAA 
allele increases the relative amount of KLF6 SV1 isoform 
produced. PC3M derived cell lines stably transfected with 
pSUPER vector directing expression of shRNAs against the 
different isoforms of KLF6 were produced. They showed 
that KLF6 SV1 isoform is pro-proliferative and promotes 
invasion by tumour cells in vitro. Cells with siRNAs directed 
against KLF 6 SV1 but not SV2 were shown to reduce tumour 
growth ~50% following injection into nude mice (Narla 
et al., 2005a,b). 


THERAPEUTIC APPLICATIONS OF siRNA 


Over 90 reports involving the in vivo administration of 
siRNA on mammals have been published. siR N A -based ther- 
apies are currently being developed in all areas of medicine, 
including oncology. Cancer cells present fertile ground for 
siRNA therapy, since they contain many well-characterized 
gene targets, some of which would be applicable in multi- 
ple tumour types (e.g., mutant P53). RNAi has been used in 
preclinical studies targeting numerous cancer-related genes 
involved in oncogenesis, in tumour- host interactions, and 
genes important for treatment resistance (reviewed in Pai 
et al., 2006). Many of these studies have shown encourag- 
ing results offering proof of principle that siRNA can cause 
cytostatic effects in cancer cells, without undue toxicity. 

When choosing a target for siRNA, one needs to identify 
either genes which are mutated in cancer cells or genes whose 
expression is only essential to cancer cells. An alternative 
approach is to ensure that the siRNA will only be taken 
up by or expressed in cancer cells by specialized delivery 
methods. In choosing a target for transient knockdown, it 
may be important that RNAi is most effective in proteins with 
a short half-life and most durable in cells with alow turnover. 
This final point means that cancer cells may naturally clear 
RNAi faster than normal cells. 

The diversity of genetic lesions in cancer may also present 
problems for the potential use of siRNA. The exquisite 
specificity of RNAi and the genetic instability characteristic 
of cancer cells leads to the prospect that in vivo RNAI 
will be a strategy prone to the development of resistance, 
since small changes in the target sequence may render 
a previously potent siRNA ineffective (Westerhout et al., 


2005). To combat the emergence of resistance, it has been 
proposed that RNAi therapy should aim to target multiple 
sequences in multiple genes. However, this strategy would 
not avoid the possibility that genes of the RNAi machinery 
could also become mutated and limit the effectiveness of 
RNAi. 


PERSPECTIVES 


In the relatively short time since the discovery of the RNAi 
pathway, RNAi has demonstrated enormous value as a 
revolutionary tool in research for defining gene function and 
dissecting complex networks of regulation and gene function, 
it has served to expand basic biological knowledge about 
cancer, other disease, and developmental processes. 

siRNA design in mammalian model systems has evolved 
such that sequences increasingly resemble native miRNA 
sequences (e.g., by the introduction of mismatches in the 
passenger strand sequence, targeting the 3’ UTR). These 
subtle changes appear to increase efficiency and reduce non- 
specific effects of the siRNA, by evading host cell defences. 

RNAi shows great potential as a novel therapeutic agent 
in a variety of diseases. Because of its huge potential and 
wide applicability, this new technology has generated lots of 
enthusiasm. M any pharmaceutical companies are investing 
in research aimed at finding techniques to improve delivery, 
targeting, and durability of the RNAi response. It can be 
hoped, therefore, that progress will be made rapidly and 
a consensus may emerge regarding the best practice for 
designing and delivering these agents effectively in vivo. Few 
studies have directly compared different methods of delivery 
or packaging to date. 

However, although RNAi has been shown to be capable of 
aiding in the identification of new targets (and silencing these 
genes has produced encouraging results both in vitro and in 
preclinical animal models), the translation of these findings 
to patients raises multiple new challenges and it remains to 
be seen whether these can be overcome. Certainly, no time is 
being wasted in the drive to realize the therapeutic potential 
of RNAi. At present, the most promising results in vivo have 
been seen following localized administration of siRNA and 
this is the approach of the first clinical trial of these new 
agents (Li et al., 2005). 

As with any new therapy, siRNA will need rigorous testing 
to examine potential side effects, with particular vigilance for 
off-target effects and triggering of host immune responses, 
which are intrinsic properties of the RNAi pathway. Provided 
the additional challenges of delivery system and duration of 
effect were overcome, if siRNA fulfilled all its potential and 
developed into a non-toxic, effectively delivered therapy, it 
might be cheap and flexible enough to allow targeting of 
individualized combinations of genes, individualized tumour- 
specific mutations, or SNPs, when compared with other small 
molecule targeted therapies. 

Clinically, RNAi may be used as an adjunct to chemother- 
apy, radiotherapy, and newer targeted agents or immunother- 
apy. Perhaps some of the anticipated disadvantages of the 
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RNAi approach could be turned to useful effect; for exam- 
ple, the retention of siRNA in slowly dividing cells or the 
triggering of innate immunity could be exploited and used to 
complement current anticancer therapies. 


RELATED CHAPTERS 


Micro-R NAs as Oncogenes and Tumour Suppressors 
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INTRODUCTION 


Cancer is a worldwide epidemic and the second leading cause 
of death in the United States. Current therapy strategies have 
focused on multidisciplinary treatment in earlier stages of 
cancer. However, new approaches such as cancer chemopre- 
vention are desperately needed. Chemoprevention is defined 
as the use of natural or synthetic chemical agents to reverse, 
Suppress, or prevent progression to invasive cancer (Sporn, 
1976). In the United States, the Food and Drug Adminis- 
tration (FDA) has approved tamoxifen for lowering the risk 
for breast cancer and celecoxib as a treatment adjunct in 
the chemoprevention setting of familial adenomatous poly- 
posis (FAP). 

There are three major settings of chemoprevention. First, 
chemoprevention targets relatively healthy people at risk 
of a de novo malignancy with the intent of reducing this 
risk. These individuals may have high-risk features, such 
as prior smoking histories, but will not have developed a 
primary malignancy yet. Second, chemoprevention targets 
patients who have known premalignant lesions (e.g., oral 
leukoplakia, colon adenomas) and focuses on preventing 
these lesions’ progression to cancer. Third, chemoprevention 
targets definitively treated primary cancer patients with no 
evidence of disease in order to lower their risk of second 
primary tumours (SPTs). 

This chapter will discuss major biological concepts under- 
lying chemoprevention: the importance of risk, carcinogene- 
sis, and drug activity biomarkers in cancer chemoprevention 
trials; the current status of chemoprevention in the major can- 
cer sites; and future directions in designing clinical chemo- 
prevention trials. 


BIOLOGIC CONCEPTS 
Field “Cancerization’” and Multi-Step 
Carcinogenesis 


Field cancerization and multi-step carcinogenesis are funda- 
mental biologic concepts of chemoprevention. First described 
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by Slaughter etal. (1953), field cancerization connotes 
diffuse epithelial injury resulting from carcinogen expo- 
Sure across a broad area. Genetic changes and premalignant 
and malignant lesions in one region of the field trans- 
late into an increased risk of cancer development over 
the entire field. Chemoprevention is an important approach 
for controlling multifocal cancer or precancer develop- 
ment such as SPTs (which can be difficult to distinguish 
from recurrences), (Jang etal., 2001; Khuri etal., 2002) 
developing after surgery in apparently normal tissue, or 
multifocal primary premalignant or malignant lesions devel- 
oping across an exposed field. Field cancerization has been 
described in head and neck, lung, oesophagus, vulva, cervix, 
colon, breast, bladder, and skin cancers (Prevo et al., 1999; 
Rosenthal etal., 2002; Copper etal., 1993; Chu etal., 
1999; Jothy etal., 1996; Forsti etal., 2001; Takahashi 
et al., 1998; Stern et al., 2002; Braakhuis et al., 2003; M ao 
et al., 2004). 

Multi-step carcinogenesis is the step-wise accumulation 
of genotypic and phenotypic alterations progressing toward 
invasion. Arresting one or several of these steps may impede 
or delay the development of cancer. It has been suggested 
that stem cells acquire one or more genetic mutations and 
form a cluster of cells with genetically altered progeny cells 
(Braakhuis etal., 2003). Accumulated genetic alterations 
then lead to dysregulation of stem cell growth causing clonal 
expansion and thus creating a field of altered cells that 
displace normal epithelial cells (Vogelstein et al., 1988), and 
contains subclones that grow in divergent cell pathways 
(Tabor et al., 2001). Eventually, a subclone may evolve into a 
frank malignancy and accumulate other independent events, 
which can lead to carcinoma (Califano et al., 1999). 


Biomarkers 


Biomarkers are critical components of chemoprevention 
study, serving as (i) molecular targets for identifying new 
agents; (ii) cancer risk, prognosis, or predictive markers for 
selecting (or stratifying) study patients; (iii) predictors of 
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response; (iv) targets to assess tissue delivery of agents; and 
(v) end points of phase II drug activity trials. Biomarkers 
also have potential for use as surrogate end points of phase 
III trials (replacing the cancer end point), but this issue 
is very complicated, and biomarkers are a long way from 
validation as surrogate end points. M olecular biomarkers can 
be used to confirm intraepithelial neoplasia (IEN) response 
(Xiao et al., 2004; M ao et al., 2005), the importance of which 
was suggested by genetic abnormalities that persisted at the 
site of head and neck IEN that had responded completely 
(clinically and histologically) in a chemoprevention trial 
(Mao etal., 1998). The American Association of Cancer 
Research (AACR) Task Force supports IEN as a major 
chemoprevention trial end point (Kelloff et al., 2006). The 
emerging field of preventive pharmacogenomics studies 
molecular biomarkers such as germ-line BRCA2 mutations 
in people receiving tamoxifen and SRD5A2_ polymorphisms 
in people receiving finasteride (King et al., 2001; M akridakis 
et al., 2005; Izzo et al., 2003). 


AERODIGESTIVE TRACT 


In 1912, researchers first proposed the potential role of 
tobacco in bronchogenic carcinoma (Adler, 1912) and that 
cessation of smoking could prevent lung carcinoma. In the 
1930s, Ochsner and DeBakey observed that the increase in 
cigarette sales might be related to the simultaneous rising 
incidence of lung cancer (Ochsner et al., 1940). Lung cancer 
is the leading cause of cancer death in the world and one of 
the most preventable diseases, and head and neck squamous 
cell cancer (HNSCC) is the sixth most common cancer 
in the world and is a major cause of serious morbidity. 
Smoking cessation efforts and policies could reduce both 
cancers. Former smokers now outnumber current smokers, 
but would still benefit from chemoprevention since their risk 
of aerodigestive tract cancer remains elevated. 


Lung 


There is no current standard screening for early lung can- 
cer detection (Strauss and Dominioni, 1999; Strauss et al., 
1997). New screening techniques including autofluorescence 
bronchoscopy, molecular markers in sputu7m analysis, and 
low-dose spiral CT are under investigation (Strauss and 
Dominioni, 1999). Lung cancer risk models are needed but 
are as yet unavailable. 


Premalignant Process 


Lung cancer is a multi-step process (Westra etal., 1993; 
Vogt and Bos, 1990; Huber et al., 1993; Morkve et al., 1992; 
Angel and Karin, 1991; Distel and Spiegelman, 1990). How- 
ever, defining genetic susceptibility in lung cancer is difficult 
since prior studies have not mandated much tissue collection, 
and many changes occur in the bronchial epithelium. Several 


relatively well-described pre-invasive lung lesions defined by 
the World Health Organization include squamous dysplasia 
and carcinoma in situ (CIS), atypical adenomatous hyperpla- 
sia (AAH), and diffuse idiopathic pulmonary neuroendocrine 
neoplasia (Travis et al., 1999). 


Trials 


Several major prevention trials have been performed in 
the lung. Three large randomized studies demonstrated that 
neither a-tocopherol nor g-carotene prevented lung can- 
cer (Table 1). The Alpha-Tocopherol, B eta-C arotene (AT BC) 
study enrolled 29133 male smokers (who smoked five 
or more cigarettes a day) in Finland and treated patients 
with four daily regimens: a-tocopherol, 6-carotene, both 
a-tocopherol and g-carotene, or placebo (The Alpha- 
Tocopherol, Beta-Carotene Cancer Prevention Study Group, 
1994). After 5- 8years of follow-up, none of the treatment 
arms showed benefit, and patients who received g-carotene 
supplementation (either as a single agent or combined) had an 
18% increase in lung cancer incidence and 8% more over- 
all deaths. In the Physician’s Health Study (PHS), 22071 
male physicians from the United States were randomized to 
receive B-carotene or placebo on alternate days and aspirin 
or a placebo on alternate days. This trial was monitored for 
12 years and showed no benefit or harm from £-carotene 
on cancer incidence or overall mortality rate (Hennekens 
et al., 1996). The Beta-Carotene and Retinol Efficacy Trial 
(CARET) enrolled 18314 patients with at least a 20-pack 
year smoking history or extensive occupational exposure to 
asbestos (n = 4060 men) (Omenn etal., 1996). This trial 
randomized patients to receive the combination of daily 
f-carotene and retiny! palmitate or placebo. After an interim 
analysis was performed, a 28% higher rate of lung cancer 
incidence and a 17% higher overall death rate was seen 
in the B-carotene and retinyl palmitate arm. The trial was 
concluded 21 months early owing to the potential harmful 
effect. 

EUROSCAN enrolled 2592 patients who were curatively 
treated for their primary tumours, which included head and 
neck cancers (60%) and lung cancers (40%) (van Zandwijk 
etal., 2000). Patients were randomized to receive retinyl 
palmitate, N-acetylcysteine, both agents, or placebo for 
2years. This study did not show any survival benefit or 
reduction in SPTs with the agents in either disease type. In 
fact, a non-statistically significant lower incidence of SPTs 
was seen in the arm that received no intervention. Several 
problems with this study included the lack of differentiating 
between current and former smokers. 

The Lung Intergroup Trial of isotretinoin (30 mg day~*) 
also was designed for SPT prevention and was conducted 
in 1166 patients previously treated definitively for stage | 
non- small cell lung cancer (NSCLC) (Lippman et al., 2001). 
Although isotretinoin did not influence SPTs, recurrence, or 
mortality in the overall analysis, subgroup analyses suggested 
that interactions between smoking and isotretinoin resulted 
in harm (greater recurrence and mortality) in current smokers 
and benefit (lower recurrence and mortality) in non-smokers. 
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Table 1 Selected major randomized chemoprevention trials. 


Trial 


A|pha-Tocopherol 
Beta-carotene (ATBC 
Study, 1994) 


Physician's Health 
Study 
(Hennekens et al., 1996) 


Beta-carotene and 
Retinol Efficacy Trial 
(CARET) 

(Omenn et al., 1996) 


Intergroup Study 91025 
(Lippman et al., 2001) 


EUROSCAN 
(van Zandwijk et al., 
2000) 


NSABP Study of 
Tamoxifen Raloxifene 
(STAR) P-2 (Vogel 

et al., 2006) 


Breast Cancer 
Prevention Trial (BCPT) 
(Dunn and Ford, 2000, 
2001) 


International Breast 
Cancer Intervention 
Study (Cuzick et al., 
2002) 


NSABP B-24 
(Fisher, et al., 1998) 


(Veronesi et al., 1999) 


(Steinbach et al., 2000) 


The A spirin/F olate 
Polyp Prevention Study 
(Baron et al., 2003) 


The Colorectal 
Adenoma Prevention 
Study 

(Sandler et al., 2003) 


The Polyp Prevention 
Trial 
(Schatzkin et al., 2000) 


Patients 
(number) 


29 133 


22071 


18 314 


1166 


2592 


19747 


13 388 


7152 


1804 


2972 


77 


1121 


635 


2079 


Population 


M ale smokers 


M ale physicians 


Smokers 
Asbestos 
exposure 


Prior stage | 
NSCLC 


Prior lung or 


head and neck 
cancer 


Healthy, but (+) 
Gail model risk 
factors 


Healthy, but (+) 
Gail model risk 
factors 


Healthy, but 
increased risk 


DCIS 


Prior stage | 
breast cancer or 
DCIS 


FAP 


Prior colorectal 
adenoma 


Prior colorectal 
carcinoma 


Prior colorectal 
adenomas 


End point 


Lung cancer 


Colon cancer 
Prostate 
cancer 


Lung cancer 


Colon cancer 
Lung cancer 


SPT 
SPT 


Survival 


Breast cancer 


Breast cancer 


Breast cancer 


Breast cancer 


Breast cancer 


Polyp 
regression 


Recurrence or 
cancer 


Adenoma 


Recurrence 


Compounds 


a-tocopherol (50 mg) 
B-carotene (20 mg) 


b-carotene (50 mg 
QOD) 

Aspirin (325 mg 
QOD) 


Retiny! palmitate 
(25 000 IU) 
B-carotene (30 mg) 


Isotretinoin (30 mg) 


Retiny! palmitate 
(300 000 IU) 
N-acetylcysteine 
(600 mg) 


Tamoxifen (20 mg) 
Raloxifene (60 mg) 


Tamoxifen (20 mg) 


Tamoxifen (20 mg) 


Tamoxifen (20 mg) 


4-HPR (200 mg) 


Celecoxib (100 or 
400 mg) 


Aspirin (81 or 
325 mg) 


Folate (lmg QD) 
Aspirin (325 mg QD) 


Fibre (18 g/1000 
kcal) 


End Result 


B-carotene supplementation led 
to an 18% increase in lung 
cancer and an 8% increase in 
deaths 

No effect from treatment; 
a-tocopherol resulted in 34% 
ower incidence of prostate 
cancer 


No harmful effect from 
-carotene observed 


No effect 


28% higher rate of lung cancer 
incidence and 17% higher 
overall death rate was seen in 
the -carotene and retiny! 
palmitate arm 





No improvement with retinoid 


No improvement with treatment 


Raloxifene as effective as 
tamoxifen in reducing the risk 
of invasive breast cancer; lower 
risk of thromboembolic events, 
but a non-statistically 
significant higher risk of 
non-invasive breast cancer 


49% reduction in incidence of 
invasive breast cancer with 
tamoxifen; 69% reduction in 
ER + tumours 


32% reduction in breast cancer; 
contraindicated in women at 
high risk for thromboembolic 
disease 


Significant decrease in breast 
cancer rates after lumpectomy 
and radiation 


No benefit. Exploratory 
analysis suggests possible 
benefit in subpopulations 


28% reduction in the mean 
number of colorectal polyps 
and a 30.7% reduction in the 
polyp burden 


Positive for aspirin 


Positive 


No treatment effect 


(continued overleaf ) 
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Table 1 (continued) 
Patients 

Trial (number) Population End point Compounds End Result 

Phoenix Colon Cancer 1429 Prior colorectal Recurrence Fibre (2- 13.59) No treatment effect 

Prevention Physician's adenomas 

N etwork 

(Alberts et al., 2000) 

The Calcium Polyp 930 Prior colorectal Recurrence Calcium carbonate Decreased recurrence with 

Prevention Study adenomas (3g) supplementation 

(Baron etal., 1999) 

Hong et al. (1990) 103 Prior HNSCC Recurrence Isotretinoin Reduction in SPT rate. No 
SPT (50- 200 mg m~?) difference in survival or 
Survival recurrence 

NCI C91-002 1384 Prior stage |- II Recurrence Isotretinoin (30 mg) No benefit in SPT or survival 

(Khuri et al., 2006) HNSCC SPT 
Survival 

Prostate Cancer 18 882 Male Prostate Finasteride (5 mg) 24.8% lower incidence of 

Prevention Trial (PCPT) cancer prostate cancer; higher-grade 

(Thompson et al., 2003) tumours in finasteride arm 

Skin Cancer 2297 M oderate - severe Skin cancer Retinol (25000 IU) Positive for fewer SCCs 

Prevention - Actinic actinic keratosis 

K eratosis Trial 

(Moon et al., 1997) 

Skin Cancer Prevention 1805 Prior NMSC Skin cancer B-carotene (50mg) Negative 

Group Trial 

(Greenberg et al., 1990) 

Nutritional Prevention 1312 Prior BCC/SCC Skin cancer Selenium (200 jg) Negative 

of Cancer Study Group 

(Clark et al., 1996) 

Isotretinoin - Basal Cell 981 >2 prior BCC BCC Isotretinoin (10 mg) Negative 

Carcinoma Prevention 

Trial 

(Tangrea et al., 1990, 

1992) 

Southwest Skin Cancer 719 At least four Skin cancer Retinol (25000 IU) Negative 

Prevention Study Group prior skin cancers Isotretinoin 

(Levine et al., 1997) (5- 10mg) 

HPV 16 Vaccine Trial 2392 Women Persistent HPV -16 vaccine Positive 

(Koutsky et al., 2002) HPV 40 wg per dose day 
infection 0, month 2 and 6 


NMSC, non-melanoma skin cancer 


Summary 


Currently, there are no lung cancer chemoprevention agents 
that have clearly shown clinical benefit, and certain nutri- 
ents, such as -carotene have actually shown harm. Efforts 
in smaller studies that are biomarker based may help find the 
next promising chemopreventive agent in lung cancer. Cele- 
coxib, selenium, and erlotinib (an epidermal growth factor 
receptor (EGFR) tyrosine kinase inhibitor) are being studied 
in patients with high-risk features (heavy smoking history, 
prior cancer). At the University of Texas M. D. Anderson 
Cancer Center, a large trial with celecoxib is underway in 
current and former smokers. This trial utilizes a surrogate 
end point of reversal of bronchial histology. In the adju- 
vant setting, the Intergroup E5597 is utilizing daily 200 pg 
of selenium in 1960 patients with resected early-stage lung 
cancers. Additional studies of adjuvant therapy in high-risk 
groups such as in early-stage NSCLC are being conducted. 
M.D. Anderson Cancer Center, in cooperation with selected 
centres through the Department of Defense grant mechanism, 


has initiated the clinical program VITAL (Vanguard Trial 
of Investigational Therapeutics in the Adjuvant Treatment 
of Lung Cancer), which utilizes celecoxib and erlotinib in 
high-risk patients. Combinations of biologic agents will be 
considered in this study as well (Lippman et al., 2005b). Fur- 
ther chemoprevention studies, for example, of novel agents 
in the treatment of advanced NSCLC, with improved safety 
profiles will continue in this setting. 


Head and Neck 


Early-stage HNSCC patients are at risk for developing 
recurrence or SPTs (10-40%). Tobacco use and alcohol 
consumption (Spitz, 1994) are the major HNSCC risk 
factors. Human papillomavirus (HPV) is a more recently 
identified risk factor, accounting for 31- 74% of oral cancers. 
HPV has also been associated with papillomas, condyloma, 
verrucous leukoplakia, and carcinoma (Chang etal., 1991; 
Kashima etal., 1990; Steinberg and DiLorenzo, 1996). 
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Studies in patients with oral premalignancy (Lee et al., 2000) 
demonstrated the value of the biomarkers chromosomal 
polysomy, P53, and loss of heterozygosity plus histology 
as a model of oral cancer risk. This model potentially can 
identify current and former smokers at a cancer risk greater 
than that of the average smoker. 


Premalignancy 


Premalignant lesions are a potential source of intermediate 
markers, and, if complete response of these lesions correlates 
with a reduction in cancer incidence, then markers of prema- 
lignancy will serve as intermediate end points for chemopre- 
vention trials. Oral premalignant lesions or leukoplakia are 
defined as predominantly white lesions of the oral mucosa 
that cannot be characterized as any other definable lesion 
(Gollin, 2001). M ore advanced premalignant lesions include 
erythroplakia and dysplastic leukoplakia. Advanced oral pre- 
malignant lesions are associated with a 17.5% overall rate 
of malignant transformation at 8 years for dysplastic lesions 
(Silverman etal., 1984). Dysplastic tissue has been found 
to have alterations in 9p, 3p, and 17p indicating that these 
are “early” events in carcinogenesis (Califano et al., 1996). 
Leukoplakia lesions often contain genetic aberrations such 
as microsatellite alterations at 9921 and 3p14, which predict 
progression to invasive cancer (Mao et al., 1996; Papadim- 
itrakopoulou, 2002). Polysomy carries an increased risk of 
development to invasive oral cancer (Hittelman et al., 1993). 


Trials 


Head and neck carcinogenesis is one of the most studied 
settings in chemoprevention. Hong etal. (1986) reported 
the first randomized placebo-controlled trial in oral leuko- 
plakia. High-dose 13-cis-retinoic acid (13-cRA) for 3 months 
showed a 67% response rate (vs 10% placebo) (p = 0.002). 
A second trial in oral leukoplakia compared isotretinoin 
with g-carotene (Lippman etal., 1993). This trial had 
two phases: high-dose isotretinoin (1.5mgkg~! day~!) for 
3 months followed by a maintenance phase, in which patients 
were randomized to g-carotene (30mg day‘) or low-dose 
isotretinoin (0.5mgkg~! day~*) for 9months. Patients with 
a response or stable disease went on to the maintenance 
phase. Low-dose isotretinoin maintenance was significantly 
more active against leukoplakia than was g-carotene (92 vs 
45% response or stable disease; p < 0.001). However, the 
beneficial effect of retinoid therapy diminished over time 
(Papadimitrakopoulou et al., 1997). 

Hong etal. (1990) conducted a randomized placebo- 
controlled chemoprevention trial of high-dose 13-cRA (50- 
100mg m~? day~* for 1year) in 103 patients with a prior 
HNSCC (larynx, pharynx, or oral cavity). At a median 
follow-up of 32 months, fewer SPTs were seen in the high- 
dose 13-cRA treated patients (vs placebo) (4 vs 24%; 
p = 0.005). The preventive effect persisted after the 1-year 
intervention: 14% (isotretinoin) versus 31% (placebo) (p = 
0.042) at 54-months follow-up, with greater effect on SPT 
development in the aerodigestive tract (p = 0.008) (Benner 
et al., 1994). However, overall survival was not significantly 


different between the two arms (57 vs 52%; p = 0.39). On 
the basis of the promising results of this trial, a follow-on trial 
was conducted with 1218 prior HNSCC patients randomized 
to low-dose 13-cRA (30mgday~‘) for 3years or placebo. 
This trial found that low-dose 13-cRA did not have an impact 
on SPT rates but may delay recurrence (K huri et al., 2006). 


Summary 


The upper aerodigestive tract is a good model for chemo- 
prevention study. Retinoids, f-carotene, vitamin E, and 
selenium have been tested in this model, but none have 
demonstrated efficacy in large-scale randomized trials to 
date. The recently reported head and neck SPT trial essen- 
tially closed the chapter on retinoid chemoprevention in 
the head and neck. Patients with head and neck premalig- 
nant changes consist of a diverse population and should 
be treated differently depending on their molecular geno- 
type (Hong et al., 2000). As more targeted therapies against 
EGFR (erlotinib, cetuximab) are approved for upper aerodi- 
gestive tract cancers, the EGFR pathway is becoming a more 
promising target for preventive approaches and biomarker 
assessments in the head and neck. 


BREAST 


Breast cancer is the second leading cause of cancer death 
among women in the United States. Individuals with breast 
cancer have a 20- 30% chance of having at least one relative 
with the disease. Risk factors include older age, higher body 
mass index, alcohol consumption, hormone replacement, 
prior radiation exposure, nulliparity, family history, BRCA1 
and BRCA2 mutations, and prior history of breast neoplasia 
(Singletary et al., 2003). Only 5- 10% of breast cancers are 
attributable to highly penetrant germ-line gene mutations 
such as BRCA1/2, TP53, and PTEN. Chemoprevention trials 
in breast cancer have truly become the model as far as risk 
modelling and treatment. 


Risk Models 


The Gail risk model is the most widely used risk model 
in clinical practice and has been utilized in the major 
randomized trials. Other models have been studied, and the 
integration of biomarkers and other molecular information 
continues. 


Trials 


Several major chemoprevention trials have tested tamoxifen, 
a selective oestrogen-receptor modulator (SERM) that has 
been approved by the FDA for reducing breast cancer risk 
in high-risk patients. The Breast Cancer Prevention Trial 
(BCPT); national surgical adjuvant breast and bowel project 
(NSABP P-1) was a placebo-controlled trial of tamoxifen 
in 13000 women at high risk for breast cancer. After the 
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interim analysis showed a 49% reduction in incidence of 
invasive breast cancer in the tamoxifen arm (two-sided, 
p < 0.00001), the trial was concluded early. The effect was 
in ER-positive but not ER -negative tumours. Toxicity studies 
reported an increased risk of invasive endometrial cancer 
and thrombotic events, with women aged 50 and older at 
highest risk (Fisher et al., 1998), and toxicity has limited 
tamoxifen use for risk reduction. The International Breast 
Cancer Intervention Study 1 (IBIS-1) enrolled 7152 healthy 
women at high risk (Cuzick et al., 2002). However, IBIS-1 
also showed a significant increase in thromboembolic events 
(p = 0.001), especially after surgery. Other trials in patients 
with ductal carcinoma in situ (DCIS) and in those with 
resected early-stage breast cancers have reported a positive 
benefit to tamoxifen use in both settings (Early Breast Cancer 
Trialists’ Collaborative Group, 1998; Fisher et al., 2001a,b). 
Although tamoxifen has demonstrated efficacy, its use in a 
chemoprevention setting should be highly individualized. 

The recently reported Study of Tamoxifen and Raloxifene 
(STAR, or NSABP-P2) (Vogel etal., 2006) was conducted 
to determine if the SERM raloxifene would be as preventive 
as but less toxic than tamoxifen. Eligibility criteria include 
only postmenopausal women with increased Gail model risk. 
Participants received either 20 mg of oral tamoxifen or 60 mg 
of raloxifene for 5 years. Nineteen thousand seven hundred 
and forty-seven postmenopausal women were enrolled. There 
were fewer cases of non-invasive breast cancer in the 
tamoxifen group (57 cases) than in the raloxifene group 
(80 cases). There were 36 cases of uterine cancer with 
tamoxifen, and 23 with raloxifene. No differences were found 
for other invasive cancer sites, for ischaemic heart disease 
events, or for stroke. Thromboembolic events occurred less 
often in the raloxifene group. The number of osteoporotic 
fractures in the groups was similar. There was no difference 
in the total number of deaths (101 vs 96 for tamoxifen vs 
raloxifene) or in causes of death. The authors concluded 
that raloxifene is as effective as tamoxifen in reducing 
the risk of invasive breast cancer and has a lower risk 
of thromboembolic events, but a statistically non-significant 
higher risk of non-invasive breast cancer. 

Other promising agents targeting the oestrogen pathway 
include aromatase inhibitors, which inhibit oestrogen syn- 
thesis from androgens, and are used in postmenopausal 
women. A nastrozole (Arimidex) is a non-steroidal aromatase 
inhibitor and was studied in the Arimidex, Tamoxifen Alone 
or in Combination (ATAC) trial (Baum et al., 2003). In this 
trial, patients enrolled on the anastrozole arm had longer 
disease-free survival and fewer primary contralateral breast 
cancers. There was also decreased incidence in the anas- 
trozole arm of endometrial cancer (p = 0.02), cerebrovas- 
cular accidents (p = 0.0006), and venous thromboembolic 
events (p = 0.0006), but not of musculoskeletal disorders 
(p < 0.0001) and fractures (p < 0.0001). 


Summary 


The FDA’s approval of tamoxifen for breast cancer risk 
reduction was a landmark achievement that crowned over 


20 years of progress in chemoprevention research. Tamox- 
ifen has demonstrated efficacy in preventing breast cancer 
in healthy high-risk women and SPTs in adjuvant settings. 
However, the toxicities of endometrial cancer and throm- 
boembolic events have limited tamoxifen use for cancer 
risk reduction. Raloxifene may be an acceptable substitute 
although it has its own side effects profile. Future studies will 
test inhibitors of angiogenesis, vascular endothelial growth 
factor (VEGF), EGFRs, and RAS. 


COLORECTAL REGION 


Colon cancer is the third leading cause of cancer related 
death in both men and women. Risk factors associated with 
development of colon cancer include diets high in fat and 
cholesterol, smoking and alcohol intake, inflammatory bowel 
disease, and genetic disorders such as FAP and hereditary 
non-polyposis colorectal cancer (HNPCC). 


Premalignancy 


The two heritable forms of colon cancer are HNPCC and 
FAP. In HNPCC, germ-line mutations in hMSH2 and hMLH1 
are commonly found (Kinzler and Vogelstein, 1996). These 
genes encode for mismatch repair proteins (M M Rs), abnor- 
malities of which will lead to genomic microsatellite insta- 
bility (MSI) and a two to three times higher mutation 
rate (Lynch etal., 1996; Bhattacharyya etal., 1994; Shi- 
bata etal., 1994; Eshleman etal., 1995). FAP is defined 
by an autosomal dominant germ-line mutation in the ade- 
nomatous polyposis coli (APC ) gene (Kinzler et al., 1991). 
Patients with FAP develop hundreds to thousands of ade- 
nomatous polyps in the colorectum by their teenage years, 
and colorectal carcinoma by the fourth decade of life (King 
et al., 2000). Non-heritable colon cancer develops through 
several mutations including the APC, KRAS, chromosome 
18q21 (candidate genes DCC, DPC4,]V18), and P53 genes 
(Kinzler and Vogelstein, 1996). 


Chemoprevention Studies 


Trials assessing dietary changes or supplementation have 
been largely negative. Clinical trials studying fibre intake 
(Fuchs etal., 1999; Giovannucci etal., 1994; Schatzkin 
et al., 2000; Alberts et al., 2000), B-carotene, vitamins A, C, 
and E did not find an effect on colorectal polyp formation or 
in the proliferative index of normal colonic mucosa (Green- 
berg et al., 1994; Cascinu et al., 2000). The Calcium Polyp 
Prevention Study looked at calcium carbonate (3 g daily) sup- 
plementation in 930 patients for 4years. The recurrence of 
colorectal adenomas was decreased by calcium supplemen- 
tation (adjusted risk ratio = 0.85; p = 0.03) (Baron etal., 
1999). Although calcium supplementation led to a moderate 
reduction in risk of colorectal adenomas, it remains unclear 
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whether this translates into prevention of invasive colorectal 
malignancies and a survival benefit. 

The non-steroidal anti-inflammatory drugs (NSAIDs) have 
become the key class of agents being tested in colon can- 
cer prevention. Celecoxib is a selective cyclooxygenase-2 
(COX2) inhibitor. Colon adenomas express COX2 in more 
than 40% of cases and colon cancer cells overexpress COX2 
70-80% of the time with high levels of prostaglandin E2 
(Eberhart etal., 1994; Chapple etal., 2000). Aspirin, an 
inhibitor of cyclooxygenase, has been studied in several 
large randomized studies, but the effect on colorectal cancer 
prevention is unclear. Aspirin (325 mg day!) significantly 
reduced the number of patients with incident adenomas and 
caused a significant delay in the time to the first adenoma 
(vs placebo) among 635 colorectal cancer survivors (Sandler 
etal., 2003). Low-dose (81mgday~!) and not high-dose 
(325 mg day~+) aspirin reduced the risk of adenomas (espe- 
cially advanced adenomas) in a randomized trial conducted 
in 1121 patients with prior adenomas (Baron et al., 2003). 
The US Physician’s Health Study reported no effect on polyp 
or cancer incidence (Gann et al., 1993). 

The FDA has approved celecoxib use in the treat- 
ment of patients with FAP. Steinbach et al. (2000) per- 
formed a randomized study with placebo, 100 or 400mg 
of celecoxib twice daily in patients with FAP. Patients 
assigned to 400mg of celecoxib had a 28% reduction in 
the mean number of colorectal polyps (p = 0.003) and a 
30.7% reduction in the polyp burden (p = 0.001), as com- 
pared to 4.5 and 4.9% in the placebo group, respectively. 
COX2 inhibitors significantly reduced sporadic adenomas 
in three large placebo-controlled randomized trials. Rofe- 
coxib (25mgday~!) reduced sporadic adenomas by 25% 
but also increased serious cardiovascular events; rofecoxib 
was voluntarily withdrawn from the world market (B resalier 
et al., 2005). Adenoma rates in another large trial were 61% 
(placebo), 42% (celecoxib 200 b.i.d.), and 37% (celecoxib 
400 b.i.d.) at 3years (Bertagnolli et al., 2006). In the third 
large randomized trial, celecoxib at 400mg day~! reduced 
the 3-year cumulative rate of adenomas by 36% (vs placebo). 
The two randomized celecoxib trials saw greater reductions 
in advanced adenomas and, although they also saw increased 
cardiovascular events associated with celecoxib, (B ertagnolli 
et al., 2006; Solomon et al., 2005), this drug is still marketed 
worldwide and is being monitored carefully for cardiovascu- 
lar safety. 

Preclinical work in mutant Apc murine models have 
shown that sulindac in combination with EGFR inhibitor 
EK1I-785 can decrease intestinal polyps (Torrance etal., 
2000). Almost half the mice treated with the combination 
agents did not develop polyps. With the recent success of 
bevacizumab (Avastin), an antibody to the VEGF-receptor, 
in metastatic colorectal cancer and cetuximab (Erbitux), an 
antibody to EGFR, further strategies will be applied to 
prevention targeting these signalling pathways. 


Summary 


FAP patients who are treated with celecoxib again serve as 
a nice model of targeted chemoprevention. COX 2 inhibitors 


are now being studied in the primary prevention of sporadic 
colorectal cancer. COX 2 inhibitors may increase cardiovas- 
cular risks in some patients, thus caution must be used in 
those high-risk patients. Nevertheless, the use of celecoxib 
in prevention of polyps has resulted in continued efforts to 
define a high-risk population and to implement a chemopre- 
ventive agent with manageable side effects in the treatment 
of colorectal cancer. 


PROSTATE 


Prostate cancer is the most common cancer that occurs 
in men. The lifetime risk of a man developing prostate 
cancer is 19% in the United States. Effective screening for 
prostate cancer has been implemented into clinical practice 
including digital rectal exam (DRE) and prostate-specific 
antigen (PSA) testing. Both tests are recommended yearly 
beginning at age of 50. 


Premalignancy 


Prostatic intraepithelial neoplasia (PIN) is an intraluminal 
proliferation of secretory cells of the prostate duct acinar 
system (M ontironi et al., 2000). Common genetic alterations 
in PIN and prostate cancer are found: gain of chromosome 7; 
loss of 8p; gain of 8q; loss of 10q, 16q, and 18q. Proliferative 
inflammatory atrophy (PIA) is a result of diet and inflamma- 
tion and is thought to be implicated towards carcinogenesis. 
It is believed that PIA progresses to PIN, then to high-grade 
PIN, and finally to prostatic carcinoma (see Male Genital 
Tract). 


Trials 


The Prostate Cancer Prevention Trial (PCPT) tested finas- 
teride versus placebo for 7years in 18882 randomized 
men aged 55 years and older and with a normal PSA and 
DRE (Thompson et al., 2003). The primary end point was 
reduction of biopsy-proven prostate cancer prevalence (over 
7years), which was 24.8% lower in the finasteride than 
in the placebo arm. However, higher-grade tumours were 
detected 1.25 times more often in the finasteride arm. The 
cause of the higher-grade tumours is under investigation. 
Although negative for lung cancer prevention in the ATBC, 
vitamin E had a 34% lower incidence of prostate cancer (sec- 
ondary finding) during the 6-year period of ATBC (Eberhart 
etal., 1994; Albanes etal., 1996). Because of this result 
and the positive secondary findings with selenium in the 
Nutritional Prevention of Cancer trial (Clark etal., 1996), 
selenium and vitamin E are being tested for reducing prostate 
cancer risk in the large, ongoing Selenium and Vitamin E 
Cancer Prevention Trial (SELECT), which has randomized 
over 35000 men 55 years or older (except A frican-A merican 
men, who could be 50 years or older because of generally 
higher prostate cancer risk), with a normal PSA level and 
DRE. 
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Summary 


Hormonal therapy with finasteride is a promising start in 
prostate cancer prevention. Several large multi-institutional 
trials are underway investigating promising nutritional agents 
including SELECT, a phase III study designed to study men 
treated with selenium and vitamin E (Lippman et al., 2005a). 
Prostate cancer and prevention is another area of high interest 
to implement novel biologic strategies. 


CERVIX 


Cervical cancer is a major cause of morbidity in women 
worldwide (Jemal etal., 2006). In the United States, 9710 
new cases and 3700 deaths are estimated for the year 2006 
(Jemal etal., 2006). Cervical cancer is characterized by 
the premalignant condition cervical intraepithelial neoplasia 
(CIN). Screening is an accepted standard of care and is per- 
formed with Papanicolaou (Pap) smears and has a 70-80% 
sensitivity for CIN lesions (Sherman et al., 1998). Risk fac- 
tors for cervical cancer include HPV infection (HPV 16, 
18, 45, and 56) (Lorincz etal., 1992; K outsky et al., 1992; 
Schiffman et al., 1993), early age at first intercourse, eth- 
nicity, immunosuppression, multiple sexual partners, smok- 
ing, oral contraceptive use, and £-carotene deficiency. HPV 
infection has been reported in 77% of high-grade CIN and 
84- 100% of invasive cervical cancers (Lorincz et al., 1992; 
Bosch et al., 1995; Walboomers et al., 1999). 


Premalignancy 


Premalignant cervical lesions are classified histologically as 
CIN. CIN is divided into 3 groups: CIN 1 (mild dysplasia), 
CIN 2 (moderate dysplasia), and CIN 3 (severe dyspla- 
sia). These histologic findings are confined to the squamous 
epithelium and lie on a continuum to CIS and then inva- 
sive cervical cancer (Ferenczy and Winkler, 1987). CIN is 
treated with surgical excision, cryotherapy, laser therapy, or 
loop excision with 2-year response rates in the 80% range 
(Mitchell et al., 1994). The risk of recurrence is higher in 
women aged 30 and older, women with HPV 16 or 18 infec- 
tion, or patients with prior therapy (Mitchell et al., 1998). 


Trials 


B-Carotene, folic acid, and systemic retinoid supplementation 
have been studied in several cervical cancer chemopreven- 
tion trials, but no benefit has been seen (Romney etal., 
1997; de Vet etal., 1991; Mackerras etal., 1993, 1999; 
Keefe et al., 2001; Butterworth et al., 1982, 1992; Childers 
et al., 1995). Development of vaccines has however shown 
promise. In a 700-plus patient study, women received the 
bivalent HPV-16/18 vaccine or placebo. Ninety-eight per 
cent seropositivity was maintained for HPV -16/18 antibodies 


during the extended follow-up phase. Also noted was sig- 
nificant vaccine efficacy against HPV-16 and HPV-18. The 
vaccine has a good long-term safety profile. 

Quadrivalent HPV (Types 6, 11, 16, 18) recombinant 
vaccine (Gardasil) was recently approved by the FDA for 9- 
to 26-year-old females for preventing cervical cancer; cer- 
vical adenocarcinoma in situ; high-grade cervical, vulvar, 
and vaginal IEN. Four randomized trials involving 20541 
females have tested this vaccine (K outsky et al., 2002; Villa 
et al., 2005; Lowy and Schiller, 2006; Harper et al., 2006; 
Mao et al., 2006), finding it to be 100% effective in prevent- 
ing HPV -16- or -18-related cervical, vulvar, and vaginal IEN. 
The vaccine could help prevent cervical cancer and reduce 
the 300 000 deaths it causes worldwide each year (along with 
other HPV -related diseases such as oropharyngeal cancers). 


Summary 


The promising findings from early phase I/IIA studies 
of retinoids, micronutrients, difluoromethylornithine, and 
indole-3-carbinol were not confirmed in larger phase IIB 
and Ill trials. HPV vaccine development has validated 
chemoprevention efforts. Reduction in the number of CIN 
cases in the United States, and around the world would make 
a major impact medically and psychologically for women. 
Further development will be in other settings with HPV- 
associated diseases such as some head and neck cancers. 


FUTURE DIRECTIONS 


The major direction of chemoprevention is molecular- 
targeted research in the areas of the biology of neoplasia 
(IEN and cancer), drug effects on relevant targets and path- 
ways, and cancer risk. Highest-risk IENs such as FAP are 
promising settings for targeted drug development (Lippman 
et al., 2005b). Many molecular targets or pathways altered 
in neoplasia also are altered in other ageing-related diseases 
such as atherogenesis, arthritis, and neurodegenerative dis- 
eases, and molecular-targeted chemoprevention with agents 
such as statins is a promising approach for preventing can- 
cer and other chronic diseases (Hawk and Viner, 2005). 
With generally lesser toxicity than standard therapy drugs 
and greater therapeutic activity than many prevention drugs, 
molecular-targeted agents are creating the opportunity for 
convergent development of the same agent for cancer preven- 
tion and therapy (A bbruzzese et al., 2004). This convergence 
promises to bring a substantial acceleration in the process 
of developing drugs from discovery to approval. M erging 
the silo of new prevention drugs with that of new therapy 
drugs will potentially cut in half the 10-15 years it cur- 
rently takes to develop an individual preventive or therapy 
drug. 

Despite several decades of standard therapy with powerful 
drugs, surgery, and radiation, cancer remains a major threat 
to the public health. Cancer chemoprevention has emerged 
in the last decade as an important newer clinical approach 
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for controlling cancer and its devastating consequences. 
Many clinical advances culminating most recently in the 
efficacy of HPV vaccines for cervical cancer prevention 
and of raloxifene in STAR for reducing breast cancer 
risk have brought chemoprevention to the threshold of 
public acceptance. Novel imaging and other technologies for 
identifying cancer risk and monitoring drug activity promise 
to allow personalized chemoprevention for reducing the risk 
of several major cancers. 
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INCIDENCE AND CAUSATION 


While pain arising from cancers may appear to be a lesser 
problem than the disease itself, it assumes an overwhelming 
significance in the psychophysical well-being of individuals 
experiencing it; cancer pain has been described as being 
particularly vicious and unrelenting in nature. Advances in 
cancer detection and therapy have significantly increased 
life expectancy in cancer patients, but much work remains 
to be done in improving the quality of life of individuals 
living with cancer, especially in understanding and treating 
the accompanying chronic pain. Cancer, as the underlying 
disease, leads to a number of diverse pain syndromes 
(Caraceni and Weinstein, 2001). Location of neoplastic 
growth plays a key role in the pain experience of cancer 
patients. Pain may occur early in the course of malignancy 
by virtue of the primary site. Tumours developing in confined 
spaces, for example brain tumours or head and neck tumours, 
are more likely to cause pain early in the course of the 
disease than tumours developing in more capacious organs 
such as the colon or lung. Other cancers develop in sites 
enriched with pain fibres such as head and neck cancers, 
apical lung cancers, neurosarcomas, or osteosarcomas. H ead 
and neck cancers as well as gynaecological and prostate 
cancers engender significantly more moderate to severe pain 
than other primary sites (Vainio and Auvinen, 1996). 

Up to 50% of all cancer patients experience pain, and 
as many as 90% with advanced cancer live with chronic 
debilitating pain that can be difficult to treat, and which 
contributes significantly to increased morbidity and reduced 
quality of life, characterized by fatigue, depression, insomnia, 
and weight loss (Foley, 2000; Portenoy et al., 2003; Peters 
and Sellick, 2006). The experience of pain is often indicative 
of the underlying cancer, appearing in the advanced stages of 
the disease, following infiltration of the spinal cord, nerves, 
or bone metastases. The direct invasion by tumours into bone, 
soft tissues, and viscera produces nociceptive somatic and 
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visceral pain, whereas spinal cord or neural involvement 
Causes neuropathic pain (Dougherty, 2005). Brachial and 
lumbosacral plexopathies are common in patients with lung, 
breast, and abdominal malignancies, whereas postherpetic 
neuralgia is a complication that follows acute herpes zoster, 
occurring in about 25% of patients having bone marrow 
transplantation. Patients with small cell lung cancer or neu- 
roendocrine tumours may develop paraneoplastic subacute 
sensory neuropathy with ataxia, loss of deep tendon reflexes, 
and pain in the upper limbs (Forman, 1990). 

Skeletal metastases are observed in 90% of patients 
with advanced breast, prostate, or lung carcinoma, with 
weakening of the bone structure, diminished weight-bearing 
capacity, and consequent increase in fractures. M echanical 
allodynia, that is, the painful perception of non-noxious 
stimuli can be acutely generated following mobilization or 
coughing, and is refractory to conventional analgesics. With 
advancing malignancy, the stable background pain which is 
described as a dull, constant throbbing pain, increases in 
intensity over time and rapidly deteriorates to unpredictable, 
spontaneous, episodic breakthrough events, which may or 
may not be movement related (M ercadante, 1997; see review 
by Goblirsch et al., 2005). This breakthrough pain can occur 
daily as several separate episodes, lasting up to 30 minutes 
at a time, of excruciating pain that overrides analgesic 
medication. 

However, the most common causes of cancer pain are 
not due to the tumour, but arise as a consequence of 
therapy, including surgery (Jung etal., 2003; Smith et al., 
1999; Stevens etal., 1995; Husen etal., 2006), radiother- 
apy (Carl et al., 2001; Wallgren, 1992), and chemotherapy 
(Cata et al., 2006). For example, patients with invasive breast 
cancer undergoing axillary lymph node dissection (ALND), 
as a standard procedure, suffer from complications of lym- 
phoedema, sensory disturbances, pain, and reduced arm 
mobility. Sentinel lymph node biopsy (SLNB), with frozen- 
section examination during the operation, on the other hand, 
is a less invasive procedure and provides a more precise 
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indicator of the presence of metastases in the axillary lymph 
nodes. The risk of developing arm lymphoedema and other 
morbidity symptoms after SLNB appears to be significantly 
lower compared to that after a complete ALND. A two-step 
procedure to remove the axillary nodes has been found to 
be the factor contributing to arm morbidity due to extensive 
scar-tissue formation, resulting in relatively greater damage 
to the intercostal-brachial nerves and regional lymph ves- 
sels during the second operation, and, consequently, in an 
increased risk of developing arm morbidity of swelling and 
sensory dysfunction, including neuropathic pain. Preserva- 
tion of the intercostal-brachial nerve during axillary dis- 
section for breast neoplasms is indicated for avoiding the 
morbidity of post-operative arm sensory disturbance (Fan 
et al., 2001). 

Asmany as 90% of patients report pain after radiation ther- 
apy (Janjan, 2005). Oral mucositis accompanied by hyposali- 
vation is a common side effect of radiation therapy, as well 
as chemotherapy, for head and neck cancer. The resulting 
oral pain is severe and compromises successful cancer man- 
agement, requiring potent narcotic analgesia and supported 
alimentation. Evidence suggests that the submucosa may be 
involved along with the mucosa in cancer therapy - induced 
oral mucositis, and appears to respond well to therapy with 
keratinocyte growth factor 1 (KGF1) (Redding, 2005). 

Chemotherapy-induced peripheral neuropathy is a com- 
mon, rapidly induced effect observed after administration of 
the vinca alkaloids, taxanes, platinum-derived compounds, 
suramin, thalidomide, and bortezomib (Cata etal., 2006). 
Cotreatment with two or more neurotoxic agents further 
increases the incidence and severity of neurosensory symp- 
toms, depending on the toxicity of the agents. Symptoms 
typically present in a distal stocking-and-glove pattern, 
described as numbness and tingling by more than 90% of 
the affected individuals, and as overtly painful by 26%, with 
underlying impairment of daily activities such as writing, 
buttoning clothes, and handling objects (Dougherty et al., 
2004). Quantitative sensory testing in patients with chronic 
vincristine-, paclitaxel-, cisplatin-, or bortezomib-induced 
peripheral neuropathy reveals shared features and subtle dif- 
ferences in each of these conditions. Patients with each type 
of neuropathy show elevated touch detection not only in 
the areas directly affected by sensory disturbances, includ- 
ing the fingertips, palms, soles and toes of the feet, but also 
in the volar skin outside the area of complaint (Verstappen 
et al., 2003; Dougherty et al., 2004). Patients receiving vin- 
cristine and cisplatin show a significantly elevated threshold 
for cold pain, whereas Taxol-treated patients show para- 
doxical burning pain to cold, when the hands or feet are 
exposed to cold temperatures. These patients learn to avoid 
cold liquids, reaching into the fridge or freezer, or refrig- 
erated aisles in supermarkets. Numbness and tingling often 
progresses to pain, reflecting damage to small myelinated 
and unmyelinated fibres. Cramps and myalgias in the shoul- 
ders and paraspinal muscles are common complaints dur- 
ing chemotherapy with vinca alkaloids, taxanes, and platin 
derivatives. Resolution of chemotherapy-induced peripheral 
neuropathy is highly variable. Neuropathic symptoms may 
persist in 20-60% of cisplatin-treated patients for up to 14 
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months after treatment. However, 74% of colorectal cancer 
patients having oxaliplatin treatment, which is less toxic than 
cisplatin, have demonstrated recovery from grade 3 neuropa- 
thy. Nerve biopsies from patients with paclitaxel and cisplatin 
peripheral neuropathy have shown length-dependent large- 
fibre axonal atrophy and secondary demyelination. Similarly, 
peripheral nerve biopsies from patients with vincristine- 
induced neuropathy have shown reduced numbers of myeli- 
nated fibres, along with axonal and mitochondrial swelling, 
although microtubules were unaffected. Thus, chemotherapy 
agents appear to target myelin, with a resulting imbalance 
in the numbers of surviving myelinated and unmyelinated 
fibres. 


PALLIATIVE THERAPY 


In treatment refractory situations, including intractable pain, 
palliative sedation remains the only option for achieving 
symptom control, by inducing temporary or permanent 
deep sleep without intentionally causing death. Palliative 
drugs that are commonly used are anaesthetic agents, such 
as barbiturates, opioids, and midazolam. Propofol (2,6- 
diisopropylphenol) is a short-acting general anaesthetic agent 
that is recommended for its advantages as an anti-emetic 
and its bronchodilatory effects, although it may have adverse 
side effects such as respiratory depression (Lundstrom et al., 
2005). Current pharmacotherapy for cancer pain is based 
on the WHO concept of an analgesic ladder (WHO, 1986), 
which suggests a step-wise, incremental approach to the 
use of analgesic drugs, starting with non-opioids, followed 
by weak opioids and controlled progression to strong opi- 
oids, with increasing and uncontrolled pain (see review by 
Quigley, 2005). Moderate to severe cancer pain is gener- 
ally managed with morphine, which is the accepted drug of 
choice, although it is associated with substantial side effects 
such as nausea and vomiting, constipation, drowsiness, cog- 
nitive impairment, dry mouth, urinary retention, and pruritus. 
Unfortunately, concerns about addiction, respiratory depres- 
sion, and excessive sedation cause health care professionals 
to avoid opioids or use them at suboptimal doses. The overall 
estimate for patients who receive adequate analgesia for can- 
cer pain is between 71 and 100%, when the WHO ladder is 
used appropriately. However, up to 30% of patients do not 
respond to morphine, or experience excessive side effects, 
or both (Cherny et al., 2001). In patients who are intolerant 
to morphine, switching to alternative strong opioids such as 
oxycodone or fentanyl is recommended; however, even with 
these alternatives, outcomes are often variable and unpre- 
dictable. Opioids are recommended to be used in conjunction 
with adjuvant agents such as antidepressants and anticonvul- 
sants in the management of cancer-related neuropathic pain 
(Portenoy, 1993); see review by Quigley (2004). 

However, the management of prolonged cancer pain 
requires relatively large doses of morphine for sustained 
treatment. Prolonged use of opiates results in opiate toler- 
ance, which requires higher doses to achieve the same level 
of analgesia. This problem is further compounded by the 
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fact that chronic exposure to opiates paradoxically induces 
hyperalgesia. Preclinical studies have shown that sustained 
Opiate exposure upregulates spinal dynorphin content, pro- 
duces thermal and tactile hypersensitivity, and antinocicep- 
tive tolerance. These effects have been found to be mediated 
specifically via the opiate receptors and are unlikely to be 
caused by the accumulation of excitatory metabolic products 
(Gardell et al., 2006). 


NOVEL TARGETS FOR CHRONIC PAIN 


In an effort to understand the mechanisms that underlie 
cancer pain and to develop new drug targets, researchers 
have turned their attention to mechanisms involved in chronic 
pain, including inflammatory and neuropathic pain, by exam- 
ining the molecular, immunochemical, and physiological 
changes. Under normal conditions, noxious signals from the 
periphery are transduced by nociceptive primary afferent 
nerve fibres via their cell bodies residing in the dorsal root 
ganglia (DRG), which synapse with second-order neurons in 
lamina l- III of the spinal cord. Following activation, primary 
afferent neurons release glutamate and neuropeptides at their 
central terminals in the spinal cord, and neuropeptides at their 
peripheral terminals, which can cause neurogenic extravasa- 
tion and oedema. The classical work of Hodgkin and Huxley 
in the 1950s demonstrated the role of ion channels within the 
neuronal cell membrane in generating electrical excitability 
leading to the propagation of signals in neurons. Since then, 
a variety of ion channels and receptors have been discov- 
ered, some of which are involved in nociceptor activation 
and signalling, by specific ligands or modalities, and whose 
expression and sensitivity is known to be altered in pathologi- 
cal pain states. These ion channels and receptors are the focus 
of current studies, and offer new targets for the development 
of specific analgesic drugs without side effects. 

One well-studied ion channel involved in nociceptive sig- 
nalling is TRPV1 or transient receptor potential vanilloid 
type 1 ion channel, cloned in 1997, which is activated by 
capsaicin, the pungent ingredient of chilli peppers, leading to 
the perception of burning pain (Caterina et al., 1997; Tomi- 
naga et al., 1998). This vanilloid receptor is a highly Ca?+- 
permeable, non-selective cation channel, gated by noxious 
heat and low pH (Caterina et al., 2000), and is responsible for 
mediating inflammatory thermal hyperalgesia (Davis et al., 
2000). TRPV 1 is expressed in neurons and non-neuronal tis- 
sues including epidermal keratinocytes, bladder urothelium 
and smooth muscle (Birder et al., 2001), liver (Reilly et al., 
2003), polymorphonuclear granulocytes (H einer et al., 2003), 
and macrophages (Chen et al., 2003). In the nervous system, 
altered patterns of TRPV1 expression has been related to 
pathophysiology associated with clinical chronic pain and 
hypersensitivity. Increased numbers of TRPV 1-expressing 
nerve fibres were observed in rectal biopsy samples from 
patients with rectal hypersensitivity and faecal urgency (Chan 
et al., 2003), and in the colon of patients with active inflam- 
matory bowel disease (Yiangou et al., 2001). The increase 
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may be mediated by nerve growth factor (NGF), which reg- 
ulates the capsaicin sensitivity of human sensory neurons, 
and which itself is increased in inflamed tissues includ- 
ing bowel. Eicosanoids and hydrogen ions generated during 
bowel inflammation could further sensitize and activate the 
upregulated TRPV1 receptors. Similarly, in somatic pain 
states, nerve fibres showed increased TRPV1 expression in 
tissues from patients with vulvodynia, accompanied by a 
painful burning sensation, allodynia, and hyperalgesia (Tym- 
panidis et al., 2004). Animal cancer pain model studies show 
efficacy of Trpvl antagonists, as described in the following 
text, and clinical trials are imminent. 

The isolation, distribution, and pathophysiology of other 
key ion channels and receptors have been the focus of exten- 
sive research in pain mechanisms, and provide targets for 
the development of novel analgesics to treat neuropathic, 
inflammatory, and cancer pain. The vanilloid ion channel 
TRPV 3 (vanilloid-receptor-like protein 3), which is sensitive 
to warm temperatures, but capsaicin insensitive, is coex- 
pressed by DRG neurons with TRPV1 (Smith et al., 2002). 
TRPV3 is transcribed from a gene adjacent to TRPV1, is 
structurally homologous to TRPV1, and is able to associate 
with TRPV 1 possibly to modulate its responses. TRPV 1- and 
TRPV 3-immunopositive small-diameter neurons (<50 um) 
have been observed to be increased in avulsed human DRG 
neurons. Other ion channels expressed by nociceptors include 
the voltage-gated sodium channels, sensory neuron- specific 
Nav 1.8 (SNS/PN3) and Nav 1.9 (NaN/SNS2), which are 
tetrodotoxin resistant, as are the calcium-activated potassium 
channels IK1 and SK1. Previous studies have shown that 
the sodium and potassium channels are acutely decreased 
in injured human DRG neurons but accumulate at injured 
peripheral nerve terminals (Bucknill et al., 2002), and that 
they are regulated by neurotrophic factors (NTFs) in vitro 
(Boettger et al., 2002; Anand et al., 2006). 

The purinergic signalling system is based on the potent 
activation of specific purinoceptors (P2) by the purine 
nucleotides and nucleosides. P2X receptors are activated by 
adenosine triphosphate (ATP), which is known to act as a 
neurotransmitter in nonadrenergic, noncholinergic (NANC) 
nerves of the gut, and as a cotransmitter with classical trans- 
mitters in both the peripheral and central nervous systems 
(Burnstock, 2002). ATP, when given systemically, elicits 
pain responses, and endogenous ATP especially released 
from tumour cells may contribute to cancer pain. P2X3 
receptors are selectively localized on sensory neurons in 
trigeminal, nodose, and DRG, and their peripheral termi- 
nals in the skin and visceral organs. Non-specific P2X 3 
antagonists like suramin have antinociceptive effects, and 
P2X 3 knockout mice have reduced nociceptive inflammatory 
responses (Cockayne et al., 2000). 

The P2X7 purinoceptor is a ligand-gated cation channel, 
expressed predominantly by cells of immune origin, with 
a unique phenotype that includes release of a biologically 
active inflammatory cytokine, (IL)-16, following activation. 
In mice lacking this receptor, inflammatory and neuropathic 
hypersensitivity to both mechanical and thermal stimuli 
was observed to be completely absent, whereas normal 
nociceptive processing was preserved. Further, this receptor 
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has been observed to be upregulated in human DRG and 
injured nerves obtained from patients with neuropathic pain 
(Chessell et al., 2005). It is hypothesized that the P2X7 
receptor plays a role in the development of neuropathic and 
inflammatory pain. 

The NTFs NGF and GDNF have been known to reg- 
ulate the sensitivity of DRG neurons to the excitotoxin 
capsaicin (Winter etal., 1988; Ogun-Muyiwa etal., 1999; 
Galoyan etal., 2003). NGF, the transforming growth fac- 
tor beta (TGF-8) family member, glial cell (line)- derived 
neurotrophic factor (GDNF), and neurotrophin 3 (NT3) are 
produced by peripheral target tissues such as skin and mus- 
cle, and provide trophic support by retrograde transport to 
developing sensory neurons of the DRG (Thoenen and Barde, 
1980; Davies et al., 1991; Trupp etal., 1995; Fundin et al., 
1999). After development and throughout adulthood, the 
role of NTFs switches from providing trophic support for 
neuronal survival, to maintenance of specific neuronal pheno- 
type, thereby facilitating modality-specific sensory function 
(Lindsay and Harmar, 1989). Further, GDNF and NGF regu- 
late the normal function of two distinct classes of nociceptors 
via their receptors Ret and Trk A respectively (Bennett et al., 
1998; Mendell et al., 1999). However, the levels of these 
NTFs and their receptors are known to be vastly altered 
under conditions of chronic pain and to mediate inflam- 
mation. The levels of NGF, GDNF and its receptor RET, 
and the cytokine IL-6 are altered in human peripheral nerves 
and ganglia, in conditions associated with chronic pain and 
hypersensitivity (Anand, 2004; Bar etal., 1998; Saldanha 
et al., 2000). In other conditions of chronic inflammation 
such as interstitial cystitis, the synovium of arthritic joints 
also show increased levels of NGF (Lowe etal., 1997; Aloe 
et al., 1992). These observations correspond with the upreg- 
ulation of NGF reported in a wide range of animal models 
of inflammation (Woolf etal., 1994, 1997; Gillardon et al., 
1995). Further, the local or systemic administration of exoge- 
nous NGF is known to directly mediate pain by inducing both 
thermal and mechanical hyperalgesia in rodents (Lewin et al., 
1993; Andreev et al., 1995) and man (Petty et al., 1994). In 
vitro studies have shown that TRPV 1 expression is increased 
in human sensory neurons cultured in the presence of com- 
bined NTFs and that they are sensitized, showing enhanced 
responses to capsaicin stimulation, in a model of inflamma- 
tion (Anand et al., 2006). NGF antibodies are used in clinical 
trials for chronic pain, and deserve trial in cancer pain, sup- 
ported by evidence in the cancer pain animal model study 
described in the following text. 

Glial activation is known to be induced by substances 
such as prostaglandins, nitric oxide, fractalkine, substance 
P (SP), excitatory amino acids, and ATP released from pri- 
mary afferent neurons (Watkins etal., 2001). Studies of 
injured human peripheral nerves associated with chronic pain 
have shown increased levels of cyclooxygenase 2 (COX -2) 
in macrophages/microglia, with similar observations in the 
peripheral nerve and spinal cord of rats with a chronic con- 
striction nerve injury (Durrenberger et al., 2004). Activation 
of immunelike glial cells such as astrocytes or microglia has 
been reported in numerous conditions and may contribute to 
mechanical allodynia, hyperalgesia, or chronic pain states. It 
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is possible that COX-2 immunoreactive cells play a role in 
Wallerian degeneration, nerve regeneration, and the develop- 
ment of persistent pain. 


Animal Models of Cancer Pain 


Several animal models of cancer pain have been developed, 
which share some of the features observed in models of 
chronic pain. Distinct changes are known to occur in response 
to the type of peripheral nerve injury or inflammation in 
animal models, characterized by elevated levels of neuropep- 
tides such as SP, calcitonin gene-related peptide (CGRP), 
NGF, and pro-inflammatory cytokines in the DRGs and lam- 
inae | and II of the spinal cord dorsal horn (K uraishi et al., 
1989; Donnerer et al., 1992; Smith et al., 1999). Behavioural 
indicators of ongoing pain in animal models include guarding 
behaviour, paw licking or flinching, abnormal gait with limp- 
ing during ambulation, adoption of a hunched position due 
to visceral pain, vocalization, and a decrease in thresholds 
following mechanical stimulation, which correlate quantita- 
tively with the severity of the pain. M odels for inflammatory 
pain typically involve injection of an inflammatory media- 
tor such as complete Freund’s adjuvant into the foot Tarsus 
of rodents, whereas neuropathic pain is evoked by spinal or 
peripheral nerve ligation. 

Models for cancer pain have been described especially 
for bone cancer, in which sarcoma cells are injected into 
the intramedullary space of the femur. Animal studies of 
experimental chemotherapy-induced peripheral neuropathy 
have been developed for cisplatin, vincristine, and pacli- 
taxel in mice. The histopathological changes that have 
been observed include the accumulation of platin drugs 
and taxanes in high concentrations in the DRG (Cavaletti 
etal., 1998; Holmes etal., 1998). Nuclear abnormalities 
in neurons and satellite cells of cisplatin- and carboplatin- 
treated animals are diminished nuclear and nucleolar size, 
nuclear fragmentation and DNA laddering, decreased soma 
size, and abnormal neurofilament organization (Barajon 
etal., 1996; Gill and Windebank, 1998; Cavaletti etal., 
1992). Neurophysiological features observed in these mod- 
els include a decrease in threshold and exaggerated paw 
withdrawal responses to mechanical stimulation, with rapid 
onset of hyperalgesia observed as early as 2-6hours after 
the injection of vincristine and paclitaxel, respectively, and 
reduced amplitude and conduction velocity of sensory fibres. 
Paclitaxel-treated rats demonstrated greater responses to 
C-fibre stimulation without changes in spontaneous activity 
or conduction velocity (Dina etal., 2001). Sensory coding 
of spinal cord dorsal horn neurons is also altered in rats 
with vincristine-, paclitaxel-, or cisplatin-induced hyperal- 
gesia. Abnormalities include high spontaneous activity in 
wide dynamic range neurons, as well as continued dis- 
charge following removal of the cutaneous stimulus. This is 
accompanied by a tendency for spinal neurons to show wind- 
up to repetitive transcutaneous electrical stimulation. These 
changes are similar to those observed in rats with diabetic, 
nerve ligation, and chronic constriction neuropathies. How- 
ever, pharmacological studies indicate important differences. 
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While N-methyl-D-aspartate receptors (NMDA) receptors 
are involved in the neuropathic pain produced in chronic con- 
striction peripheral nerve injury, MK 801 (aNMDA receptor 
antagonist) appeared to have no effect on mechanical hyper- 
algesia in rats treated with paclitaxel. 

As bone metastasis is a common sequel of malignant 
tumours, associated with complications of severe pain and 
fractures, M antyh and co-workers have developed a murine 
model of bone metastases initiated by the injection of Green 
fluorescent protein (GFP)-transfected mouse sarcoma cells 
into the intramedullary cavity of the femur in mice, to study 
the histological, behavioural, and chemical changes that fol- 
low (Sabino etal., 2002; Peters et al., 2005; Sevcik et al., 
2004). Bone is a richly innervated environment containing 
sensory and sympathetic afferents in all regions including 
bone marrow, mineralized bone, and the periosteum, thus 
facilitating the perception of noxious stimuli in response to 
pathological changes. Haematopoietic and immune cells in 
the bone marrow are known to secrete a variety of substances 
including prostaglandins, cytokines, endothelins, and growth 
factors including epidermal growth factor and NGF (Alvarez 
and Fyffe, 2000), which are potent activators of sensory affer- 
ents (M endell et al., 1999). Behavioural assessment 2 weeks 
after tumour cell injection showed increased number of spon- 
taneous flinches compared to sham controls, reduction of 
limb use during normal ambulation and enhanced guarding of 
the sarcoma-bearing limb during forced ambulation, reflect- 
ing ongoing cancer pain. These changes correlated histolog- 
ically with proliferation of the sarcoma cells, with complete 
infiltration of the intramedullary space of the injected femur, 
as well as increased proliferation and hypertrophy of osteo- 
clasts. Radiological assessment of the affected bone showed 
extensive osteolysis compared to sham-operated mice. While 
normal bone marrow is densely innervated with Calcitonin 
gene-related peptide immunoreactive (CGRP-IR) sensory 
unmyelinated nerve fibres and neurofilament 200 immunore- 
active (200 kilodalton NF-IR) medium/large diameter myeli- 
nated nerve fibres, 2 weeks post- tumour cell implantation, 
the marrow space becomes completely filled with tumour 
cells and devoid of CGRP or NF-IR nerve fibres within the 
tumour, implying destruction of nerve fibres by the prolifer- 
ating tumour cells (Figure 1). 

Similar changes have been reported in a rat model of bone 
metastases where MRMT-1 (rat mammary gland carcinoma), 
cells injected into the intratibial space produced a rapid 
expansion of the tumour within the tibia, causing extensive 
damage and compromising the integrity of the bone, by 
2 weeks (M edhurst et al., 2002). Behavioural changes were 
displayed as reduced activity of the animals with progression 
of the disease, and gradual development of mechanical 
allodynia and hyperalgesia with reduced weight bearing of 
the affected limb. 

Concurrent central changes within the superficial and deep 
laminae of the lumbar spinal cord receiving afferent input 
from the tumour-bearing bone are observed as increased c- 
fos and dynorphin expression, both of which are markers 
of central sensitization in painful conditions (Hunt et al., 
1987; Hunt and M antyh, 2001; Schwei et al., 1999; Honore 
et al., 2000). Galanin is one of several neuropeptides that is 
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dynamically upregulated following peripheral nerve injury 
(Shi etal., 1999; Zhang etal., 1998), and in the DRG 
neurons innervating sarcoma-infiltrated mouse femurs, along 
with activated transcription factor 3 (ATF-3) (Peters et al., 
2005), a member of the ATF/CREB (cAMP response element 
binding protein) family of transcription factors involved in 
cellular stress response (Figure 2) (Hai et al., 1999). 

A comparative study of inflammatory, neuropathic, and 
cancer pain in the mouse suggests that cancer pain is 
a unique pain state as it does not share the features 
of altered neuropeptide expression either in the DRG or 
in the spinal cord. However, changes such as massive 
astrocyte hypertrophy with increased glial fibrillary acid 
protein (GFAP), increase in the neuronal expression of c-fos, 
and increased expression of dynorphin in neurons have been 
reported in the spinal cord ipsilateral to the limb injected 
with tumour cells receiving afferent input from the affected 
limb, reflecting the pathological changes in the periphery in 
both mouse and rat models. 

Multiple tumour cells are known to produce COX- 
2 and mediate the synthesis of prostaglandins (Fosslien, 
2000; Kundu etal., 2001; Dubois etal., 1996). The role 
of prostaglandins in mediating pain and inflammation by 
sensitizing primary afferents has been well documented 
(Zhang etal., 1997; Samad etal., 2001; Julius and Bas- 
baum, 2001). Further, prostaglandins are known to regulate 
tumour growth, survival, and angiogenesis (Sheng et al., 
1997; Lal etal., 2001; Masferrer et al., 2000; Reddy et al., 
2000; Sonoshita et al., 2001), as well as osteoclast function 
via the prostaglandin (EP) receptors (Li et al., 2000; Raisz, 
2001; Tomita etal., 2002). In the murine model of bone 
metastasis, sarcoma cells injected into the mouse femur have 
also been observed to produce COX-2. 

In both the rat and mouse models of bone metastases, acute 
treatment with morphine produced a dose-dependent reduc- 
tion in hyperalgesia, while acute administration of celebrex, 
the Cox-2 inhibitor, had no effect (M edhurst et al., 2002). 
Chronic administration of selective Cox-2 inhibitors in the 
mouse and rat models has been reported to be effective in 
reducing bone cancer pain-related behaviour in terms of 
improved use score, particularly reduction in limb guarding 
during forced ambulation. Histological assessment showed a 
significant reduction in the proliferation and hypertrophy of 
osteoclasts and a reduction in tumour-induced bone resorp- 
tion. Tumour burden was also reduced by approximately 
50% with chronic COX-2 inhibitor treatment in terms of 
the area within the bone occupied by proliferating injected 
sarcoma cells. Similarly, chronic treatment with two other 
selective Cox-2 inhibitors lumiracoxib and valdecoxib sig- 
nificantly attenuated static and dynamic pain behaviour in 
the rat model of bone cancer pain, along with significant 
reduction of bone mineral loss and bone destruction associ- 
ated with tumour growth (Fox etal., 2004). Peripheral and 
central sensitization observed as c-fos, dynorphin, and astro- 
cytic GFAP immunoreactivity in the lumbar spinal cord were 
also significantly reduced following chronic treatment with a 
Cox-2 inhibitor (Sabino et al., 2002). Thus, Cox-2 inhibitors 
appear to have a promising therapeutic value in the treatment 
of bone cancer pain in animal models. 
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Figure 1 The very distal processes of sensory nerve fibres that normally innervate the bone marrow are injured by invading 2472 sarcoma tumour cells. 
Confocal images of calcitonin gene- related peptide (CGRP, green) and neurofilament-200 (N F200, red) immunoreactive nerve fibres were compiled from 
serially adjacent sections (14m thick) in normal (a) and tumour-bearing (c) femur of mice. Haematoxylin and Eosin (H&E, 741m thick) staining was 
performed on adjacent sections to distinguish bone marrow in the normal mouse femur (b) and invading tumour cells in the tumour-bearing femur (d). In 
the normal marrow, CGRP, which labels predominantly small-diameter peptidergic sensory fibres, and NF200, which labels medium and large diameter 
myelinated sensory nerve fibres, were evenly distributed throughout the bone marrow as contiguous fibres generally associated with the vasculature (a and 
b). Fourteen days following the injection and confinement of the tumour cells to the marrow space (c and d), few, if any, CGRP- or NF200-expressing 
sensory fibres can be detected at the centre of the tumour within the intramedullary space of the femur. Scale bar = 60 um. (Reprinted from Experimental 
Neurology, Vol. 193, p 85- 100, Copyright 2005 with permission from Elsevier.) 


Both acute and chronic treatment in the murine bone 
metastasis model, with drugs used for treating neuropa- 
thy such as gabapentin, or the bisphosphonate alendronate, 
have demonstrated significant reduction of ongoing and 
movement-related cancer pain behaviours; although, tumour 
growth, tumour-induced bone destruction, and tumour- 
induced neurochemical changes in the sensory neurons and 
spinal cord were unaffected (Peters et al., 2005; Sevcik et al., 
2004). Chronic treatment with zoledronic acid, another bis- 
phosphonate, also appears to significantly inhibit tumour 
proliferation with preservation of the cortical and trabecular 
bone structure, as well as attenuation of mechanical allodynia 
and hyperalgesia in the affected hind limb in the rat model 
(Walker et al., 2002). 

Bisphosphonate is commonly used in the treatment of 
osteoporosis, a condition characterized by excessive bone 


resorption. This agent has a high affinity for calcium ions 
present in hydroxyapatite crystals of mineralized bone and 
is incorporated into mineralized bone (Masarachia etal., 
1996), to inactivate the osteoclast-mediated resorption of 
mineralized bone (Virtanen et al., 2002). Bisphosphonates 
thus reduce bone resorption by inhibiting osteoclast func- 
tion, along with direct antineoplastic and analgesic effects 
(Paterson, 2000). Patients with breast cancer have four to 
five times the normal rate of vertebral fracture and chloro- 
dronate has been reported to reduce skeletal complications 
in patients with bone metastases from breast carcinoma. 
Acidification of the extracellular environment (pH 4.5 and 
5.0) at the osteoclast mineralized bone interface takes place 
owing to bone resorption by osteoclasts (Delaisse and Vaes, 
1992). It is possible that proliferating osteoclasts may result 
in the activation of acid-sensing ion channels and receptors, 
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Figure 2 Activated transcription factor 3 (ATF-3) and galanin are upregulated in primary sensory neurons that innervate the tumour-bearing femur 14 days 
following tumour implantation. Neurons in the sham-operated ipsilateral L2 dorsal root ganglia (DRG) express low levels of both ATF-3 (a, blue) or the 
neuropeptide galanin (c) in sensory neurons in the L2 DRG ipsilateral to the tumour-bearing bone. M any sensory neurons that show an upregulation of 
galanin in response to tumour-induced destruction of sensory fibres in the bone also show an upregulation of ATF-3 in their nucleus (f arrows). These data 
suggest that tumour cells invading the bone injure the sensory nerve fibres that normally innervate the tumour-bearing bone. Scale bar = 200 um (a- d); 
scale bar = 100 um (e, f). (Reprinted from Experimental Neurology, Vol. 193, p 85- 100, Copyright 2005 with permission from Elsevier.) 


such as the vanilloid receptor TRPV 1, expressed by sensory 
afferents innervating areas of bone metastasis. Further acti- 
vation of sensory afferents innervating bone can also occur 
during osteolysis, by the release of growth factors embedded 
in mineralized bone (Mach et al., 2002; Guise, 2000). 
Recent observations in both preclinical models (Yoneda 
et al., 2000) and humans (M ajor et al., 2000; Berenson et al., 
2001) have demonstrated that osteoclasts play an essential 
role in cancer-induced bone loss and contribute to the aetiol- 
ogy of bone cancer pain. Therapies such as osteoprotegerin 
or the bisphosphonates, both of which reduce the number of 
activated osteoclasts (Luger et al., 2001; Sevcik et al., 2004), 
owe their efficacy in reducing bone cancer pain, at least 


in part, to the attenuation of osteoclast-mediated acidosis, 
thereby potentially decreasing proton-induced stimulation of 
TRPV 1 channels on sensory nerve fibres that innervate bone. 
Another source of protons that may contribute to TRPV1 
stimulation is lysis of tumour cells themselves. Tumour 
cells have a lower intracellular pH than normal cells (Grif- 
fiths, 1991), and, as a solid tumour outgrows its vascular 
supply, it becomes necrotic, which may also generate an 
acidic environment (Reeh and Steen, 1996). In addition to 
agents that can directly activate TRPV1, other factors such 
as bradykinin, ATP, and NGF can modulate TRPV1 func- 
tion indirectly via activation of second-messenger signalling 
pathways (Woolf and Salter, 2000; Julius and Basbaum, 
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2001), resulting in TRPV1 sensitization. Previous studies 
have shown that these factors can be released from a vari- 
ety of tumour cells (Drube and Liebmann, 2000; M archetti 
et al., 2003; Mujoomdar et al., 2003). 

Administration of a TRPV1 antagonist has been reported 
to reduce bone cancer-induced pain-related behaviours 
and retain its analgesic efficacy with disease progression. 
Tumour-induced ongoing nocifensive behaviours were eval- 
uated by measuring spontaneous guarding and spontaneous 
flinching over a 2-minute observation period. M ovement- 
evoked allodynia was assessed by measuring the time 
spent guarding and flinching after normally non-noxious 
palpation of the distal femur. In mice with bone cancer, 
there is a significant increase in the duration and mag- 
nitude of guarding and flinching. Chronic treatment with 
the Trpv1 antagonist JNJ-17203212 administered from 6 to 
18 days after tumour injection significantly reduced param- 
eters of both ongoing and movement-evoked pain-related 
behaviours compared with sarcoma + vehicle-treated ani- 
mals. At all time points examined (days 9-18), chronic 
administration of JNJ-17203212 (30mgkg~}, s.c.; twice 
daily) maintained significant analgesic efficacy with dis- 
ease progression, during which the severity of pain-related 
behaviours increased. M ice lacking functional Trpv1l showed 
a significant decrease in numbers of ongoing, and movement- 
evoked pain-related behaviours compared with wild-type 
C3H/He} animals, 10- 14days after tumour injection, sug- 
gesting that this compound exerted its action by antagonizing 
the Trpv1 channel (Ghilardi et al., 2005). Similarly the Trpv1 
antagonist capsazepine and the agonist resiniferatoxin were 
separately found to be effective in reducing thermal hyper- 
algesia induced by osteosarcoma cells injected into the tibia 
of mice (Menendez et al., 2006). 

NGF has been shown to be expressed by many tumour 
cells and tumour-associated macrophages. As the bone 
receives a rich sensory innervation by fibres that express 
TRPV1, production of these proalgesic agents may also 
sensitize TRPV1 channels, thereby generating a state of 
hyperalgesia and/or allodynia. Like many chronic pain states, 
bone cancer pain becomes more severe with disease progres- 
sion, requiring higher doses of analgesics to control the pain. 
Administration of a TRPV1 antagonist reduced both bone 
cancer- induced ongoing and movement-evoked pain-related 
behaviours and retained this efficacy at early, middle, and 
late stages of tumour growth. One reason that the antagonism 
or inactivation of TRPV1 attenuated but did not completely 
block bone cancer- induced pain behaviours could be that 
other receptors (such as bradykinin, P2X 3, and prostaglandin 
receptors, or acid-sensing ion channel 3 and voltage-gated 
sodium channels) may also be involved in the generation and 
maintenance of this pain state (Julius and Basbaum, 2001; 
M antyh et al., 2002). 

Most of the sensory afferents innervating bone express 
the Trk A and p75, the receptors that are activated by NGF 
to sensitize nociceptors. NGF has been shown to modulate 
inflammatory and neuropathic pain in animal models and 
is associated with conditions of chronic pain in humans. 
Administration of a blocking antibody to NGF in a mouse 
model of bone metastasis, produced a significant reduction in 
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bone cancer- related pain behaviours, but did not influence 
tumour-induced bone remodelling, osteoblast proliferation, 
osteoclastogenesis, or markers of innervation in the affected 
bone (Halvorson et al., 2005). 

The peptide endothelin-1 (ET-1), originally recognized 
as a potent vasoconstrictor, is known to have nociceptive 
properties in animals and humans, and is expressed by sev- 
eral tumour types. The biological activity of endothelins 
is mediated by two receptor subtypes endothelin A, ETAR 
and B, ETgR. Peters et al. (2004) showed that administra- 
tion of the selective ETa R antagonist ABT-627 significantly 
attenuated ongoing and movement-evoked bone cancer pain 
in a mouse model, and also reduced several neurochemi- 
cal indices of peripheral and central sensitization without 
influencing tumour growth or bone destruction. In contrast, 
administration of the ETgR antagonist appeared to increase 
several measures of ongoing and movement-related pain. 


CONCLUSION 


There is mounting evidence which suggests that tumours 
secrete substances that can cause long-term changes to their 
environment. Besides modifying the local environment, such 
as weakening and compromising bone, interaction between 
these substances and sensory nerves may either sensitize the 
nerves directly to cause hyperalgesia, or cause nerve damage 
that leads to chronic pain. Many of the secreted substances 
act via specific receptors and have secondary effects that 
result in chemical and functional plasticity of spinal cord 
neurons. These receptors, either singly or in combination, 
offer potential targets for the development of therapies that 
are tailored to particular types of tumours. Clinical trials for 
such target-specific drugs may, in future, provide treatment to 
address the issue of chronic pain with the aim of improving 
quality of life, quite apart from therapy to eliminate the 
cancer itself. 
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INTRODUCTION 


Over thousands of years of history, medicine has evolved 
from a purely observational, anecdotal accumulation of 
empirical experience to a methodical, evidence-based scien- 
tific discipline. Clinical trials, which are prospective studies 
to evaluate the effect of interventions in humans under pre- 
specified conditions, have become a standard and integral 
part in the development of new cancer therapies. Since the 
landmark paper of Frei et al. (1958) was published almost 
50 years ago, cancer clinical trials have not only fuelled the 
development of numerous anticancer therapies but have also 
provided a fertile ground for basic scientific research and for 
the development of new designs and statistical methods to be 
used in testing new agents. A properly planned and executed 
clinical trial remains the most definitive tool for evaluat- 
ing the effect and applicability of new anticancer therapies 
(Pocock, 1983; Friedman etal., 1998; Green etal., 2003; 
Teicher and Andrews, 2004; Piantadosi, 2005; Crowley and 
Ankerst, 2006). 


BASIC ELEMENTS OF CLINICAL TRIAL DESIGN 


A clinical trial is a study conducted prospectively, imple- 
menting a well-defined plan that is established before the 
study begins. This plan, the study protocol, should specify all 
the key components of the trial. The study protocol needs to 
include scientific rationales for the trial and the study objec- 
tive and design, as well as specific steps to guide the conduct 
of the trial. General overviews for clinical trial design have 
been written by Gehan (1997), Lee et al. (2001), and Nottage 
and Siu (2002). The study protocol serves as an operation 
manual for conducting the trial by specifying the standard 
Operating procedures. It is also a contract between the study 
participants, study investigators, scientific community, fund- 
ing agencies, and the regulatory agencies, such as the Food 
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and Drug Agency (FDA) and the National Cancer Insti- 
tute (NCI) in the United States and the European M edicines 
Agency (EMEA) in Europe. A protocol should include the 
nine basic elements of clinical trial design outlined below. 


1. Study objective: The first and foremost requirement in 
the design of a clinical trial is for the investigator to 
declare the objective of the study. The objective could 
be to conduct a pilot/feasibility study of a new agent 
or procedure, to evaluate a drug’s safety and define 
its toxicity profile, to determine a drug's efficacy on 
patient outcome or survival, or to determine an agent's 
impact on the patient's quality of life. Quantitatively, the 
study objective can be posed in a form of estimation or 
hypothesis testing. An example of an estimation problem 
is a study objective to quantify the clinical response rate 
for an inhibitor of the epidermal growth factor receptor 
(EGFR) in patients with untreated, non-small cell lung 
cancer (NSCLC). An example of a hypothesis testing 
problem is a study objective to determine the difference 
in clinical response rates between patients with breast 
cancer who are treated with a selective oestrogen receptor 
modulator (SERM) and those treated with an aromatase 
inhibitor (Al). In this example, the null hypothesis may 
be equal clinical response rates for patients in the two 
treatment arms. Depending on the purpose, clinical trials 
can also be classified as superiority trials, non-inferiority 
trials, equivalence trials, and so on. 

2. Study population: The study population of a trial is 
typically defined by specifying the eligibility criteria, 
which list the inclusion criteria and the exclusion criteria. 
A more homogeneous study population allows a treatment 
to be evaluated in more comparable settings, but can 
restrict patient entry and the generalizability of the study 
conclusion. In the early phase of drug development, a 
heterogeneous population can be sought to assess a drug’s 
toxicity, while a more homogeneous population will be 
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required in the later stages of drug development to assess 
a drug's efficacy in more specific settings. 

. Type of study design: The simplest design is a single- 
arm, open label study. Its result can be compared to a 
fixed, preset target or existing data from historical con- 
trols. A controlled clinical trial compares the effect of 
an intervention against a control group, which can vary 
in its definition. A concurrent control group can be one 
that receives no treatment, a placebo, or a different treat- 
ment regimen in the same trial (labelled as no treatment, 
placebo, or active control, respectively). The result from 
controlled clinical trials is more credible than that from tri- 
als using a single treatment arm without a control group or 
with only a historical control, because the parallel design 
in a controlled clinical trial can remove many potential 
confounders. A crossover trial uses the patients as their 
own controls, comparing their pretreatment states to their 
post-treatment states. Owing to the fact that cancer is a 
progressive disease and a cancer patient’s status rarely 
returns to the same pretreatment condition after therapy, 
the crossover design is rarely used in oncology. Another 
useful design is the factorial design, which allows simulta- 
neous evaluation of the main effect and the combination 
effect from multiple treatments. With either no interac- 
tion or a positive interaction in efficacy between two 
agents, a2 x 2 factorial design is an efficient design com- 
pared to two single-arm studies. The benefit of a factorial 
design becomes more evident when the two agents have 
non-overlapping toxicity profiles. The factorial design is 
commonly used in cancer prevention settings for eval- 
uating the preventive effects of multiple regimens and 
their combinations. For example, the effects of aspirin and 
-carotene on cardiovascular and cancer prevention end 
points were studied in the Physicians’ Health Study (H en- 
nekens and Eberlein, 1985); the effects of a-tocopherol 
and £-carotene on lung cancer prevention were evaluated 
in atrial of the Alpha-Tocopherol, Beta-Carotene (ATBC) 
Cancer Prevention Study Group (Heinonen et al., 1994); 
and the effects of g-carotene, vitamins E and C, and mul- 
tivitamins were evaluated in the Physicians’ Health Study 
Il (Christen et al., 2000). 

. Randomization and blinding: One of the biggest obstacles 
that investigators must overcome in order to reach a valid 
study conclusion is bias. Bias can creep into clinical 
trials in many different ways. For example, selection 
bias occurs in a trial when more patients who have 
good (or bad) prognoses are enrolled in the trial. This 
bias can produce better (or worse) results than expected, 
regardless of the attributes of the treatment. Evaluation 
bias occurs when an investigator knows a patient’ s 
treatment assignment, and the knowledge consciously 
or subconsciously affects the investigator’s judgement 
of whether to deem the patient’s outcome a response 
or not. In addition, a trial participant who knows that 
he/she is receiving placebo may have a greater likelihood 
of dropping out of the trial or that participant may 
choose to “drop in” to the treatment group by taking 
the active drug when it is available outside of the 
trial. In either situation, a valid conclusion would be 


impeded because of bias. Randomizing the assignment 
of patients to treatment groups as they are enrolled in 
a trial and blinding the investigators and patients to 
treatment assignments are two very effective methods to 
guard against bias in clinical trials. Randomization can 
produce comparable study groups with respect to the 
known or unknown risk factors. It removes the potential 
allocation bias by taking out the subjectivity in treatment 
assignment. Proper randomization also guarantees the 
validity of statistical inference, for example, by applying 
a permutation test. Whenever possible, randomization 
should be implemented for any trial with two or more 
treatment groups. 

Several randomization schemes are useful in clinical tri- 
als. Simple randomization allocates patients into treatment 
arms with fixed probabilities, for example, patients can be 
assigned to treatment A or treatment B with 1:1 or 2:1 
randomization ratios. When strong prognostic factors are 
known, patients should be stratified into various prognos- 
tic groups first and then randomized into treatment arms. 
Stratified randomization increases the chance of balanced 
treatment assignment within each prognostic group. In 
addition, a random permuted block design can guarantee 
a balance in treatment allocation. For example, a random- 
ization list using a random permuted block design with 
two treatments (A and B) and a block size of four may 
look like the following: ABBA, BABA, AABB, BAAB, 
and so on. It may not be possible to balance randomiza- 
tion within each subgroup when there are large numbers 
of prognostic factors. For example, with five prognos- 
tic factors and three levels for each factor, there are 
3 x 3 x 3 x 3 x 3 = 243 subgroups. If the target accrual 
of a trial is only 100, there will not be enough subjects 
in each subgroup to perform stratified randomization. In 
this case, minimization methods (minimizing a predefined 
imbalance score), such as the dynamic allocation method 
(Pocock and Simon, 1975), can be useful in achieving 
“marginal” balance for each of the five prognostic fac- 
tors, but not for their combinations. These randomization 
methods can be used alone or together whenever applica- 
ble (Rosenberger and Lachin, 2002). 

Study blinding is also important for preserving the 
integrity of the trial. As mentioned previously, the study 
result can be biased when the investigator and/or the 
patient knows the treatment assignment. Therefore, single- 
blinded trials (treatment assignment is blinded to either 
patients or investigators) or double-blinded trials (treat- 
ment assignment is blinded to both patients and investi- 
gators) are designed to alleviate these problems. In cancer 
therapy, it may not be possible to “blind” the treatment to 
patients, physicians, or both because the routes of treat- 
ment administration for many anticancer therapies and/or 
their distinct toxicity profiles are obvious. In this case, at 
the very least, the person who evaluates the treatment out- 
come (e.g., the radiologist or the pathologist) should be 
blinded to the treatment assignment to avoid evaluation 
bias. 


. Primary/secondary end point: Every clinical trial should 


have at least one clearly stated primary end point that is 
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consistent with the primary objective of the trial. In the 
early phase of drug development (phase |), the highest 
effective dose with acceptable toxicity, the frequency, 
and the profile of toxicities could be the primary end 
points. In the middle phase of drug development (phase 
Il), a short-term clinical end point, such as response rate, 
disease-free survival, or time to disease progression, is 
typically used as the primary end point. In the late phase 
of drug development (phase III), the overall survival is 
often used as a gold standard primary end point to confirm 
whether the new agent imparts a real benefit. On the basis 
of the primary end point, sample size can be determined 
to ensure that a definitive conclusion can be drawn at the 
completion of the study. Secondary end points should also 
be defined prospectively so that the data can be properly 
collected and analysed. 

6. Power and sample size calculation: Under the hypothesis 
testing framework, the sample size required for a study 
can be calculated by specifying the type | error rate (œ or 
false-positive rate), statistical power (or 1 - 6, where B 
is type II error or false-negative rate), target difference to 
be detected, magnitude of variability, and the statistical 
test to be used. Typically, the type | error (could be 
one sided or two sided) rate is set at 5 or 10%, and 
the statistical power is set at 80% or higher to claim 
a definitive study result. In the estimation setting, the 
sample size can be calculated by specifying a desirable 
precision for an estimator (e.g., response rate) such that 
the standard error is controlled or such that it yields a 
95% confidence interval within a given length. 

7. Accrual plan: Although cancer is a common disease, 
with a lifetime cancer risk of 1:2 in men and 1:3 
in women (Jemal etal., 2006). Cancer trials can have 
difficulty in enrolling patients because less than 10% of 
cancer patients participate in clinical trials. This low rate 
of participation has been attributed to a lack of suitable 
protocols, stringent eligibility criteria, and reluctance on 
the part of some physicians to engage in trial accrual 
(Tannock, 1995; Comis etal., 2003). One of the most 
common reasons for the failure of a clinical trial is slow 
accrual. Therefore, the accrual plan needs to be well 
thought out before the trial begins. The projected accrual 
rate and study duration should be realistic and clearly 
stated in the study protocol. Factors affecting accrual, 
such as the therapeutic potential of the new agent(s) and 
the socio-demographic status of patients in the potential 
study population and their access to health care, must 
be carefully considered beforehand in order to meet the 
anticipated study accrual (Nurgat etal., 2005; Baquet 
et al., 2006). 

8. Interim monitoring plan: Most cancer clinical trials take 
years to complete - even accruing sufficient numbers 
of patients may take several years. It is important to 
implement interim monitoring plans for trials that last 
3 or more years. On the basis of the available interim 
results, timely analyses can help to make appropriate 
adjustments to the trial or to terminate the study early 
because of toxicity or convincing efficacy or futile (lack of 
efficacy) results. Any interim analyses should be planned 


before the trial starts and monitored by an independent 
body (such as a data monitoring committee (DMC) or a 
data and safety monitoring board (DSMB)), which can 
provide oversight of the conduct of the study and give 
recommendations. Interim analyses should be designed 
to preserve the type | and type II error rates. Properly 
designed interim analyses can gain efficiency for the study 
and fulfill ethical requirements of not subjecting patients 
to ineffective and/or toxic treatments once such interim 
results are known. 

9. Data analysis plan: The plan for statistically analysing 
both the primary and secondary end points should be 
laid out in the study protocol. For randomized clinical 
trials, intent-to-treat (ITT) analysis refers to the analysis 
of patients according to their assigned treatment arm, 
regardless of whether the patient received the assigned 
treatment or not, or how much of the assigned treatment 
the patient received. Compared to analyses based on 
evaluable patients or only those patients who completed 
the assigned treatment, ITT analysis is more conservative, 
introduces less bias, and reflects the realistic treatment 
effect when the treatment is delivered to the target 
population. 


PARADIGM FOR CANCER CLINICAL TRIAL 
DESIGN 


The development of anticancer agents can be divided into 
two phases: the preclinical and the clinical phase. The 
preclinical phase includes the identification or synthesis 
of compounds, in vitro testing in cell lines, and in vivo 
testing in animals. B efore moving to the first study involving 
humans, the investigators should have a good understanding 
of a drug’s mechanism of action, pharmacokinetics (PK), 
pharmacodynamics (PD), and toxicity profile based on the 
in vitro and in vivo studies. Animal studies are essential 
to identify the LDıọ (the dose that kills 10% of the 
experimental animals) in mice and/or the TD) (the toxic 
dose corresponding to the lowest dose that produces any toxic 
effect in the experimental animals) in dogs. After passing 
the preclinical phase, the drug enters the clinical phase 
of drug development, which can be classified as phase I, 
phase II, and phase III studies. Phase IV studies are devoted 
to post-marketing surveillance of the use of drugs in specific 
populations. The characteristics of clinical trials by phase are 
listed in Table 1, and the corresponding clinical trial designs 
are described in the following sections. 


Phase I Designs: Clinical Pharmacology and Toxicity 


To develop any new drugs or combinations and to determine 
the dose/schedule, safety must be established first. Phase | 
studies are employed to evaluate a drug’s toxicity profile 
and to collect clinical pharmacology data to understand the 
PK and PD of new agents. For a cytotoxic agent, the pri- 
mary goal of a phase | study is typically to identify the 
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Table 1 The characteristics of clinical trials by drug development phases. 


Phase | Phase || 


Phase II Phase IV 





Main purpose Clinical pharmacology and 


toxicity efficacy 


Initial assessment of 


Full-scale evaluation of 
treatment efficacy 


Post-marketing 
surveillance 


End point Dose-limiting toxicity Short-term clinical Overall survival, quality Comprehensive, 
response of life long-term toxicity end 
points 
Maximum tolerated dose Response rate (complete 
and partial response) 
Pharmacokinetics Disease-free survival 
Pharmacodynamics Time to progression 
Sample size 15-30 30- 100 >100 >10 000 
Patient characteristics Sicker Healthier All subjects take the 
drugs 


Heavily pretreated 

Failed standard treatment 
Poor prognosis 
Heterogeneous 

Second-, third-, or fourth-line 
therapy 


Intended use 


maximum tolerated dose (MTD) in a dose escalation fash- 
ion. Key elements of phase | studies include: (i) defining 
the starting dose, (ii) defining the toxicity profile and dose- 
limiting toxicity (DLT), (ili) defining an acceptable level of 
toxicity or the target toxicity level (TTL), and (iv) defining 
the dose escalation scheme. (i) Defining the starting dose: 
For the first study in humans, the starting dose is usually 
chosen as one-tenth of the LDj in mice or one-third of the 
TD,» in dogs, as these dose levels have been shown to be 
safe in humans. Using a safe starting dose is important; how- 
ever, the investigator must balance the risk of toxicity with 
the risk of treating patients with ineffective doses, which 
would happen if the starting dose were too low to have a 
biologic effect. (ii) Defining the toxicity profile and dose- 
limiting toxicity (DLT): Some level of toxicity is almost 
always expected for anticancer agents, thus investigators of 
cancer therapy must include guidelines in their study proto- 
cols for preventing, measuring, and managing their patients’ 
adverse reactions from drug toxicity. Although animal stud- 
ies may provide clues, it is only when agents are introduced 
into clinical trials that possible toxicities in humans can be 
characterized. Most grade 1 or 2 toxicities are transient and 
tolerable, but toxicities of grade 3 or higher tend to be more 
serious and/or non-reversible (according to NCI CTCAE 3.0 
(http://ctep.cancer.gov/forms/CTCAEv3.pdf) or WHO tox- 
icity criteria (http://www.fda.gov/cder/cancer/toxicityframe. 
htm)). In general, grade 3 non-haematological toxicities and 
grade 4 haematological toxicities are considered dose lim- 
iting. Depending on specific agents and study populations, 
each trial is required to specify the exact definition of the 
DLTs. (iii) Defining an acceptable level of toxicity or the 
TTL: The commonly acceptable level of toxicity in clinical 
trials is between 20 and 33%. Although the acceptable tox- 
icity level is implicitly defined in many trials, an explicit 
definition is desirable. (iv) Defining the dose escalation 
scheme: The dose escalation scheme contains three compo- 
nents: (a) dose spacing, (b) dose assignment, and (c) cohort 
size. After specifying the starting dose, the investigator needs 
to specify the subsequent dose levels, how patients will be 


No prior treatment 
Good prognosis 
Homogeneous 


Front-line therapy 


assigned to the various doses, and the size of each patient 
cohort. Some studies use a predetermined, fixed spacing of 
dose levels, such as 10, 20, and then 30 mg, and so on. 
Other trials may only specify a general scheme, such as dou- 
bling the dose when no toxicities are observed, reducing to 
a 50% dose escalation when non- dose-limiting grade 2 or 
higher toxicities are observed, and reducing to a 25% dose 
escalation when a DLT is observed. A modified version of 
the Fibonacci scheme is commonly used to determine the 
dosage scheme for a trial. The modified Fibonacci scheme 
corresponds to a series of dose increments in amounts of 
100, 67, 50, 40, 33, 33, ..., 33%. In addition, the maximum 
dose level to be delivered in the trial should be stated. Dose 
assignment, which refers to the guideline on how to assign 
dose levels to patients subsequently enrolled in the trial, and 
cohort size for treating patients should also be given. We 
will discuss the commonly used algorithm-based methods 
and model-based methods next. 


Algorithm-based Design: the 3 + 3 Design 


A prevailing method for conducting phase | cancer clinical 
trials over the past decades has been the conventional 3 + 3 
design or its variations. The algorithm for the 3 + 3 design 
is shown in Table 2. The design is simple and easy to 
implement but has its limitations. Although no specific TTL 
is defined, the 3+ 3 design generally yields an MTD that 
corresponds to a dose with 20 to 30% DLTs in treated patients 
(Smith et al., 1996; Lin and Shih, 2001). The algorithm needs 
to be modified if a different TTL is set. The algorithm-based 
method is inefficient because the decision of dose escalation 
or de-escalation depends only on the data at the current dose 
level and ignores information from all other dose levels. If 
the starting dose is much too low, the 3 + 3 design can take 
a long time to reach the MTD. 


Pharmacologically Guided Dose Escalation Design 


Similar to the 3+ 3 design, the pharmacologically guided 
dose escalation (PGDE) design (Collins et al., 1990; Fuse 
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Table 2 The conventional, algorithm-based 3 + 3 design. 


Step 1: Enter 3 patients at the lowest dose level 
Step 2: Observe the toxicity outcome 
0/3 DLT — Treat next 3 patients at next higher dose 
1/3 DLT — Treat next 3 patients at the same dose 
1/3 + 0/3 DLT — Treat next 3 patients at next higher dose 
1/3 + 1/3 DLT — Define this dose as MTD or 
exceeding MTD 
1/3 + 2/3 or 3/3 DLT — Exceeding MTD 
2/3 or 3/3 DLT — Exceeding MTD 
Step 3: Repeat step 2 until MTD is reached. If the last dose exceeds 
MTD, define the previous dose level as MTD if 6 or more 
patients were treated at that level or if treating more patients at 
the previous or intermediate dose level 
Step 4: MTD is defined as a dose with <1/6 DLT or <2/6 DLT 





et al., 1994) bases the starting dose selection on relevant 
preclinical data, but measures the PK data to determine the 
subsequent dose spacing. The PGDE design allows a dose 
escalation of up to 100%, until the area under the curve 
(AUC) is within 40% of the target AUC, and then it switches 
to the modified Fibonacci scheme to determine dose spacing. 


Model-based Design: Continual Reassessment Method 


The continual reassessment method (CRM) (O’Quigley 
et al., 1990) is a model-based method used to estimate the 
dose- toxicity curve and, subsequently, to identify the MTD. 
A TTL (eg., 20, 30, or 33% of patients developing DLT) 
and a one-parameter dose- toxicity curve need to be speci- 
fied in advance. Let 6 denote the probability of DLT; d, the 
dose; and a, the parameter of the dose- toxicity curve. Three 
families of dose- toxicity curves have been proposed: 


Hyperbolic tangent model: 

6 = [exp(d)/(exp(d) + exp(—d))]* 
Logistic model: 6 = exp(3 +a-d)/(1+exp(3+a-d)) 
Power model: 0 = d®P® 


Figure 1 shows the dose- toxicity curves for these three 
models. After specifying a prior distribution of a, the dose 
closest to the TTL can be determined for treating the next 
patient. Upon observing the toxicity outcome, the posterior 
distribution of a can be calculated. As the trial moves 
along, the dose- toxicity curve is refined at each step by 
updating the posterior distribution of a. The CRM allows 
the investigator to treat patients at the dose closest to the 
current estimate of the MTD, thereby maximizing the chance 
for patients to receive putatively the most efficacious dose 
within the bounds of pre-specified toxicity on the basis of 
the current data. Subsequent modifications proposed for the 
CRM incorporate additional safety measures, such as starting 
with the lowest dose level, not skipping dose levels, and so 
on (Korn et al., 1994; Goodman et al., 1995). The advantages 
of the model-based methods include (i) a clearly defined 
objective of the TTL; (ii) a more rapid dose escalation, 
which allows patients to be treated at doses close to the 
target MTD level, such that the number of patients treated 


at low or ineffective dose levels can be reduced; and (iii) 
the use of all available information in determining the MTD. 
The drawback is that these methods are more complicated 
and require special software for their implementation. An 
excellent tutorial of the CRM can be found in Garrett-M ayer 
(2006). 


Accelerated Titration Design 


The accelerated titration design (ATD) (Simon et al., 1997) 
starts by treating one patient at the lowest dose level. In the 
accelerated titration phase, the method allows 100% inter- 
and intrapatient dose escalation when no toxicities or only 
grade 1 toxicities are observed. The standard design phase 
kicks in after observing grade 2 toxicities during any course 
(cycle). The standard design phase uses the 3+ 3 design 
with 40% dose escalation. The design allows intrapatient 
dose escalation in multiple courses of the same patient in 
the following ways. (i) When no toxicity or only grade 1 
toxicity is observed, the patient is treated with a 100% dose 
increase in the next course. (ii) When grade 2 toxicity is 
observed, the patient is treated at the same dose level in the 
next course. (iii) When grade 3 or 4 toxicity is observed, the 
patient is treated with a dose level that is decreased by one 
dose level in the next course. All toxicity information is then 
used to model the dose- toxicity curve. 

Several other methods have been proposed in the literature 
for phase | studies (see reviews by Storer, 1989; Ahn, 
1998; Parulekar and Eisenhauer, 2004; O’ Quigley and Zohar, 
2006). The method of escalation with overdose control 
(EWOC) (Babb etal., 1998; Rogatko etal., 2005) allows 
for rapid dose escalation within the constraint of an estimated 
toxicity limit. The EffTox method allows for the specification 
of an efficacy- toxicity trade-off boundary and searches for 
the optimal dose within the specified boundaries using a 
Bayesian methodology (Thall and Cook, 2004). 


Phase II Designs: Initial Assessment of Efficacy 


After the toxicity profile and/or MTD for an anticancer 
treatment is determined, phase II studies are conducted to 
evaluate whether the new agent has sufficient anticancer 
activity and to refine the knowledge of its toxicity profile. 
For cytotoxic agents, phase II studies are often conducted 
at the MTD level or at the recommended phase I! dose, 
which can be one dose lower than the MTD. For biological 
agents, phase II studies are often conducted at the optimal 
biological dose. Chronologically, a phase IIA trial is a single- 
arm study conducted to provide an initial efficacy assessment 
of a new agent with a goal of screening out ineffective 
drugs. The primary end point of a phase IIA trial is often the 
clinical response, defined as complete response (no evidence 
of disease) or partial response. Partial response is defined as 
tumour volume shrinkage of 50% or more based on a two- 
dimensional measurement or the one-dimensional response 
evaluation criteria in solid tumours (RECIST) (Therasse 
et al., 2000, 2006). If an agent passes a phase IIA study, the 
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Figure 1 Family of dose- toxicity curves for the model-based continual reassessment method: (a) hyperbolic tangent model, (b) logistic model, and 


(c) power model. 


subsequent phase IIB trial is often a randomized, multi-arm 
study with a goal of identifying the most promising treatment 
regimen to evaluate further in a phase III trial. Time to 
recurrence or time to progression can be used as the primary 
end point for a phase IIB trial. Comprehensive overviews 
on the design and analysis of phase II cancer trials can 
be found, for example, in papers by Mariani and M arubini 
(1996), Scher and Heller (2002), and Gray et al. (2006). 


Phase IIA Designs 


Typically, a phase IIA trial is a single-arm, open label study 
that requires the treatment of 30 to 100 patients under a multi- 
stage design. Some commonly used designs are described 
below. 


Gehan’s Design |In the early days of anticancer drug 
development, there were few agents with any anticancer 
activity. A drug is considered active if it produces at least a 


20% clinical response rate (p). To test the hypothesis of Ho: 
p = 0 versus Hı: p = 0.2, Gehan (1961) proposed a two- 
stage design. The first stage enrolls 14 patients. If none of 
them respond to the treatment, the drug is declared ineffective 
and the trial is stopped. If at least one clinical response is 
seen, additional patients (typically 20-40) are enrolled in 
the second stage to estimate the response rate with a pre- 
specified precision. The design has a type | error rate of zero 
(because under the null hypothesis of p = 0, no response can 
occur) and 95% power for p = 0.2. The design can also be 
used to test other response rates under Hı. For example, for 
p = 0.1 or 0.15, the corresponding sample size in the first 
stage to achieve 95% power will be 29 or 19, respectively. 


Simon’s Two-stage Designs Simon (1989) proposed 2 two- 
stage designs, the optimal design and the minimal design, 
to test the hypotheses, Ho: p< po versus Hi: p> pi, 
with given type | and type II error rates: These designs 
can be constructed to minimize the expected sample size 
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or the maximum sample size under the null hypothesis, 
respectively. For example, when pp = 0.1 and pı = 0.3, 
with a = B = 0.1, the optimal two-stage design enrolls 12 
patients in the first stage. If no response or only one response 
is found, the trial is stopped and the agent is considered 
ineffective. Otherwise, 23 more patients are enrolled to reach 
a total of 35 patients. At the end of the trial, if only 
five or fewer responses are observed, the agent is deemed 
ineffective. Otherwise (i.e., with 6 or more responses in 35 
patients), the agent is considered effective. Under the null 
hypothesis, there is a 66% chance that the trial will be 
stopped early. The expected sample size under Hg is 19.8. 
In comparison, the minimax design enrolls 16 patients in the 
first stage. If no response or only one response is seen, the 
trial is stopped early and the agent is considered ineffective. 
Otherwise, 9 more patients are enrolled in the second stage to 
reach a total of 25 patients. At the end of the trial, the agent 
is considered ineffective if four or fewer responses are seen 
and effective otherwise. The expected sample size is 20.4 
and the probability of early stopping is 0.51 under the null 
hypothesis. In both designs, the trial can be stopped early 
because of lack of efficacy (i.e., futility), to save patients 
from receiving ineffective treatments and to preserve other 
resources. If the treatment works well, there is little reason to 
stop the trial. M ore patients can be beneficially treated while 
the design continues to increase the precision in estimating 
the response rate. As it is unlikely that new agents always 
work as expected, a multi-stage design with rules for early 
stopping due to futility is desirable in phase II settings. 


Other Multi-stage Designs Other multi-stage designs can 
be found in the literature. Fleming (1982) proposed a two- 
stage design that allows for early stopping due to futility 
or efficacy. Bryant and Day (1995) developed a two-stage 
design that allows the investigator to monitor efficacy and 
toxicity simultaneously. Three-stage designs were proposed 
by Ensign et al. (1994) and Chen (1997). Three-stage designs 
improve the efficiency of two-stage designs but are more 
complicated to implement and can increase the cost and 
length of the study. The gain in efficiency of designs 
with more than three stages does not justify the additional 
complexity in conducting such studies. 


Phase IIB Designs 


After an agent is shown to have certain anticancer activity 
in a phase IIA trial, its efficacy is compared with those of 
other active anticancer therapies in multi-arm, randomized 
phase II trials. Such studies can involve the same drug in 
more than one treatment arm when it is given in different 
doses or schedules or in combination with other drugs. 
The challenge is to choose the most promising regimens 
among a large number of potentially active regimens for 
further development. Lee and Feng (2005) reviewed 266 
randomized phase II studies conducted from 1986 to 2002. 
They found that most studies applied randomization to 
achieve patient comparability, while embedding a one- 
sample phase II design within each treatment arm. Owing 


to limited sample sizes, such designs typically do not 
yield sufficient statistical power for a strict head-to-head 
comparison between treatment arms, as is possible in phase 
II] trials. Notwithstanding this limitation, two other types of 
phase IIB designs, listed below, are available to allow some 
limited comparison of agents or regimens. 


Pick-the-Winner Design The Simon, Wittes, and Ellenberg 
(SWE) method is based on the statistical methodology of 
ranking and selection with binary end points (Simon et al., 
1985). Unlike the ordinary hypothesis testing framework that 
controls both type | and type II errors, the ranking and 
selection procedure of the SWE method controls only type II 
errors. Basically, the response rate of each treatment arm is 
estimated and the arm with the highest response rate is picked 
as the winner and is sent forth for further evaluation. The 
design is appealing because the required sample size is much 
smaller than that for a randomized trial under the hypothesis 
testing framework. For example, N = 146 patients per arm 
are required for testing the response rates of 10 versus 25% 
with 90% power and a two-sided 5% type I error rate. On the 
other hand, the SWE method requires only N = 21 patients 
per arm with the same power. The trade-off, however, is that 
the false-positive rate can range from 20 to over 40%, as 
reported in simulation studies (Liu et al., 1999). The SWE 
method works best when there is only one true “winner” 
with all other contenders falling below par. When there 
are several comparable, active regimens, the SWE method 
cannot accurately differentiate the best one from the better 
ones. At the end of the trial, this method always picks the 
treatment arm with the best observed outcome as the winner, 
regardless of whether none of the regimens work, some of 
them work, or all of them work well. In addition, another 
drawback of the SWE method is that it does not provide 
an early stopping rule due to futility. Therefore, there is no 
provision for terminating a non-performing arm early on the 
basis of interim results. Although the SWE method offers 
small sample sizes, the ranking and selection procedure does 
not fit well with the objectives for phase IIB studies, hence, 
only about 11% of the randomized phase II designs have 
used this method (Lee and Feng, 2005). 


Comparative Designs Despite the enthusiasm of investiga- 
tors, it is prohibitive to send every new agent for phase III 
evaluation due to the large number of active agents, limited 
number of patients, high cost, and great time commitment. 
To screen for the most active treatment in an intermediate 
step, randomized phase IIB studies are often designed with 
a moderate sample size (e.g., 50- 200) and a medium study 
duration (e.g., 1- 3 years). To offset the stringent type | and 
type II requirements that result in large sample sizes in phase 
III trials, the type | error rate is usually increased from 5 to 
10 or even to 20%, while the maximum type II error rate 
is still controlled within 10 to 20%. The rationale is that 
in phase II trials, it is more important to control the type 
Il error rate, or the false-negative rate, such that promising 
treatments will not be missed. A false-positive result is of 
less concern because the final verdict of the effectiveness of 
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a regimen can be provided in a phase II! evaluation. In addi- 
tion, in order to shorten the study duration, earlier end points 
such as time to recurrence, disease-free survival, or time to 
progression are commonly employed in phase I1 settings. A 
moderate to large expected difference is often assumed for 
phase II studies. 


Phase III Designs: Full-scale Evaluation of Treatment 
Efficacy 


Phase III trials are considered definitive trials for comparing 
a new treatment with a standard treatment in a rigorous 
manner, for example, a double-blinded, randomized, placebo- 
controlled study. The goal is to define the best treatment, 
which implies a possible change in the current standard 
practice. Typically, stringent statistical requirements such as 
a two-sided 5% type! error rate and at least 80% power are 
required. The primary end point is often the overall survival 
rate. Reviews of sample size calculation can be found in 
papers by Julious et al. (1999), Julious (2004), and Julious 
and Patterson (2004). A phase III study requires hundreds 
of patients (in cancer treatment trials) or even thousands 
or tens of thousands of patients (in primary prevention 
trials). Generally speaking, a phase III trial tends to be a 
multicentre study with several years of accrual and follow- 
up and is therefore quite costly. Owing to the size and 
study duration, formal interim analyses, such as the group 
sequential methods by Pocock, O’Brien- Flemming, Peto, or 
Lan-Demets are often employed to assess early stopping 
needs due to efficacy, futility, or both (Geller, 1987; Geller 
and Pocock, 1987). A phase III trial is usually monitored 
by an independent, external DMC or DSMB to ensure the 
safety of study patients and to make recommendations based 
on the interim data. Compared to phase! or phase II studies, 
where only the evaluable patients are included in the analysis, 
most phase III studies employ the ITT principle in the data 
analyses. For new drug development, a phase III trial can be 
used as a registration trial to gather safety and efficacy data 
as a basis for drug approval. 


Phase IV Designs: Post-marketing Surveillance 


Following the approval and marketing of an anticancer 
drug, there is still a need to monitor the drug’s adverse 
effects and the long-term morbidity and mortality of a large 
number of patients who were treated with the drug. Phase 
IV studies are thus required to define the long-term effects 
of a drug. The recent controversy surrounding the discovery 
of cardiovascular toxicities in patients treated with COX2 
inhibitors has further underlined the importance of phase IV 
studies (Stern, 2003). 


NOVEL CLINICAL TRIAL DESIGNS 


Advancements in our understanding of cancer development 
and treatment on molecular and genetic levels have neces- 
sitated the proposal of many novel clinical trial designs in 


recent years. The general goal is to identify effective treat- 
ments and specific patient groups who may benefit from 
certain treatments in the most efficient way - to take a step 
towards personalized medicine (Jain, 2005; Ginsburg and 
Angrist, 2006). 


Designs for Developing Targeted Agents 


With a better understanding of cancer aetiology and the 
mechanism of action of anticancer treatments, target-based 
drug development has become more rational than the tra- 
ditional methods based on empirical evidence and random 
screening. Instead of using toxicity and clinical response, as 
in the traditional phase | and II designs, it may be more suit- 
able to use PK and biological end points, such as biomarker 
modulation or molecular imaging, to define the optimal bio- 
logical dose in trials involving targeted agents. Nevertheless, 
measurable clinical benefit continues to be an important cri- 
terion for phase III trials (K orn et al., 2001; Fox et al., 2002; 
Parulekar and Eisenhauer, 2004; Schiller, 2004). Another 
important premise of targeted-agent development is that only 
a fraction of the patients may benefit from the targeted treat- 
ment. Hence, there is a need to enrich the study population 
such that treatments can be given to those who are more 
likely to respond, in order to gain efficiency in testing the 
efficacy of the targeted agents. Furthermore, a trial in which 
patients are treated with the agents most likely to work for 
them is a more ethical trial (Temple, 2005). An excellent 
review of clinical trial design and end point selection for the 
development of EGFR-targeted therapies can be found in a 
paper by Arteaga and Baselga (2003). 


Efficient Targeted Randomized Designs 


M any of the targeted agents are developed to “target” certain 
molecular defects. Presumably, patients presenting with the 
target will respond better to the targeted treatment, while the 
drug may not work at all or not work as well in patients 
without the target. Simon and Maitournam (2004) and 
Maitournam and Simon (2005) proposed efficient targeted 
randomized designs (ET RD) for targeted-agent development. 
When an accurate assay is available to screen for the 
target, it is generally better to screen for patients with 
the target and randomize only those patients. For example, 
investigators have postulated that gefitinib, recently used to 
treat non- small cell lung cancer, may work only in patients 
with an EGFR mutation (Lynch etal., 2004; Paez etal., 
2004; Chou etal., 2005). The presence of the mutation, 
identified through molecular analysis of a tissue sample, 
is then the target. Patients with that target would realize 
the most benefit from therapy with gefitinib and should 
be randomized to a trial for additional evaluation of this 
agent. Table 3 gives the required sample size in hypothetical 
situations. For example, when only 10% of the patients 
present with the target and the treatment has no effect in 
patients without the target (59 = 0), assuming the response 
rate is 40% in the standard treatment arm and 60% in 
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Table 3 Comparison between the general, untargeted design and the 
targeted design showing the sample size and efficiency (in parentheses). 








59 = 0 ôo = 61/2 
Design 6; = 0.2 6; = 0.4 6; = 0.2 ô = 0.4 
Untargeted 12 806 3248 446 116 
design 
Targeted 138 (92.2) 34 (95.8) 138 (3.2) 34 (3.4) 
design 
Targeted 1380 (9.2) 340 (9.6) 1380 (0.3) 340 (0.3) 
design 
(screened) 


the targeted treatment arm (6; = 0.2), 12 806 patients will 
be required to achieve 90% power with a two-sided 5% 
type | error rate. If we screen the patients and randomize 
only those patients who present with the target, we need 
to screen only 1380 patients to identify 138 patients to 
be randomized. The efficiency is 9.2 times for the patients 
who are screened and 92.2 times for the patients who are 
randomized. If the efficacy of the targeted treatment in 
patients without the target is half of that in patients with the 
target, then the untargeted design requires the enrollment of 
446 patients. The same numbers of screened and randomized 
patients are required for the targeted design. The resulting 
efficiency is 0.3 for the number of patients screened and 
3.2 for the number of patients randomized. These findings 
show that when a targeted treatment works only in a small 
fraction of patients, that is, those who present with the target, 
then the more efficient design is one that requires patient 
screening and enrolls only those patients who may benefit 
from the treatment. The results depend on the availability 
of a known assay with high sensitivity and specificity in 
order to accurately identify patients who will benefit from 
the treatment. 


Randomized Discontinuation Design 


A randomized discontinuation design (RDD) has been pro- 
posed to evaluate cytostatic agents to which only a fraction 
of patients respond to treatment and for which no predic- 
tive markers or assays are available to identify who will and 
will not respond (Rosner et al., 2002). Similar to that of the 
ETRD, the objective of this targeted design is to enrich the 
study population. The proposed design can be carried out 
in two stages. In stage 1, all patients are given the treat- 
ment over a fixed period of time, for example, 4months, 
and their responses to the treatment are then evaluated. In 
stage 2, patients who responded to the treatment in stage 1 
(achieving complete or partial response) continue to receive 
the treatment, while patients experiencing disease progres- 
sion are removed from the study and can receive alternative 
treatments. Patients achieving a stable disease state are ran- 
domized to either continue the treatment or discontinue. The 
efficacy of the targeted treatment can then be assessed in this 
group of patients. Compared with the trial design requiring 
up front randomization without patient selection, the RDD 
can be more efficient in certain cases. The RDD is less effi- 
cient if the treatment has a fixed effect on the tumour growth 


rate or if its only benefit is to slow the tumour growth rate. 
Simulation studies have shown, however, that up front ran- 
domization is generally more efficient (Capra, 2004; Freidlin 
and Simon, 2005a, 2005b). Successful implementation of the 
RDD has been described by Stadler et al. (2005). 


Designs with Biomarker and Genomic End Points 


In this genomic era, translational studies that integrate basic 
science studies with clinical trials are no longer the excep- 
tion and have become quite common. Many clinical trials 
incorporate the collection of biospecimens and the analy- 
sis of biomarkers in the study objectives. Biomarkers can 
be considered prognostic (associated with disease outcome 
regardless of a particular treatment) or predictive (associ- 
ated with disease outcome for a specific treatment) and can 
be included in the analysis of primary, secondary, or surro- 
gate end points (Park et al., 2004). Biomarker analysis can 
be incorporated in both prospective and retrospective stud- 
ies. To standardize the evaluation of prognostic markers in 
the clinical setting, reporting recommendations for tumour 
marker prognostic studies (REMARK) were outlined, which 
include important elements such as patient/sample selection 
criteria, assay methods, study design, methods and results of 
statistical analyses, and conclusions (M cShane et al., 2005). 
In addition to examining several biomarkers, some trials 
now include genomic end points as the primary or sec- 
ondary end points; for example, quantifying expression in 
thousands of genes using microarrays. Some investigators 
then use this information to establish a molecular profile of 
the disease and disease classifications, to screen for prog- 
nostic/predictive markers, to measure the treatment effect by 
marker modulation, and so on. Allison et al. (2006) provided 
an overview of the five key components in microarray exper- 
iments: design, preprocessing, inference, classification, and 
validation. Simon (2005) gave a road map for developing and 
validating genomic classifiers which are useful for selecting 
treatments for individual patients. The literature also con- 
tains many recent papers on design considerations including 
sample size calculation for such studies to ensure the con- 
trol of the overall type | error rate (such as the family-wise 
error rate, the false-discovery rate, etc.), allowing the true 
difference to be discovered with sufficient statistical power 
(Lee and Whitmore, 2002; Pusztai and Hess, 2004; Wang 
and Chen, 2004; Dobbin and Simon 2005; Hu et al., 2005; 
Jung etal., 2005; Michiels et al., 2005; Page etal., 2006). 
The use of pharmacogenomics in drug discovery has also 
spurred much discussion (Penny and M chale, 2005). 


Bayesian Designs versus Frequentist Designs 


Although the work of Thomas Bayes, known as Bayes’ theo- 
rem, had been published posthumously as early as 1764, the 
frequentist methodology, which was not well developed until 
the work of R. A. Fisher in the early 1900s, has dominated 
the field of clinical trials in the past half century. The model 
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Table 4 Comparison between frequentist method and Bayesian method. 





Property Frequentist method Bayesian method 

M odel framework Probability of data/@ Probability of @/data 
Data Random Fixed 

Parameter (0) Fixed Random 

Inference Hypothesis testing Posterior distribution 


Bayes factor 
Credible interval 


Compute the 


Confidence interval 


K ey feature Control type | and 





type II error rates operating 

characteristics 
Conform to the No Yes 
likelihood principle 
Require specifying prior No Yes 
distribution 
Subjectivity in inference Less More 
making 
Computation Less intensive M ore intensive 
Software availability More Less 
Adaptivity to complex Less More 
problem 
Incorporate external Hard Easy 
information 
Study design Rigid Flexible 


framework of both approaches is shown in Table 4. The fre- 
quentist method is based on probability of data/6, where data 
is considered random and the parameter @ is fixed. On the 
other hand, the Bayesian model is based on computing prob- 
ability of 6/data, where the parameter 6 is random while the 
data is given and fixed. The central dogma of the frequentist 
approach is to set up a null hypothesis and an alternative 
hypothesis, and then quantify the evidence supporting the 
data conditioned on the hypothesis. The commonly used p 
value is the probability of observing data that is as extreme 
or more extreme than the observed data, given that the null 
hypothesis is true. The null hypothesis is rejected if the p 
value is small. Such a setting of hypothesis testing allows 
investigators to control the type! (false positive) and type I! 
(false negative) error rates, but does not directly calculate the 
probability of whether the null or the alternative hypothesis is 
true. In contrast, the Bayesian framework directly calculates 
the evidence supporting the null or the alternative hypothesis 
by computing the posterior probability. The posterior prob- 
ability of a parameter(s) is computed by taking the product 
of the prior probability of the parameter(s) and the likeli- 
hood of data, given the parameter(s). Posterior probability 
can be considered as the synthesis of information contained 
in the prior distribution of the parameter and the data. The 
Bayesian method conforms to the likelihood principle, which 
states that all information in a sample is contained in the like- 
lihood. Bayes factors and credible intervals can be computed 
to perform hypothesis testing and confidence interval esti- 
mations that are similar to those in the frequentist approach. 
The Bayesian method requires the specification of the prior 
distribution of parameters and is considered more subjective 
than the frequentist method, but has an advantage in that 
it allows other information to be easily incorporated in the 
analysis. The prior distribution should be specified in advance 


and a sensitivity analysis should be applied for the Bayesian 
analysis to ease the concern of achieving different conclu- 
sions from different prior specifications. Simulation studies 
should be performed with carefully chosen design parameters 
to calibrate the design such that desirable operating char- 
acteristics can be achieved. Designs can be constructed to 
control both the frequentist and Bayesian error rates (Wang 
et al., 2005). The Bayesian method is more computation- 
ally intensive and there is less software available for its 
implementation in clinical trials. The computational aspect, 
however, is quickly changing owing to much improvement 
in both computing power and the development of efficient 
algorithms, such as the M arkov chain M onte Carlo (MCMC) 
method. The Bayesian method is more flexible and adaptive 
by nature, even when the conduct of a study deviates from 
the original design. A deviation from the original design in 
the conduct of a study causes the frequentist properties to fall 
apart, but the Bayesian properties remain unchanged. Exam- 
ples of additional advantages of the Bayesian design are that 
the Bayesian design (i) easily incorporates internal and exter- 
nal trial information, allowing for more informed inference 
and better decision making; (ii) allows the analyst to borrow 
strength (information) across different disease subgroups or 
similar treatments by constructing hierarchical models; (iii) 
facilitates the development of innovative trials such as seam- 
less phase II/III trials, and (iv) allows treating more patients 
with effective agents with outcome-based adaptive random- 
ization designs, and so on (Inoue et al., 2002; Thall etal., 
2003; Berry, 2005, 2006). 


CLINICAL TRIAL CONDUCT, REPORTING, 
PRACTICAL CONSIDERATIONS, AND USEFUL 
LINKS 


In an effort to standardize the design, conduct, and reporting 
of clinical trials by integrating inputs from government (reg- 
ulatory authority), industry, and academia, the International 
Conference on Harmonisation has issued guidelines (ICH E9) 
on the statistical principles of clinical trials (see Table 5) 
(ICH, 1999; Phillips and Haudiquet, 2003). The ICH con- 
sortium encompasses three main regions: Europe, J apan, and 
the United States. The guideline is quite comprehensive and 
can serve as a template for protocol development, study con- 
duct, data analysis, and final reporting (Lewis, 1999; Lewis 
et al., 2001). 

Regarding clinical trial conduct, database development and 
remote data capture can facilitate and standardize data col- 
lection in clinical trials, especially in multicentre trials. The 
US National Cancer Institute has developed the Cancer Data 
Standards Repository (caDSR). Through this effort, com- 
mon data elements (CDEs) are defined with an available 
CDE browser. M ore information can be found at the caDSR 
project site (http://ncicb.nci.nih.gov/N CICB /infrastructure/ 
cacore_overview/cadsr), which also provides a caDSR 
administration tool (http://cadsradmin.nci.nih.gov), CDE 
browser (http://cdebrowser.nci.nih.gov/C DEB rowser/), CDE 
curation tool (http://cdecurate.nci.nih.gov/cdecurate/), and 


CLINICAL TRIAL DESIGN FOR ANTICANCER THERAPIES 11 


Table 5 Outline of International Conference on Harmonisation Guidelines 
of Statistical Principles for Clinical Trials (ICH E9). 


1. Introduction 
1.1 Background and Purpose 
1.2 Scope and Direction 


2. Considerations for Overall Clinical Development 
2.1 Trial Context 
2.1.1 Development Plan 
2.1.2 Confirmatory Trial 
2.1.3 Exploratory Trial 
2.2 Scope of Trials 
2.2.1 Population 
2.2.2 Primary and Secondary Variables 
2.2.3 Composite Variables 
2.2.4 Global Assessment Variables 
2.2.5 Multiple Primary Variables 
2.2.6 Surrogate Variables 
2.2.7 Categorized Variables 
2.3 Design Techniques to Avoid Bias 
2.3.1 Blinding 
2.3.2 Randomization 


3. Trial Design Considerations 
3.1 Design Configuration 
3.1.1 Parallel Group Design 
3.1.2 Cross-over Design 
3.1.3 Factorial Designs 
3.2 Multi-centre Trials 
3.3 Type of Comparison 
3.3.1 Trials to Show Superiority 
3.3.2 Trials to Show Equivalence or Non-inferiority 
3.3.3 Trials to Show Dose-response Relationship 
3.4 Group Sequential Designs 
3.5 Sample Size 
3.6 Data Capture and Processing 


4. Trial Conduct Considerations 
4.1 Trial Monitoring and Interim Analysis 
4.2 Changes in Inclusion and Exclusion Criteria 
4.3 Accrual Rates 
4.4 Sample Size A djustment 
4.5 Interim Analysis and Early Stopping 
4.6 Role of Independent Data Monitoring Committee (IDM C) 


5. Data Analysis Considerations 
5.1 Prespecification of the Analysis 
5.2 Analysis Sets 
5.2.1 Full Analysis Set 
5.2.2 Per Protocol Set 
5.2.3 Roles of the Different Analysis Sets 
5.3 Missing Values and Outliers 
5.4 Data Transformation 
5.5 Estimation, Confidence Intervals and Hypothesis Testing 
5.6 Adjustment of Significance and Confidence Levels 
5.7 Subgroups, Interactions, and Covariates 
5.8 Integrity of Data and Computer Software Validity 


6. Evaluation of Safety and Tolerability 
6.1 Scope of Evaluation 
6.2 Choice of Variables and Data Collection 
6.3 Set of Subjects to be Evaluated and Presentation of Data 
6.4 Statistical Evaluation 
6.5 Integrated Summary 
7. Reporting 
7.1 Evaluation and Reporting 
7.2 Summarizing the Clinical Database 
7.2.1 Efficacy Data 
7.2.2 Safety Data 


Glossary 





caDSR sentinel tool 
cadsrsentinel/do/logon). 

To ensure the safety of patients participating in clinical 
trials, every clinical trial must be approved by a local 
institutional review board (IRB) at its inception and on 
an annual basis. An IRB typically consists of internal 
and external clinical trial experts, as well as community 
representatives. Every trial must have a sound scientific and 
ethical justification. In addition to the IRB’s oversight, most 
randomized clinical trials must also be monitored by aDMC 
or aDSMB. The rules for the operation of the DSMB in the 
United States have been well established by the US National 
Institutes of Health (http://grants.nih.gov/grants/guide/notice- 
files/not98-084.html). The main function of such groups is to 
monitor patient accrual and safety and treatment efficacy for 
each clinical trial. For double-blinded studies, the DMC can 
ask the study statistician to provide unblinded data in a closed 
session. The integrity of each study can be preserved through 
independent reviews by the DMC. Recommendations for 
early stopping due to toxicity, futility, or efficacy can 
be made by the DMC and communicated to the study 
investigators and regulatory bodies (Ellenberg et al., 2003; 
Clemens et al., 2005). 

Standard statistical reports, including descriptive and sum- 
mary statistics, should be provided for the review of each 
study on at least an annual basis. Event charts, such as a 
calendar event chart and an interval event chart, are use- 
ful graphical tools to track and plot multiple timed event 


(http://cadsrsentinel .nci.nih.gov/ 


Calendar event chart for ID91-025 
































1500 ~ 
1000 ~ 
500 ~ 
on T T T T T 
12/8/92 10/18/94 8/27/96 7/8/98 5/17/00 
(a) Study date 
Interval event chart for ID91-025 
1500 ~ 
1000 - 
500 ~ 
0 S= 
(b) Follow-up time 


Figure 2 Event charts for monitoring clinical trial conduct of the Lung 
Intergroup Trial: (a) calendar event chart and (b) interval event chart. 
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data at the individual level (Lee etal., 2000). They are 
complementary to the commonly used K aplan- Meier sur- 
vival plots, which provide a summary for the grouped data. 
They are highly effective for monitoring patient accrual and 
for scheduling in the conduct of clinical trials. Examples of 
calendar and interval event charts from the Lung Intergroup 
Trial (Lippman etal., 2001) are shown in Figure 2. Event 
charts can also be very useful for assessing covariate effects. 

The results from a clinical trial should be published upon 
completion of the trial, regardless of whether the results are 
positive or negative. To standardize the report of randomized 


Clinical trials in the literature, the consolidated standards 
of reporting trials (CONSORT) group proposed that all 
clinical trials should be summarized according to CONSORT 
guidelines (Altman, 1996; Moher et al., 2001). The number 
of patients registered and randomized into a trial, as well 
as the follow-up status over time can be easily shown in 
a CONSORT diagram. For example, the conduct of the 
Lung Intergroup Trial is summarized in such a diagram in 
Figure 3. 

Finally, there are many useful resources available on the 
Internet. Some useful links are given in Table 6. 


Table 6 Clinical trial resources on the web. 


Name 


Link 


Comments 





Examples of free web-based tools 
Accelerated Titration Designs for Phase | 
Clinical Trials 


BRB Array Tools for visualization and 
analysis of microarray data 

Bryant and Day Design 
CRAB/SWOG Statistical Tools 


Dartmouth Biostatistics 
ohns Hopkins Biostatistics 


M D Anderson Biostatistics Software 
Download 


MGH Statistical Software 





MRC Biostatistics 
Simon's two-stage phase I1 designs 
StatLib 


STPLAN 


UCLA Power Calculator 
UPCI 


linus.nci.nih.gov/~brb/M ethodologic.htm 
linus.nci.nih.gov/BR B -A rrayTools.html 
www.biostats.upci.pitt.edu/biostats/ 
ClinicalStudyD esign/Phase2B ryantD ay html 
www.crab.org/Statistools.asp 
biostat.hitchcock.org/B SR/default.asp 
www.biostat.jhsph.edu/research/software.shtm| 


biostatistics. mdanderson.org/SoftwareD ownload 


hedwig.mgh.harvard.edu/biostatistics/software.php 


www.mrc-bsu.cam.ac.uk 
linus.nci.nih.gov/~brb/O pt.htm 
lib.stat.cmu.edu 


biostatistics. mdanderson.org/SoftwareD ownload 
calculators.stat.ucla.edu/powercalc 


www.biostats.upci.pitt.edu/biostats/ 
ClinicalStudyD esign/ 


Examples of Commercially Available Software Tools 


ADDPLAN 
ADEPT 


East 
N-Query 


PASS 
PEST 4 


S + SeqTrial 


www.addplan.org 


www.rdg.ac.uk/mps/mps_home/software/ 
adept/overview.htm 


www.cytel.com 


www.statsol.ie/html/nquery/ 
nquery_home.html 


www.ncss.com/passsequence.html 


www.rdg.ac.uk/mps/mps_home/software/pest4/ 
pest4.htm 


www statsci.com/products/seqtrial/default.asp 


Excel template and S-PLUS programme 
Windows-Excel programme 


Phase II design considers both response and 
toxicity as end points 


Web-based tools for the design and analysis 
of data from common distributions 


Resources for clinical trials and software tools 


Randomization programmes, CRM, optimal 
two-stage design, sample size, and power 
calculation. DOS/Windows programmes 


General statistics/biostatistics tools and 
programme for various trial designs. 
DOS/Windows/S-Plus/R programmes 


Sample size calculation, computing sequential 
boundaries, etc. DOS/Windows Programmes 


Resources for clinical trials and software tools 
DOS programme 


Numerous general statistics/biostatistics tools. 
DOS/Windows/S-Plus/R/M atL ab/Stata 
programmes 


Sample size and power calculation 
programme 


Sample size calculation for common problems 


Clinical trial design resources, applets for 
phase | and phase || designs 


Adaptive design 


Bayesian design and conduct of phase | dose 
escalation studies based on Bayesian decision 
procedures SAS/AF application for Windows 


Sequential design 
Sample size and power calculation 


Sample size and power calculation 


An easy-to-use, competitively priced software 
package for the design, simulation, interim 
monitoring, and analysis of group sequential 
clinical trials 


Sequential design. S-PLUS 
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1486 registered 


ECOG, 23.8%; CALGB, 22.2%; 


SWOG, 15.1%; RTOG, 14.4%; 


NCCTG, 12.5%; MDACC-CCOP, 6.3%; MDACC/AFFILIATES, 5.7% 








1444 registered and eligible (planned 1379) 








1304 completed run-in and 





randomized (planned 1241) 
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Placebo Isotretinoin 
N=577 N=589 
Year 0-1 Year 0-1 
14 deaths + 26 censored 537 32 deaths + 35 censored 522 
Years 1-3 Years 1-3 
83 deaths + 152 censored 302 76 deaths + 140 censored 306 
Years 3-5 Years 3-5 
33 deaths + 159 censored 110 28 deaths + 174 censored 104 











Figure 3 CONSORT diagram for reporting the results of the Lung Intergroup Trial. 
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Head and Neck Cancer 
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INTRODUCTION 


Head and neck cancer (HNC) is the fifth most common 
cancer worldwide with an estimated annual incidence of 
500000 new cases. Every year 40500 Americans (2.8% of 
all cancers in the United States) (Jemal etal., 2006) and 
76000 Europeans (Saunders and Rojas, 2004) are diagnosed 
with HNC. Ninety percent of HNCs are of the squamous 
cell carcinoma (SCC) histology and this article will there- 
fore focus on head and neck squamous cell carcinomas 
(HNSCCs). Rarer subtypes include salivary gland tumours 
(e.g., adenoidcystic carcinomas and mucoepidermoid car- 
cinomas), various forms of sinonasal adenocarcinomas, 
mesenchymal tumours (e.g., nasopharyngeal angiofibroma 
and haemangiopericytomas), and mucosal epithelial tumours 
(e.g., sinonasal undifferentiated carcinomas, neuroendocrine 
tumours). 

There is marked geographic variance in the incidence of 
HNSCC, which is likely to be related to differences in risk 
factors. 

Depending on stage, 30-40% of patients will expire as a 
consequence of their disease (Jemal et al., 2006). 


STAGING 


Anatomically the head and neck is complex and consists of 
five basic areas. HNC is classified accordingly: 


1. Oral cavity: Lips, buccal mucosa, anterior tongue, floor 
of the mouth (FOM), hard palate, and upper and lower 
gingiva 

2. Pharynx: 

(a) Nasopharynx 

(b) Oropharynx: Tonsils, base of tongue (BOT), soft 
palate, posterior pharyngeal wall 

(c) Hypopharynx: Pyriform sinuses, posterior surface 
of the larynx (postcricoid area), inferior/posterior/ 
lateral pharyngeal walls 
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3. Larynx: 
(a) supraglottic region 
(b) glottis/glottic larynx (true vocal cords, mucosa of the 
anterior and posterior commissures) 
(c) subglottic larynx: up to the inferior border of the 
cricoid cartilage 
4. Nasal cavity and paranasal sinuses: maxillary, ethmoid, 
sphenoid, frontal 
5. Salivary glands: 
(a) major (parotid, submandibular, sublingual) 
(b) minor. 


HNC staging is shown in Table 1 and is based on 
AJCC/UICC joint classification. The precise definition of 
the T and N stages is complex and is dependent on the 
respective anatomic location. Readers are referred to a dedi- 
cated staging reference, such as the AJ CC manual for further 
details. 

For clinical purposes tumours are frequently classified as 
follows: 


(a) Early-stage disease: Stage | and most stage II tumours, 
excluding high-risk stage I] tumours (30-40% of cases. 
See intermediate stage for details). 

Locoregionally (LR)-advanced disease: Stages III, IVa, 
and IVb. Certain stage II tumours at high risk of 
recurrence (BOT and some FOM) are also included in 
this group (>50% of cases). 

Although usually seen as one group, LR-advanced dis- 
ease is heterogeneous with respect to prognosis. Patients 
with earlier stages (low-risk stage III and high-risk stage 
Il) have a more favourable prognosis and are usually 
resectable. Higher-stage tumours (stages I Va/IV b), which 
are usually unresectable, have a poorer prognosis. T here- 
fore, one can differentiate between intermediate-risk LR- 
advanced disease and high-risk LR-advanced disease. 
This differentiation is important when critically evalu- 
ating clinical trial results. 

Metastatic disease: Stage IVc, distant metastasis beyond 
the radiation field (incurable; 10% of cases). 


(b 


a= 


~~ 


(c 
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Table 1 Staging overview; for details of T and N staging, please refer the 
AJCC staging manual. 





T stage N stage M stage 
Stage 0 Tis NO MO 
Stage T1 NO MO 
Stage II T2 NO MO 
Stage Ill T3 NO MO 
T1-3 N1 MO 
Stage IVa T4a NOorN1 MO 
T1-4a N2 MO 
Stage IV b T4b Any N MO 
Any T N3 MO 
Stage IVc Any T Any N M1 








(Used with the permission of the American Joint Committee on Cancer (AJCC), 
Chicago, Illinois. The original source for this material is the AJCC Cancer Staging 
M anual, Sixth Edition (2002) published by Springer-New York, www.springeronline 
.com.) 


Please note the importance of differentiating between LR 
lymph mode metastases, which can be included in the radia- 
tion field and are amenable to curative-intent treatment, and 
distant metastases (stage IV c), which are treated palliatively. 


CLINICAL PRESENTATION 


The clinical presentation of HNC depends on the site of the 
primary tumour: 


1. Nasopharynx tumours present in 90% of cases with a 
neck mass - indicating early nodal metastatic spread. 
In addition, nasal obstruction, epistaxis, hearing loss 
(secondary to serous otitis media), tinnitus, pain, and 
symptoms secondary to growth into adjacent anatomical 
structures, namely cranial nerves I-VI, are common. 

2. Sinus tumours commonly present with epistaxis and one- 
sided nasal obstruction. 

3. Oral cavity tumours commonly present with non-healing 
mouth ulcers, dental loosening, changes in denture fitting, 
dysphagia, odynophagia, weight loss, bleeding, or referred 
otalgia. Two-thirds of patients with tongue cancers present 
with LR lymph node involvement. Tongue tumours may 
specifically cause pain, and sometimes dysarthria (growth 
into the deep tongue muscles (indicated by limited tongue 
movement) indicates a T4 tumour). Tumours of the lip 
and hard palate spread significantly later. Lip cancer 
specifically presents as an exophytic lesion or ulcer 
sometimes with bleeding, pain, or numbness (mental 
nerve involvement). 

4, Posterior pharyngeal wall tumours are often asymp- 
tomatic and therefore present with more advanced stages 
consisting of pain, bleeding, or neck nodal disease. 

5. Laryngeal cancers present at differing time points 
depending on the location. 

(a) Supraglottic tumours often present late, for example, 
with airway obstruction or palpable lymph node 
metastases. 

(b) Glottic tumours often are diagnosed early due to 
hoarseness as an early warning sign. Later symptoms 


are dysphagia, referred otalgia, and chronic cough, 
haemoptysis, and stridor. 
(c) Primary subglottic tumours are uncommon and 
affected patients have stridor or dyspnoea on exertion. 
6. Metastatic disease is present at diagnosis in 5-10% of 
patients. Common locations are the lungs and bones. 


HNSCC PATHOLOGY AND PRECURSORS 


HNSCC on pathologic review is classified on the basis of 
the amount of keratinization as well differentiated (>75% 
keratinization), moderately differentiated (25-75% kera- 
tinization), and poorly differentiated (<25% keratinization). 
Whether higher grades correlate with more aggressive bio- 
logic behaviour and poorer outcome remains controversial. 

As a rare subtype (<5%) of SCCs, one can differentiate 
verrucous carcinomas, which show extensive keratinization 
and have a flat, whitish, wartlike appearance. Histologically 
they are very well differentiated and show blunt projections 
that extend into the lamina propria, usually with an associated 
lymphocytic inflammatory response. Verrucous carcinomas 
(in their pure form) rarely metastasize and have a favourable 
prognosis, although they show invasive, local growth. How- 
ever, if features are mixed with common SCC histology the 
prognosis is similar to conventional HNSCC. 

Several premalignant precursor lesions are described in the 
following text. 


Hyperplastic Lesions 


Hyperplastic lesions are whitish (leukoplakia) or reddish 
(erythroplakia), appearing as slightly raised, plaque-like 
lesions. They are usually a consequence of exposure to 
mechanical irritation, exposure to carcinogens, or other 
harmful stimuli. In general the clinical significance and 
natural history are determined by the presence and degree of 
dysplasia. Leukoplakia is usually a benign reactive process 
and in contrast to thrush cannot be “wiped off”. A small 
proportion (estimated at <5%) will progress to invasive 
carcinoma within 10 years. On microscopic examination, the 
presence of dysplasia heralds a higher risk of progression to 
HNSCC. 

Erythroplakia (and leukoerythroplakia) is characterized by 
the presence of a red superficial patch directly adjacent to 
normal mucosa. In contrast to leukoplakia, it carries roughly 
a 40% risk of progression to an invasive HNSCC and almost 
always features epithelial dysplasia. 


Dysplasia 


Dysplasia is a histologic diagnosis and is of clinical impor- 
tance as 15-30% will eventually progress to invasive carci- 
noma. Dysplasia is characterized by the presence of mitoses 
and prominent nucleoli beyond the bottom proliferating layer 
of the mucosa disturbing the normal architecture. The degree 


HEAD AND NECK CANCER 3 


of involvement of the entire mucosa indicates the severity. 
Involvement of the entire mucosal thickness is called carci- 
noma in situ (CIS). Dysplasia is graded as follows: 


(a) mild dysplasia with basal type proliferating cells con- 
fined to the lower third 

(b) moderate dysplasia with up to two-thirds of the mucosal 
thickness involved 

(c) severe dysplasia with two-thirds and more involved. 


Progression of histologic changes correlates with genetic 
alterations, including deletions of chromosome arms 3p, 9p, 
11q, and 17p as well (Rosin et al., 2000). 


MOLECULAR ALTERATIONS 


In order for HNSCC to develop it has been estimated that 
cells require the accumulation of 6-10 genetic alterations 
(Renan, 1993). Two types of alterations occur - activation 
of proto-oncogenes and inactivation of tumour-suppressor 
genes. Table 2(a) and (b) gives an overview of common 
genetic changes. 

HNSCC is genetically a heterogeneous group of cancers. 
Although most tumours are smoking and alcohol related, 
25% of tumours of the palatine tonsils and the Base of 
tongue (BOT) contain oncogenic strains of human papilloma 
virus (HPV) 16/18 DNA (Gillison et al., 2000). HPV -related 
tumours form a distinct subgroup and are usually found in 
non-smokers, and are less likely to harbour P53 mutations. 
They tend to have a more favourable prognosis. In contrast, 
tumours of the larynx, hypopharynx, and Floor of mouth 
(FOM) are almost exclusively substance-use related. 

The molecular progression from normal mucosa via hyper- 
plasia, dysplasia, CIS, to invasive carcinoma has been stud- 
ied extensively. Owing to the exposure of a large part of 
the mucosal surface to a carcinogen (i.e, tobacco smoke), 
genetic damage can occur in many locations. This process - 
originally described by Slaughter and colleagues - is called 
field cancerization (Slaughter et al., 1953). 

Today the term field cancerization is also commonly 
defined as early insults to one progenitor cell that lead to 
a growth advantage, forming a growing plaque, which can 
expand to a larger mucosal field (fields larger than 7cm 
have been described) (Braakhuis etal., 2003). Although 
morphologically normal, such patches can be identified 
by the presence of P53 (p53 gene) mutations (Braakhuis 
etal., 2003). Such genetically abnormal HNC precursor 
cells can migrate within the head and neck mucosa. 
Field cancerization explains the clinical occurrence of 
metachronous and synchronous second primary tumours 
(Braakhuis et al., 2003). 

Field cancerization offers an opportunity to target early 
changes with chemopreventative agents, but success so far 
has been limited. High doses of retinoids are the only 
intervention that potentially have benefit, although marked 
mucocutaneous toxicities limit their use (Hong and Bromer, 
1983; Rhee et al., 2004). 


Early carcinogenic events include the loss or inactiva- 
tion of chromosome 9p21 (p16/?!/p144"* location) and 3p 
(F HIT/RASSF 1A location). The loss of the respective tumour- 
suppressor genes is central to HNSCC genesis (Rosin et al., 
2002). This is frequently followed by alterations of 17p13 - 
the P53 location, which correlates with progression from 
pre-invasive to invasive lesions (Boyle et al., 1993). Other 
events are outlined in Table 2(a) and (b). The exact sequence 
of events varies and may be different for various tumour sub- 
groups. Chemoprevention may be best aimed at premalignant 
lesions showing 3p and 9p changes. 

Additional data suggest that DNA content and aneuploidy 
may be powerful predictors of progression to invasive cancer, 
treatment failure, and mortality (Sudbo et al., 2004). 

In a recent landmark paper, Rocco et al. (2006) suggested 
that other P53 family members, namely P63 and P73, play a 
key role in HNSCC tumourigenesis, with P63 overexpression 
suppressing P73 induced apoptosis. 


DIAGNOSIS 


The standard diagnostic approach for a suspected HNC 
includes the following (Stenson, 2005): 


o History and physical examination 

e provides a general idea of the disease course and 
location; 

e the false-negative rate for detection of HNC by physical 
examination is estimated to be ~20%, and the false- 
positive rate is also substantial. 

Endoscopic visualization of the nasopharynx and larynx 

e identifies and evaluates the size of primary tumours 
and/or potential second primaries. 

Bimanual examination of the FOM and the BOT 

e assesses the local extent of the tumour. 

F lexible fibre-optic endoscopy 

e visualizes the nasal vault, the nasopharynx, the BOT, 
the hypopharynx, and the larynx; 

e identifies primary tumour and/or second primaries; 

e assesses tumour extent and vocal cord function. 

Biopsy (fine needle or surgical) 

e definitive pathologic diagnosis; where achievable diag- 
nostic accuracy of a fine needle aspiration (FNA) 
is 89-98%. But non-diagnostic aspirations occur in 
approximately 10% of patients; 

e FNA can be done guided by ultrasound; 

e concerns for tumour seeding along the needle track 
have been raised but in clinical practice are exceedingly 
rare. 

CT scans of the head and neck, chest, and upper abdomen 

e assess cervical lymphadenopathy (N stage), where it is 
superior to physical examination; 

e assess primary tumour and distant metastasis (in partic- 
ular, lung lesions); 

e determines the extent of tumour infiltration into the 
tongue musculature, cartilage, or bony structures, such 
as the mandible - helpful in upstaging tumours that have 
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Table 2a Oncogenes important in HNSCC (selection). 


Oncogene 
Cyclin D1 


EGFR 


MET 


Cyclo oxygenase 
2 (COX-2) 


P63 


Description Timing 
Cell cycle regulator - G1/S Late 
transition —> leads to tumour 

progression 

Receptor tyrosine kinase - Early to 
heterodimerizes with other mid 


members of erb family > 
activates multiple oncogenic 
signalling pathways (e.g., 
MAPK, Akt, Stat-3) 


Receptor tyrosine kinase - with Unclear 
role in progression, invasion, 
metastasis, angiogenesis 


Prostaglandin synthesis Early 


Involved in epithelial renewal Early 
— oncogenic possibly via 


A-catenin pathway 


(Adapted from Seiwert and Cohen, 2005.) 


Table 2b Tumour-suppressor genes that are altered in HNSCC. 


Tumour-suppressor 
gene 


p gink4a 


P53 (p53 gene) 


Chromosome 
3p 


PTEN 


RB 


TGF-B 


RAR-B 


Description Timing 
Negative regulator of cyclin 
D1; physiologically leads to 
senescence; if abrogated - 
cell cycle progression 


Central role in cell cycle 
regulation and cell survival 


Early 


Early to 
mid 


Location of multiple tumour- 
suppressor genes (e.g., FHIT, 
RASSF 1A) 


Phosphatase that negatively 
regulates signalling/migration 
via PI3K signalling to Akt 
and PKB 


Regulates cell cycle at stage 
of G1/S transition 


Receptor serine/threonine 
kinase — negative growth 
regulator leading to G1/S 
arrest via downstream 
regulators 


Retinoic acid receptor - 
involved in cell 
differentiation via induction 
of multiple gene products 


Early 


Unclear 


Unclear 


Unclear 


Early 


(Adapted from Seiwert and Cohen, 2005.) 


Chromosomal 
location 


11q13 


7p12 


7931 


1q25 


3q 


Chromosomal 
location 


9p21 


17p13 


Prevalence in HNSCC 


30% of tumours have gene 
amplification 


Lack of inhibition (p16, Rb) in 
majority of tumours 
10- 20% mutated or amplified 


80- 90% overexpressed 


Early studies suggest 
overexpression does not correlate 
with responsiveness 


>50% overexpress met receptor 


~11% harbour mutations 


Overexpressed in majority of 
tumours 


~30% 


Prevalence in HNSCC 


~80% inactivation through 
deletion, point mutations, 
methylation 


M utations in >50% of HNSCC 


Altered in majority of 
HNSCC 


10- 29% 


13q loss in ~60% of tumours; Rb 
altered only in subgroup 


M utations found in one series in 
6 of 28 


Downregulated - for example, via 
promoter hypermethylation 


Comment 


Rb and p16 are negative regulators 
of Cyclin D1 - Rb and p16 are 
frequently inactivated 


Target for multiple agents (e.g., 
gefitinib, cetuximab) - mutations 
found in lung cancer, but none 
seen in HNSCC in early tests 


Overexpression increases 
progressively from precancerous 
lesions to invasive tumour 


Potent activity in vitro, small 
molecule inhibitors in development 


COX -2 inhibitors (e.g., celecoxib) 
are being investigated regarding 
chemoprevention 


Together with 9p altered early in 
carcinogenesis 


Comment 


Most common genetic change in 
HNSCC 

Commonly found in premalignant 
esions 


p53 mutations occur between 
pre-invasive and invasive stage; 
implicated in tumour progression. 
Mutations predict chemotherapy 
treatment failures 


Together with alterations in 9p21 
early and common event in 
HNSCC carcinogenesis 


Inactivated through multiple 
mechanisms - methylation, 
monoallelic loss, mutations 





Second TSG may exist adjacently 


Alteration in chromosomes 3p and 
9p occur early in carcinogenesis 


Investigated regarding role in 
chemoprevention Involved in 
genesis of leukoplakia lesions 
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infiltration into deep structures, which are difficult to 
assess by physical examination; 

e helpful in evaluating difficult-to-see areas such as the 
pre-epiglottic space, the laryngeal cartilage, the para- 
glottic space, a potential subglottic extension, as well 
as retropharyngeal, parapharyngeal, upper mediastinal, 
and paratracheal lymph nodes. In two reviews, 43 and 
54% of cases were upstaged on the basis of CT scan 
evidence. 

o Panendoscopy 

e Panendoscopy (laryngoscopy, oesophagoscopy, and 
bronchoscopy) also known as triple endoscopy is help- 
ful for the initial diagnosis and follow-up, to iden- 
tify second primary tumours - including oesophageal 
lesions. Second primary tumours occur in approximately 
10-15% of patients. 


Optional Studies 


o Optional: MRI may substitute for CT scan 

e Allows better assessment of soft tissue, discriminating 
tumour from mucus, and diagnosing bone marrow 
involvement. CT scan, on the other hand, is better for 
cortical bone invasion. For evaluation of cervical lymph 
node metastasis CT scanning is more accurate than MRI. 

o Optional: Bone scan 

e Assesses bony metastasis although bony metastases are 
much rarer than lung metastases and routine use yields 
a low incidence. Recommendation is for use only when 
bony pain or other symptoms are present. 

o Optional: PET scan 

e Assesses LR lymph nodes as well as distant metastasis 
and occult primary tumours, which oftentimes are dif- 
ficult to assess with either CT or MRI. PET scanning, 
on the other hand, may help and detect malignancies at 
earlier stages, although usually it can only detect lesions 
>5mm. In the United States, HNC is a Medicare- 
approved diagnosis allowing PET scanning for staging 
and restaging. PET appears to be at least as sensi- 
tive as CT and MRI in detecting primary head and 
neck tumours and superior for LN and distant metas- 
tasis. PET is 90% sensitive, 94% specific, and com- 
pares favourably with CT (82/85%), and M RI (80/79%) 
(Adams et al., 1998). 

PET can help assess disease recurrence or refractoriness 
and identify tumours of unknown primary. The exact 
role of PET is still being defined. 

o Optional: PET-CT scan 

e The major limitation of PET scanning is that it does not 
provide any anatomic information, which led to the use 
of integrated PET-CT. 

e For initial staging PET-CT imaging was reported to 
be more accurate than CT, MRI, and PET alone and 
when available is probably the optimal imaging study 
in cases where questions remain. PET can help assess 
disease recurrence or refractoriness and identify tumours 
of unknown primary. The exact role of PET-CT is still 
being defined. 


o Optional: elective lymph node dissection 
e Helps identify occult cervical nodal metastases despite 
negative imaging and physical examination (including 
PET-CT). The knowledge about the presence or absence 
of cervical lymph node metastases is central for prog- 
nosis. Elective lymph node dissection provides accurate 
staging information prior to treatment. 


In an estimated 15% of patients no primary tumours 
can be identified (TX). Systematic, “blind” biopsies during 
panendoscopy from multiple, “likely” mucosal areas (i.e., 
nasopharynx, BOT, pyriform sinus, tonsils), neck dissection, 
and PET scan can, in a small percentage, help identify 
otherwise occult tumours. Some centres advocate routine 
ipsilateral tonsillectomy for workup. 

Even though the radiation field usually covers the entire 
head and neck area - including the occult primary tumour - 
focussing part of the dose on the known primary tumour 
may decrease side effects. When a primary site cannot be 
identified, patients should be treated like a locally advanced 
HNSCC. Long-term disease-free survival is comparable to 
patients with an identifiable primary tumour. 

Lastly the occurrence of second primary tumours is 
common and needs to be ruled out in all patients undergoing 
treatment. Patients with small tumours, oral cavity, or 
laryngeal tumours are the most likely to develop second 
primaries. Owing to tobacco exposure, second primaries also 
occur in the lungs and oesophagus. CT and PET scanning are 
useful in detecting their presence. 


PROGNOSTIC FACTORS 


Certain features characterize tumours at higher risk for 
recurrence following surgical treatment: 


e surgical resection with involved margins 

e extranodal/extracapsular tumour spread 

e perineural invasion 

e presence of two or more involved regional lymph nodes. 
It remains controversial whether tumour grade, depth of 
invasion, and pattern of invasion (pushing front vs infiltrat- 
ing border) have prognostic value. M ultiple other prognostic 
markers have been proposed, but are beyond the scope of 
this text. 


TREATMENT 


Radiotherapy 


Radiotherapy is at the core of HNC treatment - as a primary 
treatment for early-stage tumours, adjuvantly after surgery, 
or most commonly for LR-advanced disease with concurrent 
chemotherapy (definitive or adjuvantly). 

Traditional fractionation radiotherapy consists of a total 
dose of 70Gy in 35 treatments of 2Gy per day delivered 
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in 5 consecutive treatments with a weekend break. To 
overcome radiation failures due to the tumour repopulation 
the radiation therapy oncology group (RTOG) conducted 
a phase III study comparing (i) conventional fractionation, 
(ii) hyperfractionation (1.2Gy twice daily, 81.6 Gy), (iii) 
accelerated radiation with a concurrent boost (1.8 Gy day—! 
5 days a week with a second 1.5Gyday~ fraction for the 
final 12 days (final dose: 72 Gy)), and (iv) 1.6Gy fractions 
twice daily with a 2-week break in the middle to a dose of 
67.2Gy (Fu etal., 2000). This study demonstrated that the 
accelerated concurrent boost arm and the hyperfractionated 
arms had improved local control and a trend towards 
improved disease-free survival. However, there was no 
difference in overall survival though. Nevertheless, many 
centres continue to use traditional once-daily fractionation 
partly due to convenience for patients and the treatment 
centre in the absence of a definitive survival benefit. 

Recently, technological advances in the planning and 
delivery of radiotherapy were integrated into HNC treatment. 
Intensity-modulated radiotherapy (IMRT) moulds radiother- 
apy doses conformally around tumours and at-risk lymph 
nodes, which allows sparing of organs, for example, the sali- 
vary glands. This approach can reduce side effects such as 
xerostomia. IMRT can potentially offer increased efficacy, 
and evaluation of this technique is ongoing. 


Early-stage Disease 


T1/T2 tumours without lymph node metastasis (stages | or 
Il) are usually treated with either surgery or primary radio- 
therapy. Approximately 30-40% of HNC patients present 
with early-stage disease. Surgery is sometimes followed by 
adjuvant radiation or chemoradiation if upstaging occurs 
or involved surgical margins remain. Results are excel- 
lent with cure rates in the range of 60-98% (Stenson 
et al., 2005). 

Radiation and surgery result in similar control and survival 
rates, but the choice depends on functional outcomes with 
surgery, competing morbidities, accessibility of the tumour, 
as well as institutional preferences. For instance, oral cavity 
cancers are usually treated surgically (no post-radiation 
xerostomia and dental decay, and a shorter treatment course), 
whereas laryngeal cancers are most commonly treated with 
radiotherapy with better preservation of voice. 

Radiotherapy allows clinicians to encompass regional 
areas at high risk for occult disease, for example, in cervical 
lymph nodes, but prophylactic neck treatment without prior 
evidence of lymph node involvement remains controversial. 
The treatment algorithm is outlined in Figure 1. 


Locoregionally (LR) Advanced Disease 


LR-advanced disease represents more than 50% of all cases 
of HNSCC. As mentioned earlier, it is a heterogeneous 
group with respect to prognosis; patients with earlier stages 
(low-risk stage III and high-risk stage Il) have a more 


favourable prognosis and are therefore sometimes separated 
as “intermediate-risk LR-advanced disease”. This differenti- 
ation is still rarely used in the literature. 

LR-advanced disease requires an aggressive multidisci- 
plinary approach. Until recently, 5-year survival rates were 
reported to be 10- 30% for patients with higher stages IVa/b 
and 40% for all patients in this group (Vokes et al., 1993). 
Efficacious LR therapy plays a critical role in the defini- 
tive management of HNSCC, as only ~10% of patients with 
HNSCC present with distant metastasis (Table 1) and LR 
failures continue to predominate: >50% of patients who die 
from HNC have LR disease as the only site of failure and 
almost 90% of patients with distant failure also have persis- 
tent LR disease. 

Historically, advanced tumours were treated with surgery 
+ adjuvant radiotherapy or radiotherapy alone. However, 
only a minority of patients with LR-advanced disease can 
undergo surgical resection and outcomes were poor both with 
respect to survival as well as organ preservation (Vokes et al., 
1993). Over the past 5- 10 years, chemoradiotherapy (CRT) 
was shown to be more efficacious for survival and organ 
preservation than radiation alone (Table 3). 

Today, integrated multimodality approaches have signifi- 
cantly improved outcome for these poor risk patients. Unlike 
early-stage HNSCC all three modalities - surgery, radio- 
therapy, and chemotherapy - play vital and complementary 
roles and are used together. Several combination approaches 
have been developed, each with distinct advantages and 
disadvantages: 


1. Surgery followed by adjuvant concurrent CRT (or radio- 
therapy alone) 

- Advantages: rapid reduction in tumour bulk; patho- 
logic staging can help identifying unclear tumour 
stage or high-risk features 

- Disadvantages: many patients have unresectable dis- 
ease; poorer organ preservation; postsurgery adju- 
vant chemoradiotherapy is still necessary. 

2. Concurrent CRT (with surgery as a salvage treatment) 
using chemotherapy or an epidermal growth factor 
receptor (EGFR) inhibitor 
- Advantages: improved organ preservation; effective 

in unresectable patients 

- Disadvantages: None. 

3. Induction chemotherapy followed by definitive local 
therapy with 
(a) concurrent CRT 
(b) other primary treatment options: 

surgery (+ adjuvant therapy). 

- Advantages: offers potential to decrease the risk 
of distal failure; rapid reduction in tumour bulk; 
response may be a predictor of response to CRT 

- Disadvantages: no definitive phase III data; ben- 
efit remains controversial; adds toxicity; prolongs 
treatment. 


radiotherapy, 


Approaches 1 and 2 are supported by extensive evidence, 
whereas the third approach remains controversial and is 
currently being investigated in several large randomized 
multicentre trials (see Figure 1). 
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Figure 1 Evidence-based treatment algorithm for management of locally advanced HNSCC. CRT - chemoradiotherapy. 


Levels of evidence supporting recommendation: 

Level 1: Multiple consistent phase II! studies, or one large, high-quality multicentre phase III trial 
Level 2: Smaller/single-phase II! trial 

Level 3: Multiple consistent phase II studies 

Level 4: Expert opinion or evidence less than level 3. 


è High-risk features for recurrence are: 
e involved margins of resection 


ə extranodal/extracapsular spread 

e  perineural invasion 

e presence of two or more involved regional lymph nodes. 

> Level | evidence in comparison to radiotherapy single modality. No data are available in comparison to chemoradiotherapy (CRT); therefore, no clear 
recommendation can be made in comparison to CRT; it is an excellent choice for patients with a low performance status, who are poor candidates for 
chemoradiotherapy. 

© Referral to experienced centre with adequate support system recommended. 

d Locoregionally advanced disease can be divided into two risk groups, defined by their risk of recurrence. This differentiation is of practical use, but is 
not yet commonly used. 

e Cetuximab-based CRT can also be considered as an option, but has not been studied post-operatively. On the basis of experience with other regimens it 
should be considered as a reasonable option especially in patients not able to tolerate more toxic regimens. Please also see footnote b. 


Although radiation has been found to be less effective 
than CRT in multiple settings (Table 3), there is no adequate 
phase III evidence comparing surgery (followed by adjuvant 
therapy) to definitive chemoradiation. 

In a laudable but underpowered randomized study of 
119 patients, Lim etal. (2003) found that there was no 


significant survival difference between the two approaches. 
To answer this question more definitively investigators at 
the Tata M emorial Hospital in Mumbai, India, started such a 
landmark study in May 2005 - enrolling advanced laryngeal 
and hypopharyngeal patients to either surgery with adjuvant 
treatment or primary cisplatin-based CRT. 
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Table 3 Post-operative therapy: randomized trials of adjuvant chemoradiotherapy versus radiotherapy alone in locally advanced HNSCC. 


Trial name Number of Primary Adjuvant Toxicities grades Higher local Survival difference in 
year reported patients treatment therapy 3 and 4 mucositis control rate favour of ChemoRT 
EORTC? 167 patients with Surgery (a) ChemoRT(P) A cute: Yes OS: Yes 
22931 high-risk features (b) RT? (a) 41% vs (a) 82% vs HR = 0.7 
(Bernier etal., 2004) (b) 21% (b) 69% p = 0.02 
Chronic: (at 5 years) DFS: yes 
no difference HR = 0.75 
p = 0.04 
RTOG? 459 patients with Surgery (a) ChemoRT(P) A cute: Yes OS: No 
9501 high-risk features (b) RT? (a) 77% vs (a) 82% vs (HR = 0.84) 
(Cooper et al., 2004) (b) 34% (b) 72% (at p = 0.19 
Chronic: 2 years) DFS: yes 
no difference HR = 0.78 
p = 0.04 
(Bachaud et al. 1996) 83 patients with Surgery (a) ChemoRT(P) A cute: Yes OS: (at 2 years) 
high-risk features (b) RT (a) 41% vs (a) 77% vs (a) 72% 
(b) 18% (b) 59% (at (b) 46% 
Chronic: 4years) p < 0.01 
no difference DFS: (at 2 years) 
(a) 44% 
(b) 23% 
p < 0.02 


(A dapted from Seiwert and Cohen, 2005.) 


EORTC - European Organization for Research and Treatment of Cancer; RT - radiotherapy; ChemoRT - concurrent chemoradiotherapy; OS - overall survival; DFS - disease-free 
survival; vs - versus; HR - hazard ratio; high-risk features - please refer to the paragraph on adjuvant, post-operative therapy; P - cisplatin. 


Inclusion criteria: 
EORTC: The EORTC study defined four eligible groups of patients: 


1. Pathologically proven T3 or T4 primary tumours with any nodal stage (N), except T3NO completely resected laryngeal cancers (negative resection margins). 


2. pT1 or pT2 tumours with a N2 or N3 nodal stage (M 0). 


3. Patients with T1/T2 primary tumours, NO/N1 nodal status but unfavourable pathological findings such as extranodal spread, positive resection margins, perineural involvement, 


or vascular tumour embolism. 


4. Oral cavity or oropharyngeal tumours with involved lymph nodes at levels IV or V (lower jugular area and posterior neck triangle). 


RTOG: Any or all of the foflowing features needed to be present: 

1. histologic evidence of invasion of two or more regional lymph nodes 
2. extracapsular spread of nodal disease 

3. microscopically involved mucosal resection margins. 

Radiotherapy regimens: 





EORTC: Up to 54Gy in 27 fractions to a large volume including all tumour sites over a period of 51/2 weeks. High-risk areas (risk for dissemination, inadequate resection 
margins) received a 12-Gy boost (— total 66 Gy; 33 fractions over a period of 61/2 weeks). 
RTOG: 60Gy in 30 fractions over a 6-week period, with or without a boost of 6Gy in 3 fractions over a period of 3 days to high-risk sites. 


Each approach is widely accepted and the decision depends 
on many factors, such as better organ preservation with pri- 
mary CRT, but also local expertise, surgical risk, resectabil- 
ity, and patient preference. Figure 1 provides an overview of 
the various approaches. 

Concurrent CRT attempts to capitalize on radiosensitiz- 
ing properties while delivering systemically active agents. 
Sensitizing effects, though, are not selective for tumour 
cells and adjacent normal tissue within the field is also 
subject to more effective and more toxic radiation. Consis- 
tently concurrent CRT trials report an increased incidence 
of grade 3/4 acute toxicities with mucositis and dermatitis 
being the most prominent. On the other hand, severe long- 
term side effects are not increased in comparison to radiation 
alone (Bachaud etal., 1996; Bernier etal., 2004; Cooper 
et al., 2004). 


Surgery Followed by Adjuvant Chemoradiotherapy 
(or Radiation) 


Because of high LR recurrence rates, stage III/IVa/IVb 
tumours with high-risk features should receive adjuvant 
treatment (see Prognostic Factors). 

Adjuvant (post-operative) radiotherapy is very well estab- 
lished in its efficacy, but was never tested in a rigorous 


randomized trial against no adjuvant therapy, which at this 
point would be unethical. It is used to decrease local fail- 
ure rates. Nevertheless, even with adjuvant radiotherapy, in 
the presence of high-risk features the risk of local recurrence 
(27-61%), distant metastases (18-21%), and death (5-year 
survival rate 27- 34%) remains unsatisfactorily high (Cooper 
et al., 1998). 

Post-operative (adjuvant) CRT significantly enhances LR 
disease control (Bachaud et al., 1996; Bernier et al., 2004; 
Cooper etal., 1998) and it is well known that CRT is 
highly efficacious even in unresectable disease (Table 4). The 
optimal time frame to start adjuvant treatment postsurgery is 
likely to be within 4- 6 weeks after the resection. 

Three landmark trials confirmed a marked bene- 
fit (including overall and/or disease-free survival) of 
post-operative CRT over radiation alone in patients with 
locally advanced disease. Bachaud etal. (1996) published 
the first trail. Adjuvant CRT was associated with a significant 
increase in acute toxicities (including toxic deaths), although 
there was no difference in chronic toxicities (Table 3). The 
EORTC and RTOG trials from 2004 support the widespread 
use of CRT over radiation alone in patients with high-risk 
features, with an overall survival benefit shown in the 
EORTC trial and a progression-free survival benefit in the 


RTOG trial. With the increase in acute toxicities strong con- 
sideration should be given to treatment of these patients at 
larger volume centres with expertise in combined modality 
treatment and a well-established supportive care system. 
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Treatment expertise appears to improve patient survival 


(Benasso et al., 1997). 


Even though cisplatin-based CRT is considered the stan- 
dard for adjuvant treatment, poor survival results and a 


Table 4 Overview of chemoradiotherapy platforms for HNC - for each agent one or two representative studies are shown and referenced. Selected trials 


are examples of primary/definitive CRT trials. 





Single-agent- Survival data 

based CRT Dosing RT employed (number of patients) Comment 

Cisplatin Commonly used standard of care 
Adelstein et al. 100 mg m~? 3 weekly 70Gy 37% 3-year overall survival Superior to radiation alone 


(2003) 


Al-Sarraf et al. 
(1998) 


concurrent with RT? 


Once-daily fractionation 


rate 
N = 97°? 


NPC only -76% 3-year 
overall survival 


Still long-term survival remains poor > 
many centres moved to combination CRT 
platforms with better results in phase II trials 
post therepy consolidation with cisplatin and 
5-FU 





N = 78° 
Cetuximab Possible standard of care especially in the 
elderly and patients with poor PS 
Bonner et al. 400 mg m~? loading 70Gy 62 and 55% 2- and 3-year Superior to radiation alone 
(2006) then 250 mg weekly! overall survival rate 
Variable RT including: N = 211° Role in comparison to cytotoxic CRT remains 
once daily, unclear due to control arm (RT only) 
hyperfractionation, 
concurrent boost 
Combination- Survival data 


drug-based CRT 


Cisplatin/5-F U 


Brizel et al. 
(1998) 


Taylor et al. 
(1997) 


Adelstein et al. 
(2006) 


Cisplatin/ 
paclitaxel 
RTOG 97-03 
Garden et al. 
(2004) 


Carboplatin/ 
paclitaxel 
Carter et al. 
(2003) 


Dosing 


Cisplatin 12 mg m~? 
every daily, weeks 1, 6 
5 FU 600mgm~ CI 
days 1-5 (Brizel etal., 
1998)? weeks 1, 6 
Cisplatin 60 mg m~? 
every 2 weeks 

5-FU 800 mg m~? CI 
days 1-5 (Taylor et al., 
1997) 


Cisplatin 

20 mg m~? day~! CI 
days 1- 4 weeks 1 and 4 
5-FU 1000 mg m~? CI 
days 1- 4 weeks 1 and 4 
(A delstein et al., 2006) 


Cisplatin 20 mg m~? 
weekly 


Paclitaxel 30 mg m~? 
weekly 


Carboplatin (AUC = 1) 
weekly 


Paclitaxel (40 mg m~?) 
weekly 


RT employed 


70 Gy 


Hyperfractionation 


70 Gy 


Week on/week off > 
days 1-5 


Once-daily fractionation 


70 Gy 


Once-daily and 
hyperfractionation 


70 Gy 


Once-daily fractionation 


69.6 Gy 


Hyperfractionation 


(number of patients treated) 


55% 3-year overall survival 
rate 
N =564 


60% 3-year overall survival 
rate 
N = 2199 


65.7% 5-year overall 
survival rate 


N = 219 


67% 2-year overall survival 


N =60 


63% 2-year overall survival 


N=52 


Comment 


Alternative standard of care 


Trend towards improved survival; improved 
locoregional control 


Alternative to standard of care 


Improved survival in comparison to 
cisplatin/5-FU 


Equivalent survival in comparison to FHX 
platform 


Alternative standard of care 


Preliminary results, but several previous trials 
(Suntharalingam et al., 2000, 2004; Haddad 
et al., 2003; Hiller and M ergenthaler; 2004) 


(continued overleaf) 


THE TREATMENT OF CANCER 


Survival data 


(number of patients treated) Comment 


Alternative standard of care 


Improved survival in comparison to 
cisplatin/5-FU 


69% 2-year overall survival 


N=64 Equivalent survival in comparison to 


cisplatin/paclitaxel 


Alternative Standard of Care 


77/710% 2- and 3-year Combination with induction therapy used? 
overall survival (Vokes 
et al., 2003b) 


N = 69 
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Table 4 (continued) 
Combination- 
drug-based CRT Dosing RT employed 
FHX 
RTOG 97-03 5-FU 800mgm~ Cl, 70Gy 
Garden et al. days 1-5 every other 
(2004) week 
Hydroxyurea 1g b.i.d. week on/week off — 
days 0- 5 every other days 1-5 
week 
Once-daily fractionation 
TFHX 
Vokes et al. Paclitaxel 100 mg m~? 70 Gy 
(2003a) every other week 
5-FU 600mgm~ Cl, Week on/week off —> 
days 1-5 every other days 1-5 
week 
Hydroxyurea 500 mg Hyperfractionation 
b.i.d. days 0-5, every 
other week 
Cisplatin/ 
cetuximab 
Pfister et al. Cisplatin 100 mg m~? 70 Gy 
(2006) weeks 1 and 4 
Cetuximab 400 mg m~? Concomitant boost 
first week then 
250 mg m~? weekly 
IFHX 
Cohen et al. Gefitinib 250 mg daily 70- 72 Gy 
(2005) 


5-FU 600mgm~ Cl, Week on/week off —> 


days 1-5 every other days 1-5 
week 
Hydroxyurea 500 mg Hyperfractionation 


b.i.d. days 0-5, every 
other week 


76% 3-year overall survival 


N = 22 


89% 2-year overall survival 


N= 69 


Only 22 patients 


Trial ended early because of one death, one 
MI, one bacteremia, one atrial fibrillation case 


Two randomized trials with this regimen 


ongoing (by the RTOG and by the University 
of Chicago) 


Preliminary data 


Combination with induction therapy used 


Cl - continuous infusion; b.i.d. - twice a day; PS - performance status; MI - myocardial infarct. 

Trial had three arms - total patients enrolled 295, 97 were treated with cisplatin-based CRT. 

Trial also used induction chemotherapy with carboplatin (AUC = 2) every 4 weeks x2 and paclitaxel 135 mg m~? weekly for 3 weeks then 1 off week. 
£193 patients registered, 147 treated (69 in radiotherapy arm, 78 in chemoradiotherapy arm). 


4R andomized trial in comparison with RT alone. 


persistently high LR failure rate of 30% make it a subop- 
timal treatment and additional measures, such as improved 
radiation fractionation or multiagent CRT are therefore being 
investigated. Because of ample evidence suggesting superi- 
ority of multiagent CRT (eg., cisplatin/5-FU, TFHX - see 
Table 4 and the following text) in comparison to single-agent 
cisplatin-based CRT, and the curative intention of this 
treatment situation, many centres including our own rou- 
tinely use multiagent CRT in the adjuvant setting. Rigorous 
comparison data though are needed as controversy remains. 


Intermediate-risk Locoregionally (LR)-Advanced Disease 
Although post-operative CRT is the standard of care in 
patients with high-risk LR-advanced disease (stages |Va/b, 
high-risk stage III) (Table 3), for patients with intermediate- 
risk LR-advanced disease, the evidence of a benefit for 
adjuvant CRT over radiation alone is less clear. Nevertheless, 


many centres including our own use adjuvant CRT - as 
the goal of treatment is cure. Furthermore, long-term side 
effects do not differ from radiation alone, and there is 
consistency in trials showing superior efficacy of CRT at 
higher stages. 


Definitive/Concurrent Chemoradiotherapy 


Survival: Concurrent CRT was originally pioneered for inop- 
erable patients, but during the past decade has emerged 
as a definitive treatment option. Definitive concurrent CRT 
is efficacious with curative intent in unresectable and 
resectable patients (El-Sayed and Nelson, 1996). As an 
organ-preserving strategy it recently became standard of 
care for locally advanced laryngeal cancer and in general 
appears to offer higher organ preservation rates (Forastiere 
et al., 2003). 
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Additionally, multiple phase II trials of primary concurrent 
CRT have demonstrated impressive local control and 2/3- 
year survival rates of 60-70% in LR-advanced disease 
(Adelstein et al., 2002; Machtay etal., 2002; Vokes et al., 
2003a; Kies et al., 2001). Accordingly, concurrent CRT is 
increasingly used, as a primary definitive treatment option 
(Hoffman et al., 2004). 

In addition, several trials now, indicate that with the 
markedly improved local control rates, a shift in the pattern 
of failure from local to distant failure is occurring (Haraf 
et al., 2003; Adelstein et al., 2002). 

M eta-analysis of older randomized, mostly underpowered 
trials suggested an absolute survival benefit of approximately 
8% at 5 years favouring CRT over radiation (Pignon et al., 
2000a; El-Sayed and Nelson, 1996) and multiple recent, well- 
powered trials show robust survival benefits with an absolute 
risk reduction of death at 3years of 14-25% (Adelstein 
et al., 2003; Brizel et al., 1998). 

Commonly used agents include cisplatin, 5-FU, taxanes, 
and hydroxyurea (Table 4) (Vokes etal., 2003b; Milano 
etal., 2004). Cisplatin 100mgm-? every 3weeks com- 
bined with approximately 70Gy radiation (1.8-2 Gy daily 
fractions) is still the most widely used treatment, but 
3-year survival in unresectable disease remains poor at 
only 37% (Adelstein et al., 2003). Although no definitive 
phase III evidence exists, a multitude of phase II tri- 
als (Table 4), and clinical experience strongly suggest that 
multidrug-based CRT offers increased efficacy and survival. 
For instance in a trial by the University of Chicago the 
combination of paclitaxel, 5-FU, hydroxyurea, and twice- 
daily radiation (TFHX) showed a 3-year overall survival 
of 70% (Vokes etal., 2003b). Excellent results were also 
reported for cisplatin/5-FU (Brizel etal., 1998; Adelstein 
etal., 2006) and in RTOG97-03 for cisplatin/paclitaxel, 
and 5-FU/hydroxyurea/RT (FHX) (see Table 4) (Garden 
et al., 2004). 


On the other hand, some confusion remains because in 
a randomized Intergroup trial the combination of cisplatin/ 
5-FU with an unconventional split course of radiation had 
lower survival than cisplatin alone. It is widely accepted 
that the unconventional split-course radiation scheme was 
the cause of inferiority and Adelstein et al. (2006) published 
a subsequent series using cisplatin/5-FU again - this time 
with conventional once- or twice-daily radiation - show- 
ing excellent results superior to cisplatin-alone-based CRT 
historic results. Five-year overall survival for the com- 
bination was 65.7% (Adelstein etal., 2006). In addition, 
a meta-analysis by Pignon etal. showed that the benefit 
from multiagent concomitant CRT was significantly greater 
than for single-agent CRT, although overall analysis was 
limited by heterogeneity of the included trials (Pignon 
et al., 2000b). 


Intermediate-risk Locoregionally (LR)-Advanced Disease 
For intermediate-risk LR-advanced disease primary CRT is 
also highly effective. In two pilot trials from the U niversity 
of Chicago using the FHX and TFHX regimens an excellent 
3-year Survival of 65% (FHX) and 78% (TFHX ) was reported 
(Haraf et al., 1999; Cohen et al., 2006). 

Organ preservation: Concurrent CRT, at the same time, is 
an attractive organ-sparing approach as it achieves LR con- 
trol without surgical resection of important anatomical struc- 
tures. Initially two trials using sequential chemotherapy and 
radiation reported improved organ preservation in compari- 
son to surgery and adjuvant radiation with no survival differ- 
ence (Table 5) (Lefebvre et al., 1996, 2004; The Department 
of Veterans Affairs Laryngeal Cancer Study Group, 1991). 
Subsequently, the large Intergroup trial 91-11 evaluated lar- 
ynx preservation in resectable patients with stage III/IV (but 
excluding T 4) larynx HNC (Table 5) (Forastiere et al., 2003). 
Three treatment arms compared radiotherapy alone, sequen- 
tial chemotherapy and radiation, and concurrent CRT (cis- 
platin) with surgery (laryngectomy) as a salvage treatment. 


Table 5 Chemoradiotherapy versus other modalities for organ preservation in locally advanced HNSCC. 


Trial/site of tumour N Chemotherapy Local therapy? 
EORTC 24891 202 PF x3 RT 
Hypopharynx (Lefebvre None Sy RY 
et al., 1996; Lefebvre 
et al., 2004) 
VA 24891 332 PE <3} RT 
VA Laryne Study None SART 
Larynx 1991 
Intergroup 510 None CRT (P) 
91-11 Larynx (Forastiere PF x2 RT 
et al., 2003) 

None RT 


Acute high- 
grade toxicities 


Larynx preservation 
at 2 years 


42% ? at 3 years 


Survival difference 


NA Yes, favouring PF 
arm: HR = 0(86, 
p= 006 
Induction arm had 
fewer distant failures 


No difference 


NA No 64% 
Induction arm had 64% at 2 years 
higher local failure 
rate and lower distal 


failure rate 
82%° No 88%? 
81% 75% 
61% 70% at 2years 


Lightly shaded area: Organ Preservation Trials that do not include current standard of care of Chemoradiotherapy, but lead to the more definitive Intergroup trial. 
P - cisplatin; F - 5-fluorouracil; RT - radiotherapy; NA - not available; HR - hazard ratio; S - Surgery. 


aStatistically significant p = 0.005 and p < 0.001 in pairwise comparison. 
Surgery as local salvage therapy. 
°No difference chronic toxicities. 
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Larynx preservation at 2 years was significantly improved 
with concurrent CRT (88%) in comparison to both sequential 
CRT (75%) and radiotherapy alone (70%). 

Although acute toxicities were higher for chemotherapy 
treatment (both sequential and concurrent), late toxicities 
and swallowing function at 2 years were equivalent. As a 
secondary outcome, CRT showed the highest LR control 
rate, but did not reach significance for a survival difference. 
Concurrent CRT is the standard of care for locally advanced 
laryngeal cancers. 

In other anatomical locations no phase III evidence is 
available, but data from multiple phase II trials shows 
high rates of organ preservation outside the larynx. For 
instance, two trials using the TFHX treatment platform 
(5-FU, hydroxyurea, and radiation and induction chemother- 
apy (see the following text)) showed that a high degree of 
organ preservation is possible by avoiding upfront surgery 
(Vokes et al., 2003b; Haraf et al., 2003). 

In summary, concurrent CRT is highly effective and safe 
as a primary treatment modality and allows superior organ 
preservation in comparison to surgical approaches. 


Integration of Targeted Therapies As an alternative to 
cytotoxic chemotherapy - based CRT, the use of anti-EGFR 
agents may be considered. The EGFR and its principal ligand 
TGF-a are expressed in ~80% of HNSCC and are important 
for the biology of the disease. 

Superior survival with cetuximab-based definitive CRT in 
comparison to definitive radiation was demonstrated in a 
phase II! multicentre trial published in early 2006, which led 
to the approval of cetuximab for this indication in March 
2006 (Bonner etal., 2006). A total of 424 patients with 
stages II] and IV LR-advanced HNC were enrolled. M edian 
overall survival increased from 29.3 months with radiation 
to 49 months with the addition of cetuximab. This landmark 
trial is, in particular, relevant for older patients and patients 
with a poor performance status. Unfortunately, with a single- 
modality radiation arm the data are difficult to compare 
with the current standard of care of concurrent cytotoxic- 
based CRT. Until additional data become available the use 
of cetuximab should therefore be primarily in patients unable 
to tolerate cytotoxic standard CRT. 

The combination of cetuximab with cisplatin-based CRT 
is currently being studied in two randomized trials through 
the RTOG (phase III) and the University of Chicago network 
(randomized phase I1). Furthermore, a phase I! trial of 22 LR- 
advanced HNC patients suggested an excellent 3-year overall 
survival of 76%, although the study was closed early because 
of unexpected toxicities in five patients including two deaths 
(Pfister et al., 2006). 

Furthermore, gefitinib - a small molecule EGFR inhi- 
bitor - has been used in combination with the FHX treatment 
platform (IFHX; Table 4). Preliminary results were reported 
by Cohen etal. (2005): with a 2-year overall survival of 
89%, these data are among the best results reported to date. 


Post-CRT Completion Neck Dissection Lastly, with 
upfront organ-sparing non-surgical approaches commonly 
being used, an increasingly better-defined role for surgical 


management of certain patients after CRT is emerging. Cer- 
vical lymph node dissection even after a complete response 
to CRT appears to be appropriate in patients with N2/N3 
disease to optimize LR disease control. In such patients, up 
to 35% of specimens harbour residual microscopic tumour 
(Stenson et al., 2000). Also all patients with residual lymph 
node enlargement on imaging should undergo nodal dissec- 
tion. In a recent trial, this approach was able to improve 
progression-free survival (Argiris et al., 2004). In contrast, 
patients with N0/1 disease and a complete response after 
treatment did not benefit. A selective lymph node dissection 
is feasible 4- 12 weeks after CRT and is associated with an 
excellent safety profile (Stenson et al., 2000). 


Induction Chemotherapy Followed by Definitive Local 
Therapy 


The administration of induction chemotherapy prior to defini- 
tive local therapy remains controversial and is currently being 
examined in a large, multicentre randomized trial (DeCIDE 
trial) coordinated by the University of Chicago (2006) as 
well as other trials in the US and Europe. 

The interest in systemically active chemotherapy stems 
from the observation that with highly effective local control 
measures, such as multiagent CRT the site of failure shifts 
from local to systemic (distant recurrences), presumably 
secondary to micrometastatic disease, which lower doses of 
chemotherapy as part of chemoradiation do not adequately 
treat. For further discussion, readers are referred to additional 
articles reviewing this topic (Posner, 2005; Seiwert and 
Cohen, 2005). 


Metastatic Disease (Stage IVc) 


Once HNC spreads beyond the radiation field - usually 
defined by the presence of disease below the clavicles - 
it is considered incurable. Multiple palliative treatment 
options exist, but none of them has been shown to pro- 
long survival, despite good response rates, which is at 
least partly due to the lack of adequate randomized stud- 
ies. Single-agent chemotherapy with taxanes, cisplatin, car- 
boplatin, or methotrexate can be used, or combination 
regimens such as cisplatin/5-FU, carboplatin/paclitaxel, or 
docetaxel/cisplatin/5-FU. In multi-institutional studies treat- 
ment based on cisplatin, methotrexate, and bleomycin 
show response rates between 11 and 48% (Brockstein and 
Vokes, 2005). M edian survival is 6- 8 months, comparable to 
non-small cell lung cancer (NSCLC). 

Cetuximab as a single agent used after failure of platinum- 
based therapy is an additional second-line treatment option, 
with a favourable side-effect profile. It was approved in the 
United States in March 2006, and is the first approval for 
HNC since methotrexate in 1950. On the basis of prelim- 
inary data in 424 patients (phase II nonrandomized trial), 
survival was 5.9 months, response rate was 11.5% with a 0% 
complete response (CR), and disease control rate was 54.6% 
(Trigo et al., 2004). 

Given that no randomized trial data are available and prog- 
nosis is poor, patients should be encouraged to participate ina 
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clinical trial. M any interesting novel investigational options, in 
particular, targeted therapies are in development. One promis- 
ing example is the combination of erlotinib with bevacizumab 
reported at ASCO 2005 (Vokes etal., 2005). On the basis of 
in vitro and in vivo evidence that anti-angiogenic treatments 
can reverse EGFR resistance and synergize, a phase I/II trial 
was done. Overall, the regimen was more tolerable than cyto- 
toxic chemotherapy and showed encouraging activity with 14% 
response rate (4% CR), and 54% stable disease (SD) rate. 
M edian survival was 6.8 months. M any other attractive treat- 
mentoptions are currently in clinical testing and patients should 
be referred to centres offering clinical trials. 

Given that HNC frequently causes prominent local symp- 
toms in an anatomically vital area, radiation or chemoradi- 
ation of the primary tumour can be a reasonable palliative 
option as well. 


Recurrent Disease 


Despite the dramatic improvements in treatment over the 
past two decades outlined above - local treatment failure 
remains the leading cause of death. Similarly second primary 
cancers, which occur in 10-30% of patients within the 
irradiated field, are equally difficult to address. The standard 
of care for recurrent disease is palliative treatment identical 
to metastatic disease (See preceding text). On the other hand, 
there are two treatment options, both of which are considered 
experimental, which have potential for long-term survival if 
the disease remains LR confined. 


1. Surgical resection is an option if the disease location and 
amount, as well as operative risk allow surgery (Arnold 
et al., 2004; McLaughlin et al., 1996). Although usually 
associated with a loss of organ function, salvage surgery 
has a 5-year survival rate of 16- 36% (Arnold et al., 2004; 
McLaughlin et al., 1996; Milano et al., 2005). 

2. Re-irradiation may also allow long-term survival/cure in 
a small percentage of patients (10-20%), although at 
the cost of a significant increase in treatment-related 
morbidity (Cohen et al., 2004; Hiller and M ergenthaler, 
2004; Horwitz et al., 2005). LR control is achieved in up 
to 50% of patients. Re-irradiation treatment should only 
be offered to selected patients, who are able to tolerate 
such intense treatment. As these tumours are often more 
radioresistant and have a large disease volume, it can be 
beneficial to perform surgical debulking prior to chemo- 
re-irradiation, combining the strength of both salvage 
approaches. 


CONCLUSION 


HNC treatment has improved dramatically during the past 
decade owing to advances in radiation and chemotherapy 
and improvements in surgical technique. M ultiple treatment 
approaches exist. Concurrent CRT has been shown consis- 
tently to be more efficacious than radiotherapy alone and is 
increasingly used as a primary treatment modality. 


For the future, the integration of EGFR inhibitors will fur- 
ther increase efficacy and limit toxicities as evidenced by sev- 
eral trials using cetuximab and gefitinib. Novel approaches 
such as anti-angiogenic therapies are also being investigated. 
The role of induction chemotherapy is increasingly accepted, 
but remains - until data from new phase III trials become 
available - controversial. 

In summary, HNC - using an integrated multidisciplinary 
approach involving chemotherapy and radiation, as well as 
surgery and novel therapeutics - is a highly curable disease. 
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INTRODUCTION 


Melanoma is a malignant neoplasm of melanocytes, neural 
crest-derived cells responsible for the synthesis of melanin 
pigment, which functions to protect the skin from the effects 
of ultraviolet (UV) light. While melanoma most commonly 
occurs on the skin, melanocytes also reside in mucosal 
surfaces (mouth and anogenital regions), eye, lymph nodes, 
oesophagus and meninges, and melanoma arising in these 
locations accounts for less common presentations. Cutaneous 
melanoma accounts for approximately 90% of reported 
cases, followed by 5% in the case of ocular melanomas, 
and less than 1% in the case of mucosal melanomas. 
Approximately 5% of melanomas presenting to tertiary 
referral institutions develop at an apparently metastatic site 
without a documented primary lesion. 


EPIDEMIOLOGY 


Melanoma is the fifth most common malignancy in the 
United States. Its incidence is increasing more rapidly 
than any other malignancy. The lifetime risk of developing 
melanoma in the United States has increased from 1:1500 in 
1935 to 1:74 in 2000, with the greatest increase in incidence 
currently noted in older Caucasian men. In the year 2006, 
there will be an estimated 62190 invasive melanomas in 
the United States, with an additional 49 710 cases of in situ 
lesions. Men will account for 55% of the newly diagnosed 
invasive melanomas (Jemal et al., 2006). While the median 
age of melanoma diagnosis is in the fifties, melanoma has 
been observed to occur more commonly recently both in the 
paediatric and elderly population. 

Mortality from melanoma has also increased dramatically 
over the last 50 years. Melanoma often strikes during the 
period of the individual’s greatest productivity, placing it 
third behind childhood and testicular cancers in average years 
of life lost due to malignancy. In 2006, an estimated 7910 
deaths will occur due to melanoma, with greater than 60% 
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of these deaths in men. There is a trend towards earlier 
diagnosis over the last three decades, such that the relative 5- 
year survival with melanoma in the 1990s approached 90%, 
up from 80% in the 1970s. There is a disparity in stage 
at diagnosis of and survival from melanoma in terms of 
both socioeconomic status and race, with Caucasians and 
individuals with higher socioeconomic status presenting with 
earlier stages of melanoma. 


AETIOLOGY AND PATHOGENESIS 


Several risk factors for melanoma have been described that 
provide a clue to its aetiology and pathogenesis (listed in 
Table 1), relating to markers of UV exposure and naevus 
development. Numerous studies have shown that individuals 
with type | skin, who burn easily and tan poorly and also 
exhibit measures of poor UV tolerance such as freckling and 
blistering sunburns, are at an increased risk for melanoma. 
In addition to skin type, hair colour (red) and eye colour 
(blue) have also been shown to confer an increased risk of 
melanoma development. 

Many epidemiologic studies have examined the nature of 
the link between UV exposure and melanoma development. 
While an association between UV exposure and subsequent 
risk for developing melanoma seems indisputable, the precise 
nature of the link between sun exposure and melanoma 
has been more difficult to ascertain. Epidemiologic studies 
have shown a latitude gradient correlating with melanoma 
risk among Caucasians, with generally higher risks closer 
to the equator. With respect to sun exposure behaviour, the 
data showing the strongest association between exposure and 
melanoma risk point to the importance of intermittent sun 
exposure versus chronic exposure, as some studies examining 
chronic exposure have shown a protective effect against 
melanoma. Recent studies have also begun to implicate the 
use of tanning beds as a risk factor for developing melanoma. 

Distinct from factors relating to UV light, naevi represent 
another important risk factor for melanoma. Several studies 
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Table 1 Summary of risk factors for cutaneous melanoma. 





Risk factor Relative risk 
Five atypical naevi 10 

>100 naevi 6 
Premalignant and other skin cancers 4 

Red hair 3 

High freckle density 2 
Phototype (type | vs. IV) 2 
Family history 1.5-2 
Blue eyes 1:5 
Tanning bed use 1:25 


have demonstrated a clear correlation between increasing 
naevus count and melanoma risk (Table 1). In addition to 
naevus number, the presence of atypical naevi (also termed 
dysplastic naevi), even when defined clinically, confers a 
significantly increased risk of developing melanoma. Finally, 
congenital naevi have also been examined for their role as 
melanoma predisposition factors, with large congenital naevi 
(defined as having a diameter greater than 20cm) being 
most clearly associated with an increased risk of malignant 
transformation. 

In addition to the presence of naevi, prior history of 
melanoma is also an important risk factor for melanoma. 
In this regard, both personal as well as family history of 
melanoma confer an increased risk of melanoma develop- 
ment. Patients with one melanoma have been shown to 
have an 11.4% cumulative 5-year risk of developing a sec- 
ond melanoma (Ferrone et al., 2005). Furthermore, a pos- 
itive family history of melanoma confers a nearly twofold 
increased risk of developing melanoma. 

Finally, approximately 5-10% of melanoma is felt to 
occur in a background of an inherited susceptibility. The most 
well-characterized familial melanoma gene to date is the 
CDKN2A gene, located on chromosome 9p21 and encoding 
a tumour-suppressor gene which blocks cyclin-dependent 
kinase function and interferes with the retinoblastoma 
pathway. However, mutations in CDKN2A occur in 
approximately one-third of patients with familial melanoma, 
questioning the routine testing of suspected kindred. 
Other inherited syndromes with increased susceptibility to 
melanoma include xeroderma pigmentosum and BRCA2. 
Less frequent mutations found in familial melanoma kindred 
have been shown in the B-RAF and CDK4 genes, and low- 
penetrance melanocortin 1 receptor (MC1R) variants have an 
increased susceptibility to melanoma development. 


CLINICAL FEATURES 


Cutaneous melanoma most commonly presents as a chang- 
ing, variegated pigmented lesion. Different types of mela- 
noma have been described in order to capture the clinical 
and histopathological heterogeneity of melanoma (Figure 1). 
The most common melanoma subtype is superficial spread- 
ing melanoma, characterized by an early radial growth phase 


(encompassing in situ or minimally invasive disease), fol- 
lowed by the development of a vertical growth phase. Super- 
ficial spreading melanomas are defined by the “ABCDE” 
rule, where A represents asymmetry; B, border irregularity; 
C, colour variation; D, diameter enlargement; and E, his- 
tory of evolution or change. Nodular melanomas are defined 
as melanoma subtypes lacking the radial growth phase, 
presenting with a dominant clone of vertical growth, and 
may not display the characteristic ABCDE changes. Acral 
melanomas encompass lesions arising in glabrous skin, such 
as palmoplantar and subungual regions. While palmoplan- 
tar melanomas typically present as atypical hyperpigmented 
lesions, subungual melanomas are frequently amelanotic 
and can be mistaken for warty growths or fungal infec- 
tions. Lentigo maligna melanomas represent slowly growing 
irregular lesions on chronically sun-damaged skin. Desmo- 
plastic melanomas typically present as amelanotic nodules 
resembling cysts and scars. Melanomas in the anogenital 
regions usually present as irregular hyperpigmented lesions 
or erythematous nodules. In general, symptoms such as itch- 
ing or bleeding develop later in the course of melanoma 
development. M elanomas arising in the oral cavity or the 
eye usually present with symptoms such as pain, bleed- 
ing, or visual disturbance. Metastatic melanoma with an 
unknown primary usually presents as a solitary enlarged 
lymph node, though visceral organ involvement can also 
occur. 


MOLECULAR GENETICS OF MELANOMA 
PROGRESSION 


In the classical model of melanoma progression (Clark et al., 
1984), melanoma is characterized by a series of distinct clin- 
ical and pathological events, beginning with the melanocyte, 
whose benign proliferation results in the development of 
melanocytic naevi. Naevi can then undergo malignant trans- 
formation to yield primary superficial spreading melanoma, 
characterized by an initial radial growth phase. This is 
followed by the development of a vertical growth phase, 
postulated as the first point at which the tumour gains 
metastatic capacity, ultimately resulting in the development 
of metastatic melanoma (Figure 2). 

Recently, the application of sophisticated molecular anal- 
yses of melanoma has shed light on the genetic events 
underlying these clinical and histological observations. An 
intriguing recent finding that has transformed melanoma 
research efforts is the observation of frequent mutations in 
the B-RAF gene in cutaneous melanomas (Davies et al., 
2002). B-RAF mutations are also present in a high per- 
centage of naevi, suggesting that activation of the RAF 
pathway is an early event in melanoma progression. These 
observations more firmly establish naevi as precursors of 
melanoma. Further B-RAF mutational analysis has suggested 
that subtypes of melanoma occurring on a background of 
intermittent sun exposure (roughly corresponding to superfi- 
cial spreading melanoma) have a higher frequency of B-RAF 
mutation when compared with mucosal and acral melanomas 
as well as melanomas arising in a setting of chronic sun 
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Figure 1 Different clinical presentations of cutaneous melanoma, including superficial spreading, nodular, lentigo maligna, acral lentiginous, and 
desmoplastic melanomas (a-e, respectively). 


Melanocyte exposure (such as lentigo maligna melanoma) (Curtin et al., 
2005). In addition, NRAS mutations have been demonstrated 
in melanoma, usually in the setting of wild-type B-RAF. 
Comparative genomic hybridization analyses of melanoma 
have shown chromosomal loci with high frequency changes, 
pointing to the role of potential oncogenes and tumour- 
Suppressor genes in melanoma. Thus, gains in 6p, 7, 8q, 
Vertical growth phase melanoma and 20q are frequently seen in primary melanomas as well 
as losses in 9p (harbouring CDKN2A) and 10q (harbouring 
PTEN). 

In addition to changes at the DNA level, gene 
expression- profiling studies have begun to probe changes 
in the RNA level occurring during melanoma progression. 
Figure 2 Model of melanoma progression. Microarray analysis of primary and metastatic melanomas 
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has identified gene expression signatures that appear to 
predict the prognosis of melanoma. In addition, gene 
expression profiling of the entire melanoma progression 
pathway has compared naevi and primary melanomas, pri- 
mary and metastatic melanomas, and radial and vertical 
growth phase melanoma (Haqq etal., 2005). These stud- 
ies have shown that distinct signatures characterize the 
known points in the melanoma progression cascade. In the 
analysis of radial versus vertical growth phase melanoma, 
only losses of gene expression were observed, suggesting 
that the transition to vertical growth is associated with 
only loss of gene expression. Intriguingly, the gene set 
overexpressed in the radial growth phase was recapitu- 
lated in a subset of metastatic melanomas with a poorer 
prognosis, suggesting that the genetic program for metas- 
tasis is already present in the radial growth phase, which 
encompasses in situ or minimally invasive lesions. Remark- 
ably, there was significant overlap between the gene set 
present in radial growth phase melanoma and a subtype of 
uveal melanoma with significantly altered prognosis, sug- 
gesting that the poor prognosis signature in melanoma is 
shared between cutaneous and uveal melanoma, despite 
the different biologic behaviour and metastasis patterns 
observed between the two types of melanoma. Taken 
together, these molecular analyses have begun to revolu- 
tionize our approach to melanoma diagnosis, prognosis, 
and classification, and can form the basis for develop- 
ing novel biomarkers as well as targeted therapies for this 
disease. 


CLINICAL COURSE 


Cutaneous melanoma is a capricious disease with an unpre- 
dictable behaviour, though discernable patterns of spread 
have been described. Primary melanoma typically progresses 
with increasing thickness, ultimately resulting in ulcerated, 
exophytic nodules. Melanoma can spread locally within the 
cutaneous lymphatics, resulting in the development of clini- 
cally apparent satellites or in-transit metastases. 

The most common site of initial metastasis of melanoma 
involves the regional lymph node. As a result, strategies to 
identify disease in the regional nodal basin have been of great 
interest. H aematogenous spread of melanoma can notoriously 
involve any organ (especially in autopsy series) but most 
commonly involves the lungs, liver, and brain as well as 
distant soft tissue sites. In general, while thin melanomas 
have a low risk of recurrence, this risk is distributed over a 
longer period of time, such that patients with late recurrences 
almost invariably have thin lesions. In contrast, in patients 
with thicker tumours, while the relapse risk is greater, that 
risk may be distributed over a shorter time period. 

Patients with mucosal melanomas are at greatly increased 
risk for local recurrences, in which multiple local recur- 
rences can precede the onset of distant metastasis. Patients 
with anogenital melanoma can present with regional nodal 
involvement, which is rarely seen in patients with ocular 
or oral mucosal primary melanomas. Ocular melanomas are 


well known for their propensity towards liver metastasis, fre- 
quently with a long latency period of 10-15 years. 


PROGNOSIS AND STAGING 


Given the unpredictable behaviour of melanoma, numerous 
prognostic factors have been described in order to identify 
patient subsets at higher or lower risk for relapse and death. 
Historically, the vertical thickness of the primary tumour 
(Breslow thickness) and the anatomic depth of invasion 
(Clark level) have represented the dominant factors included 
in the T category of the melanoma staging classification. 
The new American Joint Committee on Cancer (AJ CC) stag- 
ing classification for cutaneous melanoma has now largely 
replaced Clark level with ulceration (Balch et al., 2001a and 
Table 2). While any staging system attempts to include a lim- 
ited number of important and easily recorded factors involved 
in determining a reasonably accurate estimate of survival for 
a given tumour thickness range, understanding the role of 
numerous other prognostic factors (not incorporated in stag- 
ing systems) may significantly alter prognostic assessments 
and treatment recommendations for individual patients. 

In general, two categories of prognostic factors have 
been described: clinical and histological. Clinical factors 
include age, gender, and anatomical location of the primary 
melanoma. Increasing age has been associated with worse 


Table 2 AJCC TNM classification for cutaneous melanoma. 

















T classification Thickness Ulceration status 
T1 <1.0 mm a: without ulceration and 
level H/I 
b: with ulceration or level 
IVV 
T2 1.01- 2.0 mm a: without ulceration 
b: with ulceration 
T3 2.01- 4.0 mm a: without ulceration 
b: with ulceration 
T4 >4.0mm a: without ulceration 
b: with ulceration 
N classification Number of metastatic Nodal metastatatic mass 
nodes 
N1 1 node a: micrometastasis 
b: macrometastasi s 
N2 2-3 nodes a: micrometastasis 
b: macrometastasi s 
c: in-transit met(s)/satellites 
without metastatic nodes 
N3 4 or more nodes, or 
matted nodes, or 
in-transit 


met(s)/satellites with 
metastatic nodes 


M classification Site Serum LDH 
Mia Distant skin, Normal 
subcutaneous, or nodal 
metastases 
M1b Lung metastases Normal 
Mic All other visceral Normal 
metastases 
Any distant metastases Elevated 
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survival, although many studies examined overall survival, 
which examines death by any cause. Thus, the impact of 
age on disease-specific survival needs to be examined in 
greater detail. Recent analyses have suggested an inverse 
correlation between age and sentinel lymph node (SLN) 
metastasis, with younger patients having a higher risk of 
node positivity, especially in thin melanomas. Thus, the 
impact of age on melanoma is complex and may depend 
on the outcome measure of interest. Numerous studies have 
demonstrated an association between gender and outcome, 
with female patients having a superior survival compared 
with male patients. While there is a potential confounding 
of thickness and anatomical location (female patients more 
often present with thinner tumours and tumours on the 
extremities), there is a clear gender imbalance with respect 
to melanoma survival even after accounting for these and 
other prognostic factors. Finally, anatomical location has 
differential prognostic impact, with extremity melanomas 
generally associated with a superior survival compared with 
truncal and head and neck melanomas, except for melanoma 
arising in acral sites. Specific studies have identified specific 
“high-risk” sites including the back, breast, and abdomen, as 
well as upper arm, neck, and scalp. 

Numerous histological factors have been demonstrated 
to impact the prognosis associated with melanoma. While 
tumour thickness consistently emerges as a dominant pre- 
dictor of melanoma relapse and death, many patients with 
thick tumours remain free of disease, while a small subset of 
patients with thin tumours succumb to metastatic disease. As 
a result, the identification of factors that refine the prognostic 
impact of tumour thickness may result in the identification 
of more homogeneous patient populations for prognostic 
assessment and as stratification factors for clinical trials. 
Evaluation of the role of many pathologic prognostic mark- 
ers in melanoma is plagued by the lack of an evidence-based 
definition for the factor in question, resulting in inconsistent 
reporting and poor interobserver reproducibility for many of 
the well-known factors analysed. Nevertheless, a substan- 
tial body of literature exists pointing to the important role 
played by several prognostic factors, including ulceration, 
mitotic rate, vascular invasion (or involvement), tumour vas- 
cularity, microsatellites, regression, and tumour-infiltrating 
lymphocytes (summarized in Table 3). 

A new AJCC staging classification was adopted in 2002 
following a prognostic factor analysis of a database of 
17600 patients (Balch etal., 2001b). In the setting of 
localized melanoma, the analysis included six factors for 
their prognostic impact: thickness, ulceration, Clark level, 
age, gender, and anatomical location. While all factors were 
significantly predictive of survival, thickness and ulceration 
had the greatest impact on survival of those analysed. In this 
analysis, optimal cutoffs for tumour thickness were found at 
1, 2, and 4 mm. In each of these tumour strata, the presence 
of ulceration upstaged the tumour to the next tumour 
strata without ulceration. Clark level remained independently 
significant in the setting of thin (<1 mm thick) melanomas. In 
patients with localized melanoma undergoing nodal sampling 
(whether through elective lymph node dissection (ELND) or 


Table 3 Pathologic prognostic factors in primary cutaneous melanoma. 


Prognostic factor Significance Reference 





Ulceration Upstages tumour within Many, for example, 
given thickness range Balch et al., (2001b) 
Mitotic rate Indicates proliferative Many, for example, 
index Clark et al., (1989) 
Vascular involvement Independent predictor of Kashani-Sabet et al., 
survival (2004) 
Tumour vascularity Predisposes to ulceration K ashani-Sabet et al., 
(2004) 


Predictor of 
loco-regional relapse 


M icrosatellites Harrist et al., (1984) 


Regression Important in thin Kelly et al., (1985) 
tumours 

Tumour-infiltrating Indicator of host Clark et al., (1989) 

lymphocytes response 


SLN biopsy), nodal status was the dominant factor in the 
analysis, followed by tumour thickness and ulceration. 

In patients with melanoma metastatic to regional lymph 
nodes, the number of nodes, as well as nodal tumour burden 
(i.e, microscopic vs. macroscopic node involvement) and 
ulceration in the primary tumour were independently predic- 
tive of survival. In addition, the survival of patients with 
melanoma and satellites/in-transit metastases was found to 
be similar to patients with nodal involvement; patients with 
concomitant nodal involvement and satellitosis had the poor- 
est survival. This analysis demonstrated the heterogeneity in 
the range of prognosis of patients with stage III melanoma 
(Table 4). This survival spectrum enables a personalized 
approach to the prognostic assessment of stage III patients in 
a way that facilitates discussions regarding the role and risk 
of various adjuvant therapies. 

In patients with stage IV metastatic melanoma, no factors 
were specifically shown to significantly impact survival. 
However, two factors were included in the staging system: 
site of metastasis (i.e., soft tissue vs lung vs other visceral 
sites) and level of lactate dehydrogenase (LDH). 

As a result of this analysis, a new AJCC staging classifi- 
cation system was adopted (Table 2). In the T stage, tumour 
thickness remains the primary determinant, with break points 
of 1, 2, and 4 mm. For each tumour stage, presence or 
absence of ulceration was included as a secondary deter- 
minant. Clark level was retained as a secondary determinant 
of the T stage in thin tumours. In the N stage, the primary 
determinant was number of involved nodes, with subgroups 
of 1, 2-3, and 4 or greater. The secondary determinant of 


Table 4 Five-year survival spectrum in stage III, node-positive melanoma. 


Microscopic 

Ulceration 1+node (%) 2- 3nodes (%) >3nodes (%) 
Absent 69 63 27 
Present 52 50 37 
Macroscopic 

Ulceration 1+node (%) 2- 3nodes (%) >3nodes (%) 
Absent 59 46 27 
Present 29 25 13 
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N stage was microscopic versus macroscopic nodal involve- 
ment, and satellite/in-transit disease. Finally, in the M stage, 
stratification factors included site of disease and LDH level. 

The revised AJCC staging classification, while greatly 
improved over prior iterations, was limited in its analysis 
of histologic factors included for consideration, as factors 
such as vascular invasion and mitotic rate have been shown 
in various studies to have a superior impact on survival 
when included in multivariate models including the six 
AJCC factors. Moreover, an analysis of the revised AJCC 
Classification using the Surveillance, Epidemiology, and 
End Results (SEER) registry (Gimotty et al., 2005) showed 
that, while the AJCC stages were able to discriminate 
among SEER patient subgroups with different prognosis, the 
survival rates observed in the SEER cohort were significantly 
higher than those in the AJCC, emphasizing the importance 
of using population-based survival rates for study designs 
and patient-specific interventions. Finally, ongoing molecular 
analyses have the potential to identify biomarkers that may 
prove superior to the currently used clinical and histological 
factors. 


THERAPY OF MELANOMA 


Surgical Therapy for Melanoma 


Surgical therapy is the mainstay of treatment of melanoma 
localized to the skin and regional lymph nodes, as well 
as selected cases of advanced melanoma. In individuals 
with a suspicious pigmented lesion, the appropriate initial 
biopsy technique (when permitted) is an excisional biopsy 
with up to 2-3-mm margins, which can be accomplished 
via a number of different means, such as punch biopsy, 
elliptical excision, or deep tangential excision. This allows 
complete evaluation of the lesion for histologic assessment 
for diagnostic purposes, and for the recording of relevant 
prognostic factors in the event of a melanoma diagnosis. 
Following initial diagnosis, the standard surgical treatment 
for primary cutaneous melanoma consists of wide excision 
of the primary site to reduce the risk of local recurrence. 
The margin of excision for melanoma has been reduced 
substantially over the last three decades secondary to several 
randomized clinical trials. In general, increased margins 
of excision have not been shown to significantly reduce 
the incidence of local recurrences, satellites, or mortality 
associated with melanoma. However, in one recent study, 
a wider excision margin (3 vs 1 cm) for melanomas over 2 
cm did result in a significant decrease in the number of loco- 
regional events, primarily driven by the reduced incidence of 
lymph node metastases. However, it is important to note that 
SLN biopsies were specifically excluded as part of this trial. 
Currently, the recommended margins for melanoma in situ 
consist of 5-mm-radius margins. For invasive melanomas up 
to 1.0 mm, 1-cm margins are recommended. For melanomas 
1-2 mm in thickness, excision margins of 1-2 cm are 
performed. For melanomas over 2 mm thick, margins of 2 
cm are attempted, except for anatomical sites in which such 


margins are impossible without unacceptable disfigurement. 
These margin recommendations have to be individualized 
depending on several factors, including the location and size 
of the lesion, ability to close the lesion primarily (without use 
of a skin graft), and presence of other histologic factors that 
may influence the risk of local recurrence (such as ulceration 
or microsatellites). 

The time of wide excision is also the optimal setting 
for evaluation of the regional nodal status. Historically, this 
has been accomplished using ELND. Whether removal of 
the regional nodes provides a survival benefit has been 
an area of considerable ongoing controversy in melanoma 
for several decades. Three prospective randomized trials 
of wide excision versus wide excision plus ELND have 
shown no survival benefit to the entire cohort undergoing 
ELND. However, given that ELND identifies metastatic 
disease in approximately 15-20% of cases examined, it 
is unlikely that all patients undergoing it would benefit 
from the procedure. As a result, these trials would be 
underpowered to show a survival benefit in the subgroup 
of patients with involved nodes. However, the long-term 
follow-up of the Intergroup Melanoma Trial identified three 
prospectively stratified subgroups with improved 10-year 
survival in patients with intermediate (1.0- 4.0 mm) thickness 
melanoma: patients with melanoma in the 1.0-2.0 mm 
range, non-ulcerated melanomas, and extremity melanomas. 
Nevertheless, ELND is a relatively morbid procedure that 
may be unnecessary in 80- 85% of patients with intermediate 
thickness melanoma. 

In this regard, the recent development of the SLN biopsy 
procedure has largely replaced ELND as a routine strategy 
to evaluate the regional nodal basin. In general the technique 
is based on the intradermal injection of a radioisotope 
(technetium sulphur colloid), and isosulphan blue dye around 
the site of the primary melanoma or its scar, ideally prior 
to the wide excision. Subsequently, lymphoscintigraphy 
is performed in order to identify the “sentinel” nodes 
that contain the radioisotope. Identification of SLNs is 
based both on visualization of blue dye as well as a 
hand-held Geiger counter that identifies nodes containing 
radioactivity. Following resection of the SLN(s), a more 
detailed histologic assessment takes place than that usually 
performed following ELND, using serial sectioning and 
immunoperoxidase staining with markers of melanocytic 
lineage. The SLN technique has been shown to be highly 
accurate in the identification of regional nodal metastases. 
The histologic status of the regional lymph nodes was shown 
in the AJCC analysis as a dominant predictor of melanoma 
outcome, and recent studies have extended this powerful 
impact to SLN status. 

While the prognostic impact of SLN status has been 
repeatedly demonstrated, its therapeutic impact is being 
examined in the Multicentre Selective Lymphadenectomy 
Trial, a randomized trial of wide excision versus wide 
excision plus SLN biopsy in patients with melanoma over 
1 mm or Clark level IV/V (Morton et al., 2006). The interim 
analysis of this prospective trial demonstrated the powerful 
prognostic role of SLN status. In addition, the trial has shown 
that the percent of patients with node positivity was virtually 
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identical in the two arms, suggesting the clinical relevance of 
microscopic nodes identified via this procedure. Intriguingly, 
the mean number of nodes positive for melanoma was less 
in the cohort undergoing SLN biopsy, suggesting that this 
technique can potentially interfere with the natural history of 
melanoma lymph node metastasis. 

Following the determination of nodal involvement by 
melanoma (whether through the identification of a positive 
sentinel node or biopsy of a clinically palpable lymph node), 
dissection of the remainder of the basin should be considered. 
Several studies have shown that surgical resection of node- 
positive melanoma has a demonstrable 5- or 10-year survival, 
suggesting that surgical resection of the regional nodal basin 
can salvage stage III patients. As a result, the standard of 
care for node-positive melanoma consists of complete lymph 
node dissection. Radical lymph node dissections have given 
way to more modified or functional dissections in certain 
anatomical locations such as the head and neck. In addition, 
criteria have been established for performing radical groin 
dissections, such as including two or more positive nodes 
or the presence of a positive Cloquet’s node. The sentinel 
node era has afforded the opportunity of identifying minimal 
disease in a single node, questioning the benefit of complete 
node dissection in patients with minimal nodal involvement, 
which is the topic of a randomized trial. 

While stage IV melanoma is an indication of haematoge- 
nous spread, selected patients can be identified who can be 
rendered free of disease following complete metastasectomy. 
Several series have demonstrated a durable disease-free inter- 
val in patients in whom surgical resection of metastatic 
disease is possible. The most common visceral sites amenable 
to surgical resection include soft tissue sites (M 1a disease), 
lung (M 1b disease), as well as adrenal, bowel, and solitary 
brain metastases. Patients with resected stage IV melanoma 
continue to have a high risk of relapse and are excellent 
candidates for adjuvant therapy trials, though no systemic 
therapy to date has been shown to prolong survival in this 
patient population. 


Medical Therapy for Melanoma 


Systemic therapy for melanoma consists of adjuvant therapy 
following resection of all evident sites of disease, and therapy 
in the setting of disseminated disease not amenable to 
directed therapies. 


Adjuvant Therapy of High-risk, Resected Melanoma 


With respect to adjuvant therapy, the most common set- 
ting in which adjuvant therapies for melanoma have been 
investigated is in node-positive patients. Numerous strate- 
gies have been examined in the adjuvant setting, including 
chemotherapy, Bacille Calmette Guerin (BCG), bone mar- 
row transplantation, biological response modifiers such as 
interferon (IFN )-a@ 2b and granulocyte- macrophage colony- 
stimulating factor (GM-CSF), as well as melanoma vaccines 
and biochemotherapy. While the results of some of these 


studies are pending, with the exception of IFN-a 2b, no other 
systemic therapies have been shown to prolong survival in 
melanoma. As a result, the adjuvant IFN trials will be dis- 
cussed in greater detail here. In general, the adjuvant IFN 
trials in melanoma have differed in the type of IFN-a used, 
the dose of IFN tested, and the patient population used to 
conduct the trials. A review of the various adjuvant IFN trials 
performed appears in Table 5. While some of the low-dose 
IFN studies have shown transient benefits in relapse-free sur- 
vival, only the high-dose interferon (HDI) trials have shown 
durable prolongation of relapse-free survival and overall sur- 
vival, and will be the subject of further discussion here. 
The first trial of HDI, E1684, was conducted by the Eastern 
Cooperative Oncology Group (ECOG), and examined 52 
weeks of IFN-w2b versus observation in 287 patients with 
node-positive or thick (>4.0mm), resected node-negative 
patients with primary cutaneous melanoma (Kirkwood et al., 
1996). The HDI regimen consisted of an induction phase 
of 20mum~? administered intravenously 5 days weekly 
for the first 4 weeks, followed by a maintenance phase of 
10 mu m~? administered subcutaneously three times weekly 
for 48 weeks. At a median follow-up of 6.9 years, this 
trial showed a prolongation of median relapse-free survival, 
from 0.98 years in the observation arm to 1.72 years in 


Table 5 Randomized trials of adjuvant IFN œ in cutaneous melanoma. 








5-year Patient 
Treatment arms IFN regimen survival (%) stage 
Observation 20 mu m~? NA >3.5mm, 
versus IFN-œ2a IM TIW x12 node + 
(NCCTG) weeks 
(N = 264) 
Observation HDI 37 versus 46 T4, node + 
versus IFN-a2b 
(E1690) 
(N = 287) 
Observation HDI versus 55 (obs) T4, node + 
versus IFN-a2b LDI versus 53 
(E1690) LDI) versus 
(N = 642) 52 (HDI) 
GMK versus HDI NR T4, node + 
IFN-œ2b 
(E1694) 
(N = 880) 
Observation 3 mu SC TIW 68 versus 76 >1.5 mm, 
versus IFN-a2a x18 months node — 
(N = 499) 
Observation 3 mu SC x12 NR >1.5 mm, 
versus IFN-a2a months node — 
(N = 311) 
Observation 3 mu SC TIW 37 versus 35 Node + 
versus IFN-a2a x3 years 
(WHO, 
N = 444) 
Observation 3 mu SC TIW 46 versus 42 Stage I! b/III 
versus IFN-a2a x2 years 
(UKCCCR, 
N = 674) 


NA - not available; NR - not reached; NCCTG - North Central Cancer Treatment 
Group; IM - intramuscular; TIW - three times weekly; SC - subcutaneous; WHO - 
World Health Organization; UKCCCR - United Kingdom Coordinating Committee 
on Cancer Research. 
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the HDI arm. The 5-year relapse-free survival was 37% 
in the HDI arm, compared with 26% in the observation 
arm. In addition, there was a prolongation of median overall 
survival from 2.8 years in the observation arm to 3.8 years 
in the HDI arm. The 5-year overall survival was 46% in 
the HDI arm, compared with 37% in the observation arm. 
The great majority of the patients in the study were node 
positive. Thus, there was no benefit of HDI in patients 
with thick node-negative melanoma. The HDI treatment 
regimen was associated with significant toxicity (primarily 
constitutional symptoms, neutropenia, and elevations in liver 
function tests), requiring dose reductions in a majority of 
patients. Nevertheless, approximately 75% of patients were 
able to complete the 1-year regimen, and IFN-a2b became 
approved by the US Food and Drug Administration (FDA) 
as adjuvant therapy of high-risk melanoma. 

The second ECOG trial examining HDI (E1690) was 
conducted by the US Intergroup (Kirkwood etal., 2000), 
and compared HDI versus observation versus 2 years of low- 
dose (3 mu three times weekly) subcutaneously administered 
IFN-w2b low-dose interferon (LDI). The eligibility criteria 
for the E1690 trial were similar to the E1684 trial with one 
notable exception, that patients with thick primary melanoma 
were not required to undergo nodal sampling. With a median 
follow-up of 52 months, this trial showed prolongation of 5- 
year relapse-free survival, from 35% in the observation arm 
to 40% in the LDI arm to 44% in the HDI arm. However, 
the overall survival of patients was unchanged, with a median 
survival of 5.96 years in the observation arm, compared with 
5.12 years in the HDI arm. An unplanned analysis of post- 
relapse therapies revealed that a higher proportion of patients 
in the observation arm received IFN-containing salvage 
therapy. Whether this therapy contributed to the overall 
survival of patients in the observation group is unknown. 

In the third ECOG trial, E1694, conducted by the US 
Intergroup, HDI was compared to a 2-year regimen of GMK, 
a vaccine composed of the ganglioside GM2 conjugated 
to keyhole limpet haemocyanin and administered with QS- 
21 (Kirkwood etal., 2001). The potential role of GM2 
vaccines had previously been suggested by an adjuvant 
trial performed at the Memorial Sloan-Kettering Cancer 
Center primarily through its ability to induce anti-GM 2 
antibodies. In E1694, 880 patients with high-risk melanoma 
(using the same eligibility criteria utilized in E1690) were 
randomized to receive HDI versus GMK. The interim 
analysis by the Data Safety Monitoring Board (DSMB) 
revealed significant relapse-free and overall survival data 
benefits to HDI that crossed the O’ Brien-Fleming boundaries 
for study termination. The data evaluated by the DSMB 
showed 39% of patients with relapses in the GMK arm, 
compared with 25% in the HDI arm (hazard ratio of 1.47), 
as well as 21% having died in the GMK arm, compared with 
13.5% in the HDI arm (hazard ratio of 1.38). 

In contrast to GMK, vaccine approaches designed to 
activate T-cell-mediated tumour recognition have also been 
actively explored for their role as adjuvant therapies in 
melanoma. These approaches initially relied on the use of 
autologous tumour procured following surgical resection of 
metastatic melanoma. However, vaccine therapy has most 


commonly entailed the use of allogeneic vaccines, which 
have recently been examined in phase III randomized trials. 
The two agents most intensively examined in the adjuvant 
setting for melanoma include M elacine and Canvaxin. 

Melacine is an allogeneic vaccine consisting of two 
lyophilized, mechanically disrupted melanoma cell lines. 
M elacine was initially shown to have activity in the stage 
IV setting and was subsequently evaluated in the adjuvant 
setting, in which two large randomized trials have been per- 
formed. Response to Melacine was higher in patients with 
defined histocompatibility locus antigen (HLA) subtypes, 
including A2, A28, B44, B45, and C3. In a study performed 
by the Southwest Oncology Group (SWOG9035), M elacine 
was compared with observation following wide excision of 
689 patients with intermediate thickness (1.5- 4.0 mm) clin- 
ically node-negative cutaneous melanoma. While there was 
no relapse-free survival benefit to the entire cohort of patients 
receiving M elacine when compared with the observation arm, 
those patients expressing two or more of the aforementioned 
HLA subtypes had a significantly improved relapse-free sur- 
vival (5-year relapse-free survival 83 vs 59%, P = 0.0002) 
(Sosman et al., 2002). The major components of this effect 
appeared to be driven by expression of HLA-A2 and HLA- 
C3, as patients expressing either of these HLA antigens also 
had a significantly improved relapse-free survival. In addi- 
tion, M elacine (in conjunction with intermediate dose (5 mu 
m~?) IFN-w2b) has been compared with HDI in a random- 
ized clinical trial, whose final results are pending. 

Canvaxin is a polyvalent, allogeneic irradiated whole-cell 
vaccine comprising cells from three melanoma cell lines. 
Canvaxin (when given in concert with BCG) was shown to 
induce antibody or delayed type hypersensitivity responses 
in a majority of patients with resected melanoma, and 
single-institution studies suggested a superior survival com- 
pared with historical controls (Hsueh et al., 2002), including 
matched-pair analyses. As a result, the potential efficacy of 
Canvaxin plus BCG versus placebo plus BCG was eval- 
uated in two separate trials in the resected stages III and 
IV melanoma. Interim analyses of both trials by the DSMB 
showed no evidence of a survival advantage to the Canvaxin- 
containing arms, resulting in premature termination of both 
trials. 

In summary, adjuvant HDI is the only adjuvant therapy 
approved for high-risk melanoma, and the vaccine trials to 
date have not consistently demonstrated a survival benefit 
in stage III or stage IV resected disease. Additional ongoing 
adjuvant studies are evaluating the efficacy of HDI following 
SLN biopsy (Sunbelt Melanoma Trial), the efficacy of 1 
month of IFN-a2b in lower risk cohorts (E1697), comparing 
the efficacy of HDI versus biochemotherapy (S0008 trial), 
and evaluating the potential role of peptide vaccines with 
or without GM-CSF (E4697). However, the adjuvant arena 
awaits the integration of molecular targets that promote 
melanoma progression. 


Systemic Therapy of Disseminated Melanoma 


Stage IV melanoma heralds the onset of systemic dissemina- 
tion of the disease and is associated with an extremely poor 
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prognosis, with a median survival of 6-7 months. Studies 
have shown little change in the survival of patients with 
stage IV melanoma over a three-decade span, highlighting 
the lack of effective treatment alternatives for such patients. 
We will review the role of chemotherapy, biologic therapy, 
as well as targeted therapy in the management of patients 
with advanced metastatic melanoma. 

Chemotherapy has been a mainstay in the treatment of 
stage IV melanoma. Dacarbazine (DTIC) has long been con- 
sidered a standard chemotherapeutic alternative, despite its 
minimal activity (15-20% overall response range in single- 
institution experiences and lower in certain multicentre stud- 
ies). DTIC has not been shown to prolong survival compared 
with placebo or best supportive care, but has been recognized 
as a platform with which to compare more novel treatments 
or treatment combinations. DTIC is usually administered 
intravenously on an outpatient basis, and is associated with 
defined though manageable toxicity. 

Recently, temozolomide has emerged as a reasonable 
therapeutic option for metastatic melanoma. Temozolomide 
has activity comparable to DTIC, degrades spontaneously 
to an active metabolite, and is FDA approved for the 
treatment of brain tumours. Temozolomide has appeared as 
an attractive alternative to DTIC in certain settings given its 
oral dosing, ability to penetrate the blood-brain barrier, and 
tolerability. 

Considerable attention has been paid to develop combi- 
nation therapy regimens to improve the activity of single 
agent chemotherapy. This has focused both on multiagent 
chemotherapy regimens as well as the addition of biologic 
agents to DTIC. The leading combination chemotherapy reg- 
imens examined include the Dartmouth regimen, consisting 
of DTIC, cisplatin, bischloronitrosourea, and tamoxifen, and 
CVD, consisting of cisplatin, vinblastine, and DTIC. While 
these combinations have shown overall responses in the 
35-50% range in the single-centre studies, they have not 
been shown in multicentre studies to be superior to DTIC 
alone (Table 6). As a result, currently there is little enthusi- 
asm for pursuing multiagent chemotherapy studies alone. 

Additional agents have also been combined with DTIC 
for evidence of improved activity. The most commonly 
examined agents have included IFN-æ and tamoxifen. 
While tamoxifen has little activity as a single agent, it 
has been intensively pursued as a potentiator of response 
to chemotherapy. Two randomized trials have examined 
whether the addition of tamoxifen to chemotherapy regimens 
results in improved efficacy. A Canadian trial examined the 
Dartmouth regimen against a modified Dartmouth regimen 
lacking tamoxifen, and an ECOG study compared DTIC 
with and without tamoxifen. Neither study demonstrated 
a significantly improved response rate or survival in the 
tamoxifen-containing regimens. Finally, DTIC was compared 
with the Dartmouth regimen in a randomized trial, with no 
difference in survival. IFN-a alone has activity in the setting 
of metastatic melanoma. However, the addition of IFN to 
DTIC was not superior to the addition of DTIC alone. 

In addition to IFN, interleukin-2 (IL-2) has been 
extensively examined for its activity in metastatic melanoma. 
Single agent, high-dose IL-2, given by bolus intravenous 


Table 6 Randomized trials in stage IV melanoma. 


Overall response M edian overall 





Regimen proportion (%) survival (months) 
Dartmouth +3 0 versus 21 NS 
TAM (N = 199) 
DTIC + IFN 15 versus 21 10 versus 
+ TAM (N = 256) versus 18 9.33 

versus 7.97 
DTIC versus 10 versus 6.3 versus 7.7 
Dartmouth 16.8 
(N = 240) 
Dartmouth versus 27 versus 44 15.8 versus 
BCT (N = 102) 10.7 
CVD versus 25 versus 48 9.2 versus 
BCT (N = 183) 11.8 

(P = 0.06) 
CVD versus 11.4 versus 8.7 versus 8.4 
BCT (N = 416) 17.1 
Cisplatin/DTIC/IFN 18 versus 33 9 versus 9 
+ IL-2 (N = 356) 


NS - not significant; TAM - Tamoxifen; BCT - Biochemotherapy. 


injections, was explored by the National Cancer Institute 
(NCI) Surgery Branch and showed activity in melanoma 
and renal cell carcinoma. Additional studies revealed a 17% 
overall response, including a 7% complete response rate in 
melanoma (Rosenberg et al., 1994), with durable complete 
responses in 80% of the patients. IL-2 has not been shown 
to be superior to DTIC or to best supportive care in a 
randomized clinical trial, but was approved by the US FDA 
on the basis of the durable complete responders observed 
in these studies. High-dose, bolus IL-2 is an intensive 
regimen with considerable morbidity, requiring intensive care 
unit monitoring given the development of capillary leak 
syndrome, and is administered in relatively few centres. 
Given the activity of IL-2, strategies to combine IL-2 with 
other agents have been actively explored, including the use 
of chemotherapy and other immunologic agents. In the early 
1990s, several trials examined the activity of biochemother- 
apy regimens, including a combination of cisplatin-based 
chemotherapy plus IFN and IL-2. In single-institution stud- 
ies, overall responses were noted in the 50% range, with 
complete responses in 15-20% of the cases, and median 
survival of up to 13 months. However, these responses 
have not been routinely reproduced in the multicentre set- 
ting (Table 6), in part because of the lack of dose intensity 
for IL-2. As a result, whether biochemotherapy confers a sur- 
vival benefit when compared to chemotherapy or IL-2 alone 
is unanswered. Biochemotherapy is an inpatient regimen 
with considerable toxicity, usually confined to experienced 
centres. Other than chemotherapy, other immunotherapeutic 
agents have been combined with IL-2, including IFN, pep- 
tide vaccines, infusions of tumour-infiltrating lymphocytes or 
lymphokine-activated killer cells and, more recently, a mono- 
clonal antibody targeting human anti-cytotoxic T-lymphocyte 
antigen 4 (CTLA-4). However, none of these combinations 
have been shown to prove superior to IL-2 alone. Recently, 
tumour regression was observed in two patients (refractory 
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to IL-2 therapy) following adoptive cell transfer of autolo- 
gous peripheral blood lymphocytes genetically engineered to 
express genes encoding the T-cell receptor for MLANA, a 
melanoma associated antigen (M organ et al., 2006). 

In addition to cytokines, vaccine approaches have also 
been actively examined for their activity in metastatic 
melanoma. The vaccines discussed previously were initially 
examined in the metastatic setting for evidence of safety 
and activity prior to evaluation in the adjuvant setting. 
For example, Melacine was compared to the Dartmouth 
regimen in a randomized trial. While the response rate to 
multiagent chemotherapy was higher, the overall survival 
was comparable between the two groups, with less toxicity 
and improved quality-of-life scores in the Melacine arm, 
resulting in the approval of M elacine for stage IV melanoma 
in Canada. Recently, a randomized trial of DTIC versus 
dendritic cell therapy (in which antigen-presenting dendritic 
cells were cultured and activated ex vivo, pulsed with 
melanoma antigens, and re-infused into metastatic melanoma 
patients) was stopped because of a lack of efficacy in the 
dendritic cell arm. Moreover, a recent review by the NCI 
Surgery Branch of all vaccine therapy trials performed there 
showed a response rate of 5%, dampening the enthusiasm 
for pursuing vaccine therapies further in the setting of 
disseminated melanoma. 

Recent developments in our understanding of the regu- 
lation of the immune response as well as the molecular 
biology of melanoma have resulted in the development of 
novel agents that are being explored in the experimental set- 
ting. Among the immunologic agents, an important one is a 
monoclonal antibody targeting CTLA-4, an immunoregula- 
tory molecule expressed by T cells that can inhibit T-cell 
responses, and that is involved in tolerance against self- 
antigens. A monoclonal antibody targeting CTLA-4 that 
induced tumour regression in murine models has shown 
activity in metastatic melanoma. This treatment can be 
associated with the development of autoimmunity, includ- 
ing autoimmune colitis, which may be associated with 
response to therapy. This is similar to autoimmune manifesta- 
tions observed with IL-2 (e.g., vitiligo-like depigmentation) 
and IFN (eg., thyroiditis) that have been associated with 
improved outcome. Thus, it is possible that for immunother- 
apeutic regimens to prove beneficial, some level of autoim- 
munity may need to be provoked. 

The identification of B-RAF mutations as a common 
event in melanomas has resulted in the development of 
inhibitors of the RAF pathway as novel therapies for 
metastatic melanoma. One such small molecule inhibitor, 
sorafenib, was already under clinical investigation at the 
time of demonstration of B-RAF mutations in melanoma. 
While sorafenib alone has shown little activity in advanced 
melanoma, a phase I/II study of carboplatin, taxol, and 
sorafenib in 35 patients with metastatic melanoma showed 
activity (including responses and disease stability) in up 
to 80% of treated patients with encouraging progression- 
free survival. As a result, whether sorafenib improves the 
outcome of melanoma patients when added to carboplatin 
and taxol is the subject of a randomized, placebo-controlled 
phase III clinical trial. 


Regional Therapies for Melanoma 


Given the propensity of melanoma to metastasize to specific 
tissues and organs, regional therapies have been considered 
for patients with specific recurrence patterns. These have 
largely included radiation therapy for the control of brain, 
spinal, and bulky nodal metastases. Specifically, stereo- 
tactic radiation to limited, small central nervous system 
(CNS) lesions is associated with a high local control rate of 
treated tumours. M oreover, unresectable in-transit metastases 
have been the subject of loco-regional therapies, including 
heated isolated limb perfusion, intralesional immunothera- 
peutic agents, and topical therapy with imiquimod. 


REFERENCES 


Balch, C. M., et al. (2001a). Final version of the A merican J oint Committee 
on Cancer staging system for cutaneous melanoma. J ournal of Clinical 
Oncology, 19, 3635- 3648. 

Balch, C. M., etal. (2001b). Prognostic factors analysis of 17,600 
melanoma patients: validation of the American Joint Committee on 
Cancer melanoma staging system. Journal of Clinical Oncology, 19, 
3622 - 3634. 

Clark, W. H. Jr etal. (1984). A study of tumor progression: the 
precursor lesions of superficial spreading and nodular melanoma. H uman 
Pathology, 15, 1147-1165. 

Clark, W.H.Jret al. (1989). M odel predicting survival in stage | melanoma 
based on tumor progression. J ournal of the National Cancer Institute, 81, 
1893 - 1904. 

Curtin, J. A., et al. (2005). Distinct sets of genetic alterations in melanoma. 
The New England J ournal of Medicine, 353, 2135-2147. 

Davies, H., et al. (2002). Mutations of the BRAF gene in human cancer. 
Nature, 417, 949- 954. 

Ferrone, C. R., et al. (2005). Clinicopathological features of and risk factors 
for multiple primary melanomas. The J ournal of the American M edical 
Association, 294, 1647 - 1654. 

Gimotty, P. A., et al. (2005). A population-based validation of the American 
Joint Committee on Cancer melanoma staging system. J ournal of Clinical 
Oncology, 23, 8065- 8075. 

Haqq, C., etal. (2005). The gene expression signatures of melanoma 
progression. Proceedings of the National Academy of Sciences, 102, 
6092 - 6097. 

Harrist, T. J., etal. (1984). “Microscopic satellites’ are more highly 
associated with regional lymph node metastases than is primary 
melanoma thickness. Cancer, 53, 2183- 2187. 

Hsueh, E. C., et al. (2002). Prolonged survival after complete resection of 
disseminated melanoma and active immunotherapy with a therapeutic 
cancer vaccine. J ournal of Clinical Oncology, 20, 4549- 4554. 

Jemal, A., et al. (2006). Cancer statistics, 2006. CA: A Cancer J ournal for 
Clinicians, 56, 106- 130. 

K ashani-Sabet, M., et al. (2004). NF-kappa B in the vascular progression 
of melanoma. J ournal of Clinical Oncology, 22, 617 - 623. 

Kelly, J. W., etal. (1985). Regression in malignant melanoma. A 
histologic feature without independent prognostic significance. Cancer, 
56, 2287-2291. 

Kirkwood, J. M., et al. (1996). Interferon alfa-2b adjuvant therapy of high- 
risk resected cutaneous melanoma: the Eastern Cooperative Oncology 
Group Trial EST 1684. J ournal of Clinical Oncology, 14, 7-17. 

Kirkwood, J. M., etal. (2000). High-and-low dose interferon alfa- 
2b in high-risk melanoma: first analysis of intergroup trial 
E1690/S9111/C9190. J ournal of Clinical Oncology, 18, 2444- 2458. 

Kirkwood, J. M., et al. (2001). High-dose interferon alfa-2b significantly 
prolongs relapse-free and overall survival compared with the GM 2- 
KLH/QS-21 vaccine in patients with resected stage I1B-II! melanoma: 


MELANOMA 11 


results of intergroup trial E1694/S9512/C509801. Journal of Clinical 
Oncology, 19, 2370- 2380. 

Morgan, R. A., et al. (2006). Cancer regression in patients after transfer of 
genetically engineered lymphocytes. Science, 314, 126-129. 
Morton, D. L., et al. (2006). Sentinel-node biopsy or nodal observation in 
melanoma. The New England J ournal of Medicine, 355, 1307- 1317. 
Rosenberg, S. A., etal. (1994). Treatment of 283 consecutive patients 
with metastatic melanoma or renal cell cancer using high-dose bolus 
interleukin 2. The Journal of the American Medical Association, 271, 
907- 913. 

Sosman, J. A., etal. (2002). Adjuvant immunotherapy of resected, 
intermediate-thickness, node-negative melanoma with an allogeneic 


tumor vaccine: impact of HLA class | antigen expression on outcome. 
Journal of Clinical Oncology, 20, 2067-2075. 


FURTHER READING 


Morton, D. L., et al. (1992). Technical details of intraoperative lymphatic 
mapping for early stage melanoma. Archives of Surgery, 127, 392- 399. 


Antihormonal Therapy for Breast and 
Prostate Cancer 


Fernando Cordera and V. Craig J ordan 
F ox Chase Cancer Center, Philadelphia, PA, USA 





INTRODUCTION 


Breast cancer is the most common malignancy in women in 
the United States. In 2005, it was expected to account for 
32% of all new cancer cases among women. Prostate cancer 
is now the most common malignancy in men. The mortality 
associated with these malignancies both in women and men 
is second only to lung cancer. Over the past two decades 
significant advances in screening, treatment, and prevention 
for both diseases have been made. As a consequence of these 
practices there has been a gradual decrease in the mortality 
rates associated with both diseases (NCI, 2006). Like other 
solid malignancies, the treatment of these diseases depends 
on surgery, radiation therapy, and chemotherapy. However, 
in contrast to other solid tumours in humans, breast and 
prostate cancer are dependent upon oestrogens or androgens 
respectively for growth. The tumour cells contain the relevant 
steroid hormone receptor that can harness circulating steroids 
to cause uncontrolled cell replication and tumour growth. As 
a result of knowledge of the link between steroid hormones 
and breast and prostate tumour growth, treatment strategies to 
deny access of steroids to the tumour have been investigated 
and shown to provide benefits for the patient. 

In its simplest form, antihormonal therapy initially was the 
removal of the ovaries or the testes. George Beatson (1896) 
reported that removal of the ovaries from a premenopausal 
woman with advanced breast cancer resulted in a signif- 
icant decrease in tumour size and improved the patient’ s 
prognosis. In a similar way, Huggins and Hodges (1941) 
first noted the beneficial effects of castration and admin- 
istration of oestrogens in patients with metastatic prostate 
cancer. The discovery and understanding of steroid hormone 
receptor mechanisms provided an invaluable target for drug 
discovery and rational therapeutics. Although the principles 
for the treatment of breast and prostate cancer are similar, 
breast cancer research has led the way with discoveries and 
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innovative therapeutic strategies. Today, antihormonal ther- 
apy plays in important role in the treatment of breast and 
prostate cancer. In addition, antihormonal therapy has intro- 
duced a new dimension into health care: prevention. Five 
years of antihormonal therapy with the selective oestrogen 
receptor modulator (SERM) tamoxifen reduces the risk of 
developing invasive breast cancer by 49% among women 
with a high risk for developing this malignancy (Fisher et al., 
1998) and a recent trial that ended in 2003, showed that the 
5-alpha-reductase inhibitor (5-ARI), finasteride significantly 
decreased the 7-year period prevalence of prostate cancer by 
24.8% when compared to placebo in men (Thompson et al., 
2003). In this chapter, we will compare and contrast breast 
and prostate cancer emphasizing the importance of antihor- 
monal therapy in the treatment of each disease. 


BREAST AND PROSTATE CANCER 
CLASSIFICATION SYSTEMS AND THEIR 
THERAPEUTIC IMPLICATIONS 


Breast Cancer 


Breast cancer can be divided into various stages that 
predict survival and dictate management (Table 1). Most 
patients who present with localized or locoregional dis- 
ease are treated with surgery and currently most patients 
with invasive tumours greater than 2cm in diameter receive 
adjuvant chemotherapy. Adjuvant antihormonal therapy is 
currently indicated for all breast cancer patients with tumours 
that are oestrogen receptor (ER)- or progesterone recep- 
tor (PgR)-positive regardless of patient age, lymph node 
status, or whether adjuvant chemotherapy is to be adminis- 
tered (EBCTCG, 2005). Although some studies suggest that 
tumours that also overexpress the HER-2/neu oncogene may 
be refractory to therapy with tamoxifen, other studies have 
not confirmed this and current guidelines recommend the use 
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Table 1 Classification systems for treatment planning with surgery, radio- 
therapy (RT), chemotherapy (CT), or antihormonal therapy. 
Breast Stage Definition Treatment 
Non-invasive Stage 0 LCIS Observation 
DCIS Surgical 
Antihormonal? 
Operable, Stage I- IA T1-T3 Surgical 
invasive NO-N1 RT 
MO CT 
Antihormonal® 
Operable, Stage IIIA -IIB N2M0 Surgical 
invasive, RT 
ocally CT 
advanced Antihormonal? 
noperable Stage IIIC - IV N3orM1 Surgical 
RT 
CT 
Antihormonal® 
Prostate Stage Definition Treatment 
Low risk of Stages | - II T1-T2a and Observation 
recurrence Gleason 2-6 Surgica 
and PSA RT 
<10ngmi-! 
Intermediate Stages | - III T2b-T2c or Observation 
risk of Gleason 7 or Surgica 
recurrence PSA RT 
10- 20ng 
ml-? 
High risk of Stages II - III T3a or Surgica 
recurrence Gleason 8- 10 RT 
PSA Antihormonal 
>20 ng mi~? 
Very high risk Stage IV T3b-T4 or RT 
of recurrence N1 disease Antihormonal 
M 1 disease CT” 


aTamoxifen/aromatase inhibitor. 
Only for metastatic hormone-resistant prostate cancer. 
LCIS - lobular carcinoma in situ. 


of adjuvant antihormonal therapy perhaps using an aromatase 
inhibitor (Al) in all women with hormone receptor- positive 
breast cancer (NCCN, 2006) (see Breast). 


Prostate Cancer 


In prostate cancer, tumour size, differentiation and stage, 
prostate-specific antigen (PSA) level, patient comorbidities, 
and life expectancy are important factors that help deter- 
mine optimal treatment. Contrary to what occurs in breast 
cancer, where surgical treatment is the treatment of choice, 
in prostate cancer the optimal treatment is not well defined. 
Treatment may consist of observation only, prostatectomy, 
chemotherapy, radiotherapy, antihormonal therapy, or a com- 
bination of these (see Male Genital Tract). 

In contrast to what occurs with breast cancer, adjuvant 
anti-androgen therapy is currently not standard treatment 
for all stages of prostatic cancer. Antihormonal therapy is 
currently recommended for locally advanced disease, for N1 
disease after a radical prostatectomy, for metastatic disease, 
for recurrent disease, and, in combination with radiotherapy, 
for those patients in whom PSA levels do not fall to 


undetectable levels after prostatectomy. In these groups of 
patients, androgen deprivation therapy (ADT) is currently 
the most common form of systemic therapy. Despite these 
specific indications, according to recent epidemiological 
studies, ADT monotherapy has risen dramatically across 
all patients during the last decade. From 1989-1990 to 
2000- 2001, the use of ADT among low-, intermediate-, and 
high-risk patients increased from 5 to 14%, from 9 to 20%, 
and from 33 to 48%, respectively. Induction of ADT use, 
likewise, has increased from 3 to 8% in patients undergoing 
prostatectomy, from 10 to 75% in those receiving external 
beam radiotherapy, and from 7-25% in those receiving 
brachytherapy (Cooperberg et al., 2003). 


Steroid Receptors in Breast and Prostate Cancer 


The target tissues for oestrogen and androgen action are 
illustrated in Figure 1. The biological effects of oestrogen 
are known to be mediated by ER and this receptor system 
has proved to be an effective target for therapeutics (J ensen 
and J ordan, 2003). For several decades, it was believed that 
there was a single ER (ERa), which was first cloned in 
1986. However, almost three decades after the ERa was 
discovered, in 1996, asecond ER of 477 amino acids, termed 
ER, was cloned first from the rat (K uiper et al., 1996) and 
subsequently from the human (M osselman et al., 1996). ERa 
and ER are structurally similar, sharing key features of the 
steroid receptor family (Figure 2). The molecular biology of 
the ER has recently been reviewed (Ariazi et al., 2006). 

Androgens play a central role in male differentiation 
and fertility. Androgens exert their actions through the 
androgen receptor (AR), a member of the nuclear receptor 
superfamily. In 1981, the AR gene was first localized 
to the human X chromosome (Migeon etal., 1981) and 
in 1988 human AR genomic DNA was cloned from a 
human X chromosome library (Lubahn etal., 1988). To 
date, only one AR gene has been identified in humans 
(Figure 2). AR is mainly expressed in androgen target tissues, 
such as the prostate, skeletal muscle, liver, and central 
nervous system (CNS), with the highest expression level 
observed in the prostate, adrenal gland, and epididymis 
(Figure 1). Physiologically, the androgens are responsible for 
male sexual differentiation in utero and for male pubertal 
changes. In adult males, androgen is mainly responsible 
for maintaining libido, spermatogenesis, muscle mass and 
strength, and bone mineral density. 

With that background to target tissues and receptor struc- 
ture it is perhaps relevant to compare and contrast the 
molecular mechanism of steroid hormone action in breast 
and prostate cancer (Figure 3). 


Oestrogen Receptors 
The two ERs share functionally conserved structure (acti- 


vation function (AF) domains) (Figure 2) with a variable 
N-terminal region involved in transactivation function (A/B), 
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Figure 1 Target tissues for oestrogens and androgens. ERa is found mainly in the uterus, ovary, endometrium, and breast. ER £ is expressed in a variety 
of tissues including mammary gland, uterus, ovary, prostate, epididymus, testis, pituitary, kidney, thymus, bone, and central nervous system. AR is also 
found in multiple tissues that include the testis, prostate, skin, central nervous system, and the musculoskeletal system. 
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Figure 2 Schematic representation of ERa, ER, and AR. These steroid receptors share key features that include a functionally conserved structure (AF 


domains) with a variable N-terminal region involved in transactivation function (A/B), a central 








y located, well conserved DNA-binding domain (C) and 


C-terminal region involved in dimerization and binding to heat shock protein (HSP) 90 (D), ligand-binding domain (E) with transactivation functions and 
F region. Among the two ER receptors there is high homology within the DNA and hormone-binding domains at 95 and 53%, respectively. 


a centrally located, well-conserved DNA-binding domain 
(C) and C-terminal region involved in dimerization and bind- 
ing to heat shock protein (HSP) 90 (D), ligand-binding 
domain (E) with transactivation functions and F region. 
Region F appears to play a role in modulation transcrip- 
tional activation by ERa. Although their overall sequence 
homology is only approximately 30%, there is high homol- 
ogy within the DNA and hormone-binding domains at 95 
and 53%, respectively (Figure 2). The A/B, hinge domain, 
and F regions are not well conserved. ERa not only contains 
an activating function in the ligand-binding domain but also 


has an A F-1 site that is functionally very different from ER £. 
AF-1 of ERa is located in the N-terminal region within the 
A/B region and was originally believed to be constitutively 
active and ligand independent. It has been demonstrated that 
ligand-independent activation of ER via the AF-1 domain is 
closely related to the phosphorylation status of the receptor. 
In particular, Ser118 in the AB region of ERa is important 
for the activation through the RAS-mitogen-activated protein 
kinase (MAPK) signalling cascade and Ser106 and Ser124 
are two phosphorylation sites in the A/B region of ERB, 
which are essential for ligand-independent activation of the 
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Figure 3 Molecular mechanism of steroid hormone action in breast and prostatic cells. In breast cancer cells oestrogen binds to the ER, which undergoes 
dimerization and recruits coactivators; the ER subsequently activates gene expression by binding to oestrogen response elements. In prostatic cells androgens 
bind to the cytoplasmic AR, which undergoes conformational changes, recruits coactivators, and is translocated to the nucleus. In the nucleus the AR 
subsequently activates gene expression by binding to androgen response elements. 


ER £ via the MAPK cascade. B oth receptors contain a second 
activation domain, AF-2, which is present at the C-terminus 
and is ligand dependent. Mutational analyses demonstrate 
the importance of this region for ER transactivation because 
AF-2 can interact with a number of putative transcriptional 
coactivators in a ligand-dependent manner (Figure 3). 

AF-1 and AF-2 can activate transcription independently 
but in most cases they synergize with one another in a 
promoter- and cell context-specific manner. It is believed 
that ER activates gene expression by binding to oestro- 
gen response elements (EREs) (Figure 3) in responsive 
genes through the synergistic action of AF-1 and AF-2. 
ERB was also shown to activate transcription of tar- 
get genes through EREs, but there is evidence that ER £8 
may reduce the actions of low levels of oestrogen at 
ERa@ (Hall and McDonnell, 1999). However, it has been 
demonstrated recently that although oestrogen can induce 
an activation protein (AP-1) site in a reporter construct 
through ERa, it is inactive via ER. Interestingly, ER 
antagonists activate ER# to induce activity through an 
AP-1 site and through the human retinoic acid receptor 
a-1 promoter. The two receptors ERa and ERB may form 
functional heterodimers on DNA that could bind the steroid 
receptor coactivator-1 (SRC-1) and stimulate transcription of 
a target gene (Figure 3). The ability of ERa and ER £ to form 
heterodimers suggests that ER may function through differ- 
ent dimeric states, and it is possible that the dimers could 


be activated by selective ligands (see Signalling by Steroid 
Receptors). 


Androgen Receptor 


A significant difference (Figure 3) between oestrogen and 
androgen target tissues is the fact that androgens are con- 
verted to oestrogens via the aromatase enzyme system in 
body fat, the premenopausal ovary and stromal cells in breast 
tumours (Seralini and Moslemi, 2001). This enzymatic acti- 
vation results in oestrogen diffusing into the target tissue 
cell to bind to ER. In contrast, in men the androgen testos- 
terone is metabolically activated in the target tissue cell by 
the 5a-reductase enzyme. This dramatically increases the 
affinity of the ligand to the AR. Once bound to the AR, 
androgens induce conformational changes in the receptor, 
which in turn trigger coregulators to modify chromatin struc- 
ture, which then activates the transcription of targeted genes. 
Given a common receptor structure and mode of action, AR 
must rely on several mechanisms for transcriptional speci- 
ficity, which include the use of divergent DNA-binding sites, 
cooperativity between sites enhanced by intra- and inter- 
molecular interaction of AR’s N- and C-termini, as well 
as coactivator interactions. Although individual mechanisms 
lack sufficient specificity or strength, the combined interac- 
tion of response elements and accessory factor binding results 
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in specific gene activation. Similar to other steroid recep- 
tors, recently synthesized, unbound AR is located mainly 
in the cytoplasm and associated with a complex of HSPs 
(Figure 3). Once an agonist binds to the AR, the recep- 
tor undergoes a series of conformational changes: HSPs 
dissociate from it and the transformed AR undergoes dimer- 
ization, phosphorylation, and translocation to the nucleus. 
In the nucleus AR binds to the androgen response element 
(ARE), which is characterized by the six-nucleotide half-site 
consensus sequence 5’-TGTTCT-3’ spaced by three random 
nucleotides and located in the promoter or enhancer region of 
AR gene targets. Coactivators are recruited and the transcrip- 
tional machinery initiates the transactivation of AR-regulated 
gene expression (Figure 3). The agonist-induced conforma- 
tional change in the ligand-binding domain of the AR allows 
the formation of a functional AF-2, which is crucial for the 
amino/carboxyl-terminal (N-C) interaction of AR and for 
coregulator recruitment. Unlike the ER, agonist-bound AR 
shows a preference for N-terminal and C-terminal interac- 
tion, which could further stabilize the agonist-bound ligand- 
binding domain. This AR/N-C interaction correlates with the 
AR’s ability to activate transcription; therefore agents that 
interfere with this interaction may become yet another treat- 
ment strategy for prostate cancer. Similar to what occurs with 
the ER (Levin, 2001), a rapid action, non-genomic activation 
pathway has been described for the AR (Bonaccorsi et al., 
2006). This pathway appears to involve kinase-signalling cas- 
cades and/or modulation of intracellular calcium levels, but 
the detailed structural basis for these interactions remains 
unclear. 


Distribution of Steroid Receptors in Breast and Prostate 
Cancer 


ERa is found mainly in the uterus, ovary, endometrium, and 
breast. Within the breast tissue it is confined to epithelial 
cells. ER has a much broader distribution throughout 
the body than ERa. ERB is expressed in a variety of 
tissues including mammary gland, uterus, ovary, prostate, 
epididymus, testis, pituitary, kidney, thymus, bone, and CNS 
(Koehler et al., 2005). In normal mammary tissues, ER £ is 
highly expressed in both the epithelial and stromal layers 
(Fuqua etal., 2003). The AR is also found in multiple 
tissues that include the testis, prostate, skin, CNS, and the 
musculoskeletal system. 

The expression of steroid receptors in cancer cells helps 
determine the behaviour or the specific tumour. A pproxi- 
mately 70-80% of all breast tumours express ERa and are 
therefore termed ER positive. These tumours tend to grow 
slowly, are better differentiated, and are associated with a 
Slightly better overall prognosis and are treated with antihor- 
mone therapy. Tumours that express both ER and PR respond 
well to tamoxifen, with an objective response of approxi- 
mately 80%. In contrast, women with tumours that are ER* 
but PR~ have only 30% chance of an objective response. 
These ER+ PR- tumours, which occur more frequently in 
women more than 50 years of age, have more aggressive 
features than ER*/PR* tumours; they are more likely to 
be aneuploid, proliferate more rapidly, and, at the time of 


presentation, they are larger and have a greater probability 
of presenting with axillary node involvement (Arpino et al., 
2005) A lack of either ER or PR is associated with poor 
prognosis and a decrease in disease-free survival. A study 
of cellular phenotypes of breast cancer tumours in 19541 
white women with node-negative disease (Anderson et al., 
2001) confirmed that the ER* PR* is the most common 
phenotype breast cancer constituting 66% of the tumours, fol- 
lowed by ER- PR- (19%), ER* PR- (12.5%), and ER~ PR* 
(3.4%). The study showed that, along with other variables, 
such as tumour size and grade, the ER and PR phenotypes 
can predict cancer-specific survival. Patients with ER* PR* 
tumours have the best survival and worsening cumulative 
cancer-specific survival is seen in ER* PR* to ER* PR 
to ER~ PR* to ER~ PR~ tumours. ER~ PR~ tumours are 
associated with the worst cancer-specific survival. ER and 
PR status are not always stable phenotypes and they can, in 
fact, change over the natural history of the disease or as a 
consequence of endocrine treatment (Hull et al., 1983). Dur- 
ing tamoxifen therapy, levels of both PR and ER decrease but 
PR levels decrease more dramatically than ER levels, with 
up to half of the tumours completely losing PR expression 
as they develop tamoxifen resistance (Gross etal., 1984). 
In patients with such tumours, the loss of PR translates 
into a more aggressive disease and worse overall survival, 
suggesting that other alterations in the molecular machinery 
driving tumour growth accompany the loss of PR receptor 
expression. Recent studies suggest that increased activity of 
growth factor signal transduction pathways are responsible 
for these changes (Arpino etal., 2005). The role of ERB 
in breast cancer is at present unclear (Balfe et al., 2004), 
but it has been suggested that ER can suppress the actions 
of ERa in normal breast, that is, a decrease in ERB rela- 
tive to ERa@ is associated with breast carcinogenesis (R oger 
et al., 2001). 

Normal prostate tissue and virtually all primary prostate 
cancers have been found to uniformly express AR. Among 
hormone-refractory prostate cancer, most specimens still 
express substantial amounts of AR even after having under- 
gone long-term androgen ablation therapy. However, cell 
populations displaying different expression of AR can be 
present in each individual specimen and in this group of 
patients the AR expression is significantly downregulated 
with approximately 40% of tumour samples demonstrating 
<10% of AR (Shah etal., 2004). In addition, AR muta- 
tions are present in approximately 10% of this group of 
patients and these mutations likely confer a growth advan- 
tage for a subset of progressive prostate cancers (Taplin 
et al., 2003). 

In addition to AR, the prostate gland contains ERa and 
ERB. In normal prostate, ERB is predominately localized 
in the nuclei of basal cells and, to a lesser extent, in stro- 
mal cells. ERa is in the nuclei of normal stromal cells 
and is rarely expressed in prostate cancer cells (Leav et al., 
2001). In high-grade dysplasia and early prostate cancer ER 6 
expression is lost, but grade 3 tumours express the recep- 
tor again while AR is strongly expressed in all grades of 
dysplasia and carcinoma. The physiological function of ERs 
in the prostate is not fully known, but, based on animal 
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studies, it has been proposed that ER regulates prostate 
growth and promotes differentiation, (Weihua et al., 2002) 
and that the loss of balance between the AR “promoting 
proliferation” and ERB “promoting differentiation” results in 
prostate carcinogenesis (Imamov et al., 2004b). The steroid, 
5a-androstane-38,17f-diol (38-androstanediol), a metabo- 
lite of dihydrotestosterone (DHT), has the characteristics of 
the natural ligand for ERB (Weihua etal., 2002). Finas- 
teride blocks the conversion of testosterone to DHT and 
inhibits the production of 38-androstanediol. It has been sug- 
gested that the depletion of ER 8 from its natural ligand may 
decrease prostatic differentiation and could be responsible for 
the higher incidence of poorly differentiated tumours that 
were seen in the finasteride-treated group in the Prostate 
Cancer Prevention Trial (PCPT) (Imamov etal., 2004a). 
The role of ERB in prostate cancer remains to be fully 
elucidated. 


THERAPEUTIC STRATEGIES FOR BREAST 
AND PROSTATE CANCER 


Antihormonal therapy can be delivered in different ways 
(Figure 4). Although the agent of choice varies between men 
and women and according to the pre- or postmenopausal 
status in women, the different therapeutic strategies to treat 
breast and prostate cancer with antihormones have the 
common goal of preventing sex steroids from activating the 
steroid receptor in the tumour (Table 2). 
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or activation 
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Table 2 Therapeutic strategies for antihormonal therapy in breast and 


prostate cancer. 
Breast 


Inhibition of oestrogen 
synthesis 


Bind the ER and modulate 
ER-mediated gene 
transcription 

Binding to the ER and 
promote its degradation 
Cytotoxic effect after 
oestrogen deprivation 
Other agents 


Prostate 


Oophorectomy (surgical castration) 


GnRH-As (medical castration) 
Aromatase inhibitors (inhibit 
synthesis) - postmenopausal 
women only 
Anti-oestrogens 

Tamoxifen 

Toremifene 
Fulvestrant 


Oestrogens 


None 





Inhibition of androgen 
synthesis 


5a-R eductase inhibitors 
(inhibit conversion of 
testosterone to DHT) 
Competitively inhibit 
androgen uptake by binding 
to AR 

Bind to the AR and 
promote its degradation 
Reduce LH production 
Cytotoxic effect 

Other agents 


Orchidectomy (surgical castration) 


GnRH-As (medical castration) 
LHRH antagonists 

Finasteride, dutasteride (used for 
BPH only, possibly for prostate Ca 
prevention) 

Anti-androgens 


None 
Oestrogens 


K etoconazole 


LHRH - luteinizing hormone- releasing hormone 


Men 








Prostate 
carcinoma 


GnRH agonists/ 


antagonists 





Orchidectomy 
or 
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Figure 4 Different therapeutic strategies to treat breast and prostate cancer with antihormones have the common goal of preventing sex steroids from 
activating the steroid receptor in the tumour. This can be accomplished by reducing the synthesis of the natural ligands, blocking the specific receptor, or 


decreasing the production of steroids. 
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Inhibition of Steroid Hormone Synthesis 


Surgical Oophorectomy/Orchidectomy 


Castration was first reported as an effective therapy for 
metastatic breast cancer over 100 years ago, at a time when 
hormones had not been characterized. In a similar way, the 
benefits of orchidectomy on patients with prostate cancer 
have been known for over 60 years. For premenopausal 
women with breast cancer and men with prostate cancer 
surgical castration causes tumour regression or stabilization 
of disease progression in the majority of patients. Although 
surgical castration has shown to be a simple procedure 
with low physical morbidity, that effectively reduces the 
production of oestrogens in premenopausal women and the 
production of androgens in men, this form of treatment is 
rarely used and other medical alternatives, which achieve 
the same results, are now more commonly employed. 


Gonadotropin-releasing Hormone Agonists (GnRH-As) 


Gonadotropin-releasing hormone (GnRH) is produced by 
the hypothalamus and stimulates the release of luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH) from 
the anterior pituitary. FSH in turn stimulates the ovaries 
to synthesize oestrogen and LH stimulates the testicles 
to produce androgens. Under normal conditions, GnRH is 
released in a pulsatile manner, resulting in pulsatile release 
of LH and FSH. The continuous administration of GnRH-A 
overstimulates the GnRH receptors, causing an initial rise in 
LH and FSH. However, after 1- 2 weeks the LHRH receptors 
become desensitized, leading to decreased release of FSH 
and LH. When GnRH-A is administered continuously in a 
premenopausal woman the ovaries respond by decreasing 
the synthesis of oestrogen and within 4 weeks of starting 
therapy with a GnRH agonist, circulating oestrogen levels 
are at a postmenopausal level. Similarly, when GnRH-A is 
administered continuously to a man, the testicles respond 
by initially increasing and then decreasing the synthesis 
of testosterone so that within 3 weeks of starting therapy 
circulating testosterone levels drop to castration levels (less 
than 50 ng dl~} (1.7 nmol |-+)) (Limonta et al., 2001). Unlike 
surgical castration, the effect is reversible once the therapy 
is discontinued. Serum oestradiol and testosterone levels 
usually increase to normal within 4 weeks of discontinuing 
the GnRH-As; however, testosterone levels may not return 
to baseline level after prolonged use. When used in men, 
GnRH-As should be preceded by at least 2 weeks of anti- 
androgens to block the action of the testosterone surge that 
occurs when therapy with these agents is started (Appu 
et al., 2005). 

GnRH-As have been shown to be as effective as surgi- 
cal castration in both, patients with metastatic breast cancer 
and patients with advanced prostate cancer. In premenopausal 
women with stage II breast cancer, GnRH-AS are equivalent 
to CMF chemotherapy for ER-positive tumours, but infe- 
rior to the same regimen for tumours that are ER negative 
or unknown (J onat et al., 2002). Currently there are several 


GnRH-AS available and there are no conclusive data indi- 
cating superiority of one agent over the other (Seidenfeld 
et al., 2000). 


Goserelin  Goserelin acetate (Zoladex®) is the only GnRH 
agonist approved by the US Food and Drug Administra- 
tion (FDA) for the treatment of breast cancer. It is indicated 
as second-line treatment of metastatic breast cancer in pre- 
and perimenopausal women; however, studies in the adju- 
vant setting are promising and indicate that these agents will 
have a role in the treatment of early, ER-positive breast can- 
cer. Goserelin is administered every 1 (3.6mg) or 3months 
(10.8 mg), through a subcutaneous injectable implant that 
provides continuous release of the drug. In premenopausal 
women with metastatic breast cancer, response rates ranging 
from 28 to 60% have been reported from phase II clinical 
trials of goserelin acetate (Rody etal., 2005). The role of 
GnRH-A as an adjuvant therapy for early-stage breast cancer 
is the subject of ongoing clinical trials. The Intergroup 0101 
trial (Davidson etal., 2005) showed that the combination 
of tamoxifen and goserelin for 5years after chemotherapy 
significantly reduced recurrence compared with chemother- 
apy alone or chemotherapy plus goserelin; however, there 
was no difference in overall survival. The Zoladex in pre- 
menopausal patients (ZIPPs) with early breast cancer analysis 
(Baum et al., 2001) showed that the addition of goserelin to 
standard therapy provided a significantly longer event-free 
and overall survival at 66 months. 

In prostate cancer, two phase III trials have shown that 
the addition of goserelin to radiation therapy is superior to 
radiation alone in terms of overall and disease-free survival 
for patients with advanced prostate cancer, especially among 
patients who had regional lymph node involvement (Lawton 
et al., 2005). In the United States, goserelin is indicated for 
palliative treatment of advanced prostate cancer, for use in 
combination with flutamide for the management of locally 
confined stage T2b-T4 (stage B2-C) prostate cancer, and, 
in combination with radiation therapy, for the treatment of 
high-risk disease. 

Currently, two other GnRH-AS are approved by the FDA 
for the treatment of advanced prostate cancer: leuprolide 
acetate and triptorelin pamoate. 


Leuprolide and Triptorelin Leuprolide acetate (L euprore- 
lin) is administered intramuscularly in depot formulations 
designed to be delivered every 1, 3, or 4months, and more 
recently through an implant that delivers the drug for 1 year. 
When used in combination with other forms of therapy in 
advanced prostate cancer, leuprolide is as effective as gosere- 
lin and appears to be better tolerated (Williams et al., 2003). 
Triptorelin pamoate is administered intramuscularly in 1- and 
3-month depot formulations. It is as effective as leuprolide 
in the treatment of advanced prostate cancer, but reduces 
testosterone concentrations less rapidly (Heyns et al., 2003). 


LHRH Antagonists 


In recent years new LHRH analogues that are pure antago- 
nists without any agonist activity have been developed. An 
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example is abarelix. Recent studies on patients with advanced 
prostate cancer have shown that abarelix is as effective as 
the combination of leuprolide and bicalutamide in reducing 
serum prostate-specific antigen, and achieving and maintain- 
ing castrate levels of testosterone. A barelix achieves medical 
castration significantly more rapidly than combination ther- 
apy and avoids the testosterone surge characteristic of agonist 
therapy (Trachtenberg et al., 2002). Abarelix was approved 
by the US FDA for the initial treatment of advanced prostate 
cancer in November 2003. The drug is marketed under a risk 
management program because of an increased risk of seri- 
ous and potentially life-threatening allergic reactions, which 
increase in frequency with continued use. 


Reduction of Peripheral Steroid Hormone Synthesis 


Aromatase Inhibitors (Als) in Postmenopausal Patients 


The aromatase enzyme is the rate-limiting step in the conver- 
sion of androgens to oestrogens. The major substrates for the 
aromatase enzyme are androstenedione and testosterone, both 
produced principally in the adrenal glands, and to a lesser 
degree in the ovaries. In addition, aromatase expression has 
also been demonstrated in the stromal compartment of human 
breast tumours suggesting that breast tumours survive by syn- 
thesizing oestrogen. The aromatase enzyme selectively catal- 
yses only the production of oestrogens, whereas other similar 
enzymes govern the production of other steroid hormones, 
including glucocorticoids, androgens, or mineralocorticoids. 
The optimum way of decreasing oestrogen production is to 
target selectively the aromatase enzyme without inhibiting 
the activity of the other enzyme systems. Als include the 
competitive inhibitors aminoglutethimide, anastrazole, and 
letrozole, which bind to the aromatase enzyme reversibly 
and the suicide inhibitors formestane and exemestane, which 
bind the enzyme and irreversibly block its activity. With the 
exception of aminoglutethimide, Als are effective agents now 
commonly used as adjuvant treatment in postmenopausal 
women with breast cancer. 


Aminoglutethimide Aminoglutethimide (Cytadren®) was 
the first widely used Al for the treatment of advanced breast 
cancer. The combination of aminoglutethimide and replace- 
ment steroids show response rates of 20-56% in previously 
untreated patients with advanced breast cancer with patients 
with ER -positive tumours having higher response rates (56%) 
compared with patients with ER-negative tumours (12%). 
Because of the side effects seen with aminoglutethimide, 
which include drowsiness, rash, nausea and symptoms of 
adrenal insufficiency, and the development of more selective 
Als, this compound is now rarely used to treat breast cancer. 


Anastrazole and Letrozole Anastrazole and letrozole are 
potent, oral selective Als. Phase II! clinical trials have shown 
that these agents are as good as, if not better than, tamox- 
ifen as a first-line therapy for metastatic breast cancer. In 
the adjuvant setting, these Als have gradually established 


their place in the treatment of breast cancer. Trials sug- 
gest that adding an Al after 5 years of tamoxifen improves 
both disease-free and distant disease-free survival (Goss 
et al., 2005). Studies also show that disease-free survival 
is improved by switching to anastrazole (Boccardo etal., 
2005) after 2- 3 years of tamoxifen rather than continuing it. 
Finally, the anastrazole or tamoxifen alone or in combination 
(ATAC) shows that anastrozole when compared to tamox- 
ifen significantly prolonged disease-free survival and time 
to recurrence, and significantly reduced distant metastases, 
and contralateral breast cancers (ATAC, 2005). The Breast 
International Group (BIG) 1-98 trial showed that in post- 
menopausal women with endocrine-responsive breast cancer, 
when compared to tamoxifen, adjuvant treatment with letro- 
zole significantly reduced the risk of recurrent breast cancer, 
especially at distant sites (BIG 1-98, 2005). 


Formestane and Exemestane Formestane or 4-hydroxy- 
androstenedione and exemestane are Als that bind to the 
enzyme irreversibly. Formestane is generally administered 
as an intramuscular (IM ) injection of 250mg every 2 weeks 
and exemestane is administered orally at a dose of 25mg 
per day. These agents suppress oestradiol levels by >65%. 
Similar to other Als, they have been shown to be as 
effective as tamoxifen for patients with metastatic breast 
cancer and are well tolerated. Switching to exemestane after 
2-3years of adjuvant treatment with tamoxifen has been 
shown to increase disease-free survival (Coombes etal., 
2004). Formestane is available only in Europe. 


Modulation of the Steroid Receptor-mediated 
Response 


Non-steroidal anti-oestrogens were originally defined as 
compounds that would inhibit oestradiol-stimulated rat uter- 
ine weight. The non-steroidal anti-oestrogens are partial 
oestrogen agonists in the uterus, but also inhibit carcinogen- 
induced rat mammary tumour growth and the growth of 
ER-positive breast cancer cells in vitro (MacGregor and 
Jordan, 1998). The finding that the compounds possessed 
increased oestrogenic properties, that is, increased uterine 
weight in the mouse, raised questions about the reasons for 
the species specificity and created a new dimension for study, 
which ultimately led to the recognition of the target-site- 
specific actions of anti-oestrogens. However, the finding that 
tamoxifen would increase immune-deficient mouse uterine 
weight but prevent the growth of a transplanted ER -positive 
breast tumour suggested that the tamoxifen- ER complexes 
were being interpreted differently, that is, as an oestrogenic 
or anti-oestrogenic signal, respectively, at different target 
sites (Jordan and Morrow, 1999). Additionally, tamoxifen 
and raloxifene maintained bone density in ovariectomized 
rats (Jordan etal., 1987) at doses that prevent mammary 
cancer (Gottardis and J ordan, 1987). This concept was subse- 
quently referred to as selective oestrogen receptor modulation 
to describe the target-site-specific effects of tamoxifen and 
raloxifene around a women’s body (Figure 5) and to justify 
the use of raloxifene as a preventive for osteoporosis. The 
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Figure 5 The specific tamoxifen in women include 


whole class of drugs is now known as SERMs and the topic 
has been reviewed (Jordan, 2001). 

During the past decade, there has been intense interest 
in identifying the reason for the target-site-specific effects 
of anti-oestrogens. One possible mechanism is the pres- 
ence of two ERs, ERa and ER@, that interact through 
traditional (EREs) mechanisms directly with DNA or non- 
traditional (A P-1 sites) pathways that activate genes through 
protein-protein interactions. The discovery of new mech- 
anisms for drug selectivity will open the door for novel 
innovations in drug discovery. The pioneering SERM for 
the treatment of breast cancer is tamoxifen (J ordan, 2003). 


Tamoxifen for Treatment in Pre- or Postmenopausal 
Patients 


Clinical trials have shown the value of tamoxifen for all 
stages of breast cancer in pre- and postmenopausal women 
with ER-positive disease. In postmenopausal women with 
advanced breast cancer the administration of tamoxifen is 
reported to have response rates of 15-53%, with a median 
duration of response of 20 months. In premenopausal women 
with ER-positive, metastatic breast cancer, response rates 
between 20 and 45% with a median duration of response 
of 2.5-36months have been reported. Small, randomized 
clinical trials comparing tamoxifen with oophorectomy in 
premenopausal patients with metastatic disease show no 
Statistically significant difference in overall response rate 
between the two treatments. In the adjuvant setting, the 
value of tamoxifen has been demonstrated in individual trials 
and is confirmed in a recent collaborative meta-analysis of 
194 randomized trials on adjuvant therapy for breast cancer 
(EBCTCG, 2005). The Oxford review analysis shows that 
patients with ERa-positive tumours that were treated with 
5 years of tamoxifen had annual recurrence rates reduced by 


almost 50% and breast cancer mortality was reduced by one- 
third. However, patients with tumours expressing only low 
levels of ER do not benefit from tamoxifen treatment. 

It is important to point out that the meta-analysis of breast 
cancer adjuvant clinical trials confirmed several principles 
(J ordan, 2003) defined in the laboratory: (i) tamoxifen blocks 
oestrogen binding to the ER so a patient with an ER- 
positive tumour is more likely to respond; (ii) long-term 
early treatment in animal models produces a more complete 
antitumour effect than short-term treatment, thus long-term 
adjuvant therapy should be superior to short-term adjuvant 
therapy; and (iii) tamoxifen reduces primary breast cancer 
incidence. The optimum duration of tamoxifen therapy in 
the adjuvant setting has been addressed by several clinical 
trials. It is now clear that 5years of therapy is superior 
to shorter durations of therapy in terms of reducing the 
risk of recurrence and death and 5 years are better than 10 
(Fisher etal., 2001). This is most likely explained by the 
development of drug resistance (Jordan, 2004). Tamoxifen 
is currently approved for the treatment of metastatic breast 
cancer in pre- and postmenopausal women and in men. 
Although Als are proving to be superior to tamoxifen in 
clinical trials, economic issues with Als are retarding their 
distribution and use in underdeveloped countries and those 
with managed health systems. Tamoxifen remains a cheap, 
effective drug that has proven to save lives. The most 
common adverse effect reported in relation to tamoxifen 
therapy is vasomotor instability, manifested by hot flushes, 
facial flushing, tachycardia, and sweating. These symptoms 
are reported in 15-20% of pre- and postmenopausal patients 
and typically decrease in intensity and frequency over time. 
Amenorrhea can occur in up to 40% of premenopausal 
women. Visual disturbances caused by cataract formation, 
optic neuritis, retinopathy, or macular oedema rarely occur. 
Thromboembolic events can occur in 1-2% of patients 
treated with tamoxifen (Fisher etal., 1998). During the 
past 10 years, a number of case reports and clinical trial 
results have associated tamoxifen therapy with an increased 
incidence of endometrial carcinoma. Several analyses of the 
data have concluded that there is a modest increase in the 
incidence of endometrial carcinoma as a result of receiving 
tamoxifen (4/1000 tamoxifen-treated women per year vs 
1/1000 women per year for the normal postmenopausal 
population). Premenopausal women do not have an elevation 
of their risk of endometrial cancer (Fisher etal., 1998). 
This potential toxicity is more relevant to patients receiving 
tamoxifen as a chemopreventive agent. 


Selective Androgen Receptor Modulators (SARMs) 


The clinical efficacy of SERMs in breast cancer has encour- 
aged the development of selective ligands that act in a similar 
way with the AR. An ideal selective androgen receptor mod- 
ulator (SARM ) would be a compound that acts as antagonist 
or weak agonist in the prostate, and acts as full agonist in 
the muscle and pituitary. Such agents could improve the 
side-effect profile of currently available anti-androgens and 
could have beneficial effects on bone and muscle. Prototype 
SARM s are currently under development (Gao et al., 2004). 
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Block the Steroid Receptor 


Pure Anti-Oestrogens for Treatment in Postmenopausal 
Patients 


Fulvestrant (ICI 182780) was developed to avoid the weak 
oestrogen-like effects of tamoxifen that are associated with 
drug resistance and uterine toxicities, such as spotting, bleed- 
ing, and uterine carcinoma. Fulvestrant is an analogue of E>, 
with a chemical structure different from the non-steroidal 
structures of tamoxifen and other SERMs. It binds to the 
ER with affinity similar to oestrogen, but it causes desta- 
bilization of the ER dimer and enhanced ER degradation. 
Unlike other antihormonal therapies, which can be given 
orally, fulvestrant requires IM administration. Two large 
multicentre, randomized trials showed fulvestrant (250 mg 
IM once monthly) to be as effective as anastrozole for the 
treatment of postmenopausal women with hormone recep- 
tor- positive advanced breast cancer progressing on prior 
endocrine therapy (Osborne et al., 2002). For patients with 
hormone receptor- positive metastatic breast cancer fulves- 
trant has similar efficacy to tamoxifen and was well tolerated 
(Howell etal., 2004). Given its impressive results in the 
laboratory, fulvestrant was anticipated to be very effective; 
however, response rates seen in these clinical trials have not 
been as good as initially anticipated, with only two in five 
tamoxifen-resistant patients responding to fulvestrant. The 
fact that much lower concentrations are achieved in vivo 
(Robertson and Harrison, 2004), when compared to those 
achieved in vitro, may account in part for these results (H ow- 
ell et al., 2004). When used as third-line antihormone therapy 
in women with metastatic breast cancer, it results in dis- 
ease stabilization in approximately 20% of patients (Franco 
et al., 2004). 


Anti-Androgens 


For prostate cancer, there is currently no agent that binds to 
the AR to promote its degradation, but several agents have 
been found to block this receptor. Anti-androgens are com- 
pounds that bind to AR in the target cell and compete with 
the endogenous androgens: DHT and testosterone. Evidence 
shows that anti-androgen monotherapy is not as effective as 
other forms of therapy, such as orchidectomy or GnRH-As 
(Seidenfeld et al., 2000). However, anti-androgens have an 
important role in the treatment of advanced prostate can- 
cer when used in combination with other forms of androgen 
deprivation therapy (ADT) to produce what is now known 
as maximum androgen blockade (MAB) (PCTCG, 2000). 
M edical or surgical castration effectively prevents testicular 
androgen synthesis, but does not affect androgen production 
in the adrenal glands. The additional administration of an 
anti-androgen can block the action of adrenal androgens at 
the receptor level. There is now significant evidence that 
suggests that MAB for advanced prostate cancer is modestly 
more effective than castration alone (PCTCG, 2000; Schmitt 
et al., 2001; Akaza et al., 2004; Miyake et al., 2005). 

The use of anti-androgens as adjuvant therapy after com- 
pletion of primary treatment (surgery or radiation therapy) 


remains controversial, but there is a growing consensus that 
men with nodal disease at the time of surgery will benefit 
from it. Currently anti-androgens are not considered stan- 
dard of care after except for high-risk patients treated with 
radiation. 


Non-Steroidal Anti-Androgens 


Flutamide is administered orally at 250mg every 8 hours. 
Bicalutamide and nilutamide are given in oral daily doses 
of 150 and 50mg, respectively. Monotherapy with these 
agents appears inferior to medical or surgical castration alone 
(Tyrrell et al., 1998) and is associated with greater toxicity. 
For flutamide the most common side effects are diarrhoea 
and breast and nipple tenderness. Other side effects include 
nausea, vomiting, and hepatotoxicity which occurs in 3 per 
10000 patients and can be fatal. For nilutamide, toxicities 
include nausea, alcohol intolerance, decreased adaptation 
to darkness, and rare interstitial pneumonitis. Bicalutamide 
appears to have some advantages over the flutamide and 
nilutamide, which include improved tolerability, and once- 
daily dosing, which in turn will promote compliance to 
long-term treatment. 


Steroidal Anti-Androgen Cyproterone Acetate 


Cyproterone acetate (CPA) is a steroidal, progestational anti- 
androgen that blocks the AR and reduces serum testosterone 
through a weak antigonadotropic action. In Europe it is 
considered as effective as oestrogen or flutamide and better 
tolerated and is commonly used as monotherapy or as an 
agent to prevent disease flare during initiation of GnRH- 
As. Although CPA is generally well tolerated, a high rate of 
associated cardiovascular complications and the risk of liver 
toxicity with long-term use, have limited its use. CPA is only 
available in Europe. 


Other Agents 


Oestrogens 


In advanced prostate cancer that progresses under other forms 
of antihormonal therapy, the administration of oral diethyl- 
stilbestrol (DES) has shown in several small modern series 
to be associated with PSA responses and symptomatic relief. 
High levels of oestrogen reduce the release of LHRH from 
the hypothalamus, suppressing LH release from the anterior 
pituitary. As a result, testicular production of testosterone 
is reduced. Some studies suggest that oestrogen may have 
a direct cytotoxic effect on both androgen-sensitive and 
androgen-insensitive prostate cancer cells (Robertson et al., 
1996). Other oestrogens, such as conjugated oestrogens, 
ethinyl oestradiol, and the progestin medroxyprogesterone 
have also been used to treat prostate cancer. Additionally, 
studies have shown that orchidectomy and DES are equally 
effective for metastatic prostate cancer, but DES is asso- 
ciated with significantly greater cardiovascular and throm- 
boembolic risks (Robinson etal., 1995). The use of DES 
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declined markedly with the availability of newer drugs, such 
as LHRH-A, which areas effective as DES, but lack the asso- 
ciated serious cardiovascular morbidity (Citrin et al., 1991). 
However, DES may have a role as second-line therapy after 
other forms of therapy have failed (Rosenbaum et al., 2000). 
DES is not commercially available in the United States. 


RESISTANCE TO ANTIHORMONAL THERAPY 


There are several mechanisms through which breast and 
prostate cancer cells become resistant to antihormonal ther- 
apy (Figure 6). Intrinsic resistance can be seen in breast cells 
that lack ERa@ and the small group of prostate cancers that 
lack the AR. In addition, cells that have responded to anti- 
hormonal therapy may become refractory to it. This form of 
acquired resistance can occur through different mechanisms 
that can be dependent or independent to the specific steroid 
receptors. 


Receptor Dependent 


Long-term hormone deprivation may select subpopulations 
of cells that have increased receptor expression. In breast 
cancer cells ERa has been shown to be upregulated 4- 10- 
fold after long-term oestrogen deprivation. Similarly, in 
prostate cancer approximately 30% of tumours become 
androgen independent due to an increase of AR expression 
after receiving ADT. In addition long-term deprivation of 


Breast 


Antihormone resistance 


HER2 


their substrates induces hypersensitivity of breast cancer cells 
to oestradiol and prostate cancer cells to DHT. 

In recent years a large number of nuclear and steroid recep- 
tor coregulators, including coactivators and co-repressors that 
regulate receptor-mediated transactivation have been cloned 
and characterized. Several coactivators are important both 
in breast cancer and prostate cancer for the development of 
resistance to antihormonal treatment. 

Resistance of breast cancer tumours to tamoxifen has 
been reported with decreased levels of the co-repressor 
NCoR (Lavinsky et al., 1998) with the expression of RIP 140 
mRNA (Chan etal., 1999) and the overexpression of the 
coactivator SRC-1 (Shang and Brown, 2002). Resistance 
to ADT for prostate cancer has been associated with the 
overexpression of SRC-1 and SRC-2 (Gregory et al., 2001) 
and lower levels of transcription modulators, such as ARA 70 
have been associated with the development of prostate cancer 
(Yeh etal., 1999). Mutations in the ligand-binding domains 
of receptors may allow binding of other circulating steroid 
hormones, or even antihormone agents that stimulate cell 
growth. This mechanism is rarely seen in the ER of breast 
cancer cells (Herynk and Fuqua, 2004), but AR mutations 
are found in approximately 30% of the antihormone resistant 
prostate cancer cells (Navarro et al., 2002). 


Receptor Independent 


Other cell-surface groups of receptors that play in impor- 
tant role in the development of antihormone resistance are 
the growth factor receptors, particularly HER2/neu. Over- 
expression of HER2/neu is associated with resistance to 
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Figure 6 Mechanisms through which breast and prostate cancer cells become resistant to antihormonal therapy. When resistance develops, gene activation 
may occur through receptor-dependent or receptor-independent mechanisms. Receptor-dependent mechanisms include hypersensitivity of the cancer cells 
to their natural ligand, decreased levels of the co-repressors and the overexpression of the coactivators, and receptor mutations. Receptor-independent 
mechanisms include overexpression of growth factor receptors, such as HER2, phosphorylation of the MAPK cascade, and paracrine stimulation by other 


agents. 
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antihormonal therapy, high-grade histology, high prolifera- 
tion rate, and ER negativity. Similarly, in prostate cancer 
cells, overexpression of HER2/neu increases MAPK and 
AKT activities that phosphorylate AR, which in turn results 
in gene activation. 

Different ways of overcoming steroid receptor- dependent 
acquired resistance include the identification of new SERMs 
and SARMs, finding newer agents that act as complete 
antagonists of the ER in breast tissue, rather than partial 
agonists and using other treatment modalities like Als and 
fulvestrant. In addition, laboratory (Yao etal., 2000) and 
preliminary clinical studies (Lonning etal., 2001) have 
demonstrated that oestrogen, rather than acting as a growth 
stimulus, can act as an apoptotic agent in cells that have 
been chronically deprived of oestrogen as occurs with Als. 
Laboratory studies already demonstrate that tumours that 
recur after oestrogen-induced apoptosis are again growth 
stimulated by oestrogen and are sensitive to the antitumour 
actions of tamoxifen (Yao etal., 2000). It is clear that the 
ER signal transduction pathway can continue to be exploited 
therapeutically in selected patients. 

To treat the receptor-independent form of resistance, there 
are several potentially effective interventions that target 
the signalling pathways of tyrosine kinase receptors. This 
approach using monoclonal antibodies to the external domain 
of the receptor, such as trastuzumab or a growing num- 
ber of specific tyrosine kinase inhibitors, such as gefitinib, 
erlotinib, Cl-1033, and PK1-166 has already proved effec- 
tive for tumours that overexpress these receptors (A grawal 
et al., 2005). 


CANCER PREVENTION 
Breast 


Tamoxifen for Prevention in Pre- or Postmenopausal 
Women 


The National Surgical Adjuvant Breast and Bowel Project 
(NSABP) Tamoxifen Prevention Trial (P-l) demonstrated a 
49% reduction in the risk of invasive breast cancer and a 50% 
reduction in the risk of non-invasive breast cancer with the 
use of tamoxifen over placebo in women considered to be at 
high risk for developing breast cancer (Fisher et al., 1998). In 
a subsequent update on this trial, after a 7-year follow-up, the 
cumulative rate of invasive breast cancer was reduced from 
42.5 per 1000 women in the placebo group to 24.8 per 1000 
women in the tamoxifen group. Similarly the cumulative rate 
of non-invasive breast cancer was reduced from 15.8 per 
1000 women in the placebo group to 10.2 per 1000 women 
in the tamoxifen group (Fisher et al., 2005). The reduction 
in risk was observed in women of all ages and at all levels 
of breast cancer risk (e.g., LCIS, atypical hyperplasia, etc.). 
Tamoxifen reduced the occurrence of ER -positive tumours by 
69%, but there was no difference in the occurrence of ER- 
negative tumours. Furthermore, tamoxifen was accompanied 
by a 32% reduction in osteoporotic fractures. The number 


of vascular events (e.g., pulmonary embolism, deep venous 
thrombosis, and stroke) was higher in the tamoxifen group 
than the placebo group. 


Raloxifene 


Raloxifene is a SERM that was originally under develop- 
ment as a breast cancer therapy, but results from an early 
clinical trial with raloxifene in patients with advanced dis- 
ease were disappointing. As a result, the development of 
raloxifene was redirected towards osteoporosis because of 
encouraging laboratory data on bone density and in 1997 it 
was approved by the FDA, for the prevention of osteoporo- 
sis in postmenopausal women. Clinical trials have shown 
that raloxifene maintains bone density, but also is accom- 
panied by a 66% decrease in the incidence of ER-positive 
invasive breast cancer when compared to placebo. These 
preliminary observations encouraged the NCI to support a 
second prevention trial that is comparing raloxifene with 
tamoxifen in postmenopausal women determined to be at 
high risk for developing breast cancer: the Study of Tamox- 
ifen and Raloxifene (STAR) trial. This study is closed to new 
participants, and results are expected by summer of 2006. 
Raloxifene, like tamoxifen, is also associated with increased 
risk of thromboembolism. It has similar effects to oestrogen 
on risk factors for coronary artery disease, such as lowering 
low-density lipoprotein, cholesterol, and homocysteine lev- 
els, but unlike oestrogen, it does not increase triglyceride, 
high-density lipoprotein cholesterol, or C-reactive protein 
levels (Barrett-Connor et al., 1999). Therefore, raloxifene is 
also being evaluated in an international trial designed to eval- 
uate whether 60 mg per day of oral raloxifene reduces the 
risk of coronary events and risk of invasive breast cancer in 
10000 postmenopausal women with documented coronary 
heart disease for the reduction of the risk of coronary artery 
disease (M osca et al., 2001). 

Currently, tamoxifen is the only drug approved for breast 
cancer prevention in women at high risk for developing the 
disease; however, data from the adjuvant trials provide a 
compelling rationale for exploring the use of Als in the 
preventive setting (Cuzick, 2005). There at least two trials 
addressing this at this time and the winner of the STAR trial 
will subsequently be compared to letrozole. 


Prostate 


In men, testosterone released from the testes is converted to 
the more potent DHT in target tissues. Finasteride inhibits 
5a-reductase, the enzyme responsible for this conversion. 
Finasteride has no defined role in the standard care of patients 
with prostate cancer but may have a role in prevention. The 
PCPT enrolled 18882 men who were randomly assigned to 
receive placebo or finasteride for 7 years. The trial showed 
that finasteride significantly decreased the 7-year period 
prevalence of prostate cancer by 24.8% when compared 
to placebo. However, Gleason score 7-10 tumours were 
significantly more common in the finasteride than in the 
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placebo group (Thompson et al., 2003). The reason for this 
observation is unknown. The role of 5a-reductase inhibitors 
in prostate cancer prevention needs to be further examined 
before these agents are considered for wide recommendation, 
not only because its survival benefit is small and because 
it may increase the incidence of high-grade tumours but 
also because the cost burden associated with finasteride is 
substantial. 

In contrast with the trials that have been done with 
tamoxifen where women were considered at high risk for 
developing breast cancer, the PCPT enrolled men who were 
55 years or older, who had no evidence of prostate cancer, 
and who were not necessarily at higher risk for developing 
prostate cancer. So if the beneficial effect on prostate 
cancer prevention is evident in the general population, the 
chemoprevention benefit may be even higher for those 
individuals who are at high risk for developing the disease. 


Dutasteride 


Unlike finasteride, dutasteride is a dual inhibitor of each 
5a-reductase isoenzyme. Dutasteride results in greater sup- 
pression of serum DHT than that seen with finasteride (90 vs 
70%) respectively (Clark etal., 2004). Retrospective anal- 
yses of the incidence of prostate cancer performed on data 
from three randomized, double-blind, 2-year studies eval- 
uating the efficacy and tolerability of 0.5mg dutasteride 
daily and placebo in subjects with benign prostatic hyper- 
plasia (BPH) have shown that the incidence rate of prostate 
cancer is 50% lower in the dutasteride group than in the 
placebo group (1.2vs 2.5%, p = 0.002) (Andriole etal., 
2004). These findings and the encouraging results of the 
PCPT have prompted a new large-scale randomized study 
designed to determine if dutasteride 0.5 mg daily decreases 
the risk of biopsy detectable prostate cancer. A total of 8000 
men will be randomized to receive dutasteride or placebo for 
4years (Andriole et al., 2004). 


CONCLUSIONS 


Targeted antihormonal therapy is now an essential part of 
the treatment of breast and prostate cancer. Currently, long- 
term adjuvant antihormonal therapy is the standard of care 
for all stages of ER-positive breast cancer. For patients who 
are at high risk for developing breast cancer, antihormonal 
therapy with tamoxifen is effective for reducing the incidence 
of the disease, but further improvement with the use of 
raloxifene or Als (exclusively in postmenopausal women) 
could be demonstrated in ongoing clinical trials. Over the 
past two decades significant progress has been made in the 
treatment of breast cancer. Survival associated with this 
disease has improved both in Europe and in the United 
States as a result of better screening methods and the use 
of multimodality treatment that incorporates antihormonal 
therapy (EBCTCG, 2005). 

In prostate cancer, ADT plays an important role in the 
treatment of patients with advanced disease. Although ADT 


monotherapy appears inferior to other forms of monotherapy, 
ADT in combination with other forms of treatment has 
shown to improve survival. Recent reports suggest that 
antihormonal therapy could decrease the incidence of cancer 
in otherwise healthy men, but its routine use in this setting 
is not recommended at present. The role of antihormonal 
therapy in the prevention of prostate cancer in high-risk men 
is currently being studied. Over the past decade there has 
been a decrease in mortality associated with prostate cancer 
in Europe and the United States. This trend began in the 
1990s and could be the result of better screening and the use 
of multimodality treatment that includes hormonal therapy. A 
treatment strategy such as that used with breast cancer where 
multimodality therapy, including antihormonal therapy, is the 
rule rather than the exception could further increase survival 
for prostate cancer. 

Hormonal treatment strategies for both diseases continue 
to evolve. Better understanding of the hormonal receptors 
and their interactions with the different compounds currently 
used will allow further progress in the treatment of these 
diseases. 
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Care for the breast cancer patient is changing rapidly and is 
affected by the myriad changes from clinical trials, new drug 
development, and advances in technology (Campos, 2005; 
Eubank and Mankoff, 2005; Manders and Gradishar, 2005; 
O'Shaughnessy and Blum, 2006; Panades et al., 2005; Ryan 
and Goss, 2005; Stevens et al., 2006). In order to provide 
quality care, physicians must work together in a coordinated 
way such that all options are entertained when discussing 
possible treatment strategies. Multiple medical specialities 
need to communicate on a real-time basis so that patients 
get expedited and coordinated care. Education and support 
are critical to mitigate the stress, anxiety, and shock of a 
breast cancer diagnosis (Siminoff et al., 2006; Collie et al., 
2005). A comprehensive breast care centre, utilizing a mul- 
tidisciplinary approach, is becoming the standard of care. 
Working as a team provides the tools to disseminate infor- 
mation to health care providers and to patients, which will in 
turn, enable constant quality improvement in breast cancer 
care, accelerate the classic timeline of diagnosis to treatment, 
and generate more options for care (M alin et al., 2006; Butler 
et al., 2004; Rust, 2003) (Figure 1). Furthermore, it avoids 
the difficulty that patients face in organizing their care after 
a breast cancer diagnosis. An integrated care program is dis- 
tinct from a group of physicians practicing in the same office. 
A concerted effort has to be made to change to a culture of 
shared learning. A team approach requires that practitioners 
come together as advocates for their patients, with a goal of 
providing comprehensive care. The individual practice model 
(Table 1) is one where a single provider may not be aware 
of recommendations by other treating physicians, and would 
only have information regarding their own clinical studies. 
The treating physician may inadvertently confuse patients 
by offering contrary opinions. In a team model, practitioners 
work together to explain the range of treatment options and 
their associated outcomes, as well as an explanation of why 
there is controversy. In this situation, patient values and pref- 
erences can be deliberately included in the decision-making, 
reducing anxiety and confusion. 
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MODELS 


When developing an integrated breast cancer program, the 
specific physical facility and governing structure of the larger 
institution has to be taken into account. Several models can 
and have been used (Kolb, 2005). Within each model, a 
structure to address and support the specific objectives of 
multidisciplinary approach must be created (Table 2.). A 
multidisciplinary approach can range from a simple, coor- 
dinated referral intake to a fully integrated, shared services 
interdisciplinary group. With the coordinated referral intake, 
patients have a central contact to begin and coordinate their 
care, but are then referred to free-standing, different speciali- 
ties depending on necessary work-up and stage of diagnosis. 
The coordinated group model has common services, but does 
not operate within the confines of a single physical structure. 
A multidisciplinary intake model is slightly more integrated 
in that the patients are initially seen by all specialities at 
one location during their first clinic appointment. However, 
once they move past this initial visit, they are seen at dif- 
ferent locations to continue their management. An integrated 
care model organizes the specialities around the patient as 
the centre of care by limiting all specialities to the confines 
of one building. Finally, a total integrated model has shared 
services throughout all specialities, and care takes place in 
one location (Tripathy, 2003). In this model the patient is the 
focus, and each speciality seeks out the patient as opposed to 
the patient moving from location to location. Each variation 
on integration produces a model that fits different needs and 
expectations. 


THE TEAM 


The multidisciplinary approach brings together a highly coor- 
dinated setting composed of specialists from all the disci- 
plines involved in breast cancer care. The surgeon might, for 
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Figure 1 


Table 1 Individual practice model compared to multidisciplinary team. 


A program - nota collection of individual practices 

Practitioners offer their own trials Forums to agree on portfolio of 
only clinical trials 

Practitioners often not aware of the Agreement on range of outcomes 
range of outcome data presented (from data) to present to patients 
Each individual collects what they Uniform data collection and 

think is important agreement on key quality indicators 
Access to services highly Access to all services regardless of 
dependent on practitioner specialist 

Internal competition common All succeed as centre succeeds 


Table 2 Specific objectives of multidisciplinary breast cancer care. 


Integrate physicians and practitioners involved in breast care into a 
practice group that will re-engineer diagnostic and treatment plans to 
maximize quality and minimize inefficiency 

Encourage and facilitate effective communication between all 
specialities involved with patient care 


Create an organizational system and an environment to ease the 
passage of patients through the maze of processes and decisions at a 
time of emotional crisis: shared decision-making, visit preparation, 
patient education, and patient navigation 


Establish treatment plans based on presenting symptoms, stage of 
disease, along with a set of quality outcomes (including patient 
satisfaction) and measures, backed up by established literature, and 
evolving internal experience which can then be used to track quality of 
care 


Use team approach that facilitates patient focus, constant quality 
improvement approach to care. Such a system will also be used to 
automate processes of follow-up and tracking, to reduce error and 
improve services 


Educate to facilitate change and transition to new systems of care and 
to make transparent the basis for treatment recommendations 


example, recommend further imaging. Ideally the surgeon 
can review the films with the radiologist, or the images can 
be reviewed and reported back to the surgeon in a timely 
fashion. Meanwhile, the surgeon may want to collaborate 
with the medical oncologist and discuss the benefits of adju- 
vant versus neoadjuvant therapy. Other specialities begin to 
get involved early in treatment planning - pathology, radia- 
tion oncology, and psycho-social services - requiring other 
essential staff to be connected, necessary in providing quality 
breast cancer care (Figure 2). Patients with a strong fam- 
ily history may benefit from genetic testing. Young women 
with breast cancer who are still interested in having children 
may need referral to a fertility expert for egg harvesting. 
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Figure 2 Example of essential staff for multidisciplinary management with 
patient as focus of care. 


A truly integrated, multidisciplinary team incorporates surgi- 
cal and medical scheduling, genetic counselling, nurses and 
nurse practitioners, and support staff into the team infrastruc- 
ture to optimize care. These resources are shared among the 
entire team to promote and facilitate communication between 
specialities. This in turn provides the basis for creativity 
in combining information across specialities to streamline 
care. 


KEY SERVICES 


Integrated multidisciplinary management of breast cancer 
provides the proper atmosphere for a multitude of ser- 
vices and resources that can be used to advance the care 
of the breast cancer patient (Tripathy, 2003). Treatment 
strategies rely on sound decision-making which is a shared 
process. The multidisciplinary approach allows the group 
to openly discuss treatment options and use evidence-based 
medicine to plan optimal therapy. Discussions stem from 
coordinated conferences such as tumour board meeting, new 
patient conference, and follow-up pathology discussions. 
Those taking part in these scheduled meetings include sur- 
geons; medical and radiation oncologists; pathologists; and 
nursing, genetic counselling, psychology/social work, phys- 
ical therapy, and research coordinators. To be effective, it 
is essential that all participants are present and that the 
necessary data is available and prepared ahead of time to 
keep these meetings efficient. Communication among team 
members is essential, making sure the whole team is aware 
of each patient’s situation and allowing for tailored regi- 
mens based on the patient's profile. It is also important to 
include the patient in all these discussions so that shared 
decision-making is incorporated into the treatment paradigm. 
A culture of reviewing each patient, discussing trial eligibil- 
ity, and focusing on the need for social support helps all 
members keep these issues at the forefront of their discus- 
sions. Finally, it improves consistency among the group and 
enhances the patient's sense of being cared for by the entire 
team. 
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DATABASE/DATA COLLECTION 


The collection of data is an extremely useful tool in many 
aspects of breast cancer care (Nance et al., 2005). It can be 
difficult to capture all necessary data points in patient care 
when different specialities are not working closely together. 
Within a multidisciplinary approach, data collection encom- 
passes all specialities and is collected in a standardized 
way to facilitate both quality assurance and outcome mea- 
surement. Multiple therapies can be incorporated into the 
analysis, which give feedback that is more useful in the deliv- 
ery of quality care. For example, the outcomes and frequency 
of re-resection of lumpectomy margins is difficult to inter- 
pret when the relationship of surgeon/radiologist/pathologist 
is unknown. If these three specialities are part of one unit, 
they can work together to eliminate the problem of pos- 
itive/close margins and understand the data as it relates 
to the policy they have dictated for their centre (Cox 
et al., 1997). 

Data collection also becomes important in translating lab- 
oratory research into practical therapies for treating breast 
cancer patients (van de Vijver, 2005; Jeffery et al., 2006). 
The scientific community understands the need for open 
dialogue to bring bench-top research to the clinical arena. 
Novel therapies discovered in the laboratory are intro- 
duced into patient care by way of clinical trials. The 
clinician collects data on patient outcomes, which in turn 
identifies where standard care is not sufficient and stim- 
ulates new basic science research. The multidisciplinary 
approach brings clinicians and scientists together providing 
the infrastructure that facilitates new and ongoing transla- 
tional research. Both the National Institutes of Health and 
the National Cancer Institute are encouraging this com- 
prehensive model and showing support with grant pro- 
grams such as specialized programs of research excellence 
(SPORE) and Institutional Clinical and Translational Science 
Awards (CTSA). 


FROM MULTIDISCIPLINARY TO 
INTERDISCIPLINARY 


Within a comprehensive breast care centre, the main goal 
should be to provide the patient with the best care possi- 
ble, and this starts at the time of diagnosis. A patient who 
is seen in a comprehensive centre either comes with a diag- 
nosis of cancer, or a clinical suspicion of cancer generated 
by a primary care provider. For those patients with a clini- 
cal suspicion, the workup should be undertaken in a timely 
fashion. An integrated system allows for a truly interdisci- 
plinary model, creating new paradigms in breast cancer care. 
One example would be the Coordinated Diagnostic Evalu- 
ation Program (CDEP) at the UCSF Comprehensive Breast 
Center (Table 3). The CDEP (based on the UK and Swedish 
models) is a reconfigured design to map the diagnostic pro- 
cess through which women are evaluated, integrating both 
radiologist and surgeon, anticipating next steps of care and 


Table 3 Re-engineering diagnosis: coordinated diagnostic evaluation. 


Goals of care 

Safe: minimizing missed cancers, procedures 

Timely: minimizing period of uncertainty, anxiety 

Effective: optimize care, use quality measures, benchmarks 
Efficient: coordinate workup, biopsy, treatment 

Equitable: standard approach to all patients with abnormal 
mammogram 

Patient centred: tailor intervention to health, preference, time for 
decisions, anticipate, integrate next steps of care 


Output 
Re-engineered process 
Integrated evaluation, 1- 48 hours turnaround for diagnosis 
Scheduled F/U for results, appt for high-risk cancer 
Feedback: automated outcomes/benchmarks 
Opportunity for integration with clinical trials 


F/U, follow-up; appt, appointment. 


planning, so that the appropriate intervention can be made 
on the same day (Sauven etal., 2003). The primary goal 
is to produce timely and accurate diagnoses, while minimiz- 
ing unnecessary procedures and patient anxiety. The program 
also creates a supporting informatics architecture that inte- 
grates risk assessment and feedback on physician/cancer 
centre performance to help tailor care and improve clinical 
outcomes. A standard community-based approach may take 
up to 30 days to get from primary care physician to diagnosis. 
Utilizing the same day evaluation a woman can be referred 
within a week of the abnormal mammogram. The diagnostic 
workup can take place on that day, with the final diagnosis 
in 1-2 days. Most importantly, the diagnostic “worry time” 
is dramatically reduced, and the patient can be educated 
about her diagnosis and have time to consider her options 
for care. Thus with CDEP, the classic non-efficient timeline 
can be decreased from 30 days to approximately 1 week and 
the patient can be shepherded through the process from the 
onset (Figure 3). 

The patient undergoing neoadjuvant therapy also exem- 
plifies the need for coordination with all specialities that is 
provided by integrated, multidisciplinary management. 

The surgeon, radiologist, and both the medical and radi- 
ation oncologist need to have a close working relationship 
to initiate treatment. The order of therapy does not affect 
patient survival, therefore the order of treatment can be used 
to optimize treatment options and assess response to ther- 
apy (Sachelarie et al., 2006; Esserman, 2004). Increasingly, 
neoadjuvant trials are being opened to improve treatment 
options (Limentani et al., 2006; M urray et al., 2006). Larger 
tumours will often shrink in response to therapy enabling 
breast conservation. Even though mastectomy may be pre- 
ferred or necessary, surgery and reconstruction after neoad- 
juvant therapy avoids delay of systemic therapy and gives 
patients time to decide about reconstruction options. During 
treatment the patient relies on interdisciplinary care experi- 
enced with this model, which eliminates delays and decreases 
the chance for overlooking new and important details of the 
patient’s profile as the patient moves forward with therapy 
(Figure 4). There is constant and continuous communication 
between multiple services, provided not only by the logisti- 
cal arrangement but also by the shared personnel who take 
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Figure 3 Coordinated diagnostic evaluation program. 
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Figure 4 Multidisciplinary approach to neoadjuvant therapy revolves 
around the patient. 


part in the patient's care. The building blocks of treatment 
are in place, and it is the responsibility of the team to coor- 
dinate follow-up and prevent error of missed details when 
transferring between services during ongoing care (Figure 5). 


SUMMARY 


The cost of treating breast cancer patients continues to rise 
and is especially evident when treating advanced stages of 
disease. Outcomes are improving and even patients with 
disseminated disease are living longer (Elder et al., 2006). 
However, too many women still die of breast cancer every 
year - greater than 40 000 in the United States alone (Smigal 


Chemotherapy 


Radiation 





Hormone therapy 
Targeted therapies 


Figure 5 Breast cancer treatment involves multiple strategies and, there- 
fore, relies on continued, effective communication between multiple medical 
specialities. 


et al., 2006). This emphasizes the need for early detection 
and treatment. By gathering specialists involved in all 
aspects of breast cancer from surgery to psycho-social, and 
unifying them with an outcome-based, data-driven, quality 
improvement model with the patient as the central focus, 
multidisciplinary management will be able to transcend the 
limitations imposed by traditional decentralized care. A 
dynamic infrastructure is required to support such a system 
that expects open communication between all team members. 
Integral to its success will be tools such as multidisciplinary 
tumour board, translational research, clinical trials, shared 
decision-making, and data collection for improving outcomes 
and quality. Furthermore, multidisciplinary management is 
important for teaching students, physicians, administrators, 
patients, and community members throughout the process. 


COLLABORATIVE APPROACH TO MULTIDISCIPLINARY BREAST CANCER CARE 


Point of care 
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Figure 6 Collaborative approach to multidisciplinary breast cancer care. 


By designing systems that focus on the needs of the patient, 
the service delivery model concentrates on the coordination 
of care, improves the experience for the patient, and fosters 
innovation and translational research (Figure 6). 
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ACUTE LEUKAEMIAS 


Before the introduction of modern combination chemother- 
apy, the acute leukaemias were rapidly fatal. Over the past 
40 years, successive clinical trials have demonstrated steadily 
improving outcome with marked improvement in survival 
and, in many cases, cure. The goal of the treatment of 
acute leukaemias is to induce complete remission (CR). 
The criteria for CR include achievement of haematolog- 
ical CR plus the absence of any signs or symptoms of 
extramedullary leukaemia. Criteria for a haematological CR 
include attainment of a normocellular bone marrow with less 
than 5% blasts, peripheral blood without blasts, a neutrophil 
count higher than 1000/I, and a platelet count higher than 
100000/1. Only patients who achieve CR can be poten- 
tially cured. A cytogenetic CR is defined as the inability to 
detect leukaemic blast cells that have cytogenetic abnormal- 
ities using standard analysis, once CR has been achieved. 
Molecular CR includes the inability to detect any residual 
leukaemia-specific gene product. As a result of supportive 
care failure, patients can die from the therapy used to induce 
remission, but more commonly, the leukaemia can be resis- 
tant to therapy. This manifests as failure to achieve CR in 
primary refractory leukaemia or as recurrent disease after a 
period in CR. Relapse free survival (RFS) counts relapse and 
death in CR and is used as evidence that a specific treatment 
is ineffective. 

The World Health Organization (WHO) classification of 
acute myeloid leukaemias (AM Ls) Harris et al. (1999) is 
shown in Table 1. This classification subdivides AMLs pre- 
dominantly according to karyotype since recurrent chromo- 
somal abnormalities identify distinct leukaemia entities that 
have a major impact on prognosis (Grimwade et al., 1998, 
2001; Slovak et al., 2000; Byrd et al., 2002) (see Blood and 
Bone Marrow: Myeloid Leukaemias and Related Neo- 
plasms. 
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Treatment of Acute Myeloid Leukaemias (AMLs) 


In AML, treatment is divided into remission induction 
phase to achieve CR, followed by post-remission ther- 
apy to reduce the leukaemic burden to a level compat- 
ible with cure. Standard remission induction therapy for 
AML usually consists of a combination of an anthra- 
cycline and the antimetabolite cytosine arabinoside (Ara- 
C) (see Conventional C hemotherapeutics). A nthracyclines 
including daunorubicin, idarubicin, and the related agent 
mitoxantrone exert their cytotoxicity by stabilizing the com- 
plex between DNA and topoisomerase Il, leading to cell 
death. A dose-limiting toxicity for anthracyclines is the 
induction of a cardiomyopathy that can be prevented by lim- 
iting the total cumulative dose. Ara-C can be administered at 
standard dose in daily infusions of 100-200 mg m~?, either 
twice daily by infusion or by continuous infusion because of 
the very short half-life of this drug. 

The most commonly used combinations of anthracycline 
and Ara-C are the regimens 3+7 or 3+10, the names 
reflecting the use of 3 days of an anthracycline (e.g., daunoru- 
bicin (D) 45-60mgm~ or idarubicin 12 mg m~?) and 7 or 
10 days of Ara-C (A) given at the dose of 100- 200mg m-?. 
Standard induction regimens induce CR rates of approxi- 
mately 70% in patients under the age of 60 (Mayer et al., 
1994), although this varies from 20 to 90%, depending upon 
other prognostic factors. The DA 3+7 and 3+10 regi- 
mens induce identical CR rates and are superior in terms of 
faster achievement of CR, higher CR rates, and less morbid- 
ity than the less intense 1+ 5 or 2+ 5 regimens (Rai et al., 
1981; Preisler et al., 1987). Controversy remains regarding 
the choice of the optimal anthracycline. Although a random- 
ized trial suggested that the use of idarubicin was associated 
with higher CR rate and longer survival (Wiernik etal., 
1992), questions remain regarding dose equivalence and the 
fact that idarubicin was not associated with improved out- 
come in elderly patients (Rowe etal., 2004). Addition of 
6-thioguanine in the DAT regimen is not associated with 
improvement over DA (Preisler etal., 1987; Hann etal., 
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Table 1 WHO classification of acute myeloid leukaemias. 


Acute myeloid leukaemias 





AML with recurrent cytogenetic abnormalities 

ML with t(8;21)(q22;q22), (AMLI/ETO ) 

ML with inv(16)(p13;q22) or t(16;16)(p13;q22), (CBF B/MYH11) 
ML with t(15;17)(q22;12), (PML/RARq), and variants 

ML with 11q23 (MLL) abnormalities 


ML with multilineage dysplasia 
ML with prior myelodysplastic syndrome 
ML without prior myelodysplastic syndrome 


ML and MDS, therapy related 
kylating agent related 
opoisomerase II inhibitor related 


ML not otherwise categorized 

ML, minimally differentiated 

ML without maturation 

ML with maturation 

Acute myelomonocytic leukaemia 
Acute monoblastic and monocytic leukaemia 
Acute erythroid leukaemia 

Acute megakaryoblastic leukaemia 
Acute basophilic leukaemia 

Acute panmyelosis with myelofibrosis 
Myeloid sarcoma 

Acute leukaemia of ambiguous lineage 





DPPP JPP rrr PPPD 





1997). The addition of etoposide (DAE) has not produced 
improvements in CR rates or overall survival in large ran- 
domized trials in either younger (Hann et al., 1997) or older 
patients (Goldstone et al., 2001). 


Causes of Failure 


Patients who survive long enough to assess response, fail to 
achieve CR because of primary resistant disease. A second 
course of induction therapy can still induce remission, but 
these are usually shorter in duration than those produced 
after a single course of induction (Anderlini etal., 1996). 
More than 40% of patients who fail to achieve CR with 
induction therapy die before response to induction therapy 
can be assessed, with the proportion dependent upon age and 
performance status. Infectious deaths occur most commonly 
from fungi and gram-negative bacilli. The principal predictor 
of resistance to standard therapy is the karyotype of the AM L 
cells (Grimwade et al., 1998, 2001; Slovak et al., 2000; B yrd 
etal., 2002). The factors that are predictors of favourable 
and unfavourable outcome with standard therapy are shown 
in Table 2. 


Table 2 Prognostic factors in AM L. 


Favourable 

Young age 

FAB types M2, M3, M4 
Nucleophosmin mutations 


Unfavourable 
Older age 

FAB type M7 
Hyperleukocytosis 
Prior treatment 


CD2 expression 
t(8;21) or t(15;17) 
inv 16 


Low labelling index/aneuoploidy 
Trisomy 8 

del 5 and/or 7 

Abnormalities of chromosome 11 
at band q23 


Prior haematological disorder FLT3-ITD mutations 


Post-remission Therapy 


Three types of post-remission therapy can be distinguished. 
Maintenance therapy is defined as therapy that is less intense 
than induction therapy, consolidation therapy is comparable 
in intensity to induction therapy, and intensification therapy 
surpasses the intensity of induction therapy. Other therapeutic 
options include autologous or allogeneic stem cell transplan- 
tation (SCT). The most effective post-remission therapy is 
controversial and appears to some extent to be dependent 
upon the intensity of the induction therapy. The randomized 
German AML Cooperative Group (AMLCG) trial demon- 
strated a significant improvement in RFS with addition of 
3years of maintenance therapy (Buchner et al., 1985) and 
showed that this maintenance therapy is associated with 
improved outcome compared to one course of intensification 
(Buchner et al., 2003). A positive effect of the use of main- 
tenance therapy has been seen in most (Buchner et al., 1985, 
2003; Lowenberg etal., 1998; Hewlett et al., 1995; Ohno 
et al., 1993), but not all studies (Sauter et al., 1984; Volger 
et al., 1995). The outcomes of randomized trials examining 
maintenance versus no maintenance are shown in Table 3. 

Numerous randomized trials over the past 20 years have 
attempted to determine whether intensified use of standard 
agents, particularly Ara-C, are associated with improved 
outcomes (Cassileth et al., 1992; Mayer et al., 1994; Weick 
et al., 1996; Bishop et al., 1998; Buchner et al., 1999). The 
results of randomized trials are shown in Table 4. Two trials 
demonstrated that high-dose Ara-C (HIDAC) was superior to 
lower doses of this drug. In the Cancer and L eukemia Group 
B (CALGB) trial, four cycles of three doses of Ara-C were 
compared (Mayer etal., 1994). DFS was 25% for patients 
receiving Ara-C at 100mg m~?, 35% for those receiving A ra- 
C at 400mgm~? and 45% for those receiving HIDAC at 
a dose of 3gm~. The greatest benefit was seen for those 
patients with favourable prognosis cytogenetics (Bloomfield 
et al., 1998). Although the optimal number of cycles is not 
known, retrospective analyses suggest that at least three 
cycles of HIDAC are required (Byrd etal., 1999, 2004). 
Other intensive multiagent regimens have not shown benefit 
over HIDAC (Moore etal., 2005). However, if HIDAC is 
given during induction, further HIDAC may not be necessary 
(Bradstock et al., 2005). 


Role of Stem Cell Transplantation in AML 


There are four studies that have examined the role of con- 
tinued chemotherapy versus autologous versus allogeneic 
SCT (Zittoun et al., 1995; Harousseau et al., 1997; Burnett 
et al., 1998; Cassileth et al., 1998). In each of these studies, 
patients were entered at the time of diagnosis and received 
remission induction chemotherapy and some post-remission 
therapy. Patients with HLA-matched sibling donors were 
assigned to allogeneic transplant and the remaining patients 
were randomized to receive chemotherapy of varying inten- 
sity versus autologous SCT. The results of these trials are 
conflicting as shown in Table 5. Although the lowest proba- 
bility of relapse occurred after allogeneic SCT, this was also 
associated with the highest non-relapse mortality. Further 
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Table 3 Randomized trials of maintenance therapy in AML in first remission. 


























Number of Treatment before Months in CR Months of Positive 
patients randomization when randomized Drugs used maintenance effect Reference 
145 3+7 then 1 1 Ara-C, daunorubicin, 6-thioguanine, 0 versus 36 Yes Buchner et al. (1985) 
consolidation cyclophosphamide 
131 3 +7 then 3 3 or 4 Ara-C, daunorubicin, 6-thioguanine, 4 versus 12 Yes Ohno et al. (1993) 
consolidation etoposide, vindesine 
150 3 +7 then 3 2or3 Ara-C, 6-thioguanine, vincristine, 0 versus 22 Yes Hewlett et al. (1995) 
maintenance prednisone 
147 3+7 then 1 lor2 Ara-C 0 versus 12 Yes Lowenberg et al. (1998) 
consolidation 
74 3 +7 then 3 3 or 4 Ara-C, 6-thioguanine, vincristine, 0 versus 24 No Sauter et al. (1984) 
consolidation prednisone 
124 3+7 0 Ara-C, daunorubicin 3 months No Volger et al. (1995) 
consolidation 
versus 7 months 
maintenance 
Table 4 Randomized trials of standard dose versus high-dose Ara-C. 
CR ape min eG Statistically significant 
Number of patients When HDAC given Standard dose High dose (p < 0.05) effect Reference 
170 ntensification Not applicable Notapplicable RFS better with HDAC if Cassileth et al. (1992) 
age <60 years 
596 ntensification Not applicable Not applicable RFS better with HDAC if Mayer et al. (1994) 
age <60 years 
723 nduction and/or intensification 56% 50% RFS better with HDAC best Weick etal. (1996) 
when HDAC in both 
induction and intensification 
279 nduction 74% 70% RFS better with HDAC Bishop et al. (1998) 
T25 nduction only 65% 71% RFS and OS better with Buchner et al. (1999) 
HDAC 
Table 5 Allogeneic transplant versus chemotherapy for AML in first CR. 
Patients assigned Patients with match RFS (%) co Difference 
Age (years) Chemotherapy Transplant transplanted in first CR (%) Donor Nodonor Donor Nodonor P <0.05 Reference 
10-59 168 126 23 55 30 59 46 RFS Zittoun et al. (1995) 
<40 88 78 20 44 38 53 53 None Harousseau et al. (1997) 
16-55 81% 91% 18 43 35 46 52 OS (for Cassileth et al. (1998) 
chemo) 
<55 419 644 16 50 42 55 50 RFS Burnett et al. (2002) 


analyses suggest that allogeneic SCT is the ideal treatment 
for younger patients with adverse cytogenetics (Burnett et al., 
2002; Suciu et al., 2003). 


AML in Patients over the Age of 60 


The median age at presentation with AML is 64 years and the 
age-specific incidence increases until 75 years of age. With 
all regimens, the outcome for patients worsens with age, and 
patients older than age 60 at presentation are considered 
to be “elderly”. Elderly patients are often excluded or are 
under-represented in clinical trials, making it difficult to 


generalize from these trials. Standard therapy consists of DA 
3+ 7 or 3+ 10 (Lowenberg et al., 1998; Rowe et al., 2004). 
Intensive post-remission therapy is neither well tolerated nor 
effective (Mayer et al., 1994; Stone et al., 2001). Because 
the cure rates in elderly patients are so low, the value of 
delaying treatment or giving much less intensive therapy 
has been explored (Lowenberg etal., 1989). Under these 
circumstances, the use of palliative care becomes an option, 
competing with the use of standard-dose chemotherapy or 
investigational agents. Before embarking on palliative care, it 
is necessary to determine whether a particular patient, despite 
being elderly, may have a reasonable benefit in the light of 
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other variables including absence of poor risk cytogenetics 
(Leith et al., 1997). 


Treatment of Acute Promyelocytic Leukaemia 
(APML) 


Recognition of acute promyelocytic leukaemia (APML) is 
essential since the treatment for this variant of AML is dif- 
ferent, based on identification of therapy targeting the under- 
lying molecular biology of the disease (see Blood and Bone 
Marrow: Myeloid L eukaemias and Related Neoplasms). 
APML accounts for 5- 10% of AML cases. Presentation is 
most commonly with heavily granulated promyelocytes in 
the blood and bone marrow, with leukopaenia and throm- 
bocytopaenia with diffuse intravascular coagulation (DIC), 
caused by release of procoagulant granules (Gralnick and 
Sultan, 1975). Initial management consists of rapid initia- 
tion of supportive measures to counteract the coagulopathy 
and decrease the risk of fatal bleeding. Treatment with all 
trans-retinoic acid (ATRA) has revolutionized the treatment 
of APM L. ATRA induces remission (Warrell et al., 1991) and 
differentiation due to ATRA-mediated release of the nuclear 
co-repressor/histone deacetylase complex. Since ATRA can 
ameliorate the coagulopathy rapidly, treatment should begin 
on the day of diagnosis and not await genetic confirmation 
of disease. Induction therapy including ATRA is better than 
chemotherapy alone (Tallman et al., 1997), and ATRA with 
anthracycline-based chemotherapy is now the treatment of 
choice for patients with APML (Fenaux etal., 1999; M an- 
delli et al., 1997). The role of Ara-C in induction remains 
controversial. Early assessment of response by bone marrow 
aspirate 10- 14days after completion of induction therapy 
provides useful prognostic information in other types of 
AML; however, such assessments in APML can be mislead- 
ing. APML is the subtype of AML in which the benefit of 
consolidation therapy is most clear and 90-99% of patients 
with APML who receive two or three cycles of intensive con- 
solidation achieve molecular CR. With long-term follow-up, 
the advantages of ATRA in induction and maintenance are 
sustained (Tallman et al., 2002). The high cure rate using 
ATRA combination induction chemotherapy indicates that 
there is no role for SCT in patients who are in molecular 
remission at the end of consolidation (Burnett et al., 1999). 
For the small proportion of patients with persistent minimal 
residual disease (MRD) after consolidation, the outcome is 
poor and other approaches including the use of arsenic tri- 
oxide or allogeneic SCT are recommended. Arsenic trioxide 
has remarkable activity in patients with relapsed and refrac- 
tory APML and it may have a role in initial therapy or as 
consolidation (Shen et al., 1997; Soignet et al., 1998). In the 
current North American Intergroup study, newly diagnosed 
patients induced with ATRA, daunorubicin, and cytarabine 
are randomized to either two courses of arsenic trioxide fol- 
lowed by two courses of daunorubicin consolidation or just 
two courses of daunorubicin consolidation. Patients are then 
randomized between two maintenance regimens. This trial 
will determine if arsenic trioxide can further improve the 
cure rate, particularly in high-risk patients. 


Table 6 WHO classification of other myeloid tumours. 


Myelodysplastic syndromes 

Refractory anaemia 

Refractory anaemia with ringed sideroblasts 

Refractory anaemia with excess blasts 

Refractory cytopaenia with multilineage dysplasia 
Myelodysplastic syndrome associated with isolated del(5q) 
chromosome abnormality 

Myelodysplastic syndrome, unclassifiable 


Chronic myeloproliferative diseases 

Chronic myelogenous leukaemia with t(9;22)(q34;q11), (BCR/ABL) 
Chronic neutrophilic leukaemia 

Chronic eosinophilic leukaemia/hypereosinophilic syndrome 
Polycythaemia vera 

Chronic idiopathic myelofibrosis 

Essential thrombocythaemia 

Chronic myeloproliferative disease, unclassifiable 


Myelodysplastic/myeloproliferative diseases 

Chronic myelomonocytic leukaemia 

Atypical chronic myeloid leukaemia 

Juvenile myelomonocytic leukaemia 

M yelodysplastic/myeloproliferative diseases, unclassifiable 








Treatment of Myelodysplastic Syndromes (MDSs) 


The WHO classification of other myeloid tumours is shown 
in Table 6. These are classified as myelodysplastic syn- 
dromes (M DSs), chronic myeloproliferative disease, or both. 
MDS represents bone marrow stem cell disorders char- 
acterized by a hypercellular marrow and peripheral blood 
cytopaenia resulting from failure of normal haematopoi- 
etic differentiation leading to bone marrow failure. There 
is a propensity to transform to AML. There is no standard 
approach to treatment, and a pragmatic approach is generally 
followed. All patients should be considered for a clinical 
trial if possible. The only drug shown to be effective in a 
prospective randomized trial in MDS is 5-azacytidine, which 
delays time to development of AML and improves quality 
of life (QOL) (Silverman et al., 2002). Low-dose Ara-C has 
a 10-20% response rate, but is now rarely used since it is 
less effective than 5-azacytidine. Use of erythropoietin (EPO) 
can reduce transfusion requirement and response is higher in 
those patients with lower endogenous EPO levels. Granulo- 
cyte colony - stimulating factor (G-CSF) may be added, but 
QOL benefits are small (Casadevall et al., 2004). A ntithymo- 
cyte globulin can induce CR and improvement in cytopaenia 
in indolent MDS (Molldrem et al., 2002). Thalidomide can 
decrease transfusion requirement, but is poorly tolerated 
(Raza etal., 2001); but a thalidomide analogue lenalido- 
mide produces impressive results in low-risk MDS patients, 
particularly those with a 5q abnormality (List et al., 2005). 
If a patient has greater than 20% blasts and is younger 
than 60 years, AM L-type treatment is appropriate (Estey 
et al., 1997). Allogeneic SCT may be considered for younger 
patients with high-risk MDS (Yakoub-A gha et al., 2000). 


Treatment of Chronic Myeloid Leukaemia (CML) 


Chronic myeloid leukaemia (CML) is a proliferative clonal 
disorder of haematopoietic stem cells that results in the 
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expansion of mature myeloid cells, as well as the ery- 
throid and megakaryocytic lineages. The median age at 
presentation is about 50years, but all age-groups can 
be affected. CML typically progresses from an initial 
chronic phase (CP) to a rapidly fatal blast crisis after a 
median of 5-6years. A major predictor of remission is 
the Sokal score (http://www.pharmacoepi.de/cmlscore.html), 
with higher scores correlating with more long-standing dis- 
ease, lower normal stem cell numbers, and worse out- 
comes. The tyrosine kinase inhibitor imatinib (Druker et al., 
2001a,b) has revolutionized the treatment of this disease. 

During CP, the CML cells are responsive to a number 
of chemotherapy agents. The most commonly used was 
hydroxyurea. This does not induce remission and is now 
primarily used to decrease the WBC rapidly. Interferon-a 
was the standard of care before the introduction of ima- 
tinib. Interferon-w can induce remission, although less than 
30% of patients achieved CR and the treatment is not cura- 
tive (Kantarjian etal., 2003). Allogeneic SCT is the only 
known curative approach in CML, with single-centre reports 
of long-term survival as high as 85% using HLA-matched 
sibling donors (Clift and Anasetti, 1997), and pooled reg- 
istry data indicate long-term survival of approximately 70% 
(Horowitz etal., 1996). Outcome is best if offered in CP 
the first year after diagnosis (Lee etal., 2001). The out- 
comes after unrelated donor allogeneic SCT have improved 
markedly with improvement in HLA-matching technology. 
Non-myeloablative SCT can be performed (Niederwieser 
et al., 2003), although long-term outcomes with these newer 
approaches remain unknown (Or et al., 2003). Patients who 
relapse after allogeneic SCT can respond to reduction of 
immunosuppressive therapy, infusion of donor lymphocytes 
(Porter et al., 1994), or introduction of imatinib (K antarjian 
et al., 2002a). 


Imatinib Mesylate Treatment for CML 


The tyrosine kinase inhibitor imatinib has revolutionized the 
treatment of CML and has now become the treatment of 
choice. The drug is well tolerated and side effects include 
mainly nausea, vomiting, oedema, and muscle cramps 
(Druker et al., 2001b). Cytopaenias occur within a month of 
starting therapy and last 2- 4 weeks. Care must be taken with 
treatment interruptions as these are associated with worse 
outcome (Sneed et al., 2004). When used in the treatment of 
the first CP most responses occur within the first 150 days 
of starting therapy (Kantarjian et al., 2002b). Major cyto- 
genetic responses are more likely to occur in patients with 
less advanced disease. The use of imatinib is associated with 
improved outcome compared to interferon-a plus Ara-C, and 
a critical feature is the achievement of a major cytogenic 
remission by 3months. This identifies those patients who 
will do well on imatinib and those whose outcomes are sim- 
ilar with interferon-w (Roy et al., 2006). Imatinib can induce 
molecular CR and this is associated with improved outcome 
(K antarjian etal., 2003). In the accelerated phase, higher 
doses of imatinib seem to prolong the second CP and a dose 
of 600 mg day~? is associated with improved outcome com- 
pared to 400 mg day~! (Talpaz et al., 2002). Whereas higher 


doses of imatinib are clearly more effective in the advanced 
stage, the disease is relentlessly progressive. The outcome in 
myeloid blast crisis remains poor, particularly if this occurs 
while on therapy (Sawyers et al., 2002). Mutations in ABL 
in CP with cytogenetic resistance to imatinib are associated 
with greater likelihood of progression to blast phase (Soverini 
et al., 2005). 


Monitoring Patients on Imatinib Reduction in CML cell 
count with imatinib therapy follows two-stage kinetics with 
loss of ~5% per day in the early stage, reflecting death of 
mature leukaemic cells, while in the second stage there is 
loss of ~0.8% per day reflecting death of progenitors. It is 
not clear if the leukaemic stem cells are destroyed (M ichor 
et al., 2005). Cytogenetic assessment of the bone marrow 
remains the gold standard, but more sensitive assessment 
of the molecular response can be obtained by fluorescent 
in situ hybridization (FISH). Quantitative RQ-PCR using a 
standardized approach is now the method of choice to follow 
serial samples from patients with CML (Hughes et al., 2006). 
Outcome is dependent upon the depth of response, and poor 
responders should be considered candidates for allogeneic 
SCT. 


Imatinib Resistance Primary resistance can be divided into 
haematologic in 5% (counts never controlled), cytogenetic 
in 12% (never achieve cytogenetic CR), or molecular in 
95% (failure to achieve molecular CR). Failing patients 
may respond to increased dosage of imatinib. Secondary 
resistance refers to patients who initially responded but 
in whom the BCR-ABL transcripts subsequently increased. 
Mutations in the imatinib-binding pocket of BCR-ABL are 
found in a high percentage of secondary imatinib failures 
(Branford et al., 2002; Shah etal., 2002), and 19 different 
mutations have been identified, 3 of which account for more 
than 60% of cases. Committed progenitors, but not stem 
cells, are inhibited by imatinib, suggesting that there will 
be a continuous pool of leukaemic stem cells, the total 
number of which may influence response (Michor et al., 
2005). Dasatinib is a novel BCR-ABL inhibitor that targets 
most imatinib-resistant BCR-ABL mutations that can induce 
haematologic and cytogenetic responses in patients with 
CML or Ph-positive acute lymphoblastic leukaemia (ALL) 
who cannot tolerate or are resistant to imatinib (Talpaz 
et al., 2006). Other novel agents targeting signal transduction 
pathways critical for CML are being explored. 


TREATMENT OF ACUTE LYMPHOBLASTIC 
LEUKAEMIA 


Since the 1950s, there has been a dramatic improvement 
in the outcome of children with ALL and more than 
80% of children can now be cured, although high-risk 
features include high presenting WBC, age less than 1 year 
at presentation, male sex, L2 morphology, and adverse 
cytogenetics (Silverman et al., 2001). This improvement has 
been the result of successive clinical trials, and all children 
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with ALL should be enrolled in clinical trials to optimize 
and subsequently improve future treatment. 

The principles of therapy are similar to those in AML, 
except that the incidence of central nervous system (CNS) 
relapse is much higher. Therapy for children with newly 
diagnosed ALL therefore includes four phases; remission 
induction, intensification, maintenance, and CNS treatment. 
The goal of remission induction is to achieve CR rapidly. 
Using a two-drug regimen of weekly vincristine and daily 
steroid, 80-90% of children will achieve CR at the end 
of 1month of therapy, while the addition of a third agent 
such as asparaginase or an anthracycline increases the CR 
rate to 95% and prolongs duration of response. Use of a 
four-drug combination induction confers benefit in patients 
with high-risk features (Gaynon et al., 1993), although this 
is less clear in the standard-risk group (Tubergen etal., 
1993a), but studies with the best reported outcome use four- 
drug combination induction therapy irrespective of risk group 
(Schrappe etal., 2000; Pui etal., 2000; Silverman etal., 
2001). Sanctuary sites including CNS should be treated 
during induction with intrathecal chemotherapy. Studies 
from the German ALL study group have demonstrated that 
response to a short course of corticosteroids is one of the 
most effective predictors of long-term RFS (Schrappe et al., 
2000). Detection of high levels of MRD early in therapy 
is associated with worse outcome (Cave etal., 1998; van 
Dongen et al., 1998; Coustan-Smith et al., 2000). Ongoing 
clinical trials are investigating risk stratification for further 
intensification of additional therapy based on the levels 
of MRD at early time points during and after induction 
therapy. 

Post-remission intensification is given to further reduce 
the leukaemic burden and is also used to adjust the intensity 
of therapy on the basis of subsequent risk of relapse. 
A wide variety of agents and schedules have been used 
in different trials. Early intensification with asparaginase 
(Clavell et al., 1986), antimetabolites (Land et al., 1994), or 
a delayed intensification reinduction-type schedule (Schrappe 
et al., 2000) have all demonstrated improvements in survival. 
Nearly all current treatment approaches use a maintenance 
phase of treatment for at least 2 years of therapy, consisting of 
weekly low-dose methotrexate and daily 6-mercaptopurine, 
but many groups add regular pulses of vincristine and 
corticosteroids (Gaynon et al., 1993; Tubergen et al., 1993a; 
Silverman et al., 2001). 

All current treatment regimens for childhood ALL include 
CNS-directed therapy. On the basis of data demonstrating 
that the highest risk of CNS relapse occurs within the 
first year of therapy, CNS treatment is usually started 
during induction with definitive CNS treatment and given 
after achievement of CR, although other trials delay the 
therapy to allow for a more intensive systemic therapy. 
Such a delay does not increase the risk of CNS relapse, 
except in those children with CNS involvement at diagnosis 
(Mahmoud etal., 1993). Radiation therapy was the first 
modality that successfully prevented CNS relapse, with 
lower doses of 1200 cGy being successful in standard-risk 
disease (Schrappe et al., 2000). A current goal in treatment 
of children with ALL is to reduce long-term morbidity 


since CNS prophylaxis is associated with long-term learning 
disability (Jankovic et al., 1994) and chronic anthracycline 
is associated with cardiomyopathy (Lipshultz et al., 2004) 
and late cancers (Kimball Dalton etal., 1998). Therefore, 
investigators have studied other therapies, leaving cranio- 
spinal irradiation for high-risk children, including extended 
intrathecal treatment as well as systemic chemotherapy 
with high CNS penetration such as high-dose methotrexate 
(Tubergen et al., 1993b). 

Although only 20% of children with ALL will relapse, 
relapsed ALL remains one of the most commonly treated 
cancers in children. Most relapses now occur in the bone 
marrow. The duration of the first remission is one of the most 
important predictors of outcome, and children who relapse 
while still on therapy have much worse outcome (Gaynon 
et al., 1998). Reinduction therapy successfully induces sec- 
ond CR in 70-90% of children, with reported long-term 
survival in 30-65% (Rivera etal., 1996; Lawson etal., 
2000). Allogeneic SCT has a role to play in the man- 
agement of some children with relapsed ALL, but there 
are no published randomized trials comparing chemother- 
apy with allogeneic SCT in this setting. A retrospective 
matched-pair analysis suggests that there may be an advan- 
tage after sibling HLA-matched allogeneic SCT (Barrett 
et al., 1994). 


Treatment of Adult ALL 


The outcome for adults with ALL is much poorer than that in 
children and only one-third of adult patients are cured. The 
difference in outcome between children and adults appears 
to be due to a higher frequency of cytogenetic subtypes of 
disease associated with poor prognosis in adults than in chil- 
dren, as well as differences in tolerability of chemotherapy, 
particularly in older adults. Of note, adolescents (age 16- 21) 
treated by paediatric oncologists have better outcome than 
those treated by adult oncologists (Boissel et al., 2003). 

There is a clear advantage for the addition of an anthra- 
cycline to vincristine, corticosteroid, and asparaginase in 
remission induction therapy (Gottlieb et al., 1984), and four 
successive CALGB studies have demonstrated improved out- 
come using a five-drug induction regiment with addition 
of cyclophosphamide (Larson et al., 1995), although addi- 
tion of cyclophosphamide showed little improvement in an 
Italian study (Annino etal., 2002). Because of the poor 
outcome with standard chemotherapy, allogeneic SCT is indi- 
cated in first CR in adult patients with t(9;22) or t(4;11) 
(Dombret et al., 2002). Matched sibling allogeneic SCT is 
appropriate for patients in first CR who present with high- 
risk features, but not for those with standard-risk disease, 
and autologous SCT is no better than chemotherapy (Sebban 
et al., 1994; Thomas et al., 2004a). For relapsed patients, 
allogeneic SCT is superior to autologous SCT (Weisdorf 
et al., 1997). Newer treatment approaches include the addi- 
tion of imatinib to chemotherapy in patients with Ph+ ALL 
(Thomas et al., 2004b), and nelarabine has shown good activ- 
ity in patents with T-cell ALL (Kurtzberg et al., 2005; Berg 
et al., 2005). 
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CHRONIC LYMPHOCYTIC LEUKAEMIA 
AND SMALL LYMPHOCYTIC LYMPHOMA 


Historically chronic lymphocytic leukaemia (CLL) was con- 
sidered a different disease from small lymphocytic lym- 
phoma (SLL). However, CLL and SLL are classified as 
different clinical manifestations of the same disease (Har- 
ris et al., 1999). When the disease involves the peripheral 
blood and bone marrow, it is called CLL and when lymph 
nodes or other tissues are infiltrated by CLL cells, but there 
are no leukaemic manifestations of the disease, it is called 
SLL. Only 5% of CLL/SLL patients present with clinical 
features of SLL without the leukaemic component. There 
are data to suggest that the incidence of CLL is higher 
than that reported within the tumour registries (Zent et al., 
2001). In approximately 25% of cases, B-cell CLL is diag- 
nosed in asymptomatic patients at the time of a routine 
blood count when a lymphocytosis leads to the subsequent 
diagnosis. The National Cancer Institute (NCI) guidelines 
recommend that the threshold for diagnosis of CLL should 
require a lymphocytosis of greater than 5000/1 (Cheson 
et al., 1988). However, this criterion is likely outdated and 
if diagnostic immunophenotypic features are clearly those of 
typical CLL/SLL, the diagnosis can be made in the pres- 
ence of a blood lymphocyte count of less than 5000/wl. 
CLL is largely a disease of the elderly, with a median age 
at diagnosis of 70years. It is extremely rare at less than 
30 years of age, but the incidence increases with increas- 
ing age and is almost twice as frequent in males compared 
to females. The variation in international incidence patterns 
among the leukaemias and lymphomas is most marked for 
CLL with a 26-fold increase in incidence for men and a 
38-fold increase for women between the North A merica and 
Japan (Parkin and Muir, 1992). Genetic rather than environ- 
mental factors most likely explain these differences, since 
the disease is rare among J apanese-A mericans (Haenszel 
and Kurihara, 1968). Among the strongest risk factors for 
CLL is a family history of this or other lymphoid malig- 
nancies, and a number of familial clusters of CLL have 
been reported (Yuille et al., 2000). Genetic anticipation, the 
process whereby the median age at onset in a child of a 
multigeneration family with malignancy is younger than that 
of the parent generations, has been observed in CLL (Yuille 
et al., 1998). 

The diagnosis of CLL is made by the detection of a clonal 
population of small B lymphocytes in the peripheral blood 
or bone marrow or by lymph node biopsy showing cells 
expressing the characteristic morphology and immunophe- 
notype. Full immunophenotype is required to make the diag- 
nosis and CLL cells express CD19, dim CD20, dim CD5, 
CD23, CD43, and CD79a, and weakly express surface IgM 
and IgD. Occasional cases lack expression of CD23 and 
this can lead to a differential diagnosis of mantle cell lym- 
phoma (MCL). The dim expression of CD20 and surface 
immunoglobulin can be useful in distinguishing CLL from 
MCL. Expression of CD38 is variable and has prognostic 
significance in this disease (Damle et al., 1999). Detection 
of specific cytogenetic and molecular features can be helpful 


in making the definitive diagnosis. CLL is frequently asso- 
ciated with autoimmune phenomena, including autoimmune 
haemolytic anaemia and immune thrombocytopaenia. The 
direct antiglobulin test may be positive in up to one-third 
of cases during the course of disease and overt autoim- 
mune haemolytic anaemia occurs in 11% of cases (Diehl and 
Ketchum, 1998). Autoimmune thrombocytopaenia based on 
the presence of adequate numbers of megakaryocytes with 
a low platelet count in peripheral blood occurs more rarely 
and is present in 2-3% of patients (Diehl and Ketchum, 
1998). Pure red cell aplasia is rare, but may occur early in 
the disease course. 


Prognostic and Predictive Factors 


Two staging systems are widely used, on the basis of their 
prognostic implications for survival (Rai et al., 1975; Binet 
et al., 1981). On the basis of the Rai classification, median 
survival from time of diagnosis was 150 months for stage 0, 
71-101 months for stages | and II, and 9 months for stages 
II] and IV. A number of cytogenetic abnormalities have been 
identified and, using FISH techniques, one or more of these 
cytogenetic abnormalities can be found in more than 80% of 
patients with CLL and have important prognostic significance 
(Dohner et al., 2000). Deletion at 13q14 occurs in more than 
50% of cases and is associated with good prognosis in CLL 
when it is found as an isolated abnormality. A micro-RNA 
cluster at this region is implicated in the pathogenesis of the 
disease (Calin et al., 2002). Deletions at 11q22-23 occur in 
up to 20% of cases and are associated with patients with 
a distinct clinical presentation including younger age, male 
sex, extensive adenopathy, and poor prognosis (Dohner et al., 
1997). Deletion in the short arm of chromosome 17 occurs 
in less than 10% of cases of CLL, but this is associated with 
rapid progression of disease, poor response to therapy, and 
short survival (Dohner et al., 2000). The deletions involve 
the P53 locus at 17p13 and mutations in the P53 gene can 
contribute to disease progression and alter the sensitivity of 
CLL cells to chemotherapy. Trisomy 12 occurs in up to 20% 
of cases of CLL, but the molecular mechanism by which 
this genetic abnormality contributes to leukaemogenesis is 
unknown. 

CLL is also heterogeneous in its level of differentiation as 
evidenced by the status of the immunoglobulin genes and can 
be divided into two subgroups on the basis of the presence 
or absence of somatic hypermutation of the immunoglob- 
ulin heavy chain variable (IgV) region. This finding has 
prognostic significance, with patients with unmutated IgV 
genes having worse prognosis (Damle et al., 1999; Hamblin 
et al., 1999). 


Treatment 
In all other leukaemias, early treatment is optimal, but this is 


not the case in CLL. A proportion of cases have a smoulder- 
ing clinical course with no difference in survival compared 
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to age-matched controls, and these patients do not merit ther- 
apy. In addition, the disease remains incurable using standard 
treatment approaches and previous trials have demonstrated 
no survival advantage of early treatment versus an initial 
“watch and wait” approach. More than 2000 patients with 
early disease have been enrolled in trials of immediate ver- 
sus deferred chemotherapy, all performed using alkylating 
agents. In a meta-analysis of these studies, there was no 
statistically significant difference in survival between early 
versus deferred therapy (CLL Trialists’ Collaborative Group, 
1999). Therefore, treatment should not be commenced until 
there is an indication for treatment (Cheson et al., 1996). The 
traditional goal of therapy has been palliation and patients 
were usually treated until symptoms resolved. The availabil- 
ity of newer therapies has resulted in increased awareness of 
the importance of achieving aCR in CLL. Formal criteria for 
achievement of CR and partial remissions (PRs) have been 
established for CLL by the NCI Working Group (Cheson 
et al., 1996). 

The main agents used in the treatment of B-cell CLL/SLL 
have been the alkylating agents chlorambucil and cyclophos- 
phamide with or without corticosteroids. There has been 
great variability in dosage and schedule of administration. 
There is no difference in survival comparing chlorambucil 
therapy alone to chlorambucil plus prednisone, but those 
patients treated with chlorambucil and prednisone had higher 
CR (20vs 9%) and overall response rates (87 vs 45%) (Han 
et al., 1973). A number of randomized trials have com- 
pared the efficacy of chlorambucil alone or in combination 
with prednisone to combinations of cyclophosphamide, vin- 
cristine, and prednisone (CVP or COP) or to combinations 
including hydroxydaunorubicin (CHOP) and have shown no 
difference in the 5-year survival (48% in both cases) of chlo- 
rambucil with or without steroids, compared to combination 
chemotherapy. The purine analogues fludarabine, cladribine, 
and pentostatin have all demonstrated major activity against 
CLL. Fludarabine is associated with increased CR rate and 
longer duration of response compared to chlorambucil, but 
does not improve overall survival since patients initially 
treated with chlorambucil who relapse can then be salvaged 
with fludarabine (Rai et al., 2000). The use of fludarabine in 
combination with cyclophosphamide results in increased CR 
rate and longer duration of response compared to fludarabine 
alone (Eichhorst et al., 2006). Studies from M.D. Anderson 
Cancer Center have demonstrated very high response rates 
when the monoclonal antibody rituximab is added to flu- 
darabine and cyclophosphamide in both previously untreated 
(K eating et al., 2005) and in relapsed patients (Wierda et al., 
2005). Alemtuzumab is an anti-CD52 monoclonal antibody 
that is approved for CLL patients who are fludarabine refrac- 
tory (Keating etal., 2002) and may have activity against 
cases that are unresponsive to chemotherapy owing to the 
presence of P53 mutations (Stilgenbauer and Dohner, 2002). 
No studies have been reported in CLL that directly com- 
pare the outcome following standard therapy compared to 
SCT, and autologous SCT does not appear to be curative in 
this disease (Gribben et al., 2005). Allogeneic SCT is asso- 
ciated with high mortality in CLL, but encouraging results 


have been obtained using reduced-intensity conditioning SCT 
(Sorror et al., 2005). 


NON-HODGKIN’S LYMPHOMA (NHL) 


Non-Hodgkin’s lymphoma (NHL) refers to all malignancies 
of the lymphoid system with the exception of Hodgkin's 
lymphoma (HL). The WHO classification for NHL (Harris 
et al., 1999) is shown in Table 7. This classification system 
incorporates morphologic, genetic, immunophenotypic, and 
clinical features. Although specific presenting features may 
be associated with different subtypes of disease, the major- 
ity of patients present with lymphadenopathy. Extranodal 
disease is common and can involve any organ. Symptoms 
may be non-specific but patients with advanced or bulky 
disease commonly have B symptoms defined as fever, night 
sweats, or weight loss of more than 10% of the body weight. 
Excisional biopsy of an accessible enlarged node is the diag- 
nostic procedure of choice and should be reviewed by a 
haematopathologist with expertise in lymphoma diagnosis, 
since a correct diagnosis is essential for optimal treatment 
and management. Bone marrow biopsy is also required for 
staging. The Ann Arbor staging classification is used. CT and 
positron-emission tomography (PET) scanning have replaced 
other staging procedures. 


PRESENTATION AND MANAGEMENT OF B-CELL 
LYMPHOMAS 


Precursor B-Cell Lymphoblastic Lymphoma 


Lymphoblastic lymphoma arises from precursor B lym- 
phoblasts and represents a nodal presentation of ALL. This 
disease is treated using ALL protocols. The cells are small 
and demonstrate expression of terminal deoxynucleotidyl 
transferase, with variable expression of CD10, CD19, CD20, 
CD22, and CD45. Up to 40% express CD34 and 30% coex- 
press myeloid antigens. The outcome is good in children, 
but not so good in adults, in whom there are frequent t(9;22) 
or translocations involving 11q23, which are associated with 
poor prognosis. 


Burkitt’s Lymphoma 


Burkitt's lymphoma (BL) arises from cells that have under- 
gone somatic hypermutation. Morphologically they are 
medium-sized cells with multiple nucleoli and basophilic 
cytoplasm. The tumour cells have a very high prolifera- 
tive index. BL cells frequently harbour MYC translocations, 
most commonly t(8;14). Immunophenotype is CD19, CD20, 
CD10, and CD43. Three subtypes are recognized; endemic, 
sporadic, and immunodeficiency associated. Endemic BL is 
found in specific geographical locations in Africa and is 
highly associated with EBV. The sporadic form occurs in 
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Table 7 WHO classification of tumours of lymphoid tissues. 


B-cell neoplasms 

Precursor B-cell neoplasm 

Precursor B lymphoblastic lymphoma/leukaemia 
Mature B-cell neoplasms 

Chronic lymphocytic leukaemia/small lymphocytic lymphoma 
B-cell prolymphocytic leukaemia 
Lymphoplasmacytic lymphoma 

Splenic marginal zone lymphoma 

Hairy cell leukaemia 

Plasma cell myeloma 

Solitary plasmacytoma of bone 

Extraosseous plasmacytoma 

Extranodal marginal zone B-cell lymphoma of mucosa-associated 
ymphoid tissue (MALT) 

Nodal marginal zone B-cell lymphoma 

Follicular lymphoma 

Mantle cell lymphoma 

Diffuse large B-cell lymphoma 

M ediastinal (thymic) large B-cell lymphoma 
ntravascular large B-cell lymphoma 

Primary effusion lymphoma 

Burkitt's lymphoma/leukaemia 

B-cell proliferations of uncertain malignant potential 
Lymphomatoid granulomatosis 

Post-transplant lymphoproliferative disorder, polymorphic 
T-cell and NK cell neoplasms 

Precursor T-cell neoplasms 

Precursor T lymphoblastic lymphoma/leukaemia 
Mature T-cell and NK cell neoplasms 

T-cell prolymphocytic leukaemia 

T-cell large granular lymphocyte (LGL) leukaemia 
Aggressive NK cell leukaemia 

Adult T-cell leukaemia/lymphoma 

Extranodal NK/T-cell lymphoma, nasal type 
Enteropathy-type T-cell lymphoma 

Hepatosplenic T-cell lymphoma 

Subcutaneous panniculitis-like T-cell lymphoma 
Mycosis fungoides 

Sezary syndrome 

Primary cutaneous anaplastic large cell lymphoma 
Peripheral T-cell lymphoma, unspecified 
Angioimmunoblastic T-cell lymphoma 

Anaplastic large cell lymphoma 

T-cell proliferations of uncertain malignant potential 
Lymphomatoid papulosis 

Hodgkin’s lymphoma 

Nodular lymphocyte predominant H odgkin’s lymphoma 
Classical Hodgkin’s lymphoma 

Nodular sclerosis classical Hodgkin's lymphoma 
Lymphocyte-rich classical Hodgkin’s lymphoma 
Mixed cellularity classical Hodgkin’s lymphoma 
Lymphocyte-depleted classical Hodgkin’s lymphoma 
Histiocytic and dendritic cell neoplasms 
Macrophage/histiocytic neoplasm 

Histiocytic sarcoma 

Dendritic cell neoplasms 

Langerhans cell histiocytosis 

Langerhans cell sarcoma 

nterdigitating dendritic cell sarcoma/tumour 
Follicular dendritic cell sarcoma/tumour 

Dendritic cell sarcoma, not otherwise specified 

M astocytosis 

Cutaneous mastocytosis 

ndolent systemic mastocytosis 

Systemic mastocytosis with associated clonal, haematological non - mast 
cell lineage disease 

Aggressive systemic mastocytosis 

Mast cell leukaemia/sarcoma 

Extracutaneous mastocytoma 




















other locations and is less frequently associated with EBV. 
The disease is very uncommon in the western world, with 
half of the cases arising in children. Immunodeficiency- 
associated BL is seen primarily with HIV infection, and few 
of these cases are EBV positive (see Infectious Agents and 
Cancer). 

BL grows very rapidly and staging is often abbreviated to 
allow rapid institution of treatment. In children, high inten- 
sity combination chemotherapy results in long-term survival 
rates of greater than 80%. Improvement in the outcome of 
adults with BL has followed the introduction of aggres- 
sive combination chemotherapy and intrathecal treatments as 
in the cyclophosphamide, vincristine (also called oncovin), 
doxorubicin, methotrexate/ifosfamide, etoposide (also called 
V P-16), cytarabine (also called Ara-C) (CODOX-M/IVAC) 
regimens, introduced by M agrath and colleagues (1996). This 
results in 2-year OS rates of approximately 75% in adults 
(Mead etal., 2002). Relapses usually occur within 1 year. 
Salvage treatments are suboptimal, although allogeneic trans- 
plantation can result in long-term survival. 


Diffuse Large B-Cell Lymphoma (DLBCL) 


Diffuse large B-cell lymphoma (DLBCL) is the most com- 
mon type of B-cell lymphoma accounting for 40% of the 
total cases. It is a heterogeneous disease with an aggressive 
clinical course, which arises from germinal centre B cells. 
The disease is morphologically also heterogeneous with a 
mixture of large cells or centroblasts and immunoblasts. The 
cells express CD20, CD19, CD22, and CD45, with variable 
expression of CD10 and surface Ig. BCL6 is expressed in 
70% of cases, in keeping with the germinal centre origin 
of the disease. Median age at presentation is in the mid- 
sixties. Patients typically present with rapidly progressive 
adenopathy. Stage of disease at presentation has been a poor 
predictor of outcome and even patients with stage | disease 
merit combination chemotherapy. The International Prognos- 
tic Index (IPI) was devised using age, performance status, 
LDH, extranodal disease, and stage (APLES) (The Interna- 
tional N on-H odgkin’s Lymphoma Prognostic F actors Project, 
1993). The number of risk factors present at presentation 
was highly predictive of outcome following doxorubicin- 
containing combination chemotherapy. Patients with low risk 
(0 or 1 risk factor) made up 35% of the total patients and 
achieved a CR rate of 87% with 5-year OS of 73%, whereas 
patients with high-risk disease (4 or 5 risk factors) who made 
up 16% of the total patients had a CR rate of 44% with 
5-year OS of 26%. Despite promising results in phase I! 
studies, none of the newer combination chemotherapy reg- 
imens resulted in improved outcome compared to CHOP 
chemotherapy (Fisher et al., 1993). CHOP with addition of 
rituximab (CHOP-R) became the standard of care for this 
disease with the publication of the GELA LNH9805 study 
which demonstrated improvement in CR rate and overall sur- 
vival with CHOP-R compared to CHOP in elderly patients 
with DLBCL (Coiffier et al., 2002). CHOP-R also improved 
outcome in young patients with low-risk disease (Pfreund- 
schuh etal., 2006). Patients at high risk of CNS relapse 
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including patients presenting with testicular or para-nasal dis- 
ease, or with bone marrow involvement by large cells receive 
methotrexate in addition, either intrathecally or by the admin- 
istration of high-dose systemic methotrexate. Treatment with 
aggressive chemotherapy protocols for patients presenting 
with high-risk features remains a question best answered in 
ongoing clinical trials. 

A number of salvage regimens have been devised for 
the almost 50% of patients with primary refractory disease 
or who subsequently relapse. These use non cross-resistant 
agents including Ara-C, platinum-based agents, ifosphamide, 
and etoposide. No randomized trials have been performed to 
compare the efficacy of these salvage regimens, but single 
arm studies have demonstrated response rates of 45- 65% 
with regimens including dexamethasone, cisplatin, cytara- 
bine (DHAP) (Velasquez etal., 1988), etoposide, methyl- 
prednisolone, cisplatin, cytrarabine (ESHAP) (Velasquez 
etal., 1994), and ifosphamide, carboplatin, etoposide (ICE) 
(M oskowitz etal., 1999). There is improved survival for 
patients who respond to salvage chemotherapy following 
high-dose therapy and ASCT (Philip et al., 1995) and this 
has become the standard of care for patients with relapsed 
DLBCL. 


Follicular Lymphoma 


Follicular lymphoma (FL) is a germinal centre B-cell lym- 
phoma believed to arise from centrocytes. Morphologically, 
it is composed of a mixture of centrocytes and centrob- 
lasts, and is graded from | to III dependent upon the 
proportion of large cells per high-power field. FL cells 
express CD19, CD20, and CD22, with surface immunoglob- 
ulin and 60% express CD10. A hallmark of the disease 
is the expression of BCL2, which in most cases is driven 
by the t(14;18). FL represents 35% of lymphomas in the 
western world. Grades | and II are indolent disease, while 
grade IIIb is more aggressive and is usually managed like 
DLBCL. The median age at presentation is 60 years. Patients 
usually present with asymptomatic lymphadenopathy. One- 
third of patients with FL present with localized disease, but 
50% of patients present with bone marrow involvement. 
The median survival of patients with FL is approximately 
10 years, and lymphadenopathy may wax and wane and spon- 
taneous remission can occur (Horning and Rosenberg, 1984). 
Disease transformation to a more aggressive histologic type 
is acommon terminal event (Bastion et al., 1997). An inter- 
national collaboration retrospectively evaluated presenting 
features for their prognostic significance and developed a 
follicular lymphoma international prognostic index (FLIP!) 
(Solal-Celigny et al., 2004), which is more useful than the 
IPI in determining outcome in FL patients. A five factor 
prognostic index was constructed based on age, stage, num- 
ber of nodal sites, haemoglobin, and LDH level. Grouping 
on the basis of number of risk factors resulted in three risk 
groups of almost equal numbers of patients. Patients who 
present with localized disease can be treated with radiother- 
apy and achieve very durable responses (Vaughan Hudson 
et al., 1994). Multiple treatment approaches exist for newly 


diagnosed advanced-stage FL and such patients are best 
treated in the setting of clinical trials. Options range from 
a watch and wait expectant management approach, to single 
agent chemotherapy or monoclonal antibody therapy with rit- 
uximab, to combination chemoimmunotherapy. Studies com- 
paring therapy at time of presentation with deferred treatment 
until time of progression have shown no survival benefit 
for early therapy (Brice et al., 1997; Ardeshna et al., 2003). 
Whether this will alter in the post-rituximab treatment era 
remains to be determined. Rituximab has shown activity in 
previously relapsed patients (McLaughlin et al., 1998), previ- 
ously untreated patients (Ghielmini et al., 2004), and addition 
of rituximab to CVP chemotherapy improves response rates 
and duration of response and may improve survival com- 
pared to CVP chemotherapy alone (Marcus etal., 2005). 
For patients with relapsed disease, high-dose chemotherapy 
and autologous SCT has been shown to be beneficial com- 
pared to conventional chemotherapy, in a randomized trial, 
although the patient numbers accrued to this study were small 
(Schouten et al., 2003). 


Mantle Cell Lymphoma 


Mantle cell lymphoma (MCL) was recognized as a distinct 
entity only in 1992. Histologically, MCL is composed 
of small cells with irregular nuclei, although the cells 
may be larger in the blastic variant. Immunophenotype is 
characterized by the coexpression of the T-cell antigen CD5, 
with the B-cell markers CD20, CD19, CD22, and CD79a. 
It is distinguished from CLL by the lack of expression of 
CD23, by bright CD20 and surface immunoglobulin and by 
expression of cyclin D1, which has dysregulated expression 
with the t(11;14). 

The median age of presentation is 65 years with a strong 
male preponderance. M ost cases are advanced stage at pre- 
sentation and extranodal involvement is common, especially 
in the GI tract (Romaguera etal., 2003). Factors associ- 
ated with poor prognosis include poor performance status, 
splenomegaly, anaemia, and age (Bosch et al., 1998). The 
IPI is of limited value in predicting outcome in this dis- 
ease. A small number of patients who present with lim- 
ited stage disease may potentially be cured by modified 
extended field radiation therapy. MCL has the poorest long- 
term survival of all the lymphoma subtypes and a watch 
and wait approach is generally not justified. The treat- 
ment of choice in this disease is entry into a clinical trial. 
Chemotherapy regimens achieve overall response rates of 
approximately 70%, with CR in 20-30% of cases (Van- 
denberghe et al., 1997). There is widespread acceptance of 
the use of anthracycline-based combination chemotherapy, 
despite the fact that the only randomized trial examining 
this question showed no benefit for CHOP compared to 
COP (Meusers et al., 1989). High response rates have been 
achieved using the cyclophosphamide, vincristine, doxoru- 
bicin, dexamethasone, methotrexate, high dose cytarabine 
(hyper-CVA D) regimen (Romaguera et al., 2000), especially 
when used in combination with rituximab (Romaguera et al., 
2005). Several phase II studies have suggested a role for 
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consolidation with high-dose therapy and autologous SCT 
(Stewart et al., 1995; Haas et al., 1996), although on longer 
term follow-up this does not appear to be curative (Freedman 
et al., 1998). Long lasting remissions can be achieved with 
the use of allogeneic SCT, but this is associated with a high 
morbidity and mortality in the more elderly patients with 
this disease (K roger et al., 2000). Recent results have sug- 
gested that non-myeloablative treatment approaches prior to 
allogeneic transplantation may be associated with decreased 
mortality and good disease control (Maris et al., 2004). 


HODGKIN’S LYMPHOMA (HL) 


HL is an uncommon disease with an incidence in North 
America and Europe of 2-3 cases per 100 000. In indus- 
trialized countries the disease had a bimodal age distribution 
with the first peak occurring in the third decade and a second 
peak occurring after the age of 50, although the second peak 
seems to have almost disappeared with reclassification of 
many cases of lymphocyte-depleted HL as DLBCL. Among 
young adults nodular sclerosing (NS) is more common than 
mixed cellularity (MC), with MC increasing in frequency 
with increasing age. The subtypes of lymphocyte-rich classic 
(LRC), nodular lymphocyte predominant (LP), and lympho- 
cyte depleted (LD) are more rare in western countries. In 
developing countries the disease occurs more frequently dur- 
ing childhood. 


Diagnosis and Staging 


For the initial diagnosis an excisional biopsy of a suspicious 
lymph node should be performed and assessed by an 
expert haematopathologist. Routine laboratory tests include 
complete blood count, erythrocyte sedimentation rate, and 
liver function tests. Assessment of the bone marrow is 
essential for staging, although less than 10% of cases have 
bone marrow involvement. The extent of HL is assessed 
using the four stage Ann Arbor classification, with the 
absence (A) or presence (B) of systemic symptoms (fevers 
>38°C, drenching night sweats or weight loss >10% of 
body weight). The Cotswold staging classification (Lister 
et al., 1989) further refines this staging system including such 
important prognostic information as the bulk of disease, size 
of the mediastinal mass, and the extent of subdiaphragmatic 
disease. Staging laporatomies are now a thing of the past 
based both on improved radiologic staging methods as well 
as increased use of systemic chemotherapy. CT scan of the 
chest, abdomen, and pelvis are now routinely performed 
and FDG-PET scans are increasingly being used. A large 
mediastinal mass is defined as one in which the mass is 
greater than one-third of the thorax. Patients with large 
mediastinal masses are at increased risk of relapse at 
subdiaphragmatic sites with radiation therapy alone. 


Prognostic Factors and Treatment Groups 


Prognostic factors define the likelihood of response and 
relapse of disease, which are useful both for the patient 


as well as for comparison of clinical trials. Risk factors 
include the presence of a large mediastinal mass, presence 
of extranodal disease, elevated erythrocyte sedimentation 
rate, more than three involved regions, and age older than 
50 years. For advanced-stage patients an international prog- 
nostic score (IPS) is now widely accepted and includes seven 
factors including serum albumin <4gdl~!, haemoglobin 
<10.5gdl-?, male gender, stage IV disease, age >45 years, 
white blood count >15000/mm3, and lymphocyte count 
<600/mm?, or <8% of the white blood count, which can 
be added together to give a score between 0 and 7. 

Until recently the following treatment approaches were 
employed: extended field radiation alone for early-stage 
favourable, moderate (usually four cycles) chemotherapy 
plus irradiation for early-stage unfavourable disease, and 
eight cycles of combination chemotherapy with or with- 
out consolidation irradiation. Extended field radiation alone 
produces CR rates of 90-98% of patients with early-stage 
favourable prognosis disease (Biti etal., 1992), although 
30-40% of patients will subsequently relapse. The major- 
ity of these patients can be salvaged using subsequent 
chemotherapy, so that the 10-year survival of early-stage 
patients treated initially with extended field radiotherapy 
is 75-85% (Horwich etal., 1997). There is also increas- 
ing concern about the risk of second cancers after radiation 
therapy, with a 17.6% cumulative incidence reported from 
Stanford (Tucker et al., 1988). In particular, there is a high 
risk of subsequent breast cancer in young women between 
the ages of 15 and 30 after mantle radiation (Aisenberg et al., 
1997). Therefore, there has been a recent trend towards com- 
bined modality treatment with lower dose irradiation even 
for favourable risk patients, and ongoing trials are assess- 
ing optimal treatment regimens, with abbreviated courses 
of chemotherapy with radiation given in smaller fields and 
lower doses. Certainly patients with early-stage unfavourable 
disease prognosis should be treated with combined modality; 
however, the prognostic factors used to determine this and the 
optimal chemotherapy and radiation to be delivered remain 
the subject of debate. Extended combination chemotherapy is 
indicated for patients with advanced stage of disease, with the 
doxorubicin, bleomycin, vinblastine, decarbazine (ABVD) 
regimen (Bonadonna etal., 1975) producing CR rates of 
80-90% and 5-year overall survival of 70-75%. ABVD 
appears equivalent to hybrid mechlorethamine, vincristine, 
procarbazine, prednisone (MOPP)/ABVD and both are bet- 
ter than M OPP (Canellos et al., 1992). Newer combinations 
including Stanford V (Bartlett et al., 1995) and bleomycin, 
etoposide, doxorubicin, cyclophosphamide, vincristine, pro- 
carbazine, and prednisone (BEACOPP) (Diehl et al., 1998) 
and dose escalated variants are currently under investigation. 

Patients who relapse after achieving a CR can achieve a 
second CR with salvage chemotherapy. The survival after 
conventional chemotherapy of patients who relapse after 
receiving initial irradiation for early-stage disease is at least 
equal to that of patients with advanced-stage disease treated 
initially with chemotherapy. The optimal treatment after 
relapse following combination chemotherapy is less clear 
and approaches including the use of salvage chemotherapy, 
second-line therapy, and high-dose therapy with autologous 
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or allogeneic SCT are being explored. High-dose therapy 
followed by autologous SCT can produce long-term disease 
free survival in 30-65% of patients with refractory or 
relapsed disease (Gribben et al., 1989; Bierman et al., 1993). 


MULTIPLE MYELOMA AND MONOCLONAL 
GAMMOPATHY 


Multiple myeloma (MM) remains a relatively rare haemato- 
logical malignancy accounting for only 10% haematological 
malignancies and is largely a disease of the elderly. However, 
the incidence is increasing, with the most rapid rise seen in 
younger patients. MM, although “treatable”, remains incur- 
able, and most patients die as a consequence of their disease. 
The monoclonal gammopathies represent a spectrum of dis- 
orders characterized by a clonal proliferation of plasma cells 
which produce a monoclonal immunoglobulin, either intact 
or in part, known as a paraprotein, M-band, or M -protein 
which can be identified electrophoretically or immunolog- 
ically. The term monoclonal gammopathies encompasses 
a wide range of disorders, ranging from those which are 
entirely asymptomatic and remain stable indefinitely or mon- 
oclonal gammopathy of uncertain significance (MGUS), to 
MM, an overtly malignant disease that is universally fatal. 
M GUS patients have a paraprotein of less than 30gI-?; 
bone marrow plasma cells less than 10% (with normal 
morphology); no other evidence of other B-cell disorders 
and no related end organ damage, including lytic bone 
lesions. The condition remains stable for many years in most 
patients and the risk of progression to myeloma (or other 
related plasma cell malignancy) is approximately 1% per year 
(30% progression at 25 years). Asymptomatic or smoulder- 
ing myeloma represent those patients having a paraprotein of 
greater than 30 g!-! or bone marrow plasmacytosis of greater 
than 10% but have no related organ damage. These patients 
often behave in a fashion similar to those with MGUS but 
have a higher risk of progression. Patients with smoulder- 
ing myeloma may also have small amounts of paraprotein 
detectable in the urine and reduced concentrations of normal 
immunoglobulins together with a very low rate of plasma 
cell proliferation. Symptomatic MM is also characterized by 
a neoplastic proliferation of plasma cells producing a para- 
protein. The clone proliferates in the bone marrow, usually 
involving adjacent bone and resulting in local bone destruc- 
tion. Local bone destruction together with the paraprotein 
itself results in related organ or tissue impairment, including 
hypercalcaemia (calcium >0.25 mmol I7} above upper limit 
of normal), renal insufficiency (creatinine +173 mmol I7}), 
anaemia (<2 g I7] below lower limit of normal), bone lesions 
(lytic or osteoporosis with compression fractures), hyper- 
viscosity, and recurrent bacterial infections as a result of 
immunocompromise. In addition, clonal plasma cells are 
demonstrated in the bone marrow and a paraprotein demon- 
strated in the serum or urine or both. Once end-organ damage 
is present there is no minimum quantity of either paraprotein 
or bone marrow plasmacytosis required to make a diagno- 
sis of MM. Non-secretory MM is seen in 3% of patients 
in whom there is detectable paraprotein in either serum or 


Table 8 Durie-Salmon staging system for multiple myeloma. 


Stage 1 (low tumour burden) 
All criteria must be satisfied 
Haemoglobin >10 gdl-? 
Serum Calcium <3 mmol |71 
M aximum of 1 lytic bone lesion 
Low paraprotein production 

IgG <50gl7} 

IgA <30gI+ 

Urinary light chains <4 g/24 hours) 
Stage 2 (intermediate tumour burden) 
Patients not fulfilling criteria for stage 1 or 3 
Stage 3 (high tumour burden) 
Haemoglobin <8.5 g dl~? 
Serum calcium >3 mmol |7} 
M ultiple lytic bone lesions 
High paraprotein production 

IgG >70gl7} 

IgA >50gl7} 

Urinary light chains >12 g/24 hours 
A - serum creatinine <175 mmol |7? 
B - serum creatinine >175 mmol I7} 


urine. These patients must have a bone marrow clonal plas- 
macytosis of greater than 10% or a plasmacytoma and related 
end organ damage including bone lesions. The clinical man- 
ifestations of MM are the direct consequence of marrow 
infiltration with plasma cells, the production of the mono- 
clonal protein in blood and or urine, and immune deficiency. 
Bone pain, most often back pain is present in more than 
two-thirds of patients at diagnosis. Renal insufficiency may 
be due to myelomatous infiltration of the kidney or secondary 
to hypercalcaemia, which occurs in 30-40% of patients. If 
a diagnosis of MM is suspected, serum electrophoresis, radi- 
ological survey of the bones and bone marrow aspirate, and 
biopsy are required. The aspirate should be sent for cyto- 
genetics. In cases of severe back pain an MRI should be 
performed to rule out cord compression. 

M yeloma is staged using the Durie- Salmon staging sys- 
tem as shown in Table 8. This staging system attempts to 
quantify tumour burden with low tumour burden in stage | 
and high tumour burden in stage III, stage II being interme- 
diate. The classification is further subdivided by renal func- 
tion - patients with normal renal function are sub-grouped 
as A and those with impaired renal function as B. Stage | 
patients have a better prognosis than stage III patients and 
within a stage those with type A disease have a better prog- 
nosis than type B; although most patients with symptomatic 
myeloma have stage III disease. 

Attempts have been made to modify the Durie-Salmon 
staging system to incorporate other prognostic features. An 
International Staging System (ISS) has recently been pub- 
lished which is based on £2-microglobulin and albumin 
and uses only three stages: stage | - 6o-microglobulin less 
than 3.5mgl-! and albumin greater than 35gl-}; stage 
I] - B2-microglobulin less than 5.5mg!-?, and/or albumin 
less than 35gI—!; and stage 3 - {o-microglobulin greater 
than 5.5 mg 17} (Greipp et al., 2005). This system distributes 
patients more evenly through the three stages and separates 
patients into useful prognostic groups with median survivals 
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of 62, 44, and 29 months respectively. The ISS provides prog- 
nostic information independent of age and type of therapy. 
Additional prognostic information can be obtained by cyto- 
genetic analysis. The most common abnormality is deletion 
of chromosome 13, which is found in up to 50% of newly 
diagnosed patients when interphase FISH is used to detect 
the abnormality (Fonseca et al., 2003). There is an associ- 
ation between 13q deletions and some IgH translocations. 
13q deletion has been reported in up to 80% of cases with 
t(4;14) and in virtually all cases with t(14;16). Deletion of 
chromosome 17p13 is rarer, but is more frequently found 
late in the history of the disease, suggesting that clonal evo- 
lution has already occurred. IgH translocations with recurrent 
partners are only easily identified using interphase FISH. All 
plasma cells have undergone extensive somatic recombina- 
tion and hypermutation of the IgH region and in particular 
the variable region to allow switch recombination to occur. 
Almost all IgH translocations in myeloma have a break sit- 
uated in the switch region as it is the last rearrangement to 
have occurred in plasma cells; in contrast to other B-cell 
malignancies where translocations frequently involve other 
loci (e.g., in FL most translocations involve the J region as 
this is the region rearranged at the follicular stage of devel- 
opment). The t(11;14)(q13;q32) translocation is the most 
frequent translocation found in myeloma cells. It is found 
in 5% of patients with myeloma by conventional cytogenet- 
ics and about 15-20% by FISH. The break point is highly 
variable and occurs over a large region. t(4;14)(p16;q32) is 
found in approximately 10- 15% of patients with myeloma. 
The translocation can only be detected by molecular tech- 
niques due to the telomeric position of the break point on 
chromosome 4. 

The introduction of melphalan and prednisolone chemo- 
therapy more than 30 years ago represented a considerable 
advance in the management of the disease. M elphalan alone 
or in combination with prednisolone achieves responses in 
40-50% of cases, as defined by symptom control and at 
least 50% reduction of the paraprotein. Onset of remission is 
gradual and few patients achieve CR. The median duration of 
response is 2 years with overall survival of 3 years (Cooper 
et al., 1986). Attempts have been made to improve on these 
outcomes using more aggressive combination chemotherapy 
including drugs such as cyclophosphamide, melphalan, 
vincristine, adriamycin, and carmustine (BCNU). Many of 
these regimens showed an increase in the CR rate to 10% but 
meta-analysis of 27 trials including 6633 patients showed no 
difference in the overall survival despite significantly more 
toxicity (Myeloma Trialists’ Collaborative Group, 1998). 
More recently, induction with non-alkylator-based regimens 
such as vincristine, adriamycin, and dexamethasone (VAD) 
or similar ones achieve a 55-65% response rate (Alexanian 
et al., 1990). Such regimens allow collection of peripheral 
blood stem cells which can be used to support high-dose 
chemotherapy such as melphalan 200mgm-? and these 
strategies have been shown to achieve superior survival over 
conventional chemotherapy (Attal et al., 1996). High-dose 
melphelan and autologous SCT is now recommended as first- 
line therapy for patients under 60 and for patients aged 60- 70 
if considered fit enough to tolerate the procedure. 


At present there is no standard second-line therapy for 
relapsed or refractory disease in myeloma. Therapeutic 
options include further treatment with corticosteroids and 
conventional chemotherapy. N ewer agents being investigated 
include thalidomide, lenalidomide, and bortezimib. Synergy 
has been observed for these agents with corticosteroids and 
the use of these agents in combination is the focus of ongoing 
clinical trials. 


SUPPORTIVE CARE 


The major advances made in the treatment of the haema- 
tological malignancies could not have occurred without 
the concomitant improvements made in supportive care of 
patients. A few general measures include the institution of 
sufficient intravenous fluids to maintain good urine output 
before and during infusion of chemotherapy, along with 
correction of electrolyte disorders and use of agents includ- 
ing allopurinol or, more recently, raspuricase to prevent or 
ameliorate tumour lysis syndrome. M any patients will expe- 
rience prolonged periods of pancytopaenia and will require 
blood product support, including red cell and platelet trans- 
fusions. Platelets are generally given when the platelet count 
falls below 10000/\l. Long-term neutropaenia remains an 
important risk factor for infection. Successful management 
of febrile neutropaenia includes isolation of at-risk patients, 
general hygiene, and institution of appropriate antibiotic 
prophylaxis and rapid commencement of empirical broad- 
spectrum IV antibiotics with fever. The use of haematopoietic 
growth factors is a valuable component of supportive care 
during intensive chemotherapy regimens and to mobilize 
stem cells prior to SCT. 
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INTRODUCTION 


The diagnosis and treatment of early lung cancer, as well 
as the handling of complications of late-stage lung can- 
cer, often require a multidisciplinary approach. Although 
evidence-based medicine provides guidelines for the treat- 
ment of most common presentations, there are, inevitably, 
patients whose clinical presentation does not fit into standard 
treatment guidelines and cases where individualized manage- 
ment is necessary. 

Major oncology centres in Europe and North America 
have institutional multidisciplinary teams across a number of 
malignancies, including chest tumours. Participants in these 
regular meetings are specialists of various areas, including 
lung physicians, medical oncologists, thoracic surgeons, 
and radiation oncologists. The presentation of the cases is 
supported by dedicated radiologists and pathologists, who 
review each individual case. The principal aim of the team 
is to ensure that every patient receives optimal diagnosis and 
treatment according to national and international guidelines 
and to remain up to date with the knowledge of medical 
literature. The work of the team also helps in streamlining 
the principal procedures and management of patients across 
different specialities. Its work can also be of support for 
the execution of clinical and translational research in the 
setting of academic institutions. Last but not least, the 
multidisciplinary team also provides a way to establish 
short communication lines for a smooth diagnostic path 
and treatment of patients and deals with potential problems 
for the rapid assessment of patients (eg., availability of 
diagnostic tools, waiting lists, etc.). 

Of course, specialized multidisciplinary teams are only 
possible in large centres, where all the involved specialities 
are available (i.e, medical oncology, pulmonology, thoracic 
surgery, and radiation oncology). These teams can also 
be consulted from peripheral or smaller institutions, where 
one or more specialities may not be present (e.g., thoracic 
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surgery). In this case, patients may be referred to the central 
institution for all or part of the diagnostic or therapeutic path. 


EPIDEMIOLOGY 


Lung cancer represents the foremost cancer killer for both 
genders. Approximately 174000 new cases per year are 
diagnosed in the United States (Jemal et al., 2006). Most 
patients will die of the disease, and the 5-year survival 
rate is approximately 13% in most countries. There are 
essentially two major forms of lung cancer, small cell lung 
cancer (SCLC), which accounts for approximately 10-15% 
of cases, and non-small cell lung cancers (NSCLCs), which 
account for the majority of lung cancers. A bout 85% of lung 
cancers are due to tobacco smoke. Among the NSCLCs, there 
are at least three distinct histological subtypes recognized: 
adenocarcinoma, squamous cell carcinoma, and large cell 
undifferentiated carcinoma. As cytological examination has 
increasingly been used in recent years, sometimes no subtype 
is recognized, and a diagnosis of undifferentiated carcinoma 
is made. Adenocarcinoma is the most frequent subtype 
of lung cancer in the United States and northern Europe, 
whereas in southern Europe the squamous cell carcinoma 
histology is still the most frequent form. Adenocarcinoma 
has increased dramatically in incidence in western countries 
in the past decade, probably as a result of changes in cigarette 
smoke, with corresponding fall in the proportion of squamous 
cell carcinoma and SCLC. In Asian countries, approximately 
20-30% of lung cancers occur in never-smokers, mainly 
women, and this is possibly caused by passive smoking 
(see Respiratory System). 


DIAGNOSIS 


Symptoms of lung cancer are usually elusive and this is 
responsible for the late diagnosis in most cases of lung 
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cancer. Common symptoms are cough, dyspnoea, chest pain, 
and haemoptysis. General symptoms such as fatigue, weight 
loss, and anaemia may be related to the late diagnosis of the 
tumour. The most common metastatic sites are lung, liver, 
adrenals, bone, and brain. A number of paraneoplastic syn- 
dromes are associated with lung cancer, the most frequent 
being hypertrophic pulmonary osteoarthropathy character- 
ized by finger clubbing. 

The diagnosis requires cytological or histological proof 
of lung cancer. This is typically obtained by bronchoscopy, 
especially for central lesions. Often, however, bronchoscopy 
is not successful in providing a diagnosis in more periph- 
eral lesions, where transthoracic needle biopsy can be of 
help. If the primary tumour cannot be adequately accessed, 
the pathological diagnosis often can be made by biopsy of 
locoregional lymph nodes (e.g., mediastinoscopy, transoe- 
sophageal biopsy). Figure 1 depicts the algorithm for the 
diagnosis of lung cancer. 

Radiology assessment includes a chest X ray, followed by 
CT scan of the chest and upper abdomen. Other radiological 
tests are to be performed to rule out metastases in case of 
symptoms (e.g., bone scan, CT/MRI brain). The workup 
for SCLC is more extensive than for NSCLC due to 
its higher propensity to develop early metastases in this 
tumour type. The introduction of 18F-FDG-PET scan has 
become routine in the preoperative staging of patients with 
NSCLC, and it is a valuable tool to identify metastatic 
disease, which will render the patient ineligible for local 
therapies (van Tinteren et al., 2002). Both SCLC and NSCLC 
are usually positive on an '8F-FDG-PET scan, with the 
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Figure 1 Diagram of diagnostic workup of lung cancer. Endobronchial 
ultrasound (EBUS); Oesophageal ultrasound (EUS); Fine needle aspiration 
(FNA). 
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notable exceptions of bronchioloalveolar carcinoma (BAC) 
and typical carcinoids. 


STAGING 


Staging of SCLC includes a full blood count and biochem- 
istry; CT scans of chest, brain (although MRI preferred), 
and upper abdomen; and a bone scan. Although blood tests 
are rather non-specific, and are usually altered only in very 
advanced cases, sometimes they may indicate or help in the 
diagnosis of paraneoplastic syndromes (e.g., high alkaline 
phosphatase in case of hypertrophic pulmonary osteopathy, 
low sodium in case of syndrome of inappropriate anti-diuretic 
hormone (SIA DH)). The use of bone marrow biopsies has 
been abandoned in most centres and is limited to patients 
who have a suspicion of bone marrow invasion on a blood 
smear. As surgery is rarely applied in SCLC, the stag- 
ing classification is still a simplified VA two-stage system: 
limited and extensive disease. Limited disease essentially 
includes the primary tumour and locoregional lymph node 
involvement that can be encompassed by one port of radio- 
therapy. Extensive disease is any tumour extension beyond 
the chest or that cannot be encompassed by one radio- 
therapy port, including the presence of malignant pleural 
effusion. 

Staging of NSCLC includes a full blood count and bio- 
chemistry, CT scan of chest and upper abdomen. There is 
no specific tumour marker for lung cancer, although CEA 
is elevated in approximately one-third of adenocarcinomas, 
and infrequently in other histological types. The staging 
classification used for NSCLC is the TNM staging sys- 
tem, which includes four major stages (Table 1) (M ountain, 
1997). The use of 8F-FDG-PET has become standard in 
many centres for the preoperative staging of patients with 
NSCLC (van Tinteren et al., 2002). 18F-FDG-PET scanning 
is strongly positive in almost all bronchial carcinomas and 
lymph node metastases. Because of the difficulty in localiz- 
ing structures with an ‘8F-FDG-PET, this investigation is 
always performed with a CT scan, and newer equipment 
provides both machines combined. Figure 2 describes the 
various steps required in the staging of patients with lung 
cancer. The major utility of the °F-FDG-PET is to exclude 
patients with distant metastasis from local treatment. 18F - 
FDG-PET scanning detects distant metastases in 10% of 
patients in locations not investigated by routine CT scan- 
ning. In the case of enlarged mediastinal lymph nodes seen 
on a CT scan, but a negative (dedicated) 1®F-FDG-PET scan 
in the mediastinum, no mediastinoscopy is performed, and 
patients may proceed directly to thoracotomy. A negative 
18F_FDG-PET scan of the mediastinum has a negative pre- 
dictive value of over 95%. In case of enlarged mediastinal 
lymph nodes (>1cm in the short axis) that are positive on an 
18FFDG-PET, pathological evaluation of the mediastinum is 
indicated to exclude N2 disease, because this finding usually 
prevents the possibility of an RO resection, unless only one 
station is involved. The predictive value of mediastinoscopy 
is greater than that of !8F-FDG-PET scan. The positive pre- 
dictive value of 1®F-FDG-PET for mediastinal lymph nodes 
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Table 1 TNM staging system (M ountain, 1997). 


T - Primary tumour 


TX Primary tumour cannot be assessed, or tumour proved by the presence of malignant cells in sputum or bronchial washings but not 
visualized by imaging or bronchoscopy 

TO No evidence of primary tumour 

Tis Carcinoma in situ 

T1 Tumour 3cm or less in greatest dimension, surrounded by lung or visceral pleura, without bronchoscopic evidence of invasion 
more proximal than the lobar bronchus (i.e., not in the main bronchus) 

T2 Tumour with any of the following features of size or extent: more than 3cm in greatest dimension; involves main bronchus, 2 cm 


or more distal to the carina; invades visceral pleura; associated with atelectasis or obstructive pneumonitis, that extends to the hilar 


region but does not involve the entire lung 


T3 Tumour of any size that directly invades any of the following: chest wall (including superior sulcus tumours), diaphragm, 
mediastinal pleura, parietal pericardium; or tumour in the main bronchus less than 2cm distal to the carina but without 
involvement of the carina; or associated atelectasis or obstructive pneumonitis of the entire lung 

T4 Tumour of any size that invades any of the following: mediastinum, heart, great vessels, trachea, oesophagus, vertebral body, 
carina; separate tumour nodules in the same lobe; tumour with malignant pleural effusion 


N - Regional lymph nodes 








Stage 0 - Tis NO MO 

Stage la - T1 NO MO 

Stage Ib - T2 N0 MO 

Stage Ila - T1 N1 MO 

Stage Ilb - T2 N1 M0; T3 NO MO 
Stage Illa - T1-3 N2 M0; T3N1 MO 
Stage IIIb - T4 any N MO; any T N3 MO 
Stage IV - any T any N M1 


NX Regional lymph nodes cannot be assessed 

NO No regional lymph node metastasis 

N1 M etastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary nodes, including involvement by 
direct extension 

N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph nodes 

N3 Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or supraclavicular lymph nodes 

M - Distant metastasis 

MX Distant metastasis cannot be assessed 

MO No distant metastasis 

M1 Distant metastasis, includes separate tumour nodules in a different lobe (ipsilateral or contralateral) 


(Reproduced from (M ountain, 1997) by permission of American College of Chest Physicians) 
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Figure 2 Extent of disease evaluation. Endobronchial ultrasound with 
transbronchial needle aspiration (EBUS-TBNA); Oesophageal ultrasound 
with fine needle aspiration (EUS-FNA); Video assisted thoracoscopic 
surgery (VATS). 


is low; in fact, inflammation resulting from post-obstruction 
pneumonia or silicosis may result in !®F-FDG-PET-positive 
nodes, so verification in these cases is mandatory. The medi- 
astinal lymph node stations are numbered 1- 9, and the lymph 


nodes of the lung 10-13, in a centrifugal order. The sen- 
sitivity of cervical mediastinoscopy is over 80% and the 
negative predictive value is approximately 90%. The role 
of mediastinoscopy has become less clear in the recent 
years due to the advent of less invasive endoscopic tech- 
niques such as EUS-FNA (oesophageal ultrasound with fine 
needle aspiration and EBUS-TBNA (endobronchial ultra- 
sound with transbronchial needle aspiration). The indication 
for each of these techniques is dependent on the localiza- 
tion of the presumed mediastinal lymph node metastasis, 
and the setting in which staging is performed (i.e., before 
or after induction therapies). As re-mediastinoscopy is a 
demanding and sometimes dangerous procedure, staging by 
endoscopic techniques is preferable so that cervical medi- 
astinoscopy can be reserved for the restaging of patients 
who will undergo surgery. PET scan combined with CT scan 
also has a role in the preoperative restaging of stage III 
disease after neoadjuvant treatment (De et al., 2006a). For 
patients with localized disease (stage | - Illa) who are candi- 
dates for surgery, assessment of functional reserve should be 
part of the multidisciplinary approach. Because the major- 
ity of patients have associated comorbidities, in particular, 
tobacco-related diseases such as COPD (chronic obstruc- 
tive pulmonary disease) and cardiovascular diseases, full 
lung function assessment (including dynamic lung volumes, 
CO diffusion, perfusion scanning, and, in marginal cases, 
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exercise testing), and cardiovascular assessment (including 
stress ECG, echocardiography) are mandatory. Several algo- 
rithms have been proposed to differentiate medically inop- 
erable patients from those who are fit to undergo a major 
resection (lobectomy or pneumonectomy), of which, that pro- 
posed by Bolliger and Perruchoud (1998) is most widely 
used. In general, pulmonary function tests alone overesti- 
mate the functional loss after lung resection. Lung function 
assessment is also mandatory for those patients with locally 
advanced disease who are treated with combinations of radio- 
therapy and chemotherapy. 


TREATMENT OF SMALL CELL LUNG CANCER 


SCLC is considered to be a metastatic disease at diag- 
nosis in most patients, and chemotherapy is the corner- 
stone treatment for this tumour type (Jackman and Johnson, 
2005). Chemotherapy is combined with chest radiotherapy in 
limited-disease cases, whereas it is the sole treatment modal- 
ity for extensive-disease cases. Surgery is rarely employed 
in SCLC, because of the frequent early and widespread dis- 
semination of the disease. A randomized study failed to 
show improvement of survival by surgery used after induc- 
tion chemotherapy, compared to radical radiotherapy (Lad 
et al., 1994). In about 10% of patients with SCLC treated 
with chemotherapy, histology is that of aNSCLC after treat- 
ment (Lad et al., 1994). This is probably due to the presence 
of a histological combined form at diagnosis, and given the 
lower sensitivity of the NSCLC component to chemotherapy, 
the residual tumour after induction chemotherapy contains 
therefore cells of NSCLC histology. Resection of the resid- 
ual tumour may be indicated in these cases. Chemotherapy 
should be given as an adjuvant after the operation at all stages 
because of the high risk of recurrence. 

Chemotherapy is highly effective in SCLC, with major 
response rates of 80-90% in limited disease and 50-60% 
in extensive disease. The complete remission rate in lim- 
ited disease is approximately 20-30%, and lower than 
10% in patients with extensive disease. The median sur- 
vival of patients with limited disease treated by concomi- 
tant chemoradiotherapy is approximately 18-23 months and 
that of patients with extensive disease is approximately 
10 months. Approximately 15-26% of patients with limited 
disease are alive at 5 years (Turrisi, 2003), and virtually none 
of those with initial extensive disease. Prophylactic cranial 
irradiation is indicated in patients with limited disease who 
achieve a complete or almost-complete response to treatment. 
In fact, prophylactic cranial irradiation is able to reduce the 
risk of occurrence of brain metastases significantly, and it 
also improves survival (A uperin et al., 1999). 

Chemotherapy is mainly platinum based, although sev- 
eral other regimens that did not include platinum com- 
pounds (e.g., vincristine, cyclophosphamide, and doxorubicin 
as the combination CAV and etoposide, doxorubicin, and 
cyclophosphamide as the combination CDE) have been used 
in the past. Although the evidence is not very strong, some 
studies suggested better results with cisplatin-containing 


chemotherapy. Cisplatin- etoposide is the most commonly 
utilized regimen, and it is the preferred and standard reg- 
imen in programs of concomitant chemoradiotherapy. The 
doses are as follows: cisplatin 80mg m~? day 1, and etopo- 
side 120mg m~? days 1-3, every 3weeks. Chemotherapy 
is given for a relatively short time (four to six cycles). 
The continuation of chemotherapy with the same regimen 
or other maintenance regimens did not improve survival 
and had a detrimental impact on quality of life because of 
increased toxicity. However, several studies of maintenance 
chemotherapy have suggested an improvement in time to 
progression (Giaccone et al., 1993). 

Chest radiotherapy should be started early, as a number of 
studies have demonstrated that early and concomitant radio- 
therapy is superior to delayed and sequential chemotherapy 
followed by radiotherapy. Using meta-analysis methodology, 
the time between the first day of chemotherapy and the last 
day of chest irradiation was found to be the most impor- 
tant predictor of survival in limited-disease SCLC (De et al., 
2006b). This indicates that the start of radiotherapy should 
be as early as possible, although this is logistically not fea- 
sible at some centres because of insufficient capacity. M ost 
chest radiotherapy regimens administer a dose of 40-50Gy 
using once-daily fractions of 1.8-2.5Gy. Although a ran- 
domized study demonstrated that twice-daily radiotherapy 
using 1.5Gy fractions was superior to once daily (Turrisi 
et al., 1999), the twice-daily schedule poses significant logis- 
tical problems and is not used in most centres. Because of 
logistics, and because sometimes the field of irradiation is 
too large at the beginning of chemotherapy, radiotherapy is 
often started after one or two cycles of chemotherapy have 
been given, when substantial tumour shrinkage has already 
occurred. 

Prophylactic cranial irradiation should also be started rela- 
tively early, when a complete remission has been ascertained. 
A standard regimen of prophylactic cranial irradiation is 
30 Gy in 10 fractions, but several other regimens have also 
been shown to be effective. An international study comparing 
a low-dose scheme (10 fractions of 2.5Gy) to a high-dose 
scheme (18 fractions of 2 Gy) in more than 700 patients with 
limited-stage disease has been completed, and the results are 
awaited. Shorter- and higher-dose radiation therapy are, how- 
ever, associated with increased toxicity in the long term. For 
patients with extensive disease, the use of prophylactic cra- 
nial irradiation is more controversial, and the results of a 
randomized European Organization for Research and Treat- 
ment of Cancer (EORTC) phase III trial comparing low-dose 
radiotherapy with observation are expected in 2007. 

For extensive disease, cisplatin can be replaced by car- 
boplatin, which is a somewhat less-toxic drug and easier to 
handle in the out-patient setting than cisplatin. Although cis- 
platin is probably more potent than carboplatin in SCLC, for 
extensive disease where cure is unlikely, palliation becomes 
the most important objective of chemotherapy, and there- 
fore an adequate balance with toxicity is warranted. Car- 
boplatin- etoposide is an acceptable regimen for treatment 
of extensive disease. The doses of the drugs are carbo- 
platin AUC 5 and etoposide 120mgm~* on days 1-3 of 
a 3-weekly cycle. Despite a positive study from Japan, 
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where cisplatin- irinotecan was shown to be superior to cis- 
platin- etoposide in patients with extensive-disease SCLC 
(Noda et al., 2002), these results could not be confirmed in 
studies conducted in the west. 

Unfortunately, the vast majority of patients with SCLC 
will relapse and require second-line chemotherapy. If the 
patient responded to prior chemotherapy and the interval 
between the progression and the termination of the first- 
line chemotherapy is longer than three months, the same 
regimen used as first-line chemotherapy can be used again. 
The response rate to the same regimen is somewhat lower 
than that obtained in first line and is in the order of 30-50%. 
If patients did not respond to first-line chemotherapy or 
had an interval without treatment shorter than three months 
before they progressed, there is then very little chance that 
any chemotherapeutic agent will work, and these patients 
are candidates for experimental treatment. Some activity has 
been obtained with paclitaxel-containing regimens in this 
setting. Topotecan is the only agent registered for the second- 
line treatment of patients with SCLC for both sensitive and 
resistant disease, with response rates ranging from less than 
10% in resistant disease to approximately 20% in sensitive 
cases (Ardizzoni, 2004). Topotecan is given at 1.5 mg m~? 
i.v. for 5 consecutive days every 3weeks. However, this 
regimen has substantial myelosuppression in this patient 
population, and whenever possible relapsing patients should 
be referred to large centres and be offered experimental 
treatment if available. 


TREATMENT OF NON-SMALL CELL LUNG 
CANCER 


Patients with stage 1-11 NSCLC are surgical candidates, pro- 
vided that no medical contraindications exist (e.g., poor lung 
function, high cardiac risk). A chart of the diagnostic workup 
for a patient with NSCLC is presented in Figure 1. A lim- 
ited number of patients with stage Illa are surgical candidates 
(i.e., single mediastinal station positive); however, a number 
of patients will be found to have positive mediastinal nodes 
at post-operative pathology examination. An area of con- 
troversy is the extent of mediastinal lymph node dissection: 
most centres only perform sampling of the mediastinal nodes, 
whereas a few use systematic dissection. The latter provides 
better pathological staging, which may be of importance to 
decide on adjuvant treatment strategies. 

Surgical resection consists of resection of the affected 
part of the lung together with the corresponding interlobar, 
hilar, and mediastinal lymph nodes. In 10-20% of the 
patients, the pathological examination will result in an 
increase of the TNM stage. A formal lobectomy is the 
resection of choice for all tumours, as lesser resections have 
resulted in more local recurrences. If a tumour crosses a 
fissure, lobectomy with a wedge resection of the second 
lobe is the treatment of choice. For more centrally located 
tumours, a bilobectomy (right middle and lower lobe) or 
a pneumonectomy has to be performed. Pneumonectomy 
carries a twofold higher post-operative mortality (8- 10% vs 


4-5% for lobectomy) due to strain on the right ventricle and 
the occurrence of empyema, so the rate of pneumonectomies 
should be kept low (<35% of all resections). Interest for 
lesser-than-anatomical resections, that is, segmentectomies 
and wedge resections, has reemerged, in particular, for 
patients who present without apparent nodal disease using 
modern imaging techniques and/or patients with lung nodules 
detected accidentally or by a screening CT scan. 

Patients with stage | NSCLC who are surgical candidates 
but are medically inoperable due to comorbid conditions 
should be evaluated for treatment with stereotactic radiother- 
apy: the survival rates, in case of stage IA disease are in the 
range of those obtained with surgery (Onishi et al., 2004). 
In some cases of small peripheral tumours without involve- 
ment of regional lymph nodes on imaging studies, a resection 
via VATS (video assisted thoracoscopic surgery) can also be 
performed. 

The aim of surgery is a radical or RO resection. Recently 
criteria have been established for an RO resection, which 
include free resection margins proven microscopically, sys- 
tematic nodal dissection or lobe-specific systematic nodal 
dissection, no extracapsular nodal extension of the tumour, 
and negativity of the highest mediastinal node (Rami-Porta 
et al., 2005). Hilar mediastinal lymph nodes are removed 
en bloc in the operation, and mediastinal lymph nodes are 
sampled systematically. Some centres perform systematic 
mediastinal node dissection, but this is a procedure with 
a higher morbidity without clearly superior results to the 
sampling. 

Exploratory thoracotomies are unfortunately unavoidable 
even now particularly in patients with T4 disease where a RO 
resection cannot be ascertained with preoperative workup. 
Despite the refinement of preoperative staging, however, 
in 3-5% of thoracotomies, resections are not radical or 
not technically feasible. Surgery is, however, sometimes 
feasible in stage IIIb T4 tumours, especially if no N2 
or N3 involvement is present. In these cases, combined 
chemoradiotherapy followed by surgery has been attempted 
with some success. Even a few patients with stage IV 
single brain or single adrenal metastases can be managed 
by metastasectomy. These patients can undergo resection of 
the metastasis and the primary tumour, and 5-year survival 
rates of approximately 25% have been reported. 

Post-operative radiotherapy was long considered a stan- 
dard procedure, as 20-40% of patients still have a local 
tumour failure even after a complete surgical resection and 
adjuvant chemotherapy. However, a meta-analysis revealed 
that post-operative radiotherapy was not associated with an 
overall improvement in survival, and subset analyses sug- 
gested that post-operative radiotherapy could be deleterious 
in terms of overall survival among patients who had a com- 
plete resection and no mediastinal involvement (either pN 0 or 
pN 1) (Bogart and Aronowitz, 2005). This meta-analysis has 
been criticized because it was based on older trials that used 
equipment (cobalt machines), radiotherapy dose regimens, or 
radiotherapy volumes that are not part of currently accepted 
practices. A SEER population-based cohort recently reported 
that use of post-operative radiotherapy was associated with 
an increase in survival in patients with N2 nodal disease, but 
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not in patients with N1 and NO nodal disease (Lally et al., 
2006). Therefore, it is important to re-evaluate this approach 
in the modern era of improved radiotherapy technology and 
improved regimens of adjuvant chemotherapy for patients 
with resected NSCLC who are at high risk for locoregional 
failure (Bonner and Spencer, 2006). A large international 
study of post-operative radiotherapy in completely resected 
stage III-N2 disease has been initiated in 2006. 

Adjuvant chemotherapy is becoming standard treatment 
for radically resected NSCLC. Several studies and recent 
meta-analyses have shown a significant improvement of 
approximately 5% in survival at 5 years when cisplatin- 
based chemotherapy is given (Laskin, 2005). The regimen 
that most consistently gave improved survival is the cis- 
platin- vinorelbine regimen (Arriagada et al., 2004). There 
are several cisplatin- vinorelbine regimens, but the one 
selected in one randomized study is constituted by cisplatin 
50mgm-~? days 1 and 8 for four cycles, and vinorelbine 
25 mg m~? every week for 16 weeks (Winton et al., 2005). A 
total of three to four cycles of chemotherapy have been given 
in most adjuvant studies so far. Other regimens, although 
possessing a similar activity in advanced disease, have not 
been adequately tested in the adjuvant setting. The patho- 
logical stages Ib- Illa have been included in most adjuvant 
randomized studies, but the benefit of adjuvant chemotherapy 
in stage Ib is still controversial. 

A few studies have tested the use of neoadjuvant 
chemotherapy in resectable disease (Depierre et al., 2002). 
Although of potential benefit at least to select patients who 
may most benefit from adjuvant chemotherapy, neoadjuvant 
chemotherapy in this setting has to be considered investiga- 
tional and should only be performed in the frame of clinical 
trials. 

For locally advanced disease, combined modality 
approaches are to be considered. Superior sulcus tumours 
(Pancoast’s tumours) are relatively uncommon tumours, 
and, when technically operable, these are now widely 
treated with cisplatin-based concurrent chemoradiotherapy 
of 45Gy, followed by surgical resection (Pitz et al., 2004; 
Rusch etal., 2001). The cisplatin- etoposide- radiotherapy 
scheme is recommended for clinical use for NSCLC of 
the superior sulcus. Patients enrolled in a recent North 
American study were treated with a cisplatin- etoposide 
combination, and the median and 5-year survivals for all 
patients were 33months and 41%, whereas for patients 
undergoing complete resection, they were 71months and 
53%, respectively. Pathologic complete responses were 
found in 32 (36%), and this predicted a better survival 
(RR = 2.04; P = 0.04). 

In stage Illa-N2 disease, neoadjuvant therapy has been 
extensively investigated. The use of chemotherapy alone 
achieves a response rate of 50-60% and can be followed 
by radical surgery in approximately 70% of cases. The 
combined use of chemotherapy and radiotherapy induces a 
higher number of pathological complete responses (less than 
5% with chemotherapy alone, 15-20% with chemoradio- 
therapy). The use of surgery after neoadjuvant chemother- 
apy or chemoradiotherapy is not justified in most patients, 
although surgery may be considered in patients in good 


condition who have achieved mediastinal downstaging (i.e., 
preoperatively proven pathological clearance of involved 
mediastinal lymph nodes) and do not need a pneumonec- 
tomy. The complication rate after chemoradiation is sig- 
nificantly higher than with chemotherapy alone, involving 
radiation pneumonitis and severe oesophagitis as well as 
myelosuppression. 

For more advanced stage III cases, surgery can only 
be considered in exceptional cases, and chemoradiother- 
apy is the standard approach. Radiotherapy alone can still 
be administered in patients who are not fit for chemother- 
apy, but the results of radiotherapy alone are inferior to 
those of chemotherapy plus radiotherapy. There are several 
chemotherapy regimens that have been tested, but unfortu- 
nately there is no consensus as to what regimen should be 
used. One of the most commonly used regimens is, however, 
the carboplatin- paclitaxel regimen. Doses are as follows: 
carboplatin AUC 2 and paclitaxel 45mg m~? given weekly 
during radiotherapy, and radiotherapy is given at a total 
dose of 63Gy, with or without an induction chemotherapy 
(Belani et al., 2005). As for SCLC there are strong indica- 
tions that early concomitant radiotherapy and chemotherapy 
have superior results to sequential chemotherapy followed by 
radiotherapy. However, there are still several centres admin- 
istering treatments in sequence because of the inconsistent 
results of randomized studies. 

For stage Illb with malignant pleural effusion and 
for stage IV patients in good condition, platinum-based 
chemotherapy is the standard treatment (Pfister et al., 2004). 
Several regimens have been tested, with similar results 
(Schiller et al., 2002); the most commonly employed regi- 
mens are cisplatin- gemcitabine, carboplatin- paclitaxel, cis- 
platin- vinorelbine, and cisplatin- docetaxel. Some of the 
most commonly employed regimens are listed in Table 2. 
The doses of drugs are somewhat variable, but the cis- 
platin dose is probably sufficient at 75-80mgm-* and 
the carboplatin at AUC 5-6. Higher doses do not appear 
to achieve better outcome and are definitely more toxic. 
Although cisplatin-based regimens appear to determine a 
slightly higher response rate and survival, in general, 
cisplatin-containing regimens have a higher incidence of non- 
haematological toxicities (i.e., nephrotoxicity, neurotoxicity, 


Table 2 Commonly employed chemotherapy regimens for advanced 
NSCLC. 


Cisplatin - gemcitabine (Smit et al., 2003): 
Cisplatin 80 mgm~2 day 1 

Gemcitabine 1250 mg m~? days 1 and 8 every 3 weeks 
Carboplatin- paclitaxel (Schiller et al., 2002): 
Carboplatin AUC 6 day 1 

Paclitaxel 225 mg m~? day 1, 3-hour infusion every 
3 weeks 

Cisplatin- vinorelbine (Fossella et al., 2003): 
Cisplatin 100 mg m~? 

Vinorelbine 25 mg m~? weekly every 4 weeks 
Cisplatin- docetaxel (Schiller et al., 2002; Fossella 
et al., 2003): 

Cisplatin 75 mg m~? day 1 

Docetaxel 75mg m~? day 1 every 3 weeks 
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emesis) and, in advanced-disease NSCLC, carboplatin has 
largely replaced cisplatin in many centres, especially in the 
United States (Hotta et al., 2004). The response rate to a 
platinum-based doublet chemotherapy regime is 20-40%, 
with significant improvement of symptoms in over 50% of 
patients. Individuals with performance status 0 and 1 are 
definitely candidates for combined chemotherapy. Several 
studies have tested more than two drugs or only one drug in 
comparison to a standard platinum doublet. In the advanced- 
disease setting, more than two drugs do not achieve a better 
survival than a platinum doublet and are associated with 
increased toxicity. Nevertheless, for the purpose of neoadju- 
vant treatment, some three-drug regimens may offer a higher 
response rate. One-drug regimens are inferior in terms of 
survival in several randomized studies compared to standard 
platinum doublets, and should not be used in good per- 
formance status patients with advanced disease. However, 
patients with performance status 2 are usually treated with 
less-aggressive regimens, because toxicity is usually signif- 
icantly higher in this group of patients. Single agents or 
carboplatin- paclitaxel can be used with some effect. Elderly 
patients are another group where single-agent chemotherapy 
can be employed. Patients over 70 years of age represent 
almost 50% of patients diagnosed with lung cancer, and they 
often present with several comorbidities and a poor perfor- 
mance status. In these patients single-agent vinorelbine and 
gemcitabine have been tested successfully (Gridelli etal., 
2003; Gridelli, 2001), and vinorelbine has been shown to 
improve survival significantly compared to the best support- 
ive care (Gridelli, 2001). Patients over 70 who have a good 
performance status and minimal comorbidities can be treated 
more aggressively. 

At least 50% of patients with advanced disease have a 
relatively good performance status even when they relapse 
after first-line chemotherapy and are candidates for second- 
line chemotherapy. There are presently three registered drugs 
for second-line therapy: docetaxel 75mg m~? every 3 weeks, 
pemetrexed 500mg m~? every 3weeks, with vitamin sup- 
plementation (vitamin Bz) and folic acid), and erlotinib 
150 mg/day orally continuously. Erlotinib is also registered 
for third-line therapy. The efficacy of second-line ther- 
apy is poor, with response rates below 10% and another 
30% of patients who exhibit stable disease in random- 
ized phase III trials. However, survival with second-line 
therapy can be improved by approximately 2 months com- 
pared to the best supportive care. Erlotinib has been reg- 
istered on the basis of the results of the BR21 study, a 
large randomized phase III study in which patients with 
advanced NSCLC who had failed one or two lines of 
chemotherapy were allocated to receive erlotinib or placebo 
(Shepherd etal., 2005). Particular features were signifi- 
cantly associated with a better response to erlotinib: the 
never-smoking status, female gender, adenocarcinoma his- 
tology, and the Asian race. Recently, the discovery that most 
patients with mutations in the EGFR ATP-binding pocket 
are sensitive to the EGFR tyrosine kinase inhibitors erlotinib 
and gefitinib makes the use of potential molecular predic- 
tors appealing for the selection of patients to be treated 
with these drugs. Also, high copy number of EGFR has 


been identified as a potential predictor of positive outcome 
(Giaccone, 2005). 


PARTICULAR FORMS OF LUNG CANCER 


Bronchioloalveolar Carcinoma (BAC) 


BAC is a particular form of adenocarcinoma, which often 
has multifocal presentation and has a typical radiological 
appearance of ground-glass opacities on the CT scan, which 
reflects the origin of this tumour from the most peripheral 
airways, the alveoli. It represents less than 4% of NSCLC 
(Read etal., 2004). Its occurrence is not tightly related to 
cigarette smoke (40% are never-smokers), it is more frequent 
in women than the other types of NSCLC, and its evolution 
is less aggressive, with less frequent distant metastases. A 
potential retroviral aetiology has been suggested, in analogy 
to the J aagsiekte sheep retrovirus, but never demonstrated in 
humans, and the frequency of this tumour type may be on 
the rise, especially the forms associated with invasive adeno- 
carcinoma histologies. Bronchorrhoea is a symptom that is 
rather characteristic of BAC. The treatment is eminently sur- 
gical, with potentially multiple resections to take care of the 
multiple foci of the disease. Chemotherapy has little efficacy 
in this disease, and, recently, studies with EGFR tyrosine 
kinase inhibitors have shown some efficacy, with response 
rates of approximately 20% (West et al., 2006). This type of 
therapy may be preferred to chemotherapy even in first-line 
treatment if the patient is no longer a candidate for surgery. 
Survival for BAC is better than that for adenocarcinomas 
without BAC features and is approximately 65% at 1 year 
(Read et al., 2004). 


Carcinoids 


Carcinoids constitute 1-2% of all lung cancers. They are 
derived from the Kulchitsky cells and are neuroendocrine 
tumours (Hage et al., 2003). Somatostatin scans are useful 
in the diagnosis and staging of carcinoids and are predictive 
of sensitivity to octreotide therapy. They are rarely asso- 
ciated with the carcinoid syndrome (2%) and sometimes 
are extended locoregionally. Typical carcinoids should be 
resected whenever possible, and the 5-year survival of these 
tumours is as high as 87- 100%. Besides surgery, the other 
treatment modalities have little efficacy. Extended atypical 
carcinoids can be treated as SCLC, as a continuum exists 
between these two neuroendocrine tumours. The 5-year sur- 
vival of atypical carcinoids is 40-69%. 


PALLIATION OF SYMPTOMS IN LUNG CANCER 


A few presentations are relatively common in lung can- 
cer and require some specific handling. One of these is 
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the superior vena cava (SVC) syndrome, which occurs in 
approximately 10% of SCLC and 2% of NSCLC cases 
at presentation (Rowell and Gleeson, 2002). The standard 
treatment of SVC syndrome is radiotherapy, but, in SCLC, 
chemotherapy has the same effectiveness and is nowadays 
often preferred. Stents have a high palliative effect and offer 
more rapid relief than either radiotherapy or chemotherapy. 

Brain metastases are very common in SCLC, where 
the presence at diagnosis is about 10% and increases to 
50% or higher in the course of the disease (Jackman and 
Johnson, 2005). In NSCLC, the frequency is lower than 
in SCLC. The standard therapy for brain metastases is 
whole-brain radiotherapy, and, in cases of small and limited 
brain involvement, stereotactic radiotherapy can also be 
considered (Langer and Mehta, 2005). Symptomatic relief 
can be achieved with high-dose steroids, and anti-epileptic 
medications should be used in patients who have experienced 
an epileptic insult. Chemotherapy is able to cause significant 
reduction of brain metastases and can be used in first- 
line treatment of patients who have metastases at diagnosis; 
however, whole-brain radiotherapy should be considered as 
it improves the results of chemotherapy alone. 
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INTRODUCTION 


Malignancies of the female reproductive tract include 
ovarian, fallopian tube, endometrial, cervical, vaginal, and 
vulval cancers and represent a highly specialized area of 
oncology. Randomized clinical trials allow us to make 
evidenced-based recommendations for common gynaecolog- 
ical tumours. However, inevitably there are areas of con- 
troversy, often due to a paucity of conclusive data. The 
increasing sophistication and complexity of cancer manage- 
ment has provided a need for sub-specialization and the 
establishment of multidisciplinary teams (M DTs). 

Major oncology centres across Europe, northern A mer- 
ica, and Australasia have instituted M DTs across a range of 
malignancies including gynaecological, breast, gastrointesti- 
nal, lung, and rare tumour types. Inclusion of the oncological 
surgeons, medical and radiation oncologists, and clinical 
nurse specialists are required to optimize decisions of type 
and sequencing of treatment. The addition of dedicated 
pathologists and radiologists provides specialist diagnostic 
review critical to optimal functioning of the MDT. The 
team’s principal aim is to ensure that every patient receives 
optimal treatment as defined by national and international 
guidelines, an up-to-date knowledge of the medical literature, 
and their individual circumstances. 

There are no randomized trials to assess the impact on out- 
come for MDTs; however, information from retrospective 
studies provides some insights into their possible benefits. 
Several retrospective studies from patients with ovarian and 
cervical cancers have concluded that management may be 
compromised outside an MDT (Junor etal., 1994; Wood- 
man et al., 1997; Munoz et al., 1997; Jackson et al., 1997). 
An audit of patients treated in 1999- 2000 compared manage- 
ment based on International Federation of Gynecology and 
Obstetrics (FIGO) staging with national guidelines for gynae- 
cological cancers in South East England. Of patients with 
enough information in the records 19% with ovarian cancer 
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and 24% with cervical cancer were not managed according 
to the guidelines with many sites unable to form an MDT 
(Shaw et al., 2003). 

In a Scottish study, all 533 women registered with 
ovarian cancer in 1987 were included. They found that 
referral to a “joint clinic” was an independent prognos- 
tic factor for survival with a reduction in death of 40% 
at 5years (p<0.001), and this was not solely explained 
by the addition of platinum chemotherapy (Junor etal., 
1994). Similarly, in a UK study, 691 women undergoing 
laparotomy for ovarian cancer during 1991-1992 identi- 
fied using hospital records and cancer registry data were 
reviewed. Surgery performed by a non-gynaecological sur- 
geon adversely impacted on survival (RR 1.58, 95% Cl 
1.19- 2.10), while referral to a medical oncologist was asso- 
ciated with improved survival (RR 0.54, 95% CI 0.43- 0.68) 
(Woodman et al., 1997). 

The model of the MDT has become the standard of care 
for all cancer types. 


ESTABLISHMENT OF THE TEAM 


In developing an MDT, specialist medical and nursing staff 
with a specific interest in gynaecological oncology should 
be identified. There are “core members” who are essential to 
the team including the gynaecology surgeons, medical and 
radiation oncologists, pathologists, radiologists, and clinical 
nurse specialists. These members are essential for the group 
to function as a complete unit, and a team leader from one 
of the clinical specialties should chair meetings. 
Additionally, there are “non-core members” including 
palliative care specialists, genetic services, medical trainees, 
clinical trial coordinators, and dieticians who are not essential 
to the therapeutic management decisions, but have a valuable 
contribution to other aspects of patient care. They form part 


1420 


of an important support network with individual services 
utilized where appropriate. 

The MDT should meet on a weekly or fortnightly basis 
depending on patient caseload. A representative from each 
of the “core members” must be present, with pathology and 
radiology facilities available, and video or telephone con- 
ferencing if the meeting is conducted across several sites. 
All new patients and those with complex ongoing man- 
agement issues who would benefit from a multidisciplinary 
discussion should have their cases presented. Data collec- 
tion and documentation of recommendation needs to be 
recorded for each patient. Decisions should be communi- 
cated promptly to the treating teams for referrals outside the 
centre (Cancer Services Collaborative, NHS Modernization 
Agency, 2001). 


STANDARDIZATION OF TREATMENT 
AND QUALITY ASSURANCE 


To enable an MDT to be successful a consensus needs to be 
reached among the members with recommendations based 
on best available evidence. Institutional policies should fol- 
low national guidelines where available and be developed by 
experts across the oncology disciplines. Surgery, chemother- 
apy, and radiotherapy treatments are given in accordance 
with these guidelines. 

The structure and running of an MDT is not possible for 
small cancer units, which may lack the degree of special- 
ization and resources required. By establishing a network 
between local secondary centres and the larger tertiary cen- 
tre, whereby patients can be referred for discussion, the 
MDT can positively impact on cancer care for a wider 
group of patients. Clinicians who may be working in rel- 
ative isolation have access to an expert team as a “sec- 
ond opinion”. The advantage to the MDT is the ability 
to influence the delivery of cancer care within the refer- 
ral area, and ensure adherence to national and institutional 
guidelines. 

Data collection should be performed on all new patients 
and recommendations recorded. Institutional audits form 
an important tool for quality assurance through which 
outcomes can be reviewed and institutional guidelines 
refined. Inadequacy of information provided to cancer 
registries is well documented for gynaecological malig- 
nancies (Mukherjee et al., 1991; MacDonald etal., 1999; 
Tingulstad etal., 2002). Pathological review and docu- 
mentation of FIGO stage will be more accurate within 
an MDT. Together with treatment and survival data, this 
will improve the quality of information made available 
for regional and national statistics of cancer trends and 
outcomes. 

There are many instances where decisions are controversial 
or there are limited data for rare malignancies. Expert opinion 
and development of institutional policies is important in these 
cases. In the next section of this chapter we will highlight 
these areas in gynaecological oncology and provide a guide 
to management. 
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OVARIAN, FALLOPIAN TUBE, AND PERITONEAL 
CANCERS 


Gynaecological Surgeons Versus 
Non-gynaecological Surgeons 


FIGO staging for ovarian cancer usually includes laparo- 
tomy with a midline incision to allow complete inspection 
from the upper abdomen to the pelvis, total abdominal hys- 
terectomy (TAH), bilateral salpingo-oophorectomy (BSO), 
omentectomy, biopsies from clinically suspicious areas, and 
peritoneal washings (Ind and Shepherd, 2002). We advocate 
routine appendicectomy in mucinous tumours. Pelvic and 
para-aortic lymphadenectomy is required for staging when 
disease appears confined to the ovary where knowledge of 
lymph node involvement will alter subsequent management. 

Since the 1970s, when maximal cytoreduction in ovarian 
cancer was introduced (Griffiths, 1975), surgery has been 
performed with the aim of leaving no visible tumour. 
Multiple retrospective studies have linked outcome with 
residual disease, supporting the concept and standard practice 
of this approach (Bristow etal., 2002; Griffiths, 1975). 
To what extent tumour biology influences resectability and 
achievement of optimal debulking is unclear. The size and 
volume of disease at surgery, irrespective of ultimately 
achieving less than 1cm of residual disease, appears to 
influence outcome (Hacker, 1989; Hoskins et al., 1992). 

Surgery should be performed by gynaecological oncolo- 
gists since the evidence indicates superior survival of patients 
managed by these specialists compared with general gynae- 
cologists and surgeons (Engelen etal., 2006; Carney et al., 
2002; Junor et al., 1999; Eisebkop et al., 1992). Any refer- 
ral from an outside centre requires review of the adequacy 
of staging and surgery. Operative reports detailing surgical 
findings, operation performed, and residual disease together 
with histopathology should be available to the MDT. 

Patients with early-stage disease, particularly FIGO stage 
| disease are at risk of under-staging and consequently 
under-treatment. A Canadian study performed comprehen- 
sive staging on apparent stage IA ovarian cancer. Forty-three 
of the 128 (34%) had a final surgical stage of II or Ill. 
Biopsies revealed microscopic disease in the upper abdomen 
(19 patients), pelvis (16 patients), and retroperitoneal nodes 
(8 patients). Solitary nodal metastases were predominantly 
found in patients with grade 3 tumours and with serous 
pathology (Faught et al., 2003). 

In patients with advanced disease, the question relates 
to adequacy of debulking and whether the morbidity of a 
second laparotomy is justified for suboptimally debulked 
tumours. Patients who underwent maximal surgical effort do 
not appear to benefit from further surgery (Rose et al., 2004), 
however, those who received less than maximal surgical 
effort did derive a survival benefit (van der Burg etal., 
1995). In this latter study, an overall survival (OS) benefit 
of 6 months was achieved. It should be noted that all of their 
patients had documented chemotherapy-sensitive disease; 
approximately one-third had residual disease debulked by 
further surgery, while one-third had no residual disease and 


the final third were unresectable (van der Burg et al., 1995). 
Identification of the group likely to benefit would prevent a 
significant number of patients being exposed to unnecessary 
surgery. 

The decision for the MDT in cases where adequacy 
of staging or surgery is raised is principally whether the 
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potential benefits of further surgery outweigh the risks and 
whether subsequent management decisions will be altered as 
a result. Laparoscopy has been increasingly studied both in 


terms of staging and assessing operability in ovarian cancer, 
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Flow chart for management of ovarian cancer at diagnosis. 


and may be an alternative to laparotomy for these difficult 
cases (A ngioli et al., 2006) (see Figure 1). 
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Role of Pelvic and Para-Aortic Node Sampling 
and Dissection 


Ovarian cancer spreads via several mechanisms including 
local extension, trans-peritoneal, lymphatic, haematogenous 
and trans-diaphragmatic. The frequency of lymph node 
metastasis increases with advanced stage, and is more com- 
monly associated with serous pathology and high-grade 
tumours (Chen and Lee, 1983; Burghardt et al., 1991; M orice 
et al., 2003). While it is mandatory to inspect the pelvic 
and para-aortic nodes, the value of systematically performing 
a lymphadenectomy in advanced disease has been contro- 
versial. The key issue relates to whether lymphadenectomy 
should be performed only to stage disease or whether there 
is a survival benefit. 

In the context of obtaining maximal surgical debulking, 
clinically enlarged nodes suspected to be involved should 
be removed (Spirtos et al., 1995). However, intraoperative 
lymph node palpation is inaccurate in determining metastatic 
involvement. In a prospective study, with surgery performed 
by board-certified gynaecological oncologists, 36% of posi- 
tive nodes were missed by palpation (Arango et al., 2000). 
Lymph node size cannot reliably identify involved nodes, 
and tumour spread is often found in lymph nodes measur- 
ing 10mm or less in maximum dimension (Tangjitgamol 
et al., 2003). 

The first randomized, controlled trial of systematic lym- 
phadenectomy verses resection of bulky nodes only in 
optimally debulked advanced ovarian cancer was recently 
published. This study enrolled 427 patients with FIGO stage 
IIIB -IV disease, and was reported with a median follow- 
up of 68.4months. They found systematic lymphadenec- 
tomy improved progression free survival (31.2vs 21.6% at 
5 years), but not OS (48.5vs 47% at 5years). A benefit 
seen in progression free survival but not OS may be in part 
due to effective chemotherapy for relapsed disease (Panici 
et al., 2005). 

The MDT may consider performing pelvic and para-aortic 
lymphadenectomy for staging apparent FIGO stage | epithe- 
lial ovarian cancers (EOC), where treatment decisions will be 
altered if the tumour is upstaged. In women with advanced 
disease, removal of bulky nodes should be performed. Sys- 
tematic lymphadenectomy does not provide an OS benefit 
and has to be weighed against the added morbidity of the 
procedure. 


Timing of Surgery — Primary Surgery Versus 
Neoadjuvant Chemotherapy and Delayed Primary 
Surgery 


The standard approach is surgery followed by chemotherapy. 
The question of optimum timing of surgery, and whether 
deferral of surgery until after three cycles of chemotherapy 
is equivalent to primary surgery is subject to a randomized 
trial currently underway with the European Organisation for 
Research and Treatment of Cancer (EORTC). Retrospec- 
tive studies do not indicate a detrimental effect on sur- 
vival, but appropriate randomized clinical trials are required 
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before a routine change in practice can be recommended 
(Vergote etal., 1998; Ansquer etal., 2001; Kayikciouglu 
et al., 2001). 

Within an MDT, discussions regarding timing of surgery 
often arise, and the utilization of neoadjuvant chemotherapy 
is becoming more widespread. This approach is considered 
principally in certain circumstances including in patients con- 
sidered unfit for surgery, preoperative evaluation suggesting 
an inoperable tumour, or where a less radical procedure may 
be possible if the tumour was downstaged. Preoperative Ca- 
125 level, age over 60 and clinical evidence of ascites are 
predictive of suboptimal cryoreduction (Brockbank etal., 
2004). Computed tomography (CT) scan should be per- 
formed prior to any planned surgery, and laparoscopy may be 
of value in selected cases where uncertainty remains. K nowl- 
edge that a tumour is platinum resistant prior to planned 
major surgery also has the advantage of identifying patients 
with a poor prognosis who will not benefit from a debulking 
procedure. 


Adjuvant Chemotherapy for Stage IC Disease 


Approximately 25% of EOC are FIGO stage | and have a 
favourable prognosis. Randomized controlled trials published 
over the last decade have established carboplatin in combina- 
tion with a taxane as standard of care for FIGO stage Il- IV 
cancers (McGuire et al., 1996; Piccart et al., 2000; Muggia 
et al., 2000; International Collaborative Ovarian Neoplasm 
Group, 2002; Ozols et al., 2003; du Bois et al., 2003; Vasey 
et al., 2004). Among these pivotal trials only the Scottish 
Randomized Trial in Ovarian Cancer 1 (SCOTROC 1) and 
the International Collaborative Ovarian Neoplasm (ICON) 3 
included patients with FIGO stage! tumours, accounting for 
9% (stage I) and 20% (stage IC-I1) respectively (Interna- 
tional Collaborative Ovarian Neoplasm Group, 2002; Vasey 
et al., 2004). 

Two trials investigating the role of adjuvant platinum- 
based chemotherapy for early-stage ovarian cancer, ICON 1 
and Adjuvant Chemotherapy in Ovarian Neoplasms 
(ACTION) were performed in parallel and analysed together. 
With 925 patients, there was an 8% difference in OS at 
5 years in favour of chemotherapy (82 vs 74%, p = 0.008), 
and 11% in relapse-free survival (RFS) (76vs 65%, p= 
0.001) (Trimbos et al., 2003a). However, limitations in these 
trials do not allow the routine recommendation of chemother- 
apy for all stage | EOC. Broad entry criteria for the ICON 1 
trial and less stringent surgical requirements resulted in 32% 
with well-differentiated tumours and an unknown percentage 
with potentially stage II or Ill disease due to unrecog- 
nized occult disease (Colombo et al., 2003). In the ACTION 
trial, the benefit of chemotherapy was only significant for 
OS and RFS in the inadequately staged patients (Trimbos 
et al., 2003b). Additionally, use of chemotherapy was at the 
discretion of the investigator, and only one-third received 
a platinum combination (Colombo etal., 2003; Trimbos 
et al., 2003b). 

Not all patients with FIGO stage | disease require 
chemotherapy. Observational studies have demonstrated 
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5-year OS rates >90% for FIGO stage IA and IB tumours 
without adjuvant chemotherapy (M onga et al., 1991; Trim- 
bos etal., 1991; Ahmed etal., 1996). An international 
retrospective analysis of 1545 patients with stage | EOC 
identified degree of differentiation as the most powerful prog- 
nostic factor. Other independent predictors of disease-free 
survival included tumour rupture before or during surgery, 
FIGO stage (1973) and age <50 (Vergote etal., 2001). 
Dense adhesions and large volume ascites while identi- 
fied as risk factors in a smaller study were not signifi- 
cant on multivariate analysis (Dembo et al., 1990; Vergote 
et al., 2001). 

Until we have prospective data to confidently iden- 
tify which patients will derive the greatest benefit from 
chemotherapy, and what constitutes optimal treatment, the 
gain from chemotherapy in these difficult cases will remain 
an open question. The MDT should consider completeness 
of surgical staging, presence of intraoperative risk factors, 
pathological review with particular attention to tumour dif- 
ferentiation, and likely chance of relapse in making its 
recommendation. 


Mucinous Tumours 


Invasive mucinous carcinomas account for approximately 
12% of EOC, and appear to have a different natu- 
ral history from the other histological types. They are 
more often diagnosed with early-stage disease (FIGO 
1-11) (McGuire etal., 2002). For advanced disease (FIGO 
stage Ill and IV), mucinous pathology has been associ- 
ated with a poorer survival (Makar etal., 1995; Omura 
et al., 1991). 

The randomized controlled trials of chemotherapy in 
advanced disease typically include <5% with mucinous his- 
tology, and do not provide a separate subgroup analysis 
(McGuire etal., 1996; Piccart etal., 2000; Muggia et al., 
2000; International Collaborative Ovarian Neoplasm Group, 
2002; Ozols etal., 2003; du Bois etal., 2003; Vasey 
et al., 2004). Small retrospective studies have documented 
a response rate of 26-42% to platinum-based first-line 
chemotherapy, confirming platinum resistance for most muci- 
nous tumours, in contrast to serous tumours (Hess et al., 
2004; Pectasides et al., 2005; Pisano et al., 2005). 

A biologically distinct entity has been postulated. This is 
supported by molecular studies identifying overexpression of 
the KRAS oncogene and relative absence of the P53 tumour 
suppressor gene in contrast to serous EOC (Pieretti et al., 
2002; Fujita et al., 2003). 

While an approach to chemotherapy similar to the muci- 
nous gastrointestinal malignancies appears reasonable, other 
than a small phase II study including mucinous and clear 
cell histology with irinotecan and mitomycin C (with a 
promising response rate of 52%), this approach remains 
unexplored (Shimizu et al., 1998). The current recommenda- 
tions remain standard chemotherapy. It is hoped that further 
trials attempt to separate this subtype from the other histo- 
logical groups and investigate the role of non cross-resistant 
platinum agents. 
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Borderline Malignancies 


Borderline tumours, or ovarian tumours with low malig- 
nant potential, comprise approximately 15% of all EOC. The 
absence of stromal invasion distinguishes borderline tumours 
from invasive EOC. Nuclear abnormalities and mitotic activ- 
ity are intermediate between benign and malignant neoplasms 
(Hart, 2005). While most patients have an excellent progno- 
sis, a subset of tumours has histological features associated 
with an increased risk of recurrence and invasive cancer 
(Seidman and Kurman, 2000). 

Surgery for borderline tumours follows similar princi- 
ples to EOC; however, it should be noted that adjuvant 
chemotherapy is rarely given for FIGO stage III disease 
and therefore limits the role of lymphadenectomy in patients 
with proven borderline tumours. The patients are typically 
10-15 years younger than EOC, and conservative surgery to 
maintain fertility may be considered. The contralateral ovary 
must be visualized at the time of surgery with resection of 
any suspicious lesions. Follow-up after conservative surgery 
should include regular review with imaging of the remain- 
ing ovarian tissue as recurrence rates as high as 40% have 
been reported, although usually salvaged with surgery (M or- 
ris etal., 2000; Zanetta et al., 2001; Fauvet etal., 2005). 
FIGO stage is the most important predictor of recurrence 
(Seidman and Kurman, 2000). 

Serous borderline tumours are classified into typical pat- 
tern and micropapillary pattern. Tumours with the micropap- 
illary pattern are more frequently bilateral, and associated 
with a higher rate of invasive implants (Eichhorn et al., 1999; 
Deavers et al., 2002). Women with this pathological subtype 
are at higher risk of recurrence and invasive disease, so com- 
plete staging and regular follow-up is advisable. Peritoneal 
implants have prognostic significance and are classified as 
non-invasive and invasive, although the exact nature of these 
has not been characterized (Seidman and Kurman, 2000). 
Stromal microinvasion has been associated with an adverse 
outcome, but not in all studies (Longacre et al., 2005; Prat 
and DeNictolis, 2002; Seidman and Kurman, 2000). 

Mucinous borderline tumours are classified into endo- 
cervical (Mullerian) and intestinal forms. They are usually 
unilateral and confined to the ovary (Lee and Scully, 2000; 
Rodriguez and Prat, 2002). M ucinous tumours are often het- 
erogeneous in composition and thorough pathological exam- 
ination with extensive sampling is required. Small foci of 
intraepithelial carcinoma within a stage | tumour does not 
appear to be associated with a detrimental outcome (Lee and 
Scully, 2000). Appendicectomy must be performed, even if 
clinically normal to exclude an appendiceal primary. Ovar- 
ian metastases are well documented, and the appearance 
of pseudomyxoma peritonei is usually associated with an 
appendiceal primary rather than an ovarian primary (Lee and 
Scully, 2000; M isdraji et al., 2003). 

Histological review by an experienced pathologist in 
gynaecological malignancies is required. Adequate tumour 
sampling must reduce the possibility of missing an area of 
invasive cancer. M ost patients are cured by surgery alone; 
however, a small risk of recurrence or subsequent invasive 
cancer mandates a regular follow-up schedule. 
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ENDOMETRIAL CANCER 


Standard surgical treatment includes TAH and BSO. The 
role of radical hysterectomy for FIGO stage II disease is 
obsolete as adjuvant pelvic radiotherapy is routinely given. 
The ovaries must be removed due to synchronous primaries 
in up to 5% of cases (Zaino et al., 2001). The peritoneum, 
para-aortic and pelvic nodes should be examined. Complete 
staging includes peritoneal washings and selective node 
dissection. 


Preoperative Imaging and Assessment 


Surgical planning for endometrial cancer aims to identify 
patients with low-risk, uterine-defined disease who may 
be spared the morbidity associated with lymphadenectomy. 
Knowledge of tumour grade, estimated depth of myome- 
trial invasion, and nodal status are important in this respect. 
Tumour grading from endometrial biopsy is unreliable with 
approximately one-quarter upgraded on the final pathologi- 
cal report (Larson et al., 1995; Frumovitz, 2004). Contrast- 
enhanced MRI is superior to other imaging techniques in 
assessing depth of myometrial invasion, and can assess 
presence of cervical stromal involvement (Kinkel etal., 
1999). It should be acknowledged that limitations, partic- 
ularly in the accuracy of nodal spread exist. However, MRI 
is likely to be of greatest value with a high-grade tumour 
on biopsy or clinical suspicion of cervical involvement (see 
Figure 2). 


Which Patients Require Adjuvant Radiotherapy? 


Adjuvant radiotherapy can be delivered with pelvic exter- 
nal beam radiotherapy (EBRT), vaginal brachytherapy, or a 
combination of both. For uterine-confined disease, approx- 
imately 15% will recur in the pelvis, with the major- 
ity in the vagina. Patients can be risk-stratified based on 
age, histological grade, and depth of myometrial inva- 
sion (Scholten etal., 2005; Keys etal., 2004). Adjuvant 
radiotherapy is associated with a significant reduction in 
pelvic recurrence in high-risk women, but as yet no trial 
has documented a survival benefit. In the PORTEC study, 
the largest adjuvant radiotherapy trial, locoregional recur- 
rence at 10 years was 5% in the radiotherapy arm com- 
pared with 14% in the controls (p<0.0001). There was 
no disease-specific or OS benefit demonstrated (Scholten 
et al., 2005). 

Patients with poor prognostic factors generally have 
received both EBRT and vaginal brachytherapy. It has been 
questioned whether pelvic EBRT is required in uterine- 
confined disease. Retrospective studies in women with 
stage IC, grade 3 tumours who have undergone formal 
lymphadenectomy and received adjuvant vault brachyther- 
apy alone appear to have similar rates of locoregional 
control, and vaginal recurrences have been salvaged for 
most patients (Jolly etal., 2005; Straughn etal., 2003; 
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Figure 2 MRI endometrial cancer FIGO stage II B. (a) T2 weighted MRI 
(b) fat suppressed T1 weighted M RI. 


Horowitz et al., 2002; Ng et al., 2000; Chadha et al., 1999). 
Until prospective randomized studies comparing EBRT with 
brachytherapy and brachytherapy alone are performed this 
will remain an area of controversy and should not be 
assumed to be equivalent. In intermediate-risk patients lym- 
phadenectomy is sometime performed, however, the results 
from the ASTEC trial are eagerly awaited (see Tables 1 
and 2). 

Advanced endometrial cancer (stage III/IV) accounts for 
approximately 20% of presentations at the time of surgery. 
Radiotherapy regimens may vary based on the specific stage, 
amount of residual disease, known pattern of relapse, and 
patient factors. Pelvic radiotherapy, extended field radiother- 
apy, and whole abdominal radiotherapy have been used, with 
and without vaginal brachytherapy. Recommendations are 
made difficult by a lack of randomized data, multiple small 
series using individual regimens, and the differing outcomes 
based on stage. 
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Table 1 Recommendations for adjuvant radiotherapy and endometrial 
cancer. 
FIGO 
stage Grade 1 Grade 2 Grade 3 
A Observation Observation Pelvic EBRT and 
brachytherapy 
B Observation Observation Pelvic EBRT and 
brachytherapy 
C Vaginal Pelvic EBRT and Pelvic EBRT and 
brachytherapy or brachytherapy brachytherapy 
pelvic EBRT and 
brachytherapy 
IA Vaginal Pelvic EBRT and Pelvic EBRT and 
brachytherapy or brachytherapy brachytherapy 
pelvic EBRT and 
brachytherapy 
IB Pelvic EBRT and Pelvic EBRT and Pelvic EBRT and 
brachytherapy brachytherapy brachytherapy 


EBRT - External beam radiotherapy. 


Table 2 Recommendations for radiotherapy and endometrial cancer. 


FIGO stage Recommendation 





INA Pelvic EBRT and brachytherapy (ignore positive 
washings) 

IIB Individualized pelvic and vaginal radiotherapy 

IIIC Pelvic EBRT and brachytherapy + chemotherapy 

IV Individualized radiotherapy or chemotherapy 


EBRT - External beam radiotherapy. 


Adjuvant Systemic Therapy 


Randomized clinical trials of adjuvant hormone therapy with 
progestins have yielded negative results and have no role in 
this setting (MacDonald et al., 1998; De Palo et al., 1993). 
Recently, adjuvant chemotherapy with doxorubicin and cis- 
platin were compared with whole abdominal radiotherapy in 
women with stage III and IV endometrial cancer with less 
than 2cm of residual disease after surgery. This is the first 
trial to demonstrate a survival benefit with systemic therapy 
(Randall et al., 2006). 

This poses several questions, which will require inves- 
tigation. It is not known whether patients with early-stage 
disease will gain a survival benefit to justify the toxicity 
of combination chemotherapy in what is generally an older 
patient group. Only 63.4% completed treatment with cis- 
platin and doxorubicin, and it was discontinued in 17% on 
the basis of toxicity. Whether there is an additional benefit 
of chemotherapy and radiotherapy is unknown, but within 
the chemotherapy arm, 35% initially had pelvic recurrence 
(Randall et al., 2006). 

Future trials will need to address other chemotherapy 
combinations to confirm and build on this progress. Of 
particular interest will be carboplatin with a better tox- 
icity profile to cisplatin, and paclitaxel, both of which 
have shown efficacy in metastatic disease (Hoskins et al., 
2001; Michener etal., 2005; Akram etal., 2005). Two 
important studies underway are RTOG (protocol 9905) and 
GOG (protocol 194), both looking at the contribution of 
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adjuvant chemotherapy to surgery and pelvic radiother- 
apy for stage | and II endometrial cancer with high-risk 
features. 


Role of Chemotherapy for Unusual Pathological 
Types 


Uterine papillary serous carcinoma (UPSC) is a rare his- 
tological subtype with an aggressive pattern of spread and 
poor prognosis (Creasman et al., 2004; Cieisano et al., 2000). 
Retrospective single institution studies have reported stage, 
lymph node status, lymphovascular invasion, and depth of 
myometrial invasion as risk factors for poorer prognosis. 
Even among patients with no uterine invasion, a retrospec- 
tive analysis found 37% with stage III or IV disease after 
full surgical staging (Slomovitz et al., 2003). 

Small retrospective trials have concluded a benefit for 
adjuvant chemotherapy and radiotherapy with stage | UPSC 
(Kelly et al., 2005; Hamilton et al., 2005). Carboplatin and 
paclitaxel have been used most commonly, though the 
numbers of patients are small. Even in advanced disease 
the number of patients with serous pathology randomized 
between doxorubicin and cisplatin versus whole abdominal 
radiotherapy was 83 (accounting for approximately 20%), 
and the hazard ratio was 1.025 for OS with large confidence 
intervals (Randall et al., 2006). It is not possible to conclude 
absence of benefit, and ongoing trials will hopefully provide 
more information on the magnitude of effect for adjuvant 
chemotherapy and radiotherapy. 


CERVICAL CANCER 


Cervical cancer is the most common gynaecological malig- 
nancy, and also the most preventable with effective screening 
and treatment of pre-invasive disease. Treatment for cervical 
cancer is largely dependent on FIGO stage, however, lymph 
node status, tumour size and volume are known to have prog- 
nostic value and affect management decisions. In addition 
to information obtained from examination under anaesthetic, 
there is a growing reliance on diagnostic imaging for treat- 
ment planning. 


Imaging Modalities for Staging and Treatment 
Planning 


CT and MRI are commonly used to assess the extent of 
local tumour invasion and nodal spread. MRI is supe- 
rior to CT in imaging the cervix and extent of parame- 
trial and vaginal invasion, but has not reliably predicted 
nodal involvement compared to CT (Kim etal., 1993; 
Subak etal., 1995). Positron emission tomography (PET) 
has been increasingly used for evaluation of nodal spread. 
The value of PET has been investigated in several prospec- 
tive trials and compared with the lymph node dissection. It 
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has been found to have sensitivity between 57-86% and 
specificity of 92-94.5% for para-aortic nodes (Lin etal., 
2003; Narayan etal., 2001; Rose etal., 1999a). Laparo- 
scopic para-aortic lymphadenopathy is a technique under 
increasing investigation, which can accurately assess nodal 
involvement and assist in radiotherapy planning. Simi- 
larly, two-stage surgical procedures with laparoscopic para- 
aortic lymphadenectomy followed by radical hysterectomy 
is also used owing to the limitations of accurately stag- 
ing nodal disease with imaging (Martinez et al., 2005) (see 
Figure 3). 





Figure 3 MRI cervical cancer FIGO stage II B. (a) and (b) T2 weighted 
MRI. 
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Which Patients are Suitable for Conservative 
Surgery? 


Many women diagnosed with cervical cancer are young 
and issues of fertility preservation are often raised. Fertility 
preservation should not be advised where outcome is likely to 
be compromised. Patient age, desire to maintain reproductive 
potential, and stage of tumour influence decision-making. 
Women need to be advised that there is an increased rate 
of miscarriages and preterm deliveries with conservative 
surgery, and operative findings, such as positive lymph nodes 
or inability to obtain an adequate margin will compromise 
attempts at maintaining fertility. 

Surgery with cone biopsy or vaginal radical trachelectomy 
and lymph node dissection is suitable for some patients 
with early invasive disease and dependent on the size and 
depth of invasion. Several groups have reported successful 
pregnancies and low recurrence rates. Compared to radical 
hysterectomy, there does not appear to be a higher recurrence 
rate with early lesions (Shepherd et al., 2006; Plante et al., 
2005; Bernardini et al., 2003; Burnett et al., 2003). 


Treatment of Stage IB and IIA Disease 


Several early studies of radical hysterectomy and radiother- 
apy have documented comparable survival outcomes for both 
modalities. With no clear standard treatment a randomized 
controlled trial commenced in 1986 comparing surgery and 
radiotherapy. However, in the surgical arm adjuvant radio- 
therapy was given to 54 and 84% of patients with stage 
Ibl and Ib2 respectively who were identified at high risk of 
recurrence at surgery. There was equivalence in OS in both 
the surgical and non-surgical arm for both stage IB and IIA 
(Landoni et al., 1997). 

Standard treatment with chemoradiation challenges the 
applicability of this study to current practice. In 1999 a NCI 
alert was activated with the results of five randomized tri- 
als showing chemoradiation with cisplatin-based regimens 
superior to radiotherapy alone. This included three trials 
with primary chemoradiation, one investigating neoadjuvant 
chemoradiation and the final study with adjuvant chemora- 
diation (Keys et al., 1999; Morris et al., 1999; Rose et al., 
1999b; Whitney etal., 1999; Peters etal., 2000). While 
there are currently no randomized trials comparing radical 
hysterectomy and chemoradiation in this setting, one may 
speculate that surgery is likely to be inferior for stage IB 
and IIA tumours. 

Both the gynaecological surgeon and radiotherapist should 
be involved in the examination under anaesthetic for the 
clinical staging of cervical cancer. When primary surgery 
or chemoradiation is an option, the MDT needs to carefully 
consider individual patient and clinical factors in making its 
recommendations. Relative contraindications to one form of 
treatment may be present. The potential complications differ 
significantly between the two treatments, and are likely to be 
greater if both surgery and radiotherapy are given (Landoni 
et al., 1997; Eifel et al., 1995). Assessing impact on quality 
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Table 3 Guidelines for management of cervical cancer. 





FIGO stage Recommendation 
Al Cone biopsy or extrafascial hysterectomy 
No lymphadenectomy 
A2 Trachelectomy or modified radical hysterectomy 
Pelvic lymphadenectomy 
Bl Trachelectomy or radical hysterectomy 
Pelvic lymphadenectomy 
B2-1V Concurrent chemoradiation (cisplatin based) +/— 
staging pelvic and para-aortic lymphadenectomy 
M etastatic Chemotherapy 
Disease Consider local control of primary cervical lesion 





of life is hampered by the absence of prospective randomized 
trials (see Table 3). 


VULVAL CANCER 


Vulval cancer accounts for approximately 3-5% of gynae- 
cological malignancies and occurs predominantly in post- 
menopausal women. For women with operable disease, the 
OS rate is 85- 90% without nodal involvement and 50- 60% 
with nodal involvement. In patients with advanced disease, 
radical radiotherapy, usually in combination with surgery, 
can result in long-term survival in women where surgery 
would involve pelvic exenteration and stoma. Concurrent 
chemoradiotherapy has been used both to “downstage” 
tumours prior to surgery or as an alternative to surgery. 

The challenge for the MDT is optimizing therapy based 
on operability of disease and the other therapeutic options 
available. The anatomical location, propensity for nodal 
spread and older age group makes cancer of the vulvae 
difficult to treat. A lack of randomized data to draw evidence- 
based decisions necessitates treatment to be individualized 
with curative potential balanced against the patient’s ability 
to tolerate radical treatment. 


Early-stage Disease 


Standard surgery involves wide local excision with en-bloc 
dissection of bilateral inguino-femoral nodes for operable 
disease (FIGO stage | and II). To individualize patient 
care and limit surgical morbidity there are several areas of 
contention and randomized data are lacking. These include 
the role of sentinel node biopsy in vulval cancer and whether 
lymphadenectomy can be safely avoided in women with very 
early disease and also whether separate incisions should be 
used for the groin. 

In patients with stage 1A (tumour confined to the vulva and 
depth of invasion less than 1mm), lymph node metastases 
are very rare and node dissection could be omitted (M agrina 
et al., 2000; Ross and Ehrmann, 1987; Hacker et al., 1984a). 
In lateral vulval lesions, initially ipsilateral-only groin dis- 
section can be performed with subsequent contralateral node 
dissection reserved for patients with ipsilateral nodal involve- 
ment. For early-stage tumours without apparent clinically 
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involved groin nodes, modification of radical surgery with a 
triple-incision technique does not appear to have an adverse 
effect on OS, but a reduction in surgical morbidity may be at 
the expense of locoregional recurrence (van der Velden et al., 
2004; De Hullu etal., 2002; Hacker etal., 1981). Preser- 
vation of the saphenous vein during inguinal dissection is 
associated with a reduction in complications such as wound 
infections and lymphoedema (Zhang et al., 2000). 

Sentinel node biopsy has been used with the aim of further 
tailoring treatment and avoiding nodal dissection in women 
unlikely to benefit. At present the management pathways and 
their effect based on a positive or negative sentinel node are 
not established for vulval cancer. This is an area under active 
investigation, and while we await further data, formal node 
dissection is recommended. 


Locally Advanced Disease 


There is no role for neoadjuvant chemotherapy in locally 
advanced vulval cancer (Benedetti-Pancini etal., 1993; 
Wagenaar etal., 2001). Reports on neoadjuvant radiother- 
apy (Rotmensch et al., 1990; Hacker et al., 1984b; Boronow, 
1982) and chemoradiotherapy (Moore etal., 1998; Lan- 
doni etal., 1996; Lupi etal., 1996; Scheistroen and Trope, 
1993) have included studies with relatively small numbers 
of patients and inclusion of both primary and recurrent 
disease. Protocols have varied in both the dose and sched- 
ule of radiotherapy, and choice of chemotherapy. Response 
rates are approximately 75- 80% with a majority of patients 
“downstaged” to permit surgery. Significant toxicity has been 
reported, particularly with the chemoradiotherapy protocols. 
There is no evidence to suggest that this approach is associ- 
ated with a survival benefit or which regimen is superior. 

Radiation and chemoradiation have also been used as 
primary treatment (Han etal., 2000; Perez etal., 1998; 
Cunningham et al., 1997; Wahlen etal., 1995; Koh etal., 
1993; Russell etal., 1992). For those patients unsuitable 
for radical surgery, radiotherapy with or without concurrent 
chemotherapy is a reasonable approach. The vulva and 
inguinal nodes should be reviewed approximately 6 weeks 
after treatment. One of the difficulties is deciding whether 
active tumour is present in the healing vulva. The role of 
surgery can be evaluated at this time with consideration 
of tumour response, evidence of persistent disease, and the 
additional morbidity of surgery. 


VAGINAL CANCER 


Vaginal cancer is uncommon, accounting for approximately 
1- 2% of gynaecological malignancies. There are no prospec- 
tive randomized trials, and most of the available data are 
from single-centre retrospective studies with patients accrued 
over several decades. The proximity of critical pelvic struc- 
tures and the need to tailor treatment based on position and 
extent of tumour within the vagina present a challenge to the 
gynaecological surgeons and radiotherapists. This is a highly 
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technical area and requires an MDT with experience in the 
treatment of this disease for optimal results. 

Surgery may be considered for early-stage tumours with 
wide local excision or total vaginectomy. In selected patients 
adjuvant radiotherapy is used. Survival results are similar to 
primary radiotherapy (Ball and Berman, 1982; Davis et al., 
1991; Stock etal., 1995; Tjlma etal., 2001; Otton etal., 
2004). Indirect comparisons between the use of surgery or 
primary radiotherapy are subject to the usual problems of 
patient selection and treatment bias. With both modalities 
the chance of cure is high for stage | and II disease. 

Radiotherapy is the standard treatment for stage II-IV 
vaginal cancer. The group from MD Anderson reviewed 
their results of 193 patients with squamous cell carcinoma 
of the vagina treated between 1970 and 2000. Patients with 
early-stage disease typically received EBRT followed by 
brachytherapy with a mean and median dose of 85 and 81 
Gy to the tumour volume. Patients receiving EBRT alone 
received a mean and median dose of 66 Gy. 

Patients with advanced disease received EBRT with a 
shrinking-field technique with a mean and median dose 
of 64 and 66 Gy. Approximately one-third also received 
brachytherapy with a mean and median dose of 76 and 
77 Gy. Concurrent chemoradiation with a cisplatin-based 
regimen was used in 17% and neoadjuvant chemotherapy 
in only 5%. They report disease-specific survival at 5 years 
as 85% for stage |, 78% for stage Il, and 58% for stage 
II1-IVA with primary radiotherapy. They highlight the need 
to individualize radiotherapy on the basis of tumour size, 
location, and response to initial EBRT (Frank et al., 2005). 

Concurrent chemoradiation with a cisplatin-based regimen 
is standard care in cervical cancer and as a consequence 
this approach has been used in vaginal cancer. There are 
few data regarding efficacy and toxicity in vaginal cancer 
with only small number of patients included in several of 
the institutional series (Samant etal., 2005; Frank etal., 
2005; Dalrymple et al., 2004; Kirkbride et al., 1995). It is not 
possible to draw any definitive conclusions for or against its 
use and it is not feasible to perform randomized trials with 
such a rare cancer. Patients with advanced disease and a 
good performance status should be considered for combined 
treatment. 


ACKNOWLEDGEMENTS 


Dr Aslam Sohaib, Royal Marsden Hospital. Department of 
Radiology. 


RELATED CHAPTER 
Female Reproductive System 


REFERENCES 


Ahmed, F. Y ., et al. (1996). Natural history and prognosis of untreated stage 
| epithelial ovarian cancer. J ournal of Clinical Oncology, 14, 2968 - 2975. 

Akram, T., et al. (2005). Carboplatin and paclitaxel for the treatment of 
advanced or recurrent endometrial cancer. American J ournal of Obstetrics 
and Gynecology, 192, 1365- 1367. 


THE TREATMENT OF CANCER 


Angioli, R., et al. (2006). Diagnostic open laproscopy in the management 
of advance ovarian cancer. Gynecologic Oncology, 100, 455- 461. 

Ansquer, Y., etal. (2001). Neoadjuvant chemotherapy for unresectable 
ovarian carcinoma: a French multicenter study. Cancer, 91, 2329- 2234. 

Arango, H. A . et al. (2000). Accuracy of lymph node palpation to determine 
need for lymphadenectomy in gynecologic malignancies. Obstetrics and 
Gynecology, 95, 553-556. 

Ball, H. G. and Berman, M. L. (1982). Management of primary vaginal 
carcinoma. Gynecologic Oncology, 14, 154- 163. 

Benedetti-Pancini, P., et al. (1993). Cisplatin, bleomycin, and methotrexate 
preoperative chemotherapy in locally advance vulva cancer. Gynecologic 
Oncology, 50, 49-53. 

Bernardini, M., et al. (2003). Pregnancy outcome in patients post radical 
trachelectomy. American Journal of Obstetrics and Gynecology, 189, 
1378 - 1382. 

du Bois, A., et al. (2003). A randomized clinical trial of cisplatin/paclitaxel 
versus carboplatin/paclitaxel as first-line treatment of ovarian cancer. 
Journal of the National Cancer Institute, 95, 1320- 3130. 

Boronow, R. C. (1982). Combined therapy as an alternative to exenteration 
for locally advanced vulvo-vaginal cancer: Rationale and results. Cancer, 
49, 1085- 1091. 

Bristow, R. E., etal. (2002). Survival effect of maximal cytoreductive 
surgery for advanced ovarian carcinoma during the platinum era: a meta- 
analysis. J ournal of Clinical Oncology, 20, 1248- 1259. 

Brockbank, E. C., etal. (2004). Preoperative predictors of suboptimal 
primary surgical cytoreduction in women with clinical evidence of 
advanced primary epithelial ovarian cancer. International Journal of 
Gynecological Oncology, 14, 42-50. 

van der Burg, M. E. L., et al. (1995). The effect of debulking surgery after 
induction chemotherapy on the prognosis in advanced epithelial ovarian 
cancer. New England J ournal of Medicine, 332, 629- 634. 

Burghardt, E., et al. (1991). Patterns of pelvic and paraaortic lymph node 
involvement in ovarian cancer. Gynecologic Oncology, 40, 103- 106. 
Burnett, F. etal. (2003). Radical vaginal trachelectomy and pelvic 
lymphadenectomy for preservation of fertility in early cervical carcinoma. 

Gynecologic Oncology, 88, 419- 423. 

Cancer Services Collaborative, NHS Modernisation Agency. (2001). 
Multidisciplinary Team Working: Service Improvement Guide, pp 1-58, 
Haywood Medical Publishing, London. 

Carney, M. E., et al. (2002). A population-based study of patterns of care 
for ovarian cancer: who is seen by a gynecologic oncologist and who is 
not? Gynecologic Oncology, 84, 36- 42. 

Chadha, M., et al. (1999). Patterns of failure in endometrial carcinoma 
stage IB grade 3 and IC patients treated with postoperative vaginal vault 
brachytherapy. Gynecologic Oncology, 75, 103-107. 

Chen, S. S. and Lee, L. (1983). Incidence of para-aortic and pelvic 
lymph node metastases in epithelial carcinoma of the ovary. Gynecologic 
Oncology, 16, 95- 100. 

Cieisano, F. D. Jr, etal. (2000). The outcome of stage I-II clinically and 
surgically staged papillary serous and clear cell endometrial cancers 
when compared with endometrioid carcinoma. Gynecologic Oncology, 
77, 55-65. 

Colombo, N., etal. (2003). International collaborative ovarian neoplasm 
trial 1: a randomised trial of adjuvant chemotherapy in women with 
early stage ovarian cancer. J ournal of the National Cancer Institute, 95, 
125- 132. 

Creasman, W. T., et al. (2004). Prognosis of papillary serous, clear cell, and 
grade 3 stage | carcinoma of the endometrium. Gynecologic Oncology, 
95, 593-596. 

Cunningham, M. J., etal. (1997). Primary radiation, cisplatin and 5- 
fluorouracil for advanced squamous carcinoma of the vulva. Gynecologic 
Oncology, 66, 258- 261. 

Dalrymple, J. L., et al. (2004). Chemoradiation for primary invasive squa- 

mous carcinoma of the vagina. International J ournal of Gynecological 

Cancer, 14, 110-117. 

Davis, K. P., etal. (1991). Invasive vaginal carcinoma: analysis of early 

stage disease. Gynecologic Oncology, 42, 131- 136. 

Deavers, M. T., et al. (2002). Micropapillary and cribriform patterns in 

ovarian serous tumors of low malignant potential: a study of 99 advanced 

stage cases. American J ournal of Surgical Pathology, 26, 1129- 1141. 

Dembo, A., etal. (1990). Prognostic factors in patients with stage | 
epithelial ovarian cancer. Obstetrics and Gynecology, 75, 263-273. 











MULTIDISCIPLINARY TEAM MANAGEMENT OF GYNAECOLOGICAL CANCERS 


DeHullu,J.A., et al. (2002). Vulva cancer. The price of less radical surgery. 
Cancer, 95, 2331- 2338. 

De Palo, G., etal. (1993). Treatment of FIGO (1971) stage | endometrial 

carcinoma with intensive surgery, radiotherapy and hormonotherapy 

according to pathological prognostic groups: Long-term results of 
a randomized multicenter study. European Journal of Cancer, 29, 
1133- 1140. 

ichhorn, J. H., etal. (1999). Ovarian serous borderline tumors with 

micropapillary and cribriform patterns: a study of 40 cases and 

comparison with 44 cases without these patterns. American J ournal of 

Surgical Pathology, 23, 397- 409. 

ifel, P. J., et al. (1995). Time course and incidence of late complications 

in patients treated with radiation therapy for FIGO stage IB carcinoma of 

the uterine cervix. International J ournal of Radiation Oncology, Biology, 

Physics, 32, 1289- 1300. 

isebkop, S. M., et al. (1992). The impact of subspecialty training on the 

management of advanced ovarian cancer. Gynecologic Oncology, 47, 
203- 209. 

Engelen, M. J., et al. (2006). Surgery by consultant gynecologic oncologists 
improves survival in patients with ovarian carcinoma. Cancer, 106, 
589 - 598. 

Faught, W., et al. (2003). Early ovarian cancer: what is the staging impact 
of retroperitoneal node sampling? J ournal of Obstetrics and Gynaecology 
Canada, 25, 18-21. 

Fauvet, R., et al. (2005). Fertility after conservative treatment for borderline 
ovarian tumors: a French multicenter study. Fertility and Sterility, 83, 
284- 290. 

Frank, S. J., etal. (2005). Definitive radiation therapy for squamous cell 
carcinoma of the vagina. International Journal of Radiation Oncology, 
Biology, Physics, 62, 138-147. 

Frumovitz, M. (2004). Predictors of final histology in patients with 
endometrial cancer. Gynecologic Oncology, 95, 463- 468. 

Fujita, M., etal. (2003). Genetic alterations in ovarian carcinoma: with 
specific reference to histological subtypes. Molecular and Cellular 
Endocrinology, 202, 97-99. 

Griffiths, C. T. (1975). Surgical resection of tumor bulk in the primary 
treatment of ovarian carcinoma. National Cancer Institute Monograph, 
42, 101- 104. 

Hacker, N. F., etal. (1981). Radical vulvectomy and bilateral inguinal 
lymphadenectomy through separate groin incisions. Obstetrics and 
Gynecology, 58, 574-579. 

Hacker, N. F., etal. (1984a). Preoperative radiation therapy for locally 
advanced vulvar cancer. Cancer, 54, 2056 - 2061. 

Hacker, N. F., etal. (1984b). Individualization of treatment for stage 
| squamous cell vulvar carcinoma. Obstetrics and Gynecology, 63, 
155 - 162. 

Hacker N. (ed). (1989). Controversial Aspects of Cytoreductive Surgery 
in Epithelial Ovarian Cancer. Bailliere’s Clinical Obstetric and 
Gynaecology, Vol. 3. Operative treatment of ovarian cancer, Bailliere 
Tindall, London. 

Hamilton, C. A., etal. (2005). Impact of adjuvant therapy on survival of 
patients with early-stage uterine papillary serous carcinoma. International 
Journal of Radiation Oncology Biology, Physics, 63, 839- 844. 

Han, S. C., et al. (2000). Chemoradiation as primary or adjuvant treatment 
for locally advanced carcinoma of the vulva. International Journal of 
Radiation Oncology, Biology, Physics, 47, 1235-1244. 

Hart, W. R. (2005). Borderline epithelial tumours of the ovary. Modern 
Pathology, 18(Suppl 2), 533- S50. 

Hess, V., etal. (2004). Mucinous epithelial ovarian cancer: a separate 
entity requiring specific treatment. J ournal of Clinical Oncology, 22, 
1040- 1044. 

Horowitz, N. S., etal. (2002). Adjuvant high dose rate vaginal 
brachytherapy as treatment of stage | and II endometrial carcinoma. 
Obstetrics and Gynecology, 99, 235- 240. 

Hoskins, W., etal. (1992). The influence of cryoreductive surgery on 
recurrence-free interval and survival in small-volume stage II! epithelial 
ovarian cancer. A Gynecologic Oncology Group Study. Gynecologic 
Oncology, 47, 157-166. 

Hoskins, P. J., etal. (2001). Paclitaxel and carboplatin, alone or with 
irradiation, in advanced or recurrent endometrial cancer: a phase 11 study. 
Journal of Clinical Oncology, 19, 4048- 4053. 


m 


m 





m 


1429 


nd, E. J. and Shepherd, J. H. (2002). Overview of primary surgery for 
ovarian cancer, in Shepherd, J. H. (ed), Ovarian Cancer, 2" edition, pp 
289 - 298, Oxford University Press, New York. 

nternational Collaborative Ovarian Neoplasm Group. (2002). Paclitaxel 
plus carboplatin versus standard chemotherapy with either single-agent 
carboplatin or cyclophosphamide, doxorubicin, and cisplatin in women 
with ovarian cancer: the ICON 3 randomised trial. Lancet, 360, 505-515. 


Jackson, S., etal. (1997). The management of cervical carcinoma within 


the southwest region of England. Expert tumour panel. British J ournal 
of Obstetrics and Gynaecology, 104, 140- 144. 


Jolly, S., etal. (2005). Vaginal brachytherapy alone: an alternative to 


adjuvant whole pelvis radiation for early stage endometrial cancer. 
Gynecologic Oncology, 97, 887- 892. 


Junor, E. J., etal. (1994). Management of ovarian cancer: referral to a 


multi-disciplinary team matters. British J ournal of Cancer, 70, 363 - 370. 





Junor, E. J., et al. (1999). Specialist gynaecologists and survival outcome in 


ovarian cancer: a Scottish national study of 1866 patients. British J ournal 
of Obstetrics and Gynaecology, 106, 1130- 1136. 

Kayikciouglu, F., et al. (2001). Neoadjuvant chemotherapy or primary 
surgery in advanced epithelial ovarian carcinoma. International J ournal 
of Gynecological Cancer, 11, 466- 470. 

Kelly, M. G., et al. (2005). Improved survival in surgical stage | patients 
with uterine papillary serous carcinoma (UPSC) treated with adjuvant 
platinum-based chemotherapy. Gynecologic Oncology, 98, 353- 359. 

Keys, H. M., etal. (1999). Cisplatin, radiation and adjuvant hysterectomy 
compared with radiation and adjuvant hysterectomy for bulky stage 1B 
cervical carcinoma. New England J ournal of Medicine, 340, 1154-1161. 

Keys, H. M., et al. A Gynecologic Oncology Group Study. (2004). A phase 
III trial of surgery with or without adjunctive external pelvic radiation 
therapy in intermediate risk endometrial adenocarcinoma. Gynecologic 
Oncology, 92, 744-751. 

Kim, S. H., et al. (1993). Preoperative staging of uterine cervical carcinoma: 
comparison of CT and MRI in 99 patients. J ournal of Computer Assisted 
Tomography, 17, 633- 640. 

Kinkel, K., etal. (1999). Radiologic staging in patients with endometrial 
cancer: a meta-analysis. Radiology, 212, 711-718. 

Kirkbride, P., et al. (1995). Carcinoma of the vagina - experience at the 
Princess Margaret Hospital (1974-1989). Gynecologic Oncology, 56, 
435 - 443. 

Koh, W. J., etal. (1993). Combined radiotherapy and chemotherapy in the 
management of local-regionally advanced vulvar cancer. International 
Journal of Radiation Oncology, Biology, Physics, 126, 809- 816. 

Landoni, F., etal. (1996). Concurrent preoperative chemotherapy with 

5 fluorouracil and mitomycin C and radiotherapy (FUMIR) followed 

by limited surgery in locally advanced and recurrent vulva cancer. 

Gynecologic Oncology, 61, 321- 327. 

Landoni, F., etal. (1997). Randomised study of radical surgery versus 

radiotherapy for stage Ib-Ila cervical cancer. Lancet, 350, 535-540. 

Larson, D. M., et al. (1995). Comparison of D&C and office endometrial 

biopsy in predicting final histopathologic grade in endometrial cancer. 

Obstetrics and Gynecology, 38, 38- 42. 

Lee, K. R. and Scully, R. E. (2000). Mucinous tumors of the ovary: a 

clinicopathologic study of 196 borderline tumors (of intestinal type) and 

carcinomas, including an evaluation of 11 cases with 'pseudomyxoma 

peritonei’. American J ournal of Surgical Pathology, 24, 1447- 1464. 

Lin, W. C., et al. (2003). Usefulness of (18)F-fluorodeoxyglucose positron 

emission tomography to detect para-aortic lymph nodal metastasis in 

advanced cervical cancer with negative computed tomography findings. 

Gynecologic Oncology, 89, 73-76. 

Longacre, T. A., etal. (2005). Ovarian serous tumors of low malignant 

potential (borderline tumors): outcome-based study of 276 patients 

with long-term (>or = 5-year) follow-up. American J ournal of Surgical 

Pathology, 29, 707 - 723. 

Lupi, G., et al. (1996). Combined preoperative chemoradiotherapy followed 

by radical surgery in locally advanced vulva cancer. A pilot study. 

Cancer, 77, 1472 - 1478. 

MacDonald, R. R., etal. (1998). A randomized trial of progestogen in the 

primary treatment of endometrial carcinoma. British J ournal of O bstetrics 

and Gynaecology, 95, 166- 174. 

MacDonald, H., et al. (1999). A comparison of national cancer registry and 
direct follow-up in the ascertainment of ovarian cancer. British Journal 
of Cancer, 80, 1826- 1827. 











1430 


Magrina, J. F., et al. (2000). Squamous cell carcinoma of the vulva stage 

IA: long-term results. Gynecologic Oncology, 76, 24- 27. 

Makar, A. P., et al. (1995). The prognostic significance of residual disease, 

FIGO substage, tumour histology, and grade in patients with FIGO stage 

III ovarian cancer. Gynecologic Oncology, 56, 175- 180. 

Martinez, S., et al. (2005). Is there a benefit of pretreatment laparoscopic 

transperitoneal surgical staging in patients with advanced cervical cancer? 

Gynecologic Oncology, 99, 536- 544. 

McGuire, W. P., et al. (1996). Cyclophosphamide and cisplatin compared 

with paclitaxel and cisplatin in patients with stage III and stage IV ovarian 

cancer. New England J ournal of Medicine, 334, 1-6. 

McGuire, V., etal. (2002). Survival among U.S. women with invasive 

epithelial cancer. Gynecologic Oncology, 84, 399- 403. 

Michener, C. M., et al. (2005). Carboplatin plus paclitaxel in the treatment 

of advanced or recurrent endometrial carcinoma. Journal of Cancer 

Research and Clinical Oncology, 131, 581-584. 

Misdraji, J. etal. (2003). Appendiceal mucinous neoplasms: a 

clinicopathologic analysis of 107 cases. American J ournal of Surgical 

Pathology, 27, 1089- 1103. 

Monga, M., etal. (1991). Surgery without adjuvant chemotherapy for 

epithelial ovarian carcinoma after comprehensive surgical staging. 

Gynecologic Oncology, 43, 195- 197. 

Moore, D. H., etal. (1998). Preoperative chemoradiation for advanced 

vulva cancer: a phase II study of the Gynecologic Oncology group. 

International Journal of Radiation Oncology, Biology, Physics, 42, 

79-85. 

M orice, P., etal. (2003). Lymph node involvement in epithelial ovarian 

cancer: analysis of 276 pelvic and paraaortic lymphadenectomies and 

surgical implications. Journal of the American College of Surgery, 197, 

198- 205. 

M orris, M., etal. (1999). Pelvic radiation with concurrent chemotherapy 

versus pelvic and para-aortic radiation for high-risk cervical cancer. A 

randomised radiation therapy oncology group clinical trial. New England 

Journal of M edicine, 430, 1137- 1143. 

Morris, R. T., etal. (2000). Outcome and reproductive function after 

conservative surgery for borderline ovarian tumors. Obstetrics and 

Gynecology, 95, 541-547. 

Muggia, F. M., et al. (2000). Phase III randomized study of cisplatin versus 

paclitaxel versus cisplatin and paclitaxel in patients with suboptimal stage 

III or IV ovarian cancer: a Gynecologic Oncology Group Study. J ournal 

of Clinical Oncology, 18, 106- 115. 

Mukherjee, A. K., et al. (1991). The completeness and accuracy of health 

authority and cancer registry records according to a study of ovarian 

neoplasms. Public Health, 105, 69- 78. 

Munoz, K.A., et al. (1997). Patterns of care for women with ovarian cancer 

in the United States. J ournal of Clinical Oncology, 15, 3408- 3415. 

Narayan, K., etal. (2001). A comparison of MRI and PET scanning 

in surgically staged loco-regionally advanced cervical cancer: potential 

impact on treatment. International J ournal of Gynecological Cancer, 11, 

263- 271. 

Ng, T. Y. etal. (2000). Local recurrence in high-risk node-negative 
stage | endometrial carcinoma treated with postoperative vaginal vault 
brachytherapy. Gynecologic Oncology, 79, 490- 494. 

Omura, G. A., etal. (1991). Long-term follow-up and prognostic factor 
analysis in advanced ovarian carcinoma: the Gynecologic Oncology 
Group experience. J ournal of Clinical Oncology, 9, 1138-1150. 

Otton, G. R., et al. (2004). Early stage vaginal cancer - an analysis of 70 
patients. International J ournal of Gynecological Cancer, 14, 304 - 331. 
Ozols, R. F., et al. (2003). Phase III trial of carboplatin and paclitaxel 
compared with cisplatin and paclitaxel in patients with optimally resected 
stage III ovarian cancer: a Gynecologic Oncology Group Study. J ournal 

of Clinical Oncology, 21, 3194- 3200. 

Panici, P. B., et al. (2005). Systematic aortic and pelvic lymphadenectomy 
versus resection of bulky nodes only in optimally debulked advanced 
ovarian cancer: a randomized clinical trial. J ournal of the National Cancer 
Institute, 97, 560- 566. 

Pectasides, D., etal. (2005). Advanced stage mucinous epithelial 
ovarian cancer: the Hellenic Cooperative Oncology Group experience. 
Gynecologic Oncology, 97, 436- 431. 

Perez, C. A., etal. (1998). Irradiation in carcinoma of the vulva: factors 

affecting outcome. International J ournal of Radiation Oncology, Biology, 

Physics, 42, 335- 434. 








THE TREATMENT OF CANCER 


Peters, W. A. 3rd etal. (2000). Concurrent chemotherapy and pelvic 
radiation therapy compared with pelvic radiation therapy alone as 
adjuvant therapy after radical surgery in high-risk early-stage cancer of 
the cervix. J ournal of Clinical Oncology, 18, 1606 - 1613. 

Piccart, M. J., etal. (2000). Randomized intergroup trial of cisplatin- 
paclitaxel versus cisplatin-cyclophosphamide in women with advanced 
epithelial ovarian cancer: three-year results. Journal of the National 
Cancer Institute, 92, 699- 708. 

Pieretti, M., etal. (2002). Heterogeneity of ovarian cancer: relationships 
among histological group, stage of disease, tumor markers, patient 
characteristics, and survival. Cancer Investigation, 20, 11- 23. 

Pisano, C., etal. (2005). Activity of chemotherapy in mucinous epithelial 
ovarian cancer: a retrospective study. Anticancer Research, 25, 
3501 - 3505. 

Plante, M., et al. (2005). Vaginal radical trachelectomy: a valuable fertility- 
preserving option in the management of early-stage cervical cancer. 
A series of 50 pregnancies and review of the literature. Gynecologic 
Oncology, 98, 3- 10. 

Prat, J}. and DeNictolis, M. (2002). Serous borderline tumors of the 
ovary: a long-term follow-up study of 137 cases, including 18 with a 
micropapillary pattern and 20 with microinvasion. American J ournal of 
Surgical Pathology, 26, 1111- 1128. 

Randall, M. E., etal. (2006). Randomized phase III trial of whole- 
abdominal irradiation versus doxorubicin and cisplatin chemotherapy in 
advanced endometrial carcinoma: a Gynecologic Oncology Group Study. 
Journal of Clinical Oncology, 24, 36- 44. 

Rodriguez, |. M. and Prat, J. (2002). Mucinous tumors of the ovary: a 
clinicopathologic study of 196 borderline tumors (of intestinal type) and 
carcinomas, including an evaluation of 11 cases with 'pseudomyxoma 
peritonei’. American J ournal of Surgical Pathology, 24, 1447 - 1464. 

Rose, P. G., et al. (1999a). Positron emission tomography for evaluating 
para-aortic nodal metastasis in locally advanced cervical cancer before 
surgical staging: a surgicopathologic study. J ournal of Clinical Oncology, 
17, 41-45. 

Rose, P. G., et al. (1999b). Concurrent cisplatin-based chemoradiation in 
locally advanced cervical cancer. New England J ournal of Medicine, 340, 
1144- 1153. 

Rose, P. G., etal. (2004). Secondary surgical cytoreduction for advanced 
ovarian carcinoma. New England J ournal of M edicine, 351, 2489- 2497. 

Ross, M . J. and Ehrmann, R. L. (1987). Histological prognosticators in stage 
| squamous cell carcinoma of the vulva. Obstetrics and Gynecology, 70, 
774- 784. 

Rotmensch, J., etal. (1990). Preoperative radiotherapy followed by 
radical vulvectomy with inguinal lymphadenectomy for advanced vulvar 
carcinomas. Gynecologic Oncology, 36, 181- 184. 

Russell, A. H., etal. (1992). Synchronous radiation and cytotoxic 
chemotherapy for locally advanced or recurrent squamous cancer of the 
vulva. Gynecologic Oncology, 47, 14- 20. 

Samant, R. S., etal. (2005). Radiotherapy for the treatment of primary 
vaginal cancer. Radiotherapy and Oncology, 77, 133- 136. 

Scheistroen, M . and Trope, C. (1993). Combined bleomycin and irradiation 
in preoperative treatment of advanced squamous cell carcinoma of the 
vulva. Acta oncologica, 32, 657- 661. 

Scholten, A. N., etal. (2005). Postoperative radiotherapy for Stage 1 
endometrial carcinoma: long-term outcome of the randomized PORTEC 
trial with central pathology review. International Journal of Radiation 
Oncology, Biology, Physics, 63, 834- 338. 

Seidman, J. D. and K urman, R. J. (2000). Ovarian serous borderline tumors: 
a critical review of the literature with emphasis on prognostic indicators. 
Human pathology, 31, 539- 557. 

Shaw, M., etal. (2003). National guidance on gynaecological cancer 
management: an audit of gynaecological cancer services and management 
in the South East of England. European Journal of Gynaecological 
Oncology, 24, 246- 250. 

Shepherd, J. H., etal. (2006). Radical vaginal trachelectomy as a fertility 
sparing procedure in women with early stage cervical cancer - cumulative 
pregnancy rate in a series of 123 women. British J ournal of Obstetrics 
and Gynaecology, 113(6), 719- 724. 

Shimizu, Y., etal. (1998). A phase II study of combined CPT-11 and 
mitomycin-C in platinum refractory clear cell and mucinous ovarian 
carcinoma. Annals of the Academy of M edicine, Singapore, 27, 650 - 656. 





MULTIDISCIPLINARY TEAM MANAGEMENT OF GYNAECOLOGICAL CANCERS 


Slomovitz, B. M., et al. (2003). Uterine papillary serous carcinoma (UPSC): 
a single institution review of 129 cases. Gynecologic Oncology, 91, 
463 - 469. 

Spirtos, N. M., et al. (1995). Cytoreductive surgery in advanced epithelial 
cancer of the ovary: the impact of aortic and pelvic lymphadenectomy. 
Gynecologic Oncology, 56, 345- 352. 

Stock, R. G., etal. (1995). A 30-year experience in the management of 
primary carcinoma of the vagina: analysis of prognostic factors and 
treatment modalities. Gynecologic Oncology, 56, 45-52. 

Straughn, J. M., et al. (2003). Stage IC adenocarcinoma of the endometrium: 
survival comparisons of surgically staged patients with and without 
adjuvant radiation therapy. Gynecologic Oncology, 89, 295 - 300. 

Subak, L. L., etal. (1995). Cervical carcinoma: computed tomography 
and magnetic resonance imaging for preoperative staging. Obstetrics and 
Gynecology, 86, 43- 50. 

Tangjitgamol, S., et al. (2003). Can we rely on the size of the lymph node in 
determining nodal metastasis in ovarian carcinoma? International journal 
of gynecological cancer, 13, 297- 302. 

Tingulstad, S., et al. (2002). Completeness and accuracy of registration of 
ovarian cancer in the cancer registry of Norway. International J ournal of 
Cancer, 98, 907-911. 

Tjlma, W. A. A., et al. (2001). The role of surgery in invasive squamous 
cell carcinoma of the vagina. Gynecologic Oncology, 81, 360- 365. 

Trimbos, J. B., et al. (1991). Watch and wait after careful surgical treatment 
and staging in well differentiated early ovarian cancer. Cancer, 67, 
597 - 602. 

Trimbos, J. B., et al. (2003a). International collaborative ovarian neoplasm 
trial 1 and adjuvant chemotherapy in ovarian neoplasm trial: two parallel 
randomized phase II! trials of adjuvant chemotherapy in patients with 
early-stage ovarian carcinoma. J ournal of the National Cancer Institute, 
95, 105-112. 

Trimbos, J. B., et al. (2003b). Impact of adjuvant chemotherapy and surgical 
staging in early-stage ovarian carcinoma: European organisation for 
research and treatment of cancer - adjuvant chemotherapy in ovarian 
neoplasm trial. J ournal of the National Cancer Institute, 95, 113-125. 

Vasey, P. A., etal. (2004). Phase III randomized trial of docetaxel- 
carboplatin versus paclitaxel-carboplatin as first-line chemotherapy 
for ovarian carcinoma. Journal of the National Cancer Institute, 96, 
1682- 1691. 

van der Velden, J., etal. (2004). Squamous cell cancer of the vulva 
with occult lymph node metastases in the groin: the impact of surgical 
technique on recurrence pattern and survival. International J ournal of 
Gynaecological Oncology, 14, 633- 638. 


1431 


Vergote, |., et al. (1998). Neoadjuvant chemotherapy or primary debulking 
surgery in advanced ovarian carcinoma: a retrospective analysis of 285 
patients. Gynecologic Oncology, 71, 431- 436. 

Vergote, I., et al. (2001). Prognostic importance of degree of differentiation 
and cyst rupture in stage | invasive epithelial carcinoma. Lancet, 357, 
176 - 182. 

Wagenaar, H. C., etal. (2001). Bleomycin, metotrexate and CCNU in 
locally advanced, inoperable, squamous-cell carcinoma of the vulva: 
an EORTC Gynaecological Cancer Cooperative Group Study. European 
Organisation for Research and Treatment of Cancer. Gynecologic 
Oncology, 81, 348- 354. 

Wahlen, S. A . et al. (1995). Concurrent radiation therapy and chemotherapy 
in the treatment of primary squamous cell carcinoma of the vulva. 
Cancer, 75, 2289- 2294. 

Whitney, C. W., et al. (1999). A randomised comparison of Fluorouracil 
plus cisplatin versus hydroxyurea as an adjunct to radiation therapy in 
stages 11B-IVA carcinoma of the cervix with negative para-aortic lymph 
nodes. A Gynecologic Oncology Group and Southwest Oncology Group 
Study. J ournal of Clinical Oncology, 17, 1339- 1348. 

Woodman, C., et al. (1997). What changes in the organisation of cancer 
services will improve the outcome for women with ovarian cancer? 
British J ournal of Obstetrics and Gynaecology, 104, 135- 139. 

Zaino, R., et al. (2001). Simultaneously detected endometrial and ovarian 
carcinomas - a prospective clinico-pathologic study of 74 cases: 
a Gynecologic Oncology Group Study. Gynecologic Oncology, 83, 
355 - 362. 

Zanetta, G., et al. (2001). Behaviour of borderline tumors with particular 
interest to persistence, recurrence, and progression to invasive carcinoma: 
a prospective study. J ournal of Clinical Oncology, 19, 2658- 2664. 

Zhang, S. H. etal. (2000). Preservation of the saphenous vein 
during inguinal lymphadenectomy decreases morbidity in patients with 
carcinoma of the vulva. Cancer, 89, 1520-1525. 


FURTHER READING 


Giede, K. C., et al. (2005). Who should operate on patients with ovarian 
cancer? An evidence-based review. Gynecologic Oncology, 99, 447 - 461. 


Multidisciplinary Management of 
Genitourinary Malignancies 


Dana Rathkopf and Howard |. Scher 
Memorial Sloan-Kettering Cancer Center, New York, NY, USA 





INTRODUCTION 


Genitourinary cancers, tumours of the bladder, kidney, 
prostate, and testes, present across a wide clinical spectrum 
from localized to metastatic, asymptomatic to symptomatic, 
driven by a range of biologic factors that often change 
as the disease evolves. The sensitivity to systemic thera- 
pies is also highly variable, enabling cure in even the most 
advanced stages in some and palliation at best in others. 
But across the spectrum of histologies, and stages at first 
presentation, the outcomes are improved with a defined inte- 
grated multidisciplinary approach. Central to the application 
of these strategies is the definition of treatment objectives 
based on the prognosis of the patient at the time an inter- 
vention is considered. This is achieved by considering the 
disease in a series of clinical states (Figure 1), each repre- 
senting milestones in the illness, be it at the time of diagnosis 
or recurrence following local treatment or systemic ther- 
apy. This chapter will apply the clinical states model to the 
spectrum of genitourinary malignancies, with the objective 
to ensure the best outcome for patients through integrated 
management. 

The importance of a clinical states model is that it consid- 
ers the disease as a continuum, and allows the application of 
a risk-adapted approach to management. At diagnosis, man- 
agement must incorporate treatment of the primary tumour, 
with either pre- or post-systemic therapy added on the basis 
of the presence of or risk of metastatic disease. In cases where 
the disease is curable even when metastatic, the focus shifts 
to minimizing the long-term morbidity of therapy and main- 
taining quality of life. For those where it is not, experimental 
options might be considered with the hope of improving 
outcomes relative to currently available standards. For each 
individual, the prognosis is assessed and reassessed at each 
point and intervention is considered on the basis of disease 
manifestations that are present at that point in time and what 
is anticipated to occur in the future. It is this estimation of risk 
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that ultimately guides the decision of how and with what to 
treat on the basis of the risk- reward ratio of the intervention 
being planned. 


BLADDER CANCER 


Clinical State: No Cancer Diagnosis 


Detection and Diagnosis 


The most common presenting symptom of bladder cancer is 
haematuria with or without irritative symptoms. The diagno- 
sis is established by cystoscopy and biopsy that includes a 
complete resection of all visible lesions and a sample of 
muscularis propria to insure no invasion. Worldwide, the 
most common cause of bladder cancer is Schistosoma haema- 
tobium infection, which often presents with a squamous 
cell histology. Overall, transitional cell histologies are more 
frequent, with risk factors that include cigarette smoking, 
exposure to polycyclic aromatic hydrocarbons or cyclophos- 
phamide, and possibly spinal cord injury necessitating the 
use of chronic indwelling catheters (see Urinary Tract). 
Disease extent and prognosis is determined by histologic 
subtype and depth of invasion into the muscularis propria. 
Superficial tumours include papillary (Ta) lesions that do not 
invade but tend to recur and carcinoma in situ (Tis), which 
is considered a precursor of invasive tumours that can lead 
to metastatic disease. A clear treatment distinction is made 
between superficial disease that is managed endoscopically, 
with or without intravesical therapy, and muscle invasive 
disease for which radical cystectomy is the treatment stan- 
dard. Treatment consists of removal of the bladder and a 
lymph node dissection along with the prostate in males and 
endometrium and ovaries in females. Attention then turns 
to urinary flow, which can be established to the skin via a 
conduit or internal urinary reservoir, or in selected cases, 
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Figure 1 Clinical states: framework for patient management. 


to the urethra. Tis tumours are generally treated with BCG 
in addition to transurethral resection of the bladder tumour 
(TURBT) on the basis of risk of recurrence. Tumours that 
have spread to regional nodes or beyond are managed with 
combination chemotherapy and, in selected cases, surgical 
resection of residual disease to achieve complete remission, 
a prerequisite for long-term survival (Figure 2). 


Clinical State: Localized Disease 


Surgical Management of Muscle-invasive Bladder 
Tumours 


Radical cystectomy with pelvic lymph node dissection is 
considered for patients with T1 disease and is the standard 
of care for patients with disease that has invaded the muscle 
wall (T2 or greater). As monotherapy, 5-year survival rates 
of 40-70% can be anticipated, varying with grade, depth 
of invasion, and nodal involvement (K aufman, 2006; Stein 
et al., 2001; Dalbagni etal., 2001). Although the extent 
of the pelvic lymph node dissection remains controversial, 
it has been suggested that a minimum of nine nodes be 
removed for staging and therapeutic purposes (Herr etal., 
2002). Lymph node- positive disease at the time of surgical 
resection denotes a 5-year overall survival of 31% (Stein 
et al., 2001), and itis of interest that, matched for the number 
of nodes involved, patients in whom 10 or more nodes are 
removed have a superior survival relative to those in whom 
less than 10 are resected (Herr et al., 2004). Post-operative 
adjuvant systemic therapy is considered on the basis of the 
probability of recurrence. 


Perioperative Chemotherapy for Muscle-invasive Disease 


The high overall response rates, including durable complete 
remissions observed in patients with advanced disease, led to 
the study of chemotherapy for patients with invasive tumours 
both prior to and following surgery. 


Neoadjuvant Chemotherapy Two contemporary phase 
Ill randomized trials and a meta-analysis have confirmed 
a survival advantage for neoadjuvant chemotherapy for 
patients with muscle invasive transitional cell carcinoma 
(TCC) (=T2). The European Organization for Research 
and Treatment of Cancer/Medical Research Council 
(EORTC/MRC) comparing the three-drug regimen of 
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methotrexate/vinblastine/cisplatin (CMV) in combination 
with either radical cystectomy or external beam radiation 
therapy, a US Intergroup (INT-0080-SWOG 8710) trial of 
M-VAC versus cisplatin, and others showed an absolute 
survival benefit 5- 15% (Grossman et al., 2003; Advanced 
Bladder Cancer (ABC) Meta-analysis Collaboration, 2003; 
International Collaboration of Trialists, 1999; Hall, 2002; 
Garcia and Dreicer, 2005; Galsky and Scher, 2005). 
Definitive trials incorporating gemcitabine and paclitaxel 
have not been reported. 

A meta-analysis of over 2600 patients treated on 10 
randomized trials of neoadjuvant cisplatin-based chemother- 
apy for bladder cancer confirmed a statistically significant 
survival advantage with chemotherapy prior to surgery in 
muscle-invasive disease. The analysis yielded a 13% reduc- 
tion in risk of death, and a 5% absolute benefit at 5 years (p = 
0.016). The survival benefit was irrespective of the primary 
intervention (surgery and/or radiation) [Advanced Bladder 
Cancer (ABC) Meta-analysis Collaboration (2003)]. Despite 
this clear survival advantage, neoadjuvant chemotherapy is 
not widely practiced. 


Adjuvant Chemotherapy Owing to the recognized inac- 
curacies of endoscopic staging of the bladder by TURBT 
and because chemotherapy alone produced pathologic com- 
plete remission rates of 20% at best and a urothelium left in 
situ remains at risk for the development of new superficial 
and invasive disease (polychronotropism), many urologists 
favour performing surgery first and determining the need 
for systemic therapy based on pathologic staging. Despite 
this, to date no large randomized trials of adjuvant therapy 
have definitively proved a survival benefit for the adjuvant 
approach, as most of the reported studies are undersized and 
underpowered (Sylvester and Sternberg, 2000). The ABC 
meta-analysis identified 11 randomized controlled trials from 
which individual patient survival data was available in 6 tri- 
als, 4 of which were stopped early [A dvanced Bladder Cancer 
(ABC) Meta-analysis Collaboration (2005)]. Although there 
was a 9% improvement in absolute survival at 3 years favour- 
ing adjuvant therapy, the results must be interpreted with 
caution. Ongoing phase II! clinical trials continue to explore 
optimal treatment strategies in the adjuvant setting (Small 
et al., 2003). 


Multimodality Approach to Bladder Preservation 


For the primary tumour, removal of the bladder eliminates 
the risk of developing new tumours in this site, although the 
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TNM Definition AJ CC stage groupings TNM 
classification 
Tis Limited to mucosa, flat in situ Stage 0a Ta, N0, MO 
Ta Limited to mucosa, papillary Stage Ois Tis, NO, MO 
T1 Lamina propria invaded Stage | T1, NO, MO 
T2a less than halfway through muscularis T2a, NO, MO 
Stage Il 
T2b more than halfway through muscularis T2b, NO, MO 
T3 Perivesical fat T3a, NO, MO 
Stage Ill T3b, NO, MO 
T4a Prostate, uterus, or vagina 
ee eee T4a, NO, MO 
T4b Pelvic wall or abdominal wall T4b, NO, MO 
N1-N3 Pelvic lymph node(s) involved Stage IV Any T, Any N, MO 
M1 Distant metastases AnyT, Any N, M1 
Figure 2 TNM staging system for bladder cancer. (Reproduced from _http://training.seer.cancer.gov/ss_module05_bladder/unit03_sec04_staging.html. 
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upper and lower tracts remain at risk. Bladder preservation 
approaches using radiation therapy alone or radiation therapy 
in combination with chemotherapy have also been reported, 
but should be approached with the recognition that even if 
successful, continued surveillance of the bladder is required 
because of the risk of developing new lesions, and the 
functional capability of the resected and irradiated bladder 
relative to the newer internal urinary reservoirs is uncertain. 

A review of the RTOG bladder protocols using multi- 
modality therapy over the past 15 years has reported 5-year 
survival rates of 49-52% (Shipley etal., 2003). Treat- 
ment includes TURBT, concurrent chemoradiation, and cys- 
toscopy for evaluation of response (Rodel et al., 2002; Dunst 
et al., 1994; Shipley et al., 2003). Although survival rates for 
bladder-preserving protocols are seemingly similar to radical 
cystectomy alone, the results are not definitive. N evertheless, 
the results of selected phase II investigations suggest that 
there is a select group of patients for whom this goal can 
be achieved successfully, recognizing that these are highly 


selected cases from the population of patients with urothelial 
tumours at large and that continued surveillance is necessary 
because of the risk of developing new tumours. It is also not 
clear that these techniques result in a well-functioning blad- 
der and one-third of the patients on these protocols ultimately 
require cystectomy necessitating rigorous lifelong surveil- 
lance (Shipley et al., 2002). 


Clinical State: Relapse after Primary Therapy 
and/or Metastatic Disease 


Pretreatment Prognostic Variables 


Critical for optimal management of this patient group is the 
use of pretreatment factors to define treatment objectives. 
For patients with advanced disease, K arnofsky performance 
status (K PS) <70%, and the presence or absence of visceral 
metastasis proved predictive (Geller et al., 1991; Loehrer 
etal., 1992; Saxman etal., 1997; Bajorin etal., 1999; 
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Bellmunt etal., 2002). In a retrospective study of 203 
patients treated with chemotherapy, the median survival 
for patients with zero, one, or two risk factors was 33, 
13.4, and 9.3months, respectively (p = 0.0001) (Bajorin 
et al., 1999), and it has been suggested that patients with 
a compromised KPS and visceral disease should not receive 
aggressive combination regimens owing to the high risk of 
toxicity. 


Standard of Care: M-VAC versus GC 


The M-VAC regimen (methotrexate, vinblastine, doxoru- 
bicin, cisplatin) was established as the first standard combina- 
tion regimen for patients with metastatic urothelial tumours 
on the basis of high response rates, including complete 
remissions that proved durable in a proportion of patients 
(Sternberg et al., 1985, 1999a), and a prospective randomized 
trial showing superior response rates and improved sur- 
vival relative to single-agent cisplatin (Loehrer et al., 1990). 
M yelotoxicity and mucositis are common side effects of the 
regimen, alleviated in part with haematologic growth factor 
support. In general, nodal disease is more sensitive than vis- 
ceral lesions (Sternberg et al., 1985; Logothetis et al., 1990), 
which also set the stage for the use of combined modality 
approaches for those with pelvic lymph node involvement at 
presentation. It was in the initial trials that the principle, pre- 
viously proved in the management of testicular tumours, that 
resection of residual disease after a response to chemother- 
apy could result in cure was proved (Sternberg et al., 1985, 
1999a). In an analysis of 203 patients treated on five differ- 
ent M-VAC trials, the 5-year survival rate was 17%, with 
a median of 14.8 months. For the 46 patients who achieved 
a CR after chemotherapy with M-VAC, the 5-year survival 
was 40% (Dodd et al., 1999). 

Subsequently, the activity of gemcitabine was identified 
and combined with cisplatin as the GC regimen (Sternberg 
et al., 2001b). In a head-to-head comparison to M-VAC, GC 
failed to meet the primary end point of a 4-month survival 
benefit, but has since become the de facto standard on 
the basis of an improved safety profile with survivals that 
are comparable to the more toxic four-drug combination. 
Indeed, a 5-year update of the GC versus M-VAC trial 
confirmed that the overall survival and 5-year survivals were 
similar, 14 months versus 15.2 months, and 13% and 15.3%, 
respectively ( = 0.63) (von der M aase et al., 2005; Roberts 
et al., 2006). 


Other Doublet and Triplet Regimens Designed 
to Improve Outcomes 


Other doublets that have been evaluated have not proved 
to be superior to GC. A phase III randomized trial by the 
Hellenic Cooperative Oncology Group showed M-VAC to 
be superior to docetaxel and cisplatin (DC): median sur- 
vival of 14.2 versus 9.3 months (p = 0.026) (Bamias et al., 
2004), although the trial has been criticized because there 
was no stratification based on pretreatment factors known to 
affect prognosis (Galsky, 2005). A phase III SWOG study 


of M-VAC versus paclitaxel and carboplatin was terminated 
after 2.5 years owing to slow accrual. Toxicities of myelo- 
Suppression, mucositis, and renal toxicity were greater on the 
M-VAC treatment, yet the quality-of-life analysis revealed 
no significant differences between the two arms (Dreicer 
et al., 2004). 

A central question is whether the addition of a third 
active agent to GC will improve outcomes. To address this 
issue, the Spanish Oncology Genitourinary Group (SOGUG) 
designed a phase I/II feasibility study of gemcitabine and 
cisplatin together with paclitaxel (GCT) (Bellmunt et al., 
2000). An overall response rate of 77.6% was reported 
with 16 complete responses (28%) and 29 partial responses 
(50%). This has prompted a phase III randomized trial 
by the EORTC comparing GC to GCT, the results of 
which are eagerly awaited. A similar phase II study of 49 
patients using gemcitabine and paclitaxel with carboplatin 
also demonstrated a high overall (CR + PR) response rate 
of 68%, with 15 (32%) CRs, although the median survival 
of 14.7 was similar to GC alone (Hussain etal., 2001). 
Ifosfamide, paclitaxel, and cisplatin (ITP) has demonstrated 
a response rate of 68% and median survival of 20 months 
(Bajorin et al., 2000), which may have been influenced by 
favourable baseline prognostic factors and an aggressive 
post-treatment surgical approach (Galsky, 2005). A phase II 
study of AG followed by ITP reported an 87% response rate, 
with 10 (48%) patients achieving a complete response (Dodd 
et al., 2000; Maluf and Bajorin, 2001). To date, however, 
retrospective analyses do not support the routine use of three 
drug regimens outside of the clinical trial setting (Galsky, 
2005; Hainsworth et al., 2005). 


Alternative Approaches to Cisplatin-based Regimens 


Carboplatin combination regimens are frequently considered 
on the basis of the high frequency of compromised renal 
function in this patient group: none have been shown to be 
equivalent to cisplatin-based regimens in terms of efficacy. 
Gemcitabine has also been evaluated in multiple combina- 
tions including with oxaliplatin, carboplatin, and vinorelbine 
with response rates of 47%, 44%, and 47.6%, respectively 
(Theodore et al., 2006; Bellmunt et al., 2001; Linardou et al., 
2004; Turkolmez et al., 2003). In particular, gemcitabine and 
taxane combinations have shown promise in the chemonaive 
and second-line populations (Ardavanis et al., 2005; Gitlitz 
etal., 2003; Meluch etal., 2001; Sternberg etal., 2001a; 
K aufman et al., 2004). Indeed, the Hoosier Oncology Group 
reported an overall response rate to gemcitabine and pacli- 
taxel of 69% in the first-line setting; however, pulmonary 
toxicity was seen in 3 out of 24 patients including one death 
(Parameswaran etal., 2001; Li etal., 2005). Randomized 
comparisons are needed. 


Clinical State: Second- and Third-line Therapies 


Treatment after Platinum-based Therapy 


The response to chemotherapy for patients treated with prior 
platinum-based therapy is modest at best, and at present 
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there is no established standard. Paclitaxel, docetaxel, and 
ifosfamide produced objective response rates of 7- 20% 
(Papamichael etal., 1997; Vaughn et al., 2002; McCaffrey 
etal., 1997a; Witte etal., 1997), while a phase II trial of 
FOLFOX 4 in 16 patients showed an overall response rate 
of 19% (Di Lorenzo et al., 2004). Antifolate compounds have 
shown some promise with response rates of 17% using trime- 
trexate (Witte et al., 1994) and 23% with piritrexim (K hor- 
sand et al., 1997). In addition, pemetrexed and vinflunine 
have reported overall reponse rates of 28% and 18%, respec- 
tively, in the second-line setting (Sternberg and Vogelzang, 
2003; Sweeney et al., 2006; Culine et al., 2006). 


Multidisciplinary Management of Non-TCC Bladder 
and Upper Tract Urothelial Cancers 


Squamous Cell Carcinoma (SCC) 


Surgical intervention remains the cornerstone of treatment 
for local control of squamous cell carcinoma (SCC) with a 
5-year survival of approximately 35-50% (Swanson et al., 
1990; Richie etal., 1976). As many as 60% of patients 
experience a local recurrence (Swanson et al., 1990; Serretta 
etal., 2000; Rundle etal., 1982; Ghoneim etal., 1997). 
Radiation alone has not been proved effective with 3- and 
5-year survivals of 18% and <2%, respectively (Rundle 
et al., 1982; Quilty and Duncan, 1986). Chemotherapy and 
radiation in the perioperative setting remains controversial. 
According to Egypt's National Cancer Institute, the 5-year 
overall survival is 30% for non-bilhazarial versus 41% for 
bilhazarial cancers (p = 0.038). 


Adenocarcinoma 


Primary adenocarcinoma occurs in 2- 10% of all bladder can- 
cers with the highest incidence in nations with endemic schis- 
tosomiasis (Zaghloul et al., 2006; El-M ekresh et al., 1998). 
Histopathological subcategories include enteric, mucinous, 
signet ring, mixed, and not otherwise specified. The signet- 
ring subtype appears to portend the worst prognosis with a 
5-year survival of 7-27% (Zaghloul etal., 2006; Grignon 
et al., 1991). Five-year survival for all subtypes is 31- 48% 
(Grignon et al., 1991; Wilson et al., 1991). Surgical resection 
is often performed, but this has not definitively demonstrated 
improved survival over radiation alone. Chemotherapeutic 
options remain varied and include typical regimens designed 
for adenocarcinomas in other anatomic locations. 

Urachal carcinomas are a special entity and are sometimes 
difficult to differentiate from non-urachal tumours. They 
are often mucinous or enteric and occur at the junction of 
the urachal ligament and the dome of the bladder. Partial 
cystectomy may be considered as surgery and involves an en 
bloc resection of the dome of the bladder, urachal ligament, 
and the umbilicus (Herr et al., 2002; Cothren et al., 2002; 
Henly etal., 1993). Five-year survival rates for urachal 
adenocarcinoma have been reported as 40- 61% (EI-M ekresh 
et al., 1998; Henly et al., 1993; Siefker-Radtke et al., 2003; 
Dandekar et al., 1997). 


Small Cell Carcinoma 


Small cell carcinoma of the bladder tends to behave aggres- 
sively, with up to 25% of patients presenting with metastatic 
disease and up to two-thirds developing distant recurrence. 
As a result, chemotherapy plays a prominent role in the man- 
agement of these tumours. Treatment algorithms have been 
extrapolated from the treatment of small cell cancer arising 
in the lung and often involve chemotherapy regimens using 
a platinum agent with etoposide. 

A multi-institutional review of 64 patients with small 
cell carcinoma of the bladder reported a 3-year survival 
of 16%. A multivariate analysis of these patients indicated 
that neither chemotherapy, radiation, nor surgery had any 
impact on overall survival (Cheng et al., 2004). In a separate 
study of 46 patients at M. D. Anderson Cancer Center, a 
5-year survival of 78% was reported for patients receiving 
neoadjuvant chemotherapy followed by cystectomy versus 
36% for patients undergoing cystectomy alone (Siefker- 
Radtke et al., 2004). The University of Southern California 
reported a similar overall survival benefit favouring adjuvant 
chemotherapy (Quek et al., 2005). 


Cancers of the Ureter and Renal Pelvis 


Upper urinary tract cancers (UUTCs) arise from the renal 
pelvis down through the ureters and into the lower tract, 
which includes the urethra. Over 90% of UUTCs are TCCs 
and 20-50% of these patients are at risk for developing 
subsequent TCC of the bladder (Kirkali and Tuzel, 2003; 
Oehlschlager et al., 2004). An endourologic approach to low- 
risk tumours has been widely accepted, but this remains 
experimental in more advanced disease (J ohnson and Grasso, 
2005; Daneshmand et al., 2003; Elliott etal., 2001; Goel 
et al., 2003; J abbour et al., 2000). 

Patients with high-risk UUTC are generally managed 
with nephroureterectomy. Distal ureterectomy is an option 
as well, but ipsilateral recurrence is common with this 
approach (Chen and Bagley, 2001). Nephroureterectomy 
involves removal of the kidney, ureter, 1cm cuff of bladder 
around the ureteral orifice, and regional lymph nodes. This 
can be done laparoscopically or as an open procedure (Tolley 
and Esposito, 2002; McNeill etal., 2004). The role of 
chemotherapy in UUTC remains unknown due to small 
patient numbers. In the metastatic setting, many TCC clinical 
trials have included UUTC as a treatable subset. 


RENAL CELL CARCINOMA 


Clinical State: No Cancer Diagnosis 


Detection and Diagnosis 


Renal cell carcinoma (RCC) originates in the renal cor- 
tex and accounts for approximately 85% of all neoplasms 
arising in the kidney. The remaining renal tumours include 
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squamous and TCC of the renal pelvis, Wilms’ tumour, sar- 
coma, lymphoma, and metastatic carcinoma. Possible risk 
factors include hypertension, obesity, smoking, analgesic 
nephropathy from phenacetin-containing compounds, unop- 
posed oestrogen, occupational exposure to petroleum prod- 
ucts or heavy metals, and patients with acquired cystic 
disease as a result of long-term dialysis or tuberous scle- 
rosis (Chow et al., 2000; M ellemgaard et al., 1995; M andel 
et al., 1995; Wolk etal., 1996; Yu etal., 1986; Ishikawa 
and Kovacs, 1993; Washecka and Hanna, 1991; Lindblad 
et al., 1995). 

Historically, RCC was referred to as the “internists 
tumour” owing to the clinical presentation of the disease 
with the classic triad of haematuria, abdominal pain, and/or 
a palpable mass (Cronin etal., 1976). This is no longer the 
case, as the majority of these tumours are now uncovered 
incidentally through abdominal imaging done for other 
reasons (Porena et al., 1992). This has changed the outlook 
for RCC dramatically since tumours found incidentally on 
imaging tend to be confined to the renal capsule at diagnosis 
and are associated with a 5-year survival of 75% (Porena 
et al., 1992; Tsukamoto et al., 1991; Aso and Homma, 1992; 
Kessler et al., 1994). 

Nevertheless, 25% of patients still present with advanced 
disease, which portends a median survival of 13 months 
(Cohen and McGovern, 2005). RCC can spread through 
direct extension to the liver, colon, adrenal gland, or 
pancreas. Regional, left supraclavicular, and posterior medi- 
astinal lymph nodes reflect cephalad drainage of the lym- 
phatic systems (M otzer et al., 1999). The most common sites 
of metastatic spread through the venous system includes 


(30-40%), and brain (5%). For patients with metastatic 
disease, poor prognostic features include anaemia, hyper- 
calcaemia, an elevated lactate dehydrogenase, KPS <70%, 
and absence of prior nephrectomy (M otzer et al., 1999). The 
median survival is 29, 15, and 5months for patients with 
0, 1-2, or >3 factors, respectively (M ekhail etal., 2005) 
(see Urinary Tract). 


Classification 


The classification of renal cell carcinoma is shown in 
Figure 3. 


Clear Cell Carcinoma The most common subtype of renal 
cell cancer is clear cell carcinoma (75%) (Motzer etal., 
1996). This tumour is highly vascular and originates from 
the proximal tubules of nephrons. Clear cell carcinoma 
is associated with the von Hippel-Landau (VHL) gene, 
which is localized on chromosome 3p25 (Latif et al., 1993). 
Both familial and sporadic RCC have been associated 
with defects in this tumour-suppressor gene (Kim and 
Kaelin, 2004). In familial VHL-related RCC, the pattern 
of inheritance is autosomal dominant and, in addition to 
multiple renal tumours, this disease is associated with 
retinal and central nervous system haemangioblastoma and 
phaeochromocytoma. 

VHL mutations lead to upregulation of hypoxia-inducible 
factor-la (HIF-1œ). Continuous HIF-la@ expression results 
in transcription of hypoxia-inducible genes such as vascu- 
lar endothelial growth factor (VEGF) and platelet-derived 
growth factor (PDGF ) (Bardos and Ashcroft, 2004). This 
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Figure 3 Renal cell carcinoma classification and syndromes. (A dapted from the following sources: Polascik, T. 
histopathologic features of adult distal nephron tumours. Urology, 60(6), 941- 946; Zambrano, N. R., et al. (19 99). 
renal tumours: toward unification of a classification system. The J ournal of U rology, 162(4), 1246- 1258; Diaz, J. 


of renal cell tumours. Cancer Control, 6(6), 571-579.) 
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treatment outcomes for aggressive clear cell tumours. These 
pathways offer potential therapeutic targets for management 
of the disease (Cohen and M cGovern, 2005; Kim and K aelin, 
2004; M axwell et al., 1999; Cockman et al., 2000; Tanimoto 
et al., 2000). 


Papillary Carcinoma Overall, localized papillary tumours 
have an approximately 90% 5-year survival with a 5:1 
male predominance. Like clear cell carcinoma, they originate 
in the proximal tubule of the nephron. Although they 
metastasize less frequently than clear cell carcinoma, the 
outcome tends to be worse when they do spread distally 
(M otzer et al., 2002). 

There are two subtypes of papillary carcinoma: type 1 is 
characterized by mutations in the tyrosine kinase domain of 
the c-MET oncogene on chromosome 7 and is associated 
with autosomal dominant hereditary papillary renal carci- 
noma, and type 2 has been associated with mutations in 
the fumarate hydratase gene of the Krebs cycle resulting 
in autosomal dominant hereditary leiomyomatosis and renal 
cancer syndrome (Patel et al., 2006). These tumours account 
for 5 and 10% of all renal carcinomas, respectively (M otzer 
et al., 1996). The type 2 tumours portend a worse prognosis 
(Gunawan et al., 2003). 


Oncocytoma and Chromophobe Carcinoma Both onco- 
cytomas and the chromophobe variant of renal carcinoma 
originate from the cortical collecting duct and together 
account for approximately 8% of renal tumours. Oncocy- 
tomas are benign and are thought to originate from type 
A intercalated cells. Chromophobe RCC is thought to arise 
from type B intercalated cells and typically exhibits a benign 
course following resection, provided the surgical pathology 
is consistent with low-grade disease (Cohen and M cGovern, 
2005; Peyromaure et al., 2004). 

Birt- Hogg- Dube (BHD) syndrome is a rare autosomal 
dominant disorder characterized by RCCs, cutaneous and 
uterine leiomyomas, and hair-follicle hamartomas of the 
face and neck. The BHD gene implicated in this syn- 
drome encodes for the protein folliculin on chromosome 17 
(Nickerson et al., 2002). Multiple chromophobe and mixed 
chromophobe-oncocytomas occur in up to 15% of patients 
with BHD. Occasionally, papillary or clear cell tumours 
develop as well. Sporadic tumours with BHD mutations are 
rare (Cohen and McGovern, 2005; Khoo et al., 2003). 


Collecting Duct Carcinoma Collecting duct carcinomas 
arising in the medullary duct, are aggressive, and account 
for less than 1% of all renal tumours (K ennedy et al., 1990). 
There have been no clearly defined reproducible genetic 
alterations identified for this subtype (M otzer et al., 1996). 


Clinical State: Localized Disease 
Surgical resection is the treatment of choice for stage |, II, 


and III disease with 5-year survival of 65-85%, 45-80%, 
and 15- 35%, respectively. Lymph node involvement in stage 


II] disease portends a worse prognosis. Extension into the 
renal vein or inferior vena cava does not preclude resection. 
M edian time to relapse after nephrectomy is 15- 18 months, 
with 85% recurring within 3 years (M otzer et al., 1996). 

Surgical techniques include a radical nephrectomy with 
en bloc resection of the affected kidney including Gero- 
tia’s fascia. Regional lymphadenectomy is often included 
in the resection although it is not known if this effects 
survival. Adrenalectomy is often done in the setting of 
upper-pole tumours and is controversial as a treatment stan- 
dard. A nephron-sparing approach may be considered for 
smaller tumours, bilateral disease, or patients with a solitary 
kidney. Comparisons between radical and partial nephrec- 
tomy indicate similar 5-year survival with a 0- 3% risk of 
local recurrence for patients who undergo a nephron-sparing 
approach (Novick, 2002). A comparison of outcomes at 
MSKCC between elective partial versus radical nephrectomy 
for patients with clear cell renal carcinoma indicated no clear 
difference in cancer control and suggested a significant ben- 
efit in terms of renal function 3 months post-operatively in 
patients who underwent a partial approach with a difference 
between the means of 0.36 (0.23-0.48; p < 0.001) (Dash 
et al., 2006). 

RCC tends to be resistant to both chemotherapy and 
radiation (Kjaer etal., 1987) and, as a result, there is 
no standard adjuvant treatment for patients with high-risk 
disease at the time of resection. A review of over 4000 
patients treated with chemotherapy reported a response rate 
of only 6% (Yagoda etal., 1995). This may be partly 
due to the expression of P-glycoprotein, the product of 
the multidrug-resistance gene, in these tumours (H ofmockel 
et al., 1997). Collecting duct tumours may be more sensitive 
to chemotherapy-based regimens than clear cell carcinoma 
(Milowsky etal., 2002). Immunotherapy using high-dose 
interleukin-2 (IL-2) or IFN in the adjuvant setting has been 
disappointing as well (Clark et al., 2003). 


Clinical State: Relapse after Primary Therapy 
and/or Metastatic Disease 


Multimodality Approach for Minimal Disease States 


The role of radical nephrectomy for patients with metastatic 
disease remains controversial. Cytoreductive surgery for 
symptomatic control may be indicated in select cases. In 
addition, for patients with minimal metastatic disease in the 
lung, surgery should be considered owing to the relative 
ineffectiveness of systemic therapy. In two randomized stud- 
ies performed by EORTC and SWOG, debulking nephrec- 
tomy followed by interferon-alpha (IFN a) versus IFN « alone 
has favoured the combined modality cohort with a survival 
advantage of 3- 10 months (Flanigan et al., 2001; Mickisch 
et al., 2001). 


Immunotherapy 


M etastatic RCC can behave in an indolent fashion and some 
patients experience prolonged stabilization of disease with 
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rare spontaneous regressions suggesting a possible role of 
host immune systems in tumour regulation (Vogelzang et al., 
1993; Oliver etal., 1989). Recombinant IFN (5-20 million 
units per day) has a response rate of 12% and duration 
of response of 6-12 months (Wirth, 1993). Patients with a 
prior nephrectomy, good performance status, and predomi- 
nantly lung metastases are most likely to respond (M inasian 
et al., 1993). 

IL-2 was approved by the Federal Drug Administration 
(FDA) for the treatment of metastatic disease on the basis 
of the results of trials evaluating the high-dose regimen 
that showed an overall response rate of 14% of which 5% 
were durable complete remissions. Earlier studies reported 
a mortality of 4% using high-dose IL-2 and toxicities can 
be significant requiring administration in an intensive care 
setting for management of potential hypotension and capil- 
lary leak syndrome. These toxicities are typically reversible 
with discontinuation of the cytokine. A large randomized 
trial comparing high-, intermediate-, and low-dose IL-2 did 
not show any difference in overall survival between the regi- 
mens; however, the response rate for the high-dose IL-2 arm 
was significantly higher (21 vs 13%; p = 0.33) (Yang et al., 
2003). Promising results combining IL-2 with autologous 
lymphocytes were not confirmed in randomized comparisons 
(Atkins et al., 2001). 


Targeted Therapies for Metastatic Disease in the First- 
and Second-line Settings 


New targeted therapies offer great promise for the future of 
RCC. In particular the VHL-HIF-1 pathway is an exciting tar- 
get for the treatment of clear cell RCC. Inhibitors of vascular 
endothelial growth factor receptor (VEGFR) and platelet- 
derived growth factor receptor (PDGFR), that is, sunitinib 
(SU 11248) and sorafenib have changed the treatment stan- 
dards for metastatic disease in both the first- and second-line 
settings. In addition, temsirolimus (mTOR inhibitor) has 
demonstrated promising activity against poor-risk metastatic 
RCC (see Rational Drug Design of Small Molecule Anti- 
cancer Agents: Early Clinical Development). 


Sunitinib  Sunitinib is an oral multitargeted inhibitor of 
both VEGFR and PDGFR. On the basis of promising 
phase I/II trials demonstrating safety and efficacy (M otzer 
et al., 2006a,b), a randomized phase III trial of sunitinib 
versus IFN in the first-line treatment of clear cell RCC 
was undertaken (Motzer etal., 2006c). In a planned pre- 
liminary analysis, both progression-free survival (47.3 vs 
22 weeks; p < 0.0001) and response rate (31vs 6%; p < 
0.0001) favoured the sunitinib arm. As a result, sunitinib is 
approved by the FDA for the first-line treatment of metastatic 
RCC. 


Sorafenib Similar to sunitinib, sorafenib is an oral multi- 
targeted inhibitor of both VEGFR and PDGFR. In the phase 
| setting, toxicity included hand-foot syndrome, rash, and 
fatigue (Strumberg et al., 2005). A phase II “randomized dis- 
continuation” trial of sorafenib versus placebo was designed 


to evaluate growth inhibition rather than tumour shrinkage 
(Ratain etal., 2006). Of the 202 patients with metastatic 
RCC, 73 had >25% tumour shrinkage and an additional 65 
had stable disease within the first 12 weeks of treatment. The 
median progression-free survival was significantly longer 
with sorafenib (24 weeks) compared with placebo (6 weeks; 
p = 0.0087). 

A subsequent phase II! randomized trial of 903 patients 
treated with sorafenib versus placebo for patients with 
treatment-refractory metastatic RCC demonstrated a progres- 
sion-free survival of 24 versus 12 weeks favouring the 
sorafenib arm (p < 0.000001; HR = 0.44) (Escudier et al., 
2005). An updated interim analysis reported a median overall 
survival of 19.3 months with sorafenib versus 15.9 months 
with placebo (Eisen etal., 2006). Although this was not 
statistically significant, it did demonstrate a favourable trend 
in survival. On the basis of the phase II and III data, 
Sorafenib is approved by the FDA for the second-line 
treatment of RCC. 


Temsirolimus Temsirolimus is an mTOR inhibitor, which 
has been tested in the phase II and III setting for patients 
with poor-risk RCC (Atkins etal., 2004; Hudes etal., 
2006). The phase III study randomized 626 patients to 
temsirolimus versus temsirolimus plus IFN versus IFN 
in the first-line treatment of poor-risk metastatic RCC. 
The median survival was 10.9months for temsirolimus, 
7.3months for temsirolimus plus IFN, and 8.4months for 
IFN alone (temsirolimus vs IFN, HR = 0.73; p = 0.0069). 


TESTICULAR CANCER 


Clinical State: No Cancer Diagnosis 


Detection and Diagnosis 


Germ cell tumours arise from malignant transformation of 
primordial germ cells. Infrequently, these tumours arise from 
an extragonadal site such as the mediastinum, retroperi- 
toneum, and pineal gland. Germ cell tumours are the most 
common solid tumour in men aged 15-35 with three age 
modal peeks: infancy, ages 25-40, and age 60. The world- 
wide incidence has more than doubled in the last 40 years 
with the highest rates of disease seen in Scandinavia, Switzer- 
land, Germany, and New Zealand and the lowest in Africa 
and Asia. 

Risk factors include cryptorchidism, abdominal more so 
than inguinal, as well as Klinefelter’s syndrome, which 
has been associated with the development of mediastinal 
germ cell tumours (Nichols etal., 1987). Surgical correc- 
tion of abdominal cryptorchidism is recommended prior to 
puberty which improves the ability to observe the testis 
(Brucker-Davis et al., 2003). Familial clustering among sib- 
lings (Forman et al., 1992; Kjaer et al., 1987) and human 
immunodeficiency virus (Bernardi et al., 1995) have both 
been associated with the development of germ cell tumours. 
Two percent of patients with a testicular germ cell tumour 
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will develop a metachronous lesion in the contralateral testis 
(Holzbeierlein et al., 2003b) (see Male Genital Tract). 


Clinical Presentation 


The majority of patients present with a painless, swollen 
testicle. A trial of empiric antibiotics for epididymitis is often 
prescribed. If symptoms persist a testicular ultrasound is 
indicated. Less common presentations include gynaecomastia 
related to elevated levels of human chorionic gonadotropin 
(hCG), back pain from retroperitoneal disease, haemoptysis 
from lung metastasis, or symptoms from local compression 
such as superior vena cava syndrome, dysphagia, or cough. 
Occasionally germ cell tumours are diagnosed during a 
workup for infertility. 

For patients with abnormalities seen on testicular ultra- 
sound, biopsy is contraindicated. An inguinal orchiectomy 
with removal of the testis and ligation of the spermatic cord 
to the level of the internal ring is required for all suspected 
testicular tumours. A trans-scrotal orchiectomy is contraindi- 
cated because the inguinal portion of the spermatic cord 
remains intact and the procedure can predispose patients to 
scrotal-skin and nodal metastases. 


Classification 


Germ cell tumours are classified into two main categories: 
seminoma and non-seminoma germ cell tumour (NSGCT). 
They are frequently associated with genetic gain resulting in 
a hyperdiploid state. An isochromosome of the short arm of 
chromosome 12 [i(12p)] represents a genetic marker of germ 
cell tumours (Bosl et al., 1989). 


Seminomas_ These tumours account for close to one-half of 
all testicular germ cell tumours and occur most frequently in 
the fourth decade of life. They retain totipotentiality and are 
sensitive to both chemotherapy and radiation. 


Non-Seminomas NSGCTs tend to peak in the third decade 
of life. There are four subtypes: embryonal, choriocarcinoma, 
yolk sac, and teratoma. Embryonal carcinoma has the capac- 
ity to differentiate into extraembryonic and/or somatic cell 
types with associated production of hCG, alpha-foetoprotein 
(AFP), or both. Pure choriocarcinoma is rare and can present 
with widely metastatic disease and high levels of hCG with 
intratumoural haemorrhage as a potentially severe complica- 
tion. Yolk sac tumours produce AFP and are frequently asso- 
ciated with germ cell tumours arising from the mediastinum. 

Teratomas consist of somatic cell types from two or more 
germ cell layers (ectoderm, mesoderm, and endoderm) and 
can be mature, immature, or mature with malignant transfor- 
mation into rhabdomyosarcoma, adenocarcinoma, or primi- 
tive neuroectoderm tumour (M otzer et al., 1998). Treatment 
of teratomas with malignant transformation should focus 
on the management of the transformed cell type (Donadio 
et al., 2003). 


Staging, Serum Tumour Markers, and Prognosis 


For stage | NSGCT (testis, epididymis, and spermatic cord) 
adverse features include invasion into the tunica vaginalis, 
spermatic cord, or scrotum and also lymphatic and/or vas- 
cular invasion, which is associated with a 50% chance 
of retroperitoneal disease. For stage II NSGCT (retroperi- 
toneal lymph nodes), the number and size of involved lymph 
nodes at the time of retroperitoneal lymph node dissection 
(RPLND) is an important prognostic factor. Stage III is 
metastatic disease to supradiaphragmatic nodal or visceral 
sites. 

Germ cell tumours are one of the few malignancies that 
use serum markers to assess prognosis. Serum tumour marker 
levels of AFP, hCG, and LDH are assessed throughout 
treatment including follow-up. Elevated AFP and/or hCG 
markers in the absence of radiographic findings are indicative 
of active disease providing that false positives are excluded. 
A decline in the level of a marker that exceeds its known 
half-life after treatment may be indicative of residual disease 
(Mazumdar et al., 2001). 


Human Chorionic Gonadotropin hCG is produced by 
syncytiotrophoblasts and can be found in all germ cell 
tumours. The serum half-life clearance is 18- 36 hours. False 
positives for hCG occur because of cross-reactivity of the 
antibody with luteinizing hormone and treatment-induced 
hypogonadism, which stimulates pituitary production of 
hCG. 


Alpha-Foetoprotein AFP is only produced by NSGCTs, 
specifically embryonal carcinoma and yolk sac tumour. In the 
setting of a mixed histology or AFP production, the tumour 
should be clinically treated as an NSGCT. The serum half-life 
clearance is 5- 7 days. Other conditions with elevated AFP 
include liver dysfunction and malignancies arising from the 
gastrointestinal tract. 


Lactate Dehydrogenase LDH is elevated in approximately 
60% of advanced NSGCTs and 80% of advanced seminomas 
(Mencel etal., 1994; Bosl etal., 1986). LDH is found in 
tissues throughout the body and is therefore less specific than 
AFP or hCG for the management of germ cell tumours. 

The International Germ Cell Cancer Collaborative Group 
(IGCCCG), 1997) has developed a classification system 
on the basis of data from over 5000 patients treated with 
chemotherapy, dividing them into good-, intermediate-, and 
poor-prognosis patients, and this system has been incorpo- 
rated into the revised TNM classification system (Figure 4). 
Independent prognostic factors for progression-free sur- 
vival in NSGCT include pretreatment serum markers (LDH, 
hCG, AFP), primary tumour site, and the presence of 
non- pulmonary visceral metastases. The only significant 
prognostic factor for seminoma is non-pulmonary visceral 
metastases. 
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Figure 4 Germ cell tumour risk categories. ULN - upper limit of normal. (A dapted from International Germ Cell Cancer Collaborative Group (1997). The 
International Germ Cell Consensus Classification: a prognostic factor- based staging system for metastatic germ cell cancers. Journal of Clinical Oncology, 


15(2), 594- 603.) 


Clinical State: Localized Disease (Low-Volume 
Retroperitoneal Lymph Nodes) 


Seminoma 


Clinical stage | disease is treated with adjuvant radiation 
therapy. A randomized trial of para-aortic (PA) versus PA and 
ipsilateral iliac lymph node irradiation (“dog-leg”) reported 
reduced haematologic, gastrointestinal, and gonadal toxicity 
with PA alone, but noted a higher risk of pelvic recurrence 
when compared with “dog-leg” radiotherapy (Fossa et al., 
1999). Typically a total dose of 2500-3000 cGy is used. 
Long-term sequelae of radiation therapy include the potential 
for secondary malignancies (van Leeuwen etal., 1993); 
however, surveillance after orchiectomy has a relapse rate of 
15% at intervals >5 years from diagnosis. With radiotherapy, 
the risk of relapse is 4%, and less than 2% will die from the 
disease (Livsey et al., 2001; Fossa et al., 1989; Santoni et al., 
2003; Warde et al., 1995). 

For stage IIA and IIB seminoma (retroperitoneal metas- 
tases <5cm in diameter), the same “dog-leg” portal is used 
with a boost of approximately 500-750rads to involved 
lymph nodes. The risk of relapse for this group of patients 
with nodal disease is approximately 5- 15% (Classen et al., 
2003; Chung et al., 2003). Of note, a horseshoe kidney is 
a relative contraindication to retroperitoneal radiation and 
therefore in this instance primary chemotherapy is given. 


Non-Seminoma 


Clinical stage | disease can be managed with rigorous 
surveillance, RPLND, or adjuvant chemotherapy. Regardless 


of the approach, over 95% of patients with stage | NSGCT 
will be cured. 


Good Prognostic Features For these patients with nor- 
mal markers, the risk of recurrence without treatment is 
approximately 25% (Daugaard et al., 2003). Three studies of 
cisplatin-based chemotherapy for stage | NSGCT have noted 
good responses with a relapse rate of <5% (Cullen etal., 
1996; Oliver et al., 1992); however, patients are exposed to 
potential acute and long-term toxicities of treatment. 


Poor Prognostic Features With poor prognostic factors 
such as embryonal histology, rete testis, lymphatic, and/or 
vascular invasion, the risk of lymph node involvement can 
be as high as 50%. These patients are likely to benefit from 
upfront treatment with either RPLND or chemotherapy. For 
stage II A and IIB NSGCT (<6 nodes involved all of which 
are <2cm in largest diameter), RPLND followed by close 
surveillance is the treatment of choice (K ondagunta and 
Motzer, 2002). Potential complications of RPLND include 
retrograde ejaculation and possible infertility; however, an 
improved understanding of the pattern of metastases and the 
neuroanatomy of seminal emission and ejaculation has led to 
modification of infrahilar boundaries and techniques. 

For patients with symptomatic back pain, elevated serum 
markers, and/or lymph nodes between 3 and 5 cm on imaging 
study, cisplatin-based chemotherapy is considered prior to 
RPLND. If after RPLND >5 nodes are involved, a lymph 
node >2cm is found, extranodal tumour is noted, and/or 
serum markers remain elevated, then chemotherapy with two 
cycles of etoposide and cisplatin plus or minus bleomycin 
is recommended (Kondagunta and Motzer, 2002). This 
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approach results in a relapse-free survival of nearly 100% 
(Williams et al., 1987; Kondagunta et al., 2004; Pizzocaro 
etal., 1984; Weissbach and Hartlapp, 1991; M otzer etal., 
1995). Although survival is the same if adjuvant treatment 
is held until relapse, fewer cycles of chemotherapy are 
needed up front and additional surgery is avoided (Williams 
et al., 1987). 


Clinical State: Metastatic Disease 


Seminoma 


Patients with stage >IIC seminomas or an extragonadal 
presentation are treated with chemotherapy. Response to 
chemotherapy is the same for both gonadal and extragonadal 
tumours. Greater toxicity and lower response rates are 
seen in patients who have previously received radiation. 
Surgery after chemotherapy can be technically difficult in 
patients with seminomas due to the desmoplastic reaction and 
obliteration of tissue planes posing a high risk of damage to 
the great vessels and perioperative mortality (Horwich et al., 
1997a). In addition, the risk of teratoma is extremely low 
with seminomas, and only residual retroperitoneal masses 
>3 cm have been associated with viable tumour (Puc et al., 
1996). Controversy exists over the management of residual 
masses >3cm with some reports of fluorodeoxyglucose 
(FDG)-PET scans being accurate predictors of viable disease 
(De Santis etal., 2004). Careful observation for residual 
masses >3cm is an option, but relapse with subsequent 
salvage chemotherapy has a low cure rate and immediate 
surgical resection can identify residual disease early and has 
low morbidity when performed by experienced hands (Puc 
et al., 1996). 


Non-seminoma 


For patients with stage IIC or III non-seminomas, cisplatin- 
based chemotherapy regimens are the cornerstone of treat- 
ment. Since chemotherapy can be associated with both 
acute and long-term sequelae, patients are stratified by 
risk to minimize toxicity of therapy without compromising 
cure. Toxicities related to chemotherapy include alopecia, 
myelosuppression, nephrotoxicity, ototoxicity, neuropathy, 
bleomycin-induced pulmonary fibrosis, and Raynaud's dis- 
ease, and, rarely, acute leukaemia associated with transloca- 
tions of chromosome 11q in 0.8- 1.3% of patients receiving 
median cumulative etoposide doses >2400 mg m~? (K oll- 
mannsberger et al., 1998). Long-term sequelae can include 
hypertension, hypercholesterolaemia, and cardiac events. 


Good Risk For good-risk patients, etoposide (500 mg m~?) 
and cisplatin (EP) for four cycles or bleomycin, etoposide 
(500 mg m~?), and cisplatin (BEP) for three cycles are the 
regimens of choice with a durable response rate in excess of 
90% (Loehrer et al., 1995; Toner et al., 2001; Einhorn et al., 
1989; Bosl et al., 1988). Carboplatin has been substituted for 
cisplatin with inferior results (Bajorin et al., 1993; Horwich 
et al., 1997b). 


Poor Risk Intermediate- and poor-risk patients are currently 
treated with four cycles of BEP with durable response rates 
of 75 and 40%, respectively. High-dose therapy with stem 
cell rescue has shown promising results in phase II studies 
in both the first-line and refractory settings (Nichols et al., 
1989; M otzer et al., 1993, 1997; M otzer and Bosl, 1992b). 
Surgical resection of residual disease after chemotherapy 
for patients who achieve normal serum markers is criti- 
cal with necrosis accounting for 45-50%; teratoma, 35%; 
and viable germ cell tumour, the remaining 15- 20% (Toner 
etal., 1990; Fossa etal., 1992; Beck etal., 2002). For 
patients with necrotic debris or mature teratoma, no fur- 
ther treatment is given; between 5 and 10% of patients 
will relapse. If viable germ cell tumour is resected, two 
additional cycles of chemotherapy are given but risk of recur- 
rence remains as high as 50% (Sheinfeld and Bajorin, 1993). 
For patients without evidence of residual disease on post- 
chemotherapy imaging, RPLND is controversial; however, 
retrospective series show that 10-20% of these patients will 
have mature teratoma (and therefore risk of malignant trans- 
formation) or viable carcinoma in previously involved areas 
(Toner et al., 2001; Fossa et al., 1992; Beck et al., 2002). 


Clinical State: Second- and Third-line Therapies 
for Recurrent or Refractory Disease 


For first-line salvage therapy of relapsed germ cell tumours, 
ifosfamide, cisplatin, and vinblastine (VelP) has demon- 
strated a durable complete response in 25% of patients and 
is an established standard regimen in this setting (Loehrer 
et al., 1998; McCaffrey et al., 1997b). Paclitaxel appears to 
be a reasonable substitution for vinblastine (M otzer et al., 
2000a,b). Patients who have an extragonadal primary or 
an incomplete response to initial cisplatin-based therapies 
have a less than 10% chance of durable response to sal- 
vage ifosfamide-based treatments and may benefit from a 
high-dose regimen (M otzer et al., 1991). 

High-dose chemotherapy with stem cell rescue using 
carboplatin plus etoposide with or without cyclophosphamide 
(or ifosfamide) has shown promise as second-line salvage 
therapy and also for patients who have not achieved a 
complete response. This regimen results in a cure rate 
of approximately 20% in patients who have progressed 
despite prior cisplatin plus ifosfamide regimens (M otzer 
and Bosl, 1992a; Broun etal., 1992). Toxicities include 
myelosuppression and infection with a treatment-related 
mortality of 10% (M otzer and Bosl, 1992a). 

Following second-line chemotherapy, resected masses 
demonstrate viable tumour in 50% of specimens, teratoma 
in 40%, and necrosis in 10% (Fox etal., 1993). Addi- 
tional chemotherapy in this setting is of no benefit. Although 
surgery is generally avoided in these patients with elevated 
tumour markers, patients with a solitary retroperitoneal mass 
and increased AFP appear to be the best candidates for this 
approach (Habuchi et al., 2003; Vuky et al., 2001). 
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PROSTATE CANCER 


Clinical State: No Cancer Diagnosis 


Early Detection and Prevention 


The development of prostate cancer is a multi-step process 
that incorporates both inheritable genetic risk and somatic 
alterations that can accumulate over time. Relative to men 
with no family history, the lifetime risk of developing 
prostate cancer can range from two to five times higher 
in the presence of one to three affected family members 
(Steinberg etal., 1990). Genetic losses appear five times 
more frequently than gains. Overexpression of growth factors 
has also been implicated (Cardillo etal., 2003; Tu etal., 
2003; Scher et al., 1995; Uehara et al., 2003). Interestingly, 
men who are castrated or develop hypopituitary before 
the age of 40 rarely develop prostate cancer confirming 
the importance of the androgen receptor’s (AR) role in 
tumourigenesis. 

The Prostate Cancer Prevention Trial evaluated finasteride 
versus placebo in over 18000 men >55 years of age. There 
was a lower incidence of prostate cancer but a higher 
frequency of high-grade lesions in the finasteride cohort 
(Thompson etal., 2003). The clinical significance of this 
finding is uncertain. The Selenium and Vitamin E Cancer 
Prevention Trial (SELECT) trial is an ongoing study of 
selenium and vitamin E alone and in combination versus 
placebo for men with prostate-specific antigen (PSA) values 
>4ngml-+ (Klein etal., 2003). 


Anatomy 


The prostate is located adjacent to the bladder, external 
urinary sphincter, rectum, and the cavernous nerves, which 
control blood flow to the penis and are necessary for 
preservation of erectile function. The prostate has three 
defined anatomic zones: the central zone surrounds the 
ejaculatory ducts and is infrequently involved with cancer, 
the transition zone surrounds the urethra and can develop 
benign prostatic hyperplasia over time, and the peripheral 
zone which is palpable on digital rectal examination (DRE) 
and accounts for the rest of the glandular tissue and majority 
of prostate cancers (M cNeal et al., 1988) (see M ale G enital 
Tract). 


Prostate-specific Antigen 


The utility of PSA screening is controversial. PSA is a single- 
chain glycoprotein that is prostate specific, but not prostate 
cancer specific. Although PSA testing has resulted in stage 
migration toward early-stage disease (Miller etal., 2003), 
there is no definitive evidence that PSA screening confers a 
survival advantage. 

In an effort to impart a higher degree of sensitivity and 
specificity to PSA screening, alternative measures have been 
proposed as adjuncts to the total PSA analysis. These include 
PSA density values <0.15 since malignancy produces less 


PSA than normal prostate tissue (Seaman et al., 1993), PSA 
velocity on the basis of the Baltimore Longitudinal Study of 
Aging where a rise >0.75ngml-! per year was associated 
with a higher frequency of cancer (Carter etal., 1992), 
and the percent free PSA <25% since PSA in prostate 
cancer is predominantly bound to the protease inhibitor œ1- 
antichymotrypsin (Catalona et al., 1998). Age-specific PSA 
guidelines account for the normal enlargement of the gland 
over time and resultant increased PSA production (Oesterling 
et al., 1993). 


Pathology 


Over 95% of prostate malignancies are adenocarcinomas 
and the rest are small cell, clear cell, mesenchymal, transi- 
tional cell, carcinosarcomas, mucinous, and ductal variants. 
Lymphoma and leukaemia are the most common metastatic 
tumours to the gland. Bladder and colon tumours may involve 
the prostate through direct extension. 

Prostatic intraepithelial neoplasia (PIN) involves dysplastic 
epithelial cells within normal-appearing glands and may 
precede the development of cancer by 10 years or more 
(Sakr, 1999). For men with high-grade PIN, the risk of 
developing prostate cancer is as high as 23-35% (Kronz 
et al., 2001; De Marzo et al., 2003). Immunohistochemistry 
can be helpful in distinguishing high-grade lesions such as 
high-grade prostatic intraepithelial neoplasia (HGPIN) from 
frank adenocarcinoma, which does not stain positive for basal 
cells (Shah et al., 1991). 

The Gleason grading system was designed to prognosticate 
for prostate cancer on the basis of morphologic appearance 
under low-to-medium magnification (Gleason and M ellinger, 
1974; Gleason, 1966). Using this system a score of 1 (well 
differentiated) to 5 (poorly differentiated) is given for the 
primary and secondary patterns of growth and the sum of 
these two numbers indicates the aggressiveness of the disease 
as follows: Gleason <6 low risk, Gleason 7 intermediate 
risk, Gleason 8-10 high risk. It is important to note that 
the Gleason score is not based on the highest grade and, 
therefore, does not recognize Grade 5 disease when it is a 
tertiary component. 


Clinical States Model of Prostate Cancer 


The clinical states model of prostate cancer developed at 
Memorial Sloan-K ettering Cancer Center defines milestones 
for assessing prognosis and defining therapeutic objectives 
and outcomes (Figure 5) (Scher and Heller, 2000). The 
challenge is to target patients for treatment before metastasis, 
where the risk of death from prostate cancer exceeds that of 
other causes (Pound et al., 1999). 


Clinical State: Localized Disease 


Treatment for localized disease is based on the life 
expectancy of the patient, characteristics of the tumour 
(stage, grade, PSA), and personal preference based on 
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Figure 5 Clinical states model of prostate cancer. The clinical states model 
of prostate cancer outlines milestones for assessing prognosis and defining 
therapeutic objectives and outcomes. Note that the clinical metastases 
castrate disease state is divided into first and second line on the basis 
of the demonstration of a survival benefit with docetaxel. (Reproduced 
(by permission) from Scher H. I. and Sawyers C. L. (2005). Biology of 
progressive, castration-resistant prostate cancer: directed therapies targeting 
the androgen-receptor signaling axis. Journal of Clinical Oncology, 23(32), 
8253-8261.) 


projected side effects. Prostate nomograms are available 
to help predict the disease-free survival after primary 
intervention with either surgery or radiation (K attan et al., 
2000, 2001). Magnetic resonance imaging (MRI) with 
endorectal coil and spectroscopy has been shown to 
accurately identify the presence of extracapsular extension 
and seminal vesicle invasion, more so than standard 
clinical staging with DRE or radiographic imaging with 
computed tomography (CT) (Dhingsa etal., 2004; Huch 
Boni etal., 1995). 


Watchful Waiting 


Watchful waiting is based on the premise that men with lim- 
ited life expectancies or men with potentially less aggressive 
cancers (Gleason <6, <1/3 of their core biopsies involved 
with cancer, PSA <10) are at greater risk of dying from inter- 
current disease than from prostate cancer. Studies of localized 
prostate cancer managed expectantly indicate that relatively 
few patients die from the disease within 10 years of diagno- 
sis (Chodak et al., 1994). Beyond 10 years, the risk of death 
from prostate cancer increases. 

A recent Scandinavian randomized trial evaluating watch- 
ful waiting versus radical prostatectomy demonstrated a 
decrease in cancer-specific mortality with prostatectomy, but 
no difference in overall survival between the two groups 
(Holmberg etal., 2002). Potential downfalls of watchful 
waiting are that at present there is no standard methodology 
for active surveillance, imaging studies may grossly underes- 
timate the extent of disease, and needle biopsy findings may 
not accurately predict the pathologic grade of the tumour. 


Surgery 


Radical retropubic prostatectomy is the standard surgical 
intervention for locally advanced prostate cancer. This proce- 
dure can be performed laparoscopically, which has been asso- 
ciated with low blood loss and rapid recovery (Guillonneau 


and Vallancien, 1999, 2000). Radical prostatectomy carries 
cancer-specific and morbidity-specific risks that may be oper- 
ator dependent (Begg et al., 2002), with morbidity and mor- 
tality increasing significantly in patients older than 75 years 
of age (Dillioglugil et al., 1997; Lu-Yao et al., 1999). Com- 
plications can include anastomotic stricture, incontinence, 
and compromise in erectile function. 

Recovery of adequate erectile function is related to the 
patient’s age, quality of erection prior to surgery, and preser- 
vation of the neurovascular bundles (Quinlan et al., 1991). 
For the average patient with bilateral nerve preservation, an 
erection adequate for sexual intercourse may be achieved by 
4months after surgery and this will continue to improve for 
up to 2-3 years (Quinlan et al., 1991; Catalona et al., 1999; 
Rabbani et al., 2000). 

Adjuvant treatment for high-risk surgical pathology is not 
fully defined. The use of post-operative radiation for high- 
risk pathology has demonstrated an improvement in local 
control but no clear benefit in overall survival (Anscher 
et al., 1995). Patients with an isolated positive margin can 
be free of PSA recurrence for 10 years or more and therefore 
the risk of morbidity from adjuvant radiation may outweigh 
the benefit (Ohori etal., 1995; Swindle etal., 2003). For 
those patients who have positive lymph nodes at the time 
of surgical resection, immediate hormonal treatment has 
been associated with improved survival and reduced risk of 
recurrence (Messing et al., 1999). 


Radiotherapy 


Radiation can be administered using external beam 
techniques, radioactive seeds, or a combination of both. 
Hormones may or may not be utilized. The advent of 
three-dimensional conformal radiation therapy (3D-CRT) has 
allowed for a higher dose of tumouricidal radiation with less 
damage to the surrounding normal tissue (Zelefsky etal., 
1998). Intensity-modulated radiation therapy (IMRT) is an 
advanced form of 3D-CRT that uses inverse algorithms and 
treatment fields with varying intensities to provide high-dose 
radiation to the target volume with a steep dose gradient 
at the transition to normal tissue (Scher etal., 2005). For 
patients with high-grade lesions receiving external beam 
irradiation, hormonal therapy has demonstrated a modest 
survival benefit when combined with primary radiation 
(Pilepich etal., 1997, 2001, 2005; Hanks etal., 2003; 
Sternberg, 1999b; Bolla et al., 2002). 

Interstitial brachytherapy is based on the premise that 
radiation energy decreases exponentially as a square function 
of the distance from the radiation source. For patients with 
early-stage favourable-risk disease, the use of radioactive 
seed implantation has demonstrated excellent PSA relapse- 
free survival, with rates comparable to those obtained by 
patients who undergo surgery or external beam irradiation 
(Beyer and Priestly, 1997; Blasko et al., 1995). Short-term 
urinary complications may be higher with radioactive seed 
placement versus external beam irradiation; however, this 
tends to resolve in the majority of patients over time 
(Zelefsky et al., 1999). 
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Morbidity associated with radiation includes acute uri- 
nary or rectal symptoms which diminish significantly over 
2-3weeks time in the majority of patients (Soffen etal., 
1992). Gastrointestinal complaints can be exaggerated dur- 
ing radiation and for the most part can be managed with 
over-the-counter medications. Late complications with the 
use of IMRT include a 2-year actuarial rate of grade >2 rec- 
tal toxicity of 2% (Zelefsky et al., 2000). Although erectile 
function is maintained in 73-86% of patients within the first 
year after irradiation (Banker, 1988; Bagshaw et al., 1988), 
potency diminishes over time with only 33-61% maintain- 
ing potency at 5years or longer after irradiation (Shipley 
et al., 1994). 

For patients who undergo radiation therapy, maintenance 
of a PSA nadir <1 ng ml-t} with a normal testosterone level is 
predictive of long-term PSA relapse-free survival (Zelefsky 
et al., 1995; K avadi et al., 1994; Schellhammer et al., 1993). 
Three successive increases in the PSA from the nadir values 
have been proposed by the American Society for Therapeutic 
Radiology and Oncology consensus panel as evidence of 
biochemical treatment failure (1997). Post-radiation biopsy 
can be used to assess response to treatment, this should be 
done no earlier than 2 years after the completion of radiation 
since cancer cells can disappear from the gland at a slow rate 
(Cox et al., 1999). 


Clinical State: Non-castrate Rising PSA and Clinical 
Metastases 


Androgen Depletion 


Early versus Deferred Therapy For patients with a rising 
PSA after primary treatment with or without evidence of 
metastases and a non-castrate level of serum testosterone, 
medical or surgical therapies to deplete or block androgen 
action have been used to slow the progression of disease. The 
timing of treatment is controversial since a biochemical PSA 
relapse can precede the physical manifestation of disease by 
a median of 8 years (Pound et al., 1999; Scher et al. 2004). 
Any survival advantage that may arise from early treatment 
needs to be compared with the side effects of therapy, which 
can include gynaecomastia, weight gain, impotency, decline 
in skeletal muscle mass, fatigue, hot flushes, changes in 
personality and depression, anaemia, and loss of bone density 
over time (Holzbeierlein etal., 2003a). PSA kinetics have 
been used to predict patients at high risk for cancer- specific 
mortality who will likely benefit from early treatment of their 
disease (Slovin et al., 2005; Zelefsky et al., 2005; Stewart 
et al., 2005). 


PSA Kinetics PSA kinetics can identify patients with a 
rising PSA after surgery or radiation who are at high risk 
for metastatic disease and prostate cancer-specific mortality. 
In a prospective study of 148 patients with a rising PSA 
after primary therapy and a prostate-specific antigen doubling 
time (PSADT) of <12 months enrolled on clinical protocols 
testing alternatives to castration, tumour characteristics at 
the time of diagnosis (T stage p = 0.07; Gleason grade 


p = 0.06), PSA at the time of enrollment on trial (p < 
0.001), and PSADT (p < 0.001) following relapse were 
predictive of metastatic progression (Slovin etal., 2005). 
Other retrospective analyses have confirmed the prognostic 
significance of a rapid PSADT of <12 months in the rising 
PSA state (Pound et al., 1999; Stewart et al., 2005; Zelefsky 
et al. 2005). 


Primary Androgen Depletion Treatment options include 
orchiectomy, agents that lower serum testosterone (such as 
gonadotropin-releasing hormone analogues and oestrogens) 
and non-steroidal anti-androgens (flutamide, bicalutamide, 
and nilutamide), which do not. Tumour flare can occur 
due to paradoxical increases in testosterone during initial 
treatment with GnRH agonists (Waxman et al., 1985). As 
such, anti-androgens are sometimes used to block this 
response, particularly in patients with bone disease urinary 
obstructive symptoms or possible spinal cord compromise. 

Combined androgen blockade with a GnRH analogue and 
anti-androgen has at best a modest survival advantage over 
GnRH analogue administration alone in some meta-analyses 
(Caubet etal., 1997; Samson etal., 2002). Anti-androgen 
monotherapy, even at high doses, is less effective than 
GnRH analogues in metastatic disease (Tyrrell et al., 1998). 
Although loss of libido is less common, painful gynaeco- 
mastia is more frequent with anti-androgen monotherapy 
(see Antihormonal Therapy for Breast and Prostate C an- 
cer). 


Continuous versus Intermittent Androgen Depletion 
Intermittent androgen depletion has been examined in an 
effort to delay the development of castration resistance and 
minimize toxicity. This is a cyclic process where androgen 
depletion therapy is stopped and then resumed when tumour 
regrowth reaches a predetermined level. Preclinical models 
suggest that this approach may prolong the time of sensitiv- 
ity to changes in androgen levels and reduce the number of 
cells showing a castration-resistant phenotype (A kakura et al. 
1993; Pantuck et al., 2000). To date, the majority of clinical 
experience has been based on single-institution phase I1 stud- 
ies demonstrating the safety and feasibility of this approach. 
Quality of life has been improved with recovery of libido and 
energy levels when hormone therapy is administered inter- 
mittently (Grossfeld et al., 2001). There are currently two 
ongoing large-scale phase II! trials addressing whether inter- 
mittent androgen depletion is superior, equivalent, or inferior 
to more traditional continuous treatment (Rashid and Chaud- 
hary, 2004; Wright et al., 2006). As a result, this approach 
remains experimental at this time and guidelines for starting 
and stopping treatment are not yet established. 


Alternative Hormonal Interventions Additional hormonal 
manipulations that have shown efficacy in patients with 
disease progressing despite castrate levels of testosterone 
include the use of alternative anti-androgens, ketoconazole, 
and oestrogens. Some patients on long-term hormonal ther- 
apy experience a decline in PSA following discontinuation of 
an anti-androgen. This “anti-androgen withdrawal” response 


MULTIDISCIPLINARY MANAGEMENT OF GENITOURINARY MALIGNANCIES 15 


can occur in up to 30% of patients and is associated with 
alterations of the AR gene (Kelly and Scher, 1993; Scher 
and Kolvenbag, 1997; Scher and Kelly, 1993; Miyamoto 
et al., 2004). These observations and molecular profiling 
studies show that the hormone refractory classification for 
these tumours is inappropriate. A preferred term is castration 
resistant (Scher and Sawyers, 2005). 


Salvage Therapy for Local Failure 


For patients treated with either surgery or radiation who 
subsequently develop a rising PSA, salvage procedures 
may be considered depending on the likelihood of local 
recurrence. Following prostatectomy, local recurrence is 
more likely if the PSA is detectable >1year after surgery, 
the rate of rise is <10 months, the Gleason score is <6, 
and there is no evidence of seminal vesicle or lymph node 
involvement. Positive surgical margins can be indicative of 
residual local disease and in this setting salvage radiation 
may be considered as well (Pound et al. 1997; Katz etal., 
2003). For patients treated with primary radiation who have 
biopsy-proven recurrent disease and no clear evidence of 
metastatic spread, salvage prostatectomy may be considered. 


Clinical State: Castrate-resistant Rising PSA 
and Clinical Metastases 


Chemotherapy 


Patients with progression of disease despite castrate levels 
of testosterone are candidates for cytotoxic chemotherapy. 
Until 2004, mitoxantrone and prednisone were approved for 
the treatment of prostate cancer on the basis of improve- 
ment in quality of life but no significant improvement in 
overall survival (Moore et al., 1994; Tannock et al., 1996; 
Kantoff etal., 1999). More recently, two randomized clini- 
cal trials (Southwest Oncology Group 9916 and TAX 327) 
have demonstrated a 2-month survival and quality-of-life 
benefit for patients treated with docetaxel and prednisone 
on an every 21st-day schedule (Tannock et al., 2004; Petry- 
lak etal., 2004). Unfortunately this approach is not cura- 
tive and optimal timing and duration of administration is 
controversial. 


Targeted Therapy: Androgen Receptor Signalling Axis 


Androgen depletion therapy for prostate cancer reduces 
the level of ligand but does not eliminate intratumoral 
androgens completely. Consequently, signaling through the 
AR axis continues. Recent clinical observations, molecular 
profiling studies, and laboratory work supports the concept 
of AR signalling as a mechanism of oncogenic growth 
(Scher and Sawyers, 2005; Grossmann et al., 2001; Berger 
et al., 2004; Cheng etal., 2004; Han etal., 2005). Thus, 
ligand-directed therapy alone is not curative and alternative 
approaches that target the AR itself may be of benefit 
in this population. Examples of ongoing trials examining 


strategies directed at continued AR signalling include the 
use of Hsp90 chaperone inhibitors (17AAG, DMAG) that 
induce protein degradation and histone deacetylase inhibitors 
(SAHA, LBH589) (Scher and Sawyers, 2005) (see Rational 
Drug Design of Small Molecule Anticancer Agents: E arly 
Clinical Development). 


Palliative therapy 


Radioactive isotopes such as samarium-153 and strontium- 
89 provide palliation of symptomatic bone disease with 
no improvement in survival and have been associated with 
treatment-related myelotoxicity (Serafini, 2001). Zolendronic 
acid is a bisphosphonate, which has been shown to reduce the 
frequency of skeletal events in hormone refractory prostate 
cancer patients with bone metastases (Saad et al., 2002). 
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INTRODUCTION 


There have been many recent advances in the management 
of gastrointestinal cancer with the development of more 
effective treatment paradigms, although there is still much 
scope for improvement. The multidisciplinary team, compris- 
ing medical, radiation and surgical oncologists, radiologists, 
nuclear medicine physicians, gastroenterologists, specialist 
nurses, and pharmacists, is a vital part of clinical man- 
agement as treatment pathways are becoming increasingly 
multimodal and complex. In some tumour types the expertise 
of the treatment team has been shown to be a major determi- 
nant of outcome (Begg et al., 1998). In addition to optimizing 
the combination of surgery, radiotherapy (RT), and conven- 
tional cytotoxics in the treatment of these cancers, the role 
of molecular targeted therapy is also being established with 
these agents likely to be integrated into future treatment 
protocols. Improvements in tumour staging with imaging 
techniques such as positron emission tomography (PET) 
scanning and the identification of new prognostic markers 
will enable more accurate tailoring of treatment according to 
disease extent and biological behaviour. This chapter sum- 
marizes the current status of multidisciplinary treatment for 
upper gastrointestinal, hepatic, biliary and pancreatic cancer. 


OESOPHAGEAL CANCER 


The incidence of oesophageal cancer is rising with a dis- 
proportionate increase in the incidence of oesophageal ade- 
nocarcinoma in comparison to squamous cancers (Devesa 
et al., 1998). For many years the standard of care for oper- 
able disease has been surgery alone for many years but 
most patients are unresectable or have metastatic disease at 
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presentation. The locoregional failure rate and progression to 
distant metastasis for patients treated with surgery alone is 
high (Millikan et al., 1995). Most randomized trials report 
an overall 5-year survival rate of less than 20% for patients 
managed by surgical resection alone and a median survival of 
12-18 months. Given this poor survival, multimodality treat- 
ment with chemotherapy and RT has been used to improve 
outcome from surgery alone. However, the optimal manage- 
ment of localized oesophageal cancer remains controversial. 
It is therefore particularly important that each individual 
case is assessed by a multidisciplinary team to determine 
an appropriate management plan. 


Therapeutic Strategies 


There is no currently accepted consensus on the treatment of 
localized disease (Chong and Cunningham, 2004). Options 
include surgery alone or combination treatment most fre- 
quently delivered as pre- or perioperative chemotherapy, pre- 
operative chemoradiation, or definitive chemoradiotherapy 
(CRT). In cases of locally advanced, inoperable disease the 
preferred treatment is chemotherapy with the selective use of 
RT in some patients, whereas patients with metastatic disease 
tend to be treated with palliative chemotherapy. Surgery is 
not generally recommended in these patients (Figure 1). 


Staging of Localized Oesophageal and 
Oesophago-Gastric Junction (OGJ) Cancer 


Accurate staging of oesophageal cancer is crucial to identify 
those patients most likely to benefit from aggressive treat- 
ment with curative intent. Computed tomography (CT) and 
endoscopic ultrasound (EUS) are routinely used alongside 
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Figure 1 Treatment paradigms for oesophageal cancer. 


PET and minimally invasive surgical staging procedures such 
as laparoscopy. 

EUS is well established as a pretreatment, locoregional 
staging investigation in oesophageal cancer with high sensi- 
tivity and specificity, complementing CT findings to improve 
overall accuracy (Kelly et al., 2001). In addition to assess- 
ment of T (particularly T4 disease) and N stage, EUS is 
used for targeted biopsies and determining the need for 
laparoscopy, as extension of tumour below the diaphragm 
can be accurately identified (Lightdale and Kulkarni, 2005). 
EUS is less accurate in assessment of post-treatment staging, 
but is useful in determining treatment response by measuring 
tumour thickness (Lightdale and Kulkarni, 2005). [18F]- 
Fluorodeoxyglucose (FDG) is the most common metabolite 
for PET imaging and has been used both for initial stag- 
ing in oesophageal cancer to determine the presence of 
distant metastasis as well as response monitoring to pre- 
operative chemotherapy (K ostakoglu and Goldsmith, 2004). 
Reduction of tumour FDG uptake (metabolic response) cor- 
related with tumour response as assessed by endoscopy 
and CT. Metabolic response also correlated positively with 
histopathologic complete response and overall survival (OS) 
suggesting the predictive potential of PET scanning. 


Prognostic Factors 


Clinicopathologic factors important in determining prognosis 
in oesophageal cancer include type of resection (R), depth of 
invasion (T), presence and number of nodal metastases (N), 
and the ratio of involved to removed lymph nodes (Rosa 
et al., 1999). 

There are many novel molecular markers under evalua- 
tion for predicting outcome and response to treatment in 


patients with oesophageal cancer. M olecular markers associ- 
ated with poor survival include overexpression of cyclin D1, 
c-erbB2, cyclooxygenase 2 (COX 2), epidermal growth fac- 
tor receptor (EGFR), vascular endothelial growth factor 
(VEGF), and adenomatous polyposis coli (APC) levels (Gib- 
son etal., 2003; Kyrgidis etal., 2005; Mukherjee etal., 
2003). Nuclear factor-kappa B overexpression and increased 
E-cadherin staining are associated with poor response to CRT 
(K yrgidis et al., 2005). Squamous cell carcinomas (SCCs) of 
the oesophagus expressing mutant P53 have decreased sen- 
sitivity to RT (Miyata etal., 2000). Proteomic profiles of 
serum samples from oesophageal cancer patients are being 
evaluated as a means of predicting chemoradiosensitivity, 
although this technology is in the early stages of develop- 
ment (H ayashida et al., 2005). 


Treatment of Localized Disease 


Pre- and Perioperative Chemotherapy 


The rationale for administering preoperative chemotherapy is 
threefold: (i) to downstage tumours to improve the curative 
resection rate (RO), (ii) elimination of micrometastatic dis- 
ease at distant sites to improve disease-free survival (DFS) 
and OS, and (iii) determination of tumour chemosensitivity. 

Although there have been conflicting results in evalu- 
ating the role of preoperative chemotherapy, there is evi- 
dence suggesting a survival benefit. Several randomized 
controlled trials (RCTs) have tested the potential benefits 
of preoperative chemotherapy using cisplatin-based regimens 
for localized oesophageal cancer but most recruited small 
numbers and were insufficiently powered to test OS (Chau 
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and Cunningham, 2003). Preoperative chemotherapy has 
been adopted as standard treatment in the United Kingdom 
based on the results of the UK Medical Research Council 
(MRC) OE02 study, which randomly allocated 802 previ- 
ously untreated patients with adenocarcinoma (66%) or SCC 
(31%) to preoperative treatment with two 3-weekly cycles 
of cisplatin and infusional 5-fluorouracil (5-FU) followed by 
surgical resection or surgery alone (MRC Oesophageal Work- 
ing Group, 2002). The microscopic complete resection rate 
was higher (60 vs 54%; p < 0.0001) and the OS better (haz- 
ard ratio (HR) 0.79; 95% confidence interval (C1) 0.67- 0.93; 
p = 0.004) in the preoperative chemotherapy arm. Addi- 
tionally, there was an absolute increase in 2-year survival 
of 9% (43vs 34%) and improved DFS (HR 0.75; 95% Cl 
0.63-0.89; p = 0.0014) in those receiving chemotherapy 
compared to those proceeding directly to surgery. 

The second large, randomized study was the US National 
Cancer Institute (NClI)-sponsored Intergroup Trial 0113 
(Kelsen etal., 1998). Four hundred and forty previously 
untreated patients with SCC (46%) or adenocarcinoma (54%) 
were randomly assigned to receive three cycles of 4-weekly 
preoperative cisplatin and infusional 5-FU followed by surgi- 
cal resection, or surgery alone. Patients with stable or respon- 
sive disease after preoperative chemotherapy were offered 
two cycles of post-operative chemotherapy with a reduced 
dose of cisplatin but only 38% completed this. The preva- 
lence of microscopic involvement of the resection margin in 
the surgery-alone arm was higher (15 vs 4%; p = 0.001) but 
there was no significant difference in OS (HR 1.07; 95% Cl 
0.87-1.32; p = 0.53) or DFS (p = 0.50) between the two 
groups. Two-year survival rates were 35% for neoadjuvant 
chemotherapy arm versus 37% for treatment with surgery 
alone. 

A comparison of these two studies (Table 1) demonstrates 
the similar baseline characteristics of the study populations. 
The reasons for the apparently conflicting results remain 
unresolved. However, there are several factors that may have 
contributed to the overall neutral effect of chemotherapy in 
the Intergroup 0113 study. A lower proportion of patients in 
the preoperative chemotherapy arm went on to have cura- 
tive surgery; the longer period of preoperative chemotherapy 
may have had a detrimental effect on clinical non-responders 
and the larger individual and total doses of chemother- 
apy may have resulted in toxicity that negated a survival 
benefit. 


Table 1 Comparison of the Intergroup 0113 and MRC OE02 studies. 


MRC OE02 (UK) Intergroup 0113 (US) 
Patients 802 440 
% adenocarcinoma 66 54 
Chemotherapy 2x cisplatin- 5-FU 3x cisplatin- 5-FU 
2x CF post-operative 
% in chemotherapy 92 80 
arm proceeding to 
surgery 
% pathologic CR 4 25 


43 versus 34%; 
p = 0.004 


35 versus 37%; 
p = 0.53 


Two-year survival 


CR, complete response 
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At least three meta-analyses have been conducted to assess 
the survival advantage of preoperative chemotherapy for 
oesophageal cancer. A recently updated systematic review 
(2051 patients; 11 randomized trials) by Malthaner and 
Fenlon (2003) did not identify a survival advantage at 
1 or 2years, but at 3 and 4years there was a trend 
towards increased survival with a statistically significant 
survival advantage at 5 years (relative risk (RR) 1.44; 95% 
Cl 1.05-1.97; p = 0.02). A second meta-analysis (1976 
patients; 11 randomized trials) found no improvement in 
survival with preoperative chemotherapy but survival data 
were only available at 1, 2, or 3years although the surgical 
complete resection rate (RO) was higher in those treated with 
preoperative chemotherapy (Urschel et al., 2002). The most 
recent meta-analysis (2311 patients; 11 randomized trials 
preoperative CRT or chemotherapy) by Kaklamanos et al. 
(2003) has shown improved 2-year survival with an absolute 
difference of 4.4% (95% CI 0.3- 8.5%) for patients treated 
with preoperative chemotherapy compared to surgery alone. 

Overall, the results from the meta-analyses support the 
paradigm of preoperative chemotherapy for the treatment of 
localized oesophageal cancer but more effective chemother- 
apeutic regimens are required. The ongoing UK National 
Cancer Research Institute (NCRI) OE05 trial will exam- 
ine whether the combination of epirubicin, cisplatin, and 
capecitabine (ECX ) given preoperatively is superior to 5-FU 
and cisplatin in patients with adenocarcinoma of the oesoph- 
agus or oesophago-gastric junction (OGJ). 


Preoperative Radiotherapy 


Preoperative RT is used to improve local control by reducing 
tumour bulk, sterilize the nodal areas, and minimize the 
risk of dissemination at surgery to improve survival. In 
a recently updated meta-analysis (5 RCT; 1147 patients) 
the HR of 0.89 (95% CI 0.78-1.01) suggests an absolute 
survival benefit of 3% at 2 years and 4% at 5 years in patients 
treated with preoperative RT although this result is not 
conventionally statistically significant (p = 0.062) (Tierney 
et al., 2005). These results indicate that if such preoperative 
RT regimens do improve survival, then the effect is likely to 
be modest. In addition, most patients participating in these 
studies had SCC, whichis now usually treated with definitive 
chemoradiation; therefore, preoperative RT is not routinely 
recommended. 


Preoperative Chemoradiotherapy 


The combination of chemotherapy and RT is an attractive 
therapeutic option as each treatment modality may target 
different tumour cell populations; RT may provide better 
locoregional control while chemotherapy is active against 
micrometastases. There is also evidence that chemotherapy 
can enhance the effects of RT when administered concur- 
rently (Tannock, 1996). 

Two meta-analyses, Fiorica et al. (2002) (764 patients, 
6 RCTs) and Urschel (1116 patients, 9 RCTs) and a recent 
systematic review (Malthaner et al., 2004) have been com- 
pleted assessing the survival benefit of preoperative CRT 
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compared to surgery alone. All three studies concluded that 
preoperative CRT conferred a small but significant reduction 
in mortality identifiable at 3 years but no survival advantage 
at 1 or 2 years. Urschel and Vasan (2003) found that increased 
survival was most pronounced with concurrent CRT and 
detected fewer locoregional recurrences in the CRT group. 
There was a non-significant but important trend towards 
increased treatment and post-operative mortality with neoad- 
juvant CRT. 

Examination of the individual phase III trial results reveals 
only one study (adenocarcinoma only) reporting a statisti- 
cally significant survival benefit (Walsh etal., 1996). This 
trial has been criticized for its methodology and poor survival 
in the control (surgery alone) group. The most recently pub- 
lished phase III study (Burmeister et al., 2005) that included 
adenocarcinoma and SCC did not detect improvement in 
OS or DFS. However, more RO resections were possible in 
the CRT group and they had fewer positive lymph nodes. 
Sub-group analysis showed that patients with SCC had bet- 
ter progression-free survival than those with non-squamous 
tumours but the trial was underpowered to address the true 
magnitude of this effect. The lack of reported survival ben- 
efit in conjunction with the increased treatment and post- 
operative mortality reported in some studies means that this 
treatment approach should be regarded as investigational. 


Definitive Chemoradiotherapy 


The Radiation Therapy Oncology Group 85-01 Study 
(Herskovic et al., 1992) compared CRT to RT alone in the 
treatment of T1- 3 NO-1 oesophageal SCC or adenocarci- 
noma and found a significant survival advantage for CRT 
(median survival 12.8vs 8.9months) in both histological 
types, at the expense of greater toxicity compared with RT 
alone. A long-term follow-up report of this study (Cooper 
et al., 1999) showed that the OS at 5years for combined 
therapy was 26% (95% CI 15-37%) compared with 0% 
following RT. A Cochrane database systematic review eval- 
uating 13 RCT comparing CRT with RT alone in locally 
advanced disease (Wong and Malthaner, 2003) confirmed 
these results by demonstrating an absolute reduction of mor- 
tality by 7% (95% CI 1- 15%) and an absolute reduction of 
local recurrence rate of 12% (95% CI 3-22%) with CRT. 
Therefore, when a non-operative approach is selected, con- 
comitant CRT is superior to RT alone but is accompanied by 
significant toxicities. 

A recent RCT (Stahl etal., 2005) of 172 patients with 
locally advanced SCC (T3-4, NO-1) comparing definitive 
CRT versus preoperative CRT, shows that surgery improves 
local tumour control (2-year progression-free survival 64.3% 
(95% CI 52.1- 76.5%) versus 40.7% (95% CI 28.9- 52.5%) 
for CRT alone) but does not improve OS. Treatment-related 
mortality was significantly higher in the surgery group 
than CRT alone (12.8 vs 3.5%; p = 0.03). Clinical tumour 
response to induction chemotherapy identifies a favourable 
prognostic group irrespective of treatment arm. A second 
RCT of 455 patients (only chemotherapy responders ran- 
domized n = 259) with locally advanced oesophageal cancer 
demonstrated that 2-year survival is equivalent whether or 
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not surgery is performed (Bedenne et al., 2002). These find- 
ings suggest that surgery in locally advanced oesophageal 
cancer is questionable particularly in patients who respond 
to CRT. However, there has not been a direct comparison 
of definitive CRT with surgery alone. As locally advanced 
SCC do particularly worse following radical surgery (Siewert 
et al., 2001) and evidence increasingly suggests equivalent 
outcome following CRT with or without surgery (Stahl et al., 
2005; Bedenne et al., 2002), SCC is now commonly treated 
with CRT alone. 


Adjuvant Therapy 


Following major surgery, such as oesophagectomy, 
chemotherapy is poorly tolerated. There is no evidence 
that post-operative chemotherapy improves survival for 
oesophageal cancer and therefore it is not recommended 
routinely. Adjuvant RT has not been shown to significantly 
improve OS but can improve local control (Wong and 
Malthaner, 2000). This approach is associated with a high 
incidence of treatment-related toxicity and is not generally 
recommended. 


Advanced or Metastatic Disease 


Randomized trials have yet to demonstrate a survival benefit 
with chemotherapy versus best supportive care in advanced 
oesophageal cancer. However, chemotherapy can improve 
quality of life and dysphagia in 60- 80% (Ilson et al., 1999, 
2000; Petrasch et al., 1998) of patients with response rates for 
various combination regimens (usually cisplatin containing) 
ranging from 30 to 57%. Median survival following combi- 
nation chemotherapy is less than 10 months. M any patients 
are palliated by self-expanding metal stents, external beam 
radiotherapy (EBRT), or brachytherapy (Homs et al., 2004). 
Several studies comparing combinations of chemotherapy for 
advanced or metastatic oesophageal cancer have included 
both oesophageal and gastric cancer patients and these are 
discussed further in the gastric cancer section. 


GASTRIC CANCER 


Gastric cancer remains a significant problem despite a 
declining incidence and mortality over the last few decades 
(Levi etal., 2004) with 5-year survival ranging between 
11.1% in England and Wales (Smith etal., 2003), 26.4% 
in Europe (Brenner, 2002), and 22.8% in the United States 
(Ries etal., 1975- 2002). 


Prognostic Factors 


Several large studies have shown that the completeness of 
surgical resection for gastric cancer is the most important 
predictor of survival (Hundahl etal., 2000; Siewert et al., 
1998; Kim et al., 1998). Stage of disease correlates well with 
overall survival (OS), particularly depth of tumour invasion 
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(T) and the presence and number of lymph node metastases 
(N) (Siewert et al., 1998; Kim etal., 1998). Proximal pri- 
mary tumours are more likely to recur than those located 
distally (Hundahl et al., 2000; Harrison et al., 1997). Tumour 
histology influences pattern of recurrence with intestinal-type 
adenocarcinoma (body and distal stomach) often metastasiz- 
ing to the liver and diffuse-type adenocarcinoma spreading 
to the peritoneum (Esaki et al., 1990; M aehara et al., 1991). 
Several molecular markers have been identified as prog- 
nostic indicators although their clinical role has yet to be 
fully determined. Poor prognostic indicators include overex- 
pression of P53 (Okuyama et al., 2002), c-erbB2 (Ross and 
McKenna, 2001; Garcia et al., 2003) or epidermal growth 
factor receptor (EGFR) (Garciaet al., 2003) as well as loss of 
E-cadherin (Ohno et al., 2006) or vascular endothelial growth 
factor receptor (VEGFR) (Juttner etal., 2006) or GAGE 
(Kong etal., 2004). Microsatellite instability is associated 
with improved survival and, conversely, loss of microsatel- 
lite instability is associated with a poor prognosis (An et al., 
2005; Tahara et al., 2004; Suda et al., 1999). 


Therapeutic Strategies 


Historically, the standard treatment for localized disease was 
surgery alone. However, locoregional recurrence has been 
reported in more than half of patients undergoing curative 
resection alone (Gunderson and Sosin, 1982; Wisbeck et al., 
1986). Following the results of the UK Medical Research 
Council adjuvant gastric infusional chemotherapy (MAGIC) 
trial (Cunningham et al., 2005a) and INT0116 (Macdonald 
et al., 2004), surgical resection with either perioperative 
chemotherapy or post-operative CRT are now standard treat- 
ment options for patients with potentially curable disease. 


Best supportive care 


5-FU monotherapy 


FAM 
FAMTX 


ECF 
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However, controversy continues regarding the extent of 
lymphadenectomy required for optimal surgical management 
and whether routine use of D2 (extended lymphadenec- 
tomy) rather than D1 (limited lymphadenectomy) resection 
improves survival. Results from surgery trials in the west 
conflict with Japanese surgical data where outcomes are 
much better with surgery alone. Two randomized studies, one 
conducted by the MRC in the United Kingdom (Cuschieri 
et al., 1999) and the other undertaken by the Dutch Gastric 
Cancer Group in Holland (Hartgrink et al., 2004a) both con- 
cluded that there was no difference in survival between D1 
and D2 (included resection of the spleen and pancreatic tail in 
proximal tumours only) resections, but D2 resections were 
associated with higher morbidity and mortality. D2 resec- 
tions have now been modified to exclude pancreatectomy 
and splenectomy. For patients with N2 disease an extended 
lymph node dissection may offer cure, but it remains difficult 
to identify patients who have N2 disease. At present, there is 
inadequate evidence to support extended lymphadenectomy 
for all patients as a surgical standard of care. 

A small survival advantage has been demonstrated with 
adjuvant chemotherapy following complete resection of gas- 
tric cancer. In advanced or metastatic disease, palliative 
chemotherapy improves survival and quality of life when 
compared to best supportive care (Figure 2). 


Treatment of Localized Gastric 
and Oesophagogastric Cancer 


Adjuvant Chemotherapy 


There is conflicting evidence from several randomized tri- 
als investigating the role of adjuvant chemotherapy fol- 
lowing curative resection of gastric and oesophagogastric 
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Figure 2 Selected RCT demonstrating progress in advanced oesophagogastric cancer (Ross et al., 2002; Tebbutt et al., 2002; Waters et al., 1999; Wils 


et al., 1991; Glimelius et al., 1997) . 
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Figure 3 Treatment approach for gastric or OGJ cancer. 


cancer. Several meta-analyses have been conducted (Earle 
and M aroun, 1999; Mari et al., 2000; J anunger et al., 2002) 
and these have indicated a small survival benefit with adju- 
vant chemotherapy despite heterogeneity of chemotherapy 
regimens and the use of ineffective regimens in early studies. 
However, when the results obtained from trials conducted in 
the west and in Asia were grouped and analysed separately, 
the survival benefit was only observed for trials conducted 
in Asia (Janunger etal., 2002). Given the heterogeneity 
between the meta-analyses, use of older chemotherapy reg- 
imens and literature-based, as opposed to individual patient 
data- based analyses, conclusive recommendations are diffi- 
cult. On this basis, adjuvant chemotherapy is not routinely 
recommended in the West (Figure 3). 


Adjuvant Chemoradiation 


Given that locoregional recurrence is a common presentation 
of failure following curative resection, RT has been uti- 
lized in combination with chemotherapy to achieve improved 
local disease control. To investigate the efficacy of adju- 
vant chemoradiation for gastric or gastro-oesophageal can- 
cer, Macdonald et al. (2001) initiated a randomized study 
(Gastrointestinal Cancer Intergroup Trial INT116) com- 
paring treatment with surgery alone to surgery followed 
by 5-FU/folinic acid (FA), 45 Gy EBRT with concur- 
rent 5-FU/leucovorin (LV) and two further cycles 5-FU/LV 
chemotherapy. In total, 556 patients were recruited over 
7years, 85% were node positive and 68% had T3 or 
T4 lesions. The median OS in the adjuvant CRT arm 
was 35months compared to 26months for surgery alone 


(HR 1.31; 95% CI 1.08-1.61; p = 0.006) and DFS was 
30 months for CRT compared to 19 months for surgery alone 
(HR 1.52, 95% CI 1.75-1.85; p < 0.001) demonstrating 
a highly significant improvement in survival for patients 
treated with adjuvant CRT. This study has been criticized 
for the lack of standardization of the surgery performed. 
Patients were randomized after surgery had been performed 
and within the study population only 10% underwent D2 
resection, 36% underwent a D1 resection, and over half had 
a DO lymphadenectomy (less than complete dissection of 
N1 lymph nodes). However, the survival benefits of adju- 
vant CRT were retained in patients who had either DO or 
D1 resections (D2 sub-group too small to analyse) in the 
updated analysis (Macdonald et al., 2004) and only 17% of 
patients failed to complete the planned CRT due to toxicity. 
As a result of the significant survival benefit observed in this 
study, adjuvant CRT has been adopted as standard practice in 
North America. However, this has not been widely accepted 
in Europe as it is thought that the radiation may compen- 
sate for the less radical surgery performed in most of these 
study patients compared to standard practice in Europe. The 
NCI is currently investigating an alternative chemotherapy 
regimen in a randomized phase III (CALGB-80101) study 
comparing 5-FU/LV to epirubicin, cisplatin, infusional 5- 
fluorouracil (ECF) chemotherapy before and after chemora- 
diation (5-FU/LV/RT) as adjuvant treatment for gastric or 
gastro-oesophageal adenocarcinoma (see NCI website). 


Perioperative Chemotherapy 


A series of phase II trials conducted at the MD Anderson 
Cancer Centre investigating preoperative chemotherapy in 
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gastric cancer reported good tolerability with several differ- 
ent chemotherapy regimens (Ajani et al., 1991, 1993, 1999) 
and a strong correlation between survival and response to 
preoperative therapy (Lowy et al., 1999). Only three small 
randomized studies have been published with improved 
survival demonstrated in two Asian studies but no dis- 
cernible survival benefit identified in the European study 
(J anunger et al., 2002). M ore recently, the role of periopera- 
tive chemotherapy in gastric and gastro-oesophageal cancer 
has been evaluated within the UK MAGIC trial (Cunningham 
et al., 2005a). In total, 503 patients (74% gastric, 11% OG}, 
15% lower oesophagus) were randomized to receive either 
three cycles of ECF before and after surgery or surgery alone. 
A statistically significant improvement in progression-free 
(HR 0.66 (95% CI 0.53-0.81); p = 0.0001), overall (HR 
0.75 (95% Cl 0.60- 0.93); p = 0.009), and 5-year survival 
(36vs 23%) was observed, as well as an increased propor- 
tion of patients undergoing potentially curative surgery (79 vs 
70%; p = 0.02) in the perioperative chemotherapy arm. Fur- 
thermore, a downsizing and histopathologic downstaging 
effect was reflected in the smaller maximum diameter and 
the lower T and N staging of the patients who had received 
ECF. Post-operative complications and mortality were sim- 
ilar between the two arms. On the basis of these results, 
perioperative chemotherapy with ECF should be regarded as 
a standard treatment option for these patients. The UK NCRI 
MAGIC-B study will randomize patients between ECX and 
the anti-VEGF monoclonal antibody (mAb) bevacizumab. 
Capecitabine has been substituted for 5-FU in this study to 
remove the need for in-dwelling intravenous access, which 
should reduce line-related complications and improve patient 
acceptability. In contrast to the MAGIC study, a Dutch study 
evaluating preoperative chemotherapy for resectable gastric 
cancer using methotrexate, doxorubicin, and 5-fluorouracil 
(FAMTX) chemotherapy rather than ECF had to be closed 
prematurely, suggesting that FAMTX is a suboptimal regi- 
men (Hartgrink et al., 2004b). 


Treatment of Advanced and Metastatic Gastric 
and Oesophagogastric Cancer 


The median survival of patients with advanced oesopha- 
gogastric cancer managed with best supportive care alone 
is 3-5months (Glimelius etal., 1997). Four randomized 
trials have demonstrated a consistent survival benefit in 
favour of chemotherapy when compared with best supportive 
care alone (Figure 2). A recent Cochrane review (Wag- 
ner et al., 2005) assessed the median survival of patients 
treated with chemotherapy for gastric cancer to be 11 months 
with response rates ranging from 33 to 50%. A variety of 
chemotherapy regimens have been evaluated with cisplatin/5- 
FU-based combinations most commonly used in previously 
untreated patients. During the 1980s, the multidrug regi- 
men of 5-fluorouracil, doxorubicin, and mitomycin (FAM) 
was considered standard therapy for metastatic disease but 
a European Organisation for Research and Treatment of 
Cancer (EORTC) phase III study identified superiority of 
high-dose FAMTX in terms of overall response rate and 
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median survival (Wils et al., 1991). FAMTX was adopted as 
standard combination therapy in the 1990s. A further EORTC 
phase III study (399 patients) with a three-arm random- 
ization between infusional 5-fluorouracil/cisplatin (FUP), 
etoposide/leucovorin/5-fluorouracil (ELF), and FAMTX 
found no statistically significant differences in response rates 
(9, 20, and 12% respectively) or median survival (7.2, 7.2, 
and 6.7 months respectively) between any of the three regi- 
mens (Vanhoefer et al., 2000). Chemotherapy combinations 
incorporating infusional 5-FU were then developed and a 
phase III trial (Webb et al., 1997) demonstrated superior sur- 
vival rates with ECF when compared to FAMTX (median 
survival 8.7months (ECF) vs 6.lmonths (FAMTX); p= 
0.0005). The activity of this combination was further con- 
firmed in the largest published randomized study in this 
disease (Ross et al., 2002) and in a Cochrane meta-analysis 
(Wagner et al., 2005). Given the favourable safety profile, 
ECF is now considered standard of care for advanced gas- 
tric cancer in the United Kingdom and Europe. However, 
survival remains poor and novel combinations of chemother- 
apeutics are being evaluated with a particular focus on 
irinotecan, the taxanes, and oxaliplatin although no random- 
ized phase III data on survival are yet available. 

REAL II is a UK NCRI randomized phase II! trial with 
a 2 x 2 factorial design of 1000 patients, testing the sub- 
stitution of oxaliplatin (O) for cisplatin (C), capecitabine 
(X) for 5-FU (F) in combination with epirubicin (E) (ECX, 
EOX, EOF), against ECF in patients with advanced oesoph- 
agogastric adenocarcinomas, which completed its accrual in 
mid-2005 (Sumpter et al., 2005). A planned interim analysis 
showed a low incidence of grade 3/4 toxicity, justifying a 
protocol-planned dose escalation of capecitabine. Response 
rates of all four regimens are comparable with a trend 
towards superior efficacy with the EOX combination (48% 
response rate vs 31% for ECF, 35% for ECX, and 39% for 
EOF). Final results of the completed cohort of patients will 
be presented in 2006. 

The taxanes, paclitaxel (P) and docetaxel (D), have been 
found to have significant disease activity in phase II trials 
most often tested in combination with cisplatin (DC), cis- 
platin plus 5-FU (DCF or PFC), or 5-FU (PF) with response 
rates reported as greater than 50% (Kim et al., 1999; Murad 
et al., 1999; Kollmannsberger et al., 2000; Roth et al., 2000; 
Roth et al., 2004). The results from a randomized phase II! 
study (TAX 325) of 457 patients comparing DCF with cis- 
platin and 5-fluorouracil (CF) were recently published and 
have shown that DCF is associated with a significantly 
improved response rate (37% DCF vs 25% CF; p = 0.011), 
2-year survival (18% DCF vs 9% CF), and improved OS 
(9.2months DCF and 8.6months CF) in metastatic gastric 
cancer but was associated with a greater incidence of grade 
3/4 haematological toxicity and diarrhoea (M oiseyenko et al., 
2005). As yet, the taxanes have not been established as stan- 
dard treatment in the management of advanced gastric cancer 
as increased toxicity rates in the TAX 325 trial remain a con- 
cern and DCF was compared to CF rather than ECF (standard 
in the United Kingdom); however, docetaxel shows promis- 
ing activity. 
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Phase II studies of irinotecan in combination with cis- 
platin (Ajani et al., 2002; Boku et al., 1999) and oxaliplatin 
(Souglakos et al., 2004) have produced acceptable response 
rates and OS times, but have also been associated with sig- 
nificant grade 3-4 neutropenia and diarrhoea. Irinotecan in 
combination with 5-fluorouracil (IF) and LV has been com- 
pared with CF as first-line treatment in a recently reported 
phase III trial of 337 patients with advanced gastric cancer 
(Dank etal., 2005). A trend towards superiority was noted 
for time to progression with IF versus CF (HR 1.23; 95% Cl 
0.97-1.57; p = 0.088) as well as a better safety profile (five 
toxic deaths with CF; one with IF), but improved survival 
was not demonstrated. 

Despite the recent developments in the assessment of new 
chemotherapeutic combinations for advanced gastric cancer, 
the impact on survival has been limited and has to be 
balanced against increased toxicity. 

There are no standard second-line treatments at present 
for locally advanced and metastatic oesophagogastric cancer, 
although IF has been shown to have a response rate of 29% 
when administered second line to patients refractory to CF 
chemotherapy (Assersohn et al., 2004). 


Molecular Targeting in Oesophageal, OGJ, 
and Gastric Cancer 


In addition to trials of newer chemotherapy agents in oesoph- 
agogastric cancer, the role of molecularly targeted agents 
in the treatment of these tumours is being investigated. 
These agents include mAbs and small molecule tyrosine 
kinase inhibitors (TK Is) targeting EGFR, such as cetuximab 
and erlotinib, and VEGF, such as bevacizumab. Thirty per- 
cent to 70% of oesophagogastric cancers express EGFR and 
around 50% of oesophageal cancers express VEGF, which 
is central to the process of angiogenesis. EGFR expres- 
sion is associated with prognosis and tumour progression, 
whereas there is no correlation between VEGF expression 
and response to anti-angiogenic agents, such as bevacizumab 
(Inoue et al., 1997). 

EM D72000 (Rao et al., 2005a), a phase | study investigat- 
ing matuzumab (a humanized EGFR mAb) in combination 
with ECX chemotherapy, found that this combination was 
well tolerated and showed evidence of disease activity in pre- 
viously untreated patients with tumours expressing EGFR. 
Given these encouraging results, a phase II study (M atrix) 
of ECX + matuzumab in chemo-naive, EGFR-expressing 
patients with oesophageal cancer is currently underway to 
evaluate this combination further. 


PANCREATIC CARCINOMA 


Pancreatic cancer has a poor prognosis even after an appar- 
ently curative resection. Five-year survival is only 1.6% 
in England and Wales (Smith etal., 2003), improving 
marginally in Europe (Brenner, 2002) and the United States 
(Ries et al., 1975-2002) to 4 and 4.4% respectively. In two 
post-operative analyses, local recurrence was a component 
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of treatment failure in 78-86% and hepatic recurrence in 
62-92% of patients following macroscopic curative resec- 
tion (Sperti et al., 1997; Westerdahl et al., 1993). Significant 
risk factors for recurrence include involvement of the surgical 
margins and node-positive disease. 


Therapeutic Strategies 


Surgery remains the standard treatment for localized pan- 
creatic cancer and is the only potentially curative treatment 
modality. Post-operative adjuvant treatment with chemother- 
apy alone or chemoradiation has been evaluated as a 
means of improving outcome for these patients. Adjuvant 
chemotherapy has been shown to improve survival. Palliative 
chemotherapy improves survival and quality of life. 


Adjuvant Therapy for Resected Pancreatic Cancer 


Most patients with pancreatic cancer present with locally 
advanced or metastatic disease with only 9% suitable for 
surgical resection (Sener et al., 1999). Even in resectable 
patients, the 5-year survival is limited to 15-20% with the 
majority of treatment failures occurring within 2years as 
local and/or hepatic recurrence (Neoptolemos et al., 2003). 
There have been relatively few randomized trials evaluat- 
ing adjuvant treatment and some of these studies have been 
inconclusive mainly due to small patient numbers, hetero- 
geneous sites of primary disease, and suboptimal treatment 
regimens. 

Neoadjuvant CRT could potentially downstage pancreatic 
cancer to enhance curative resection rates and in the preoper- 
ative setting, tolerance of treatment may be better. Although 
5-FU -based and gemcitabine-based CRT regimens have been 
evaluated in a number of early-phase trials, no large ran- 
domized controlled studies have been completed and this 
approach is currently experimental. 

Adjuvant CRT for pancreatic cancer was first investi- 
gated by the Gastrointestinal Tumour Study Group (GITSG) 
G19173 study comparing split-course CRT followed by 
2years of maintenance with 5-FU and under observation 
(Kalser and Ellenberg, 1985). The study was closed early 
owing to poor recruitment but demonstrated a survival bene- 
fit in favour of treatment (median survival 20 and 11 months, 
respectively, p = 0.03), also confirmed in an extension 
single-arm study (Kalser et al., 1987). Adjuvant CRT has 
been adopted as the standard approach in North America on 
the basis of these results. In contrast, a randomized study 
conducted by the EORTC comparing CRT with observation 
did not find a significant improvement in survival with adju- 
vant CRT (Klinkenbij! et al., 1999). The largest randomized 
study of adjuvant treatment in pancreatic cancer, the Euro- 
pean Study Group for Pancreatic Cancer Trial 1 (ESPAC-1, 
Neoptolemos et al., 2004), concluded there was no survival 
benefit for patients receiving CRT with the results suggest- 
ing atrend towards poorer survival for these patients (median 
survival 15.9vs 17.9 months; HR 1.28; 95% CI 0.99- 1.66; 
p = 0.05), although the split-course RT used in this trial was 
suboptimal. 
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A recent meta-analysis that included all patients from 
ESPAC-1, GITSG, and the EORTC studies also found no 
significant survival difference for patients receiving CRT 
although there was a trend towards improved survival in a 
sub-group of patients with margin-positive disease (Stocken 
et al., 2005). In Europe, CRT is not recommended as standard 
adjuvant therapy. Results are awaited from a randomized 
phase III study (RTOG 97-04) of 525 patients conducted 
in the United States evaluating CRT with concurrent 5-FU 
with either gemcitabine or 5-FU infusions given before and 
after CRT. 

The role of adjuvant chemotherapy has been investigated 
in three RCTs. Benefit from adjuvant chemotherapy was first 
identified in a Norwegian study (Bakkevold etal., 1993) 
comparing FAM combination chemotherapy with obser- 
vation alone. Although median survival was significantly 
improved (23vs 11months) with chemotherapy, long-term 
survival after 2 years was identical in each study arm. A 
more recent randomized study of mitomycin C/5-FU adju- 
vant chemotherapy compared to observation alone in patients 
with resected pancreaticobiliary cancer did not show a sur- 
vival benefit for patients with pancreatic cancer (Takada 
et al., 2002). Clear demonstration of a survival benefit for 
adjuvant chemotherapy in pancreatic cancer comes from the 
ESPAC-1 study where treatment was given as bolus 5-FU 
(425 mg m~?) and LV (20mgm~?) daily x5 every 4 weeks. 
After a median follow-up of 47 months, a highly significant 
survival difference was reported in favour of chemotherapy, 
which is slightly surprising given the low response rates to 
5-FU in advanced pancreatic cancer. The median survival 
was 20.1 months (95% CI 16.5- 22.7) and 15.5 months (95% 
Cl 13.0-17.7) with and without chemotherapy respectively 
(HR for death, 0.71; 95% CI 0.55-0.92; p = 0.009). The 
2- and 5-year survival times were estimated to be 40 and 
21% for patients who received chemotherapy and reduced to 
30 and 8% for patients not treated with chemotherapy. 

Since the ESPAC-1 study started, gemcitabine has been 
shown to confer a modest survival advantage over 5-FU in 
advanced pancreatic cancer (Burris, 1997). ESPAC-3 is a 
trial currently in progress and is randomizing a planned 660 
patients to adjuvant gemcitabine or 5-FU/FA to investigate 
whether gemcitabine is also superior in the adjuvant setting. 
Currently, 5-FU is considered to be standard adjuvant therapy 
for resected pancreatic cancer in the United Kingdom. 


Locally Advanced and Metastatic Disease 


M etastatic pancreatic cancer has an extremely poor progno- 
sis with virtually no long-term survivors. 5-FU has been used 
for several decades in the treatment of advanced pancreatic 
cancer. However, following publication of the first random- 
ized phase III trial reporting a modest survival benefit with 
gemcitabine when compared with 5-FU, gemcitabine has 
been considered standard therapy for previously untreated 
patients (Burris, 1997). In this trial, the primary efficacy end 
point was clinical benefit response and the study required 
patients to be symptomatic. Although survival was a sec- 
ondary end point, there was a modest benefit in favour 
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of gemcitabine. Gemcitabine monotherapy has consistently 
demonstrated 1-year survival rates ranging from 19 to 25% 
with standard dosing of 1000 mg m~? for 7 weeks and then 
a week of rest followed by 3 weeks of treatment every 
4 weeks. Phase III trials comparing gemcitabine in combina- 
tion with 5-FU, cisplatin, or irinotecan have failed to show 
a survival advantage when compared to single-agent gemc- 
itabine (Berlin et al., 2002; Heinemann et al., 2000; Rocha 
Lima etal., 2002). The Heinemann study, however, com- 
paring gemcitabine- cisplatin with gemcitabine alone, shows 
a trend towards benefit for gemcitabine/cisplatin although 
not statistically significant for survival. A combined analysis 
of this study with the Louvet trial (see the following text) 
demonstrated a benefit in favour of gemcitabine- cisplatin 
chemotherapy justifying further investigation of this combi- 
nation (Heinemann et al., 2006). 

A phase III trial by Louvet et al. (2005) (n = 326), eval- 
uated the combination of gemcitabine and oxaliplatin versus 
gemcitabine alone using a fixed-rate dose of gemcitabine 
in the combination arm, based on results from a phase II 
trial (Tempero et al., 2003) showing improved median sur- 
vival with this approach. A trend towards improved median 
OS (9 vs 7.1months in favour of gemcitabine/oxaliplatin 
p = 0.13) was reported despite a relatively small number 
of patients being enrolled. In addition, the use of differing 
schedules of gemcitabine in each arm may have confounded 
results. Given the significantly increased objective response 
rate observed with combination treatment in this trial (29 vs 
17%; p = 0.02), there is much interest in further devel- 
opment of oxaliplatin as a therapeutic option in pancreatic 
cancer. 

Given the encouraging data from phase II trials 
(Scheithauer et al., 2003; Stathopoulos et al., 2004) with the 
combination of gemcitabine and capecitabine (GEM - CAP), 
a randomized phase III trial was initiated, comparing 
this combination with gemcitabine alone (Cunningham 
etal., 2005b). An interim analysis from this study at a 
point where 373 (70%) deaths have occurred has recently 
been reported. GEM-CAP combination chemotherapy 
significantly improved OS in comparison to GEM alone (HR: 
0.80; 95% Cl: 0.65- 0.98; p = 0.026) in advanced pancreatic 
cancer with acceptable levels of toxicity. Furthermore, after 
adjusting for baseline stratification factors (disease extent 
and performance status (PS)), the survival advantage for 
GEM -CAP remains (HR: 0.77; 95% Cl: 0.63-0.95; p= 
0.014). Although final results from this study are awaited, 
these findings suggest that gemcitabine in combination with 
capecitabine may replace single-agent gemcitabine as a 
treatment option in advanced pancreatic cancer. 

Many novel drug combinations are being explored in 
advanced pancreatic cancer. The National Cancer Institute 
of Canada - Clinical Trials Group have recently reported 
a phase III trial (n = 569) evaluating gemcitabine on a 
weekly schedule at 1000 mg m~? plus the EGFR inhibitor 
erlotinib (100 or 150mg) daily versus weekly gemcitabine 
plus placebo (Moore etal., 2005). A small but statistically 
significant survival advantage was observed with the addition 
of erlotinib, an EGFR TKI, to gemcitabine treatment with 
median OS of 6.4 versus 5.9 months (p = 0.025) in favour of 
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gemcitabine/erlotinib and improved progression-free survival 
with this combination (HR 0.76; p = 0.003). The extent 
of benefit is similar between the Moore study and the 
GEM - CAP study with each demonstrating a 1-year survival 
difference of 7% but erlotinib is more expensive and causes 
increased toxicity resulting in diarrhoea and skin rash. 

A phase III trial evaluating the use of the topoisomerase-1 
inhibitor, exatecan (DX -8951) with gemcitabine (O'Reilly 
et al., 2004) and another phase III study investigating peme- 
trexed, a multitargeted antifolate agent, with gemcitabine 
for locally advanced or metastatic pancreatic cancer (Oettle 
et al., 2005) have both failed to demonstrate a survival 
advantage over single-agent gemcitabine. Combination of 
the farnesyl transferase inhibitor, tipifarnib (R115777), with 
gemcitabine (Van Cutsem et al., 2004) did not result in any 
survival benefit superior to gemcitabine alone. 

Ongoing studies of novel combination strategies include a 
phase I! trial of gemcitabine and bevacizumab (K indler et al., 
2005). This combination was associated with a 19% response 
rate, median survival of 8.7months and 1-year survival of 
29%. These encouraging results have prompted the initiation 
of a Cancer and Leukaemia Group B (CALGB) study 
comparing gemcitabine and bevacizumab with gemcitabine 
alone in a target population of 600 patients. 


HEPATOBILIARY TRACT CANCER 


Hepatocellular Carcinoma (HCC) 


Hepatocellular carcinoma (HCC) is a malignancy of world- 
wide significance, being the fourth leading cause of cancer- 
related death (Parkin etal., 1999) with 80% of new cases 
occurring in developing countries. Despite the range of treat- 
ment modalities for HCC, there is no standard, effective 
treatment for advanced, unresectable HCC. The prognosis of 
this disease remains very poor, with 5-year survival ranging 
from 3% in England and Wales (Smith et al., 2003) to 7.5% 
in Europe (Brenner, 2002) and 6.9% in the United State (Ries 
et al., 1975- 2002). The vast majority of HCC (90% in most 
large case series) develop as a consequence of chronic liver 
disease, usually in the presence of cirrhosis. Liver cirrhosis 
is acknowledged as a premalignant condition for developing 
HCC, with alcohol and/or chronic hepatitis C virus (HCV) 
and hepatitis B virus (HBV) infection being the most com- 
mon aetiologies. The severity of any underlying cirrhosis 
limits potential treatment options, other than transplantation, 
for an individual patient. 


Therapeutic Strategies 


Surgical resection and liver transplantation are both poten- 
tially curative strategies for the management of HCC 
although recurrence rates of 50% at 2 years have been docu- 
mented (Poon et al., 2001). Local ablation with alcohol and 
RT is also thought to be potentially curative (Bruix et al., 
2004) but evidence for this has been inconsistent (El-Serag 
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Figure 4 Algorithm for treatment of hepatocellular cancer (HCC). 


et al., 2006). M ost patients present with unresectable disease 
(70-85%) or have hepatic comorbidity that prevents the safe 
administration of systemic treatment or localized chemoem- 
bolization. Treatment strategies for locally advanced disease 
include transarterial chemoembolization (TACE), percuta- 
neous therapy (radiofrequency ablation (RFA ), percutaneous 
ethanol injection (PEI)), and transarterial yttrium-90 micro- 
spheres. In cases where there is extensive local disease, 
metastatic disease, or main portal vein thrombosis, hormonal 
manipulation or systemic chemotherapy are the only treat- 
ment options (Figure 4). 


Detection, Staging, and Prognostic Factors 


Regular surveillance with liver ultrasound and measurement 
of a-foetoprotein levels in patients with cirrhosis at high 
risk of developing HCC is generally recommended (Daniele 
et al., 2004) although of unproven benefit. M ore sensitive 
and accurate biomarkers are needed and are being identified 
with new technologies, such as proteomics (Marrero et al., 
2004). HCC is a heterogeneous disease with a variety 
of aetiologies that does not fit uniformly into any given 
single staging system. Favourable prognostic factors include 
younger age (<55), presence of a solitary tumour, absence 
of intrahepatic metastases, absence of portal vein invasion 
and absence of underlying cirrhosis (Shimada et al., 1996). 


Operable HCC 


Surgical resection is the treatment of choice in patients with 
solitary HCC in the setting of Child’s A cirrhosis and min- 
imal portal hypertension, as degree of portal hypertension 
has been shown to correlate with outcome (Okamoto et al., 
1984). Most patients with Child’s A (Child-Pugh-T urcotte 
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classification) cirrhosis have the functional capacity to toler- 
ate a limited hepatic resection. There are other factors that 
should be taken into consideration when selecting patients for 
surgery including remnant liver volume, tumour size, num- 
ber and location with respect to major vessels, presence of 
macroscopic vascular invasion, and intrahepatic metastases 
(M arin-Hargreaves et al., 2003). In cases where a large vol- 
ume of liver is to be resected, preoperative portal venous 
embolization can reduce the risk of post-operative hepatic 
failure by inducing compensatory hypertrophy of the oppo- 
site lobe (de Baere et al., 1993). Long-term survival from 
this approach is determined by recurrence rates, which have 
been estimated as 20% at 1year, 50% at 3 years, and 75% 
at 5years (Llovet etal., 1999; Chen etal., 2004). Fac- 
tors predictive of recurrence are tumour grade, micro- and 
macroscopic vascular invasion, number and size of tumours, 
presence of satellites, w-foetoprotein level, and positive sur- 
gical margins. 

Orthotopic liver transplantation (OLT) is theoretically the 
best treatment for HCC as it utilizes the widest possible 
resection margins, removes the remaining liver tissue at 
risk for recurrence or de novo cancer and restores hepatic 
function (Varela etal., 2003). It is an option for those 
patients presenting with localized disease that is not suitable 
for surgical resection. Outcome following transplantation for 
HCC are comparable to those for patients transplanted for 
non-oncological indications (Varela et al., 2003). The criteria 
for eligibility for a liver transplant based on data from 
a study carried out in Milan are that the tumour should 
be between 2 and 5cm, or if two or three tumours are 
present they should be less than 3cm in size (M azzaferro 
et al., 1996). Some centres have argued for expansion of 
the Milan criteria and Mount Sinai (Roayaie et al., 2002) 
now advocate a multimodality approach for larger (>5 cm) 
tumours that includes preoperative chemoembolization as 
well as intra- and post-operative doxorubicin. The availability 
of donor organs is the most significant limiting factor when 
OLT is being considered and patients may progress to 
inoperability while waiting. Non-surgical modalities such as 
PEI, chemoembolization, and RFA are used to minimize the 
risk of tumour progression while on the transplant waiting 
list. When patients are selected for transplantation using the 
Milan criteria, the 5-year survival is 70-80%, with DFS 
virtually the same as OS (Llovet etal., 2002). Using the 
expanded Mount Sinai eligibility criteria, 5-year survival 
was 44% and for tumours between 5 and 7cm, survival 
was similar to patients meeting the Milan criteria (Roayaie 
et al., 2002). 


Adjuvant Treatment 


The most common site of recurrence after liver resection 
for HCC is the remaining liver. Transarterial treatment of 
the residual liver with iodine-131 lipiodol via the hep- 
atic artery to destroy micrometastases has been shown to 
improve survival and decrease the risk of recurrence (Lau 
et al., 1999). lodine-131 lipiodol is not universally available; 
therefore many centres use other transarterial agents, such 
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as yttrium-90 microspheres and ethiodol chemoembolization 
instead. Recently, interferon-based treatment of hepatitis C 
has been shown to decrease the incidence of de novo primary 
and post-operative recurrent HCC (Yoshida et al., 2004). 


Inoperable HCC 


Intervention for patients presenting with inoperable but 
localized disease can be categorized into catheter-based intra- 
arterial approaches, such as TACE or yttrium-90 micro- 
spheres, and percutaneous locoregional ablative techniques, 
which can be chemical (PEI) or thermal (RFA). These treat- 
ments are predominantly used for palliation but have also 
been given with curative intent (Bruix et al., 2004; Livraghi 
et al., 2004). 


Intra-arterial therapies: TACE is the most commonly per- 
formed image-guided procedure for HCC that is designed 
to spare the normal liver parenchyma by taking advan- 
tage of the preferential blood supply to liver tumours from 
the hepatic artery, delivering chemotherapy directly to the 
tumour(s). TACE is currently the preferred treatment for 
unresectable HCC following two RCTs that demonstrated 
a survival advantage for this approach in comparison to 
best supportive care (Lo etal., 2002; Llovet et al., 2002). 
The identification of a statistically significant improvement 
in 2-year survival (odds ratio 0.53; 95% CI 0.32-0.89) in 
two meta-analyses (Camma et al., 2002) lends further sup- 
port to this treatment modality. The mean response rate to 
TACE was 32.7% and, although rare, it did convert some 
patients into operable candidates. In addition to being used as 
single-modality treatment, TACE can also be used in combi- 
nation with RFA (Livraghi et al., 2004), as an adjunct to liver 
resection or as a holding treatment prior to a planned liver 
transplant. Improved tumour response has been shown with 
repeated cycles of chemoembolization (Jaeger et al., 1996) 
although the ideal drug combination or type of embolic par- 
ticle has yet to be established. 

Novel drug-delivery systems such as polyvinyl-alcohol- 
based microspheres that can slowly release a chemother- 
apeutic agent such as doxorubicin to maintain high drug 
concentrations at the tumour site longer are under investi- 
gation for HCC (Constantin et al., 2004). 

Y ttrium-90 microspheres (resin or glass-based) are a 
means of delivering targeted RT to HCC as the high 
arteriolar concentration of HCC relative to normal liver 
parenchyma enables higher dose delivery to the tumour 
unless the tumour is particularly large with a component of 
central necrosis (Dancey et al., 2000). Improved survival has 
been reported with doses of more than 120 Gy compared 
with lower doses of yttrium-90-labelled microspheres (Lau 
et al., 1994) and some patients have been downstaged to 
resectability (Ho et al., 1998). Longer-term follow-up and 
RCTs comparing this technique with other non-surgical 
approaches are required but results so far are promising. 


Locoregional ablative techniques: PEI has been the most 
widely used minimally invasive treatment for HCC prior to 
the advent of RFA and involves injection of 95% ethanol 
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directly into the tumour causing a coagulative necrosis 
(Livraghi et al., 1995). It is used for small, solitary lesions 
present in combination with liver impairment although this 
approach is limited by the need for repeat procedures, pain 
at the treated site and a high risk of recurrence for lesions 
larger than 3cm. Response rates are related to tumour size 
and are around 100% for masses measuring 3 cm (De Sanctis 
et al., 1998) or less with 3-year survival demonstrated as 79, 
63, and 12% for patients with Child-Pugh scores A, B, and 
C respectively (Livraghi et al., 2004). 

PEI has largely been superseded by RFA as the preferred 
locoregional ablative treatment for HCC as this technique 
utilizes a low-voltage alternating current to heat and kill cells 
and can generally be administered as a single treatment. The 
best outcomes have been reported in solitary lesions less 
than 4cm (Tanabe et al., 2004) and although usually well 
tolerated, possible side effects include pain at treatment site, 
fever, and cutaneous burns. When compared with PEI, local 
progression rate was lower for lesions up to 4cm and the OS 
rate was higher with RFA (Lin etal., 2004). Some studies 
have reported needle-track seeding with RFA, which may be 
a significant negative factor with this approach. 

Microwave coagulation therapy and interstitial laser pho- 
tocoagulation are two other local ablative techniques under 
evaluation for HCC that utilize heat applied locally to the 
tumour for therapeutic effect. 

RFA and TACE have been used in combination with 
encouraging results (Kitamoto et al., 2003) and it is likely 
that this approach will have a more dominant role in the 
future management of HCC. 


Systemic treatment: The indications for systemic treatment 
of HCC include extrahepatic disease, main portal vein 
thrombosis, or localized disease that is not amenable to 
other types of therapy. The presence of various growth 
factors and hormone receptors in HCC cell lines led to 
the investigation of hormonal manipulation as a therapy for 
HCC. Tamoxifen has been evaluated in seven RCTs and 
failed to demonstrate any improvement in 1-year survival 
(Llovet and Bruix, 2003). The most widely used cytotoxic 
agent for HCC is doxorubicin and a meta-analysis of 
six RCTs with doxorubicin and three RCTs using 5-FU 
did not show a significant survival benefit with either 
chemotherapy agent in this disease (M athurin et al., 1998). 
However, the interpretation of meta-analysis data is difficult 
due to the heterogeneity of the study population, small 
study numbers, and the variety of drugs and schedules 
employed. The combination of ECF has been reported to 
have some activity in hepatobiliary cancer, including HCC 
(Ellis etal., 1995). A more recent randomized phase IlI 
study has compared a newer drug combination (PIAF: 
cisplatin, recombinant interferon-a, doxorubicin, 5-FU) with 
single-agent doxorubicin in treatment-naive patients with 
unresectable HCC and demonstrated improved survival for 
PIAF (40.8vs 29.3 weeks), although this did not reach 
statistical significance and significant toxicity was observed 
(Yeo etal., 2005). Targeted therapies, such as the anti- 
angiogenic agents bevacizumab and thalidomide, as well as 
the EGFR inhibitor, erlotinib (Philip et al., 2005) are being 
evaluated in the treatment of HCC given the vascularity 
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of the tumour and documented overexpression of EGFR. 
Further clinical trials with novel combinations are needed to 
identify an effective systemic treatment for advanced HCC. 


BILIARY TRACT CANCER 


Biliary tract cancers include cancers of the gallbladder, 
cholangiocarcinoma, and tumours of the ampulla of Vater. 
Diseases causing chronic inflammation of the biliary epithe- 
lium (e.g., primary sclerosing cholangitis, cirrhosis) are asso- 
ciated with an increased risk of malignancy within the biliary 
tract although they account for only a small percentage of 
cases. The mortality from intrahepatic cholangiocarcinoma 
has been rising rapidly over the last few decades. Cholangio- 
carcinomas are classified according to site within the biliary 
tract with approximately two-thirds perihilar, one-quarter 
arising distal to the common bile duct, and the remainder 
intrahepatic. 


Presentation 


Cholangiocarcinomas are rare in those under the age of 40. 
The presenting clinical features are determined by tumour 
site with extrahepatic lesions commonly presenting with 
biliary obstruction, whereas intrahepatic tumours tend to 
present with non-specific symptoms such as malaise, weight 
loss, and abdominal pain. Rarely, patients present with 
cholangitis. M ost patients present with advanced disease. 


Diagnosis and Staging 


Diagnosis of cholangiocarcinoma can be challenging and 
a combination of imaging techniques, biliary tissue sam- 
pling and biochemical investigation are necessary. High- 
quality cross-sectional imaging of biliary tumours can be 
achieved with CT and magnetic resonance imaging (M RI) for 
staging and non-cross-sectional magnetic resonance cholan- 
giopancreatography (MRCP) aids diagnosis by delineating 
the anatomy of tumours and resectability. Endoscopic tech- 
niques such as endoscopic retrograde cholangiopancreatogra- 
phy (ERCP) and EUS are also used for diagnostic (including 
obtaining biopsies and/or brushings for histology and cytol- 
ogy) purposes and ERCP is used therapeutically for stent 
placement. Occasionally percutaneous cholangiography per- 
cutaneous transhepatic cholangiography (PTC) is required 
where ERCP and MRCP have failed. The diagnostic accuracy 
of ERCP and MRCP is approximately 70- 80% (Park et al., 
2005) with CT scanning slightly less diagnostically sensitive. 
EUS is particularly useful to differentiate between benign 
and malignant strictures or in the staging of cholangiocarci- 
noma and can be used for tissue sampling as an alternative 
to ERCP. 
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Biochemical assessment should include liver function tests 
and monitoring of the tumour markers Cal9.9 (carbohy- 
drate antigen) and carcinoembryonic antigen (CEA) although 
Cal9.9 has better sensitivity and specificity than CEA for 
cholangiocarcinoma. 


Localized Disease 


Surgery is the only curative option for cholangiocarcinoma 
but most patients present with unresectable disease. The 
nature and extent of surgery depends on the site of the 
tumour, for example, distal tumours are managed by pan- 
creatoduodenectomy and patients with disease involving the 
confluence of the bile ducts require a partial hepatectomy 
for adequate resection. Localized gallbladder tumours can be 
removed by laparoscopic cholecystectomy although a more 
extensive resection by open laparotomy is preferred. Survival 
following surgical resection is also affected by tumour site, 
with 5-year survival rates for intrahepatic cholangiocarci- 
noma varying from 8 to 47% (Jarnagin and Shoup, 2004) and 
for distal disease between 20 and 54% (Fong et al., 1996). 

Adjuvant treatment with chemotherapy, RT, and CRT has 
been used for resected cholangiocarcinomas but there is 
no proven role for any of these treatment modalities and 
patients should be encouraged to participate in clinical tri- 
als. One recently reported randomized study of 279 patients 
with resected pancreaticobiliary cancers, including gallblad- 
der cancer or cholangiocarcinoma, were assigned to either 
mitomycin C and perioperative 5-FU or surgery alone. A sig- 
nificant improvement in 5-year survival for patients with gall- 
bladder cancer (26% in the chemotherapy arm vs 14.4% in 
the control arm; p = 0.04) but there was no 5-year survival 
benefit for patients with pancreatic, bile duct, or ampulla 
of Vater carcinomas (Takada et al., 2002). However, further 
confirmation of these data is required before adjuvant therapy 
for gallbladder cancer can be routinely recommended. 


Advanced Disease 


Palliative stenting has an important role in the management 
of biliary tract cancer to relieve symptoms such as jaundice 
and pruritis, treat sepsis and normalize liver function prior 
to chemotherapy or RT. Median survival for unresectable 
disease is 6 months when biliary drainage is established com- 
pared to 3 months without relief of obstruction (Chang et al., 
1998). Patency rates of stents inserted for distal tumours are 
greater than those inserted for hilar disease (Cheung and Lai, 
1995). Metal stents are generally preferable to plastic stents 
due to larger diameter and longer patency rates, therefore 
less need for repeat procedures, lower rate of hospitalization, 
and lower risk of distal migration (K aassis et al., 2003). As 
tumours can grow through the metallic mesh and obstruct a 
self-expanding stent, covered versus uncovered stents have 
been compared in a RCT of 112 patients with unresectable 
cholangiocarcinoma (Isayama et al., 2004). Stent occlusion 
was found to be lower in the covered stent group (14 vs 
38%) although there was no difference in survival. 
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Palliative RT may be of benefit in locally advanced disease 
for relief of pain and for biliary decompression (Ohnishi 
et al., 1995). Studies to date have produced mixed results 
with a debatable survival benefit and there are no controlled 
trials, so RT is not recommended routinely. 

Palliative chemotherapy has been shown to increase sur- 
vival and quality of life but these benefits are small when 
compared to best supportive care (Glimelius etal., 1996). 
M ost trials are non-randomized but transient partial responses 
have been reported with several chemotherapy agents includ- 
ing gemcitabine in combination with capecitabine (K nox 
et al., 2005), 5-FU (Patt et al., 2001), and cisplatin (Thong- 
prasert et al., 2005). A phase III study comparing ECF with 
5-fluorouracil, etoposide, and leucovorin (FELV ) in patients 
with previously untreated advanced biliary cancer found 
that symptom resolution was impressive for both regimens. 
Although ECF did not improve OS compared to FELV, it 
was associated with less acute toxicity (Rao et al., 2005b). 
The phase II ABCO1 trial (Valle etal., 2006) randomized 
86 patients with locally advanced or metastatic biliary tract 
cancer to either gemcitabine alone or in combination with 
cisplatin. Both regimens displayed activity and there was 
a trend towards improved time to progression (TTP) and 
progression-free survival (PFS) with combination chemother- 
apy. The study has therefore been extended (UK ABC-02 
study) to determine the effect on survival and quality of life 
given the observed increase in toxicity (especially lethargy) 
in the combination arm. 

A novel palliative endoscopic approach is the use of 
photodynamic therapy. The photosensitizer, sodium porfimer, 
is given intravenously and localizes preferentially to cancer 
cells over 24- 48 hours. Illumination of the tumour with light 
of a specific wavelength activates the porfimer, generating 
oxygen free radicals, which induce ischaemic cell death. 


CONCLUSION 


Recent progress in the treatment of upper gastrointestinal, 
pancreatic, and hepatobiliary cancer has been facilitated by 
advances in diagnostic imaging, innovative treatments such 
as molecularly targeted therapeutics and a growing evidence 
base defining the optimal integration and sequencing of 
surgery, RT and chemotherapy (both cytotoxic and novel 
agents). 

However, many challenges remain. Owing to conflicting 
evidence from several published trials investigating the role 
of multimodal therapies for oesophageal and gastric cancer, 
disparity exists in the perioperative management of these 
diseases particularly between Europe and the United States. 
Clarification of the role of preoperative and adjuvant CRT 
from ongoing trials is required in these tumour types as 
well as further evaluation of the role of definitive CRT for 
squamous cell oesophageal cancers. Paradigms for the use of 
molecular therapy are being developed. 

The optimal management of resected pancreatic cancer is 
also debated between Europe and the United States with 
adjuvant chemoradiation now adopted as standard practice 
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in the United States in contrast to chemotherapy alone in 
Europe. Trials are ongoing to address which approach is 
superior. Elucidation of the role of novel therapies is ongoing 
in pancreatic cancer. 

In hepatocellular cancer many experimental approaches 
for localized disease are under investigation in an attempt 
to improve survival. Effective chemotherapeutic regimens 
that improve survival remain to be identified in hepatobiliary 
cancer. 

The use of biotechnology such as molecular profiling 
to predict response and identification of novel prognostic 
markers may help tailor treatments for individual patients. 

Definition of the optimal sequencing of multimodal ther- 
apy for these cancers, rational integration of targeted thera- 
pies and new chemotherapeutic combinations, and the use of 
molecular profiling to identify potential responders to spe- 
cific treatments may contribute to further improvement in 
survival for this group of patients. 
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INTRODUCTION 


The Colorectal Multidisciplinary Team 


The diagnosis and treatment of early colorectal cancer 
(CRC), as well as the management of complications of 
late-stage CRC, require a multidisciplinary approach to man- 
agement throughout a patient’s cancer journey. Evidence- 
based medicine provides guidelines for the benefit, almost 
exclusively, of a single intervention in the context of con- 
trolled clinical trials, where patients fit selective, often quite 
rigorous, criteria. However, the real-life challenges are sig- 
nificantly more complex as the whole CRC patient population 
lies across a broader spectrum and needs multiple interven- 
tions. Thus the impact of potential toxicities of sequential 
treatments and impact on quality of life are rarely discerned 
from the published literature. The challenge is therefore 
for the colorectal multidisciplinary team (MDT) to analyse 
each clinical case systematically, in detail and then use an 
evidence-based approach to facilitate the step-wise clinical 
interventions as deemed appropriate. This has to be in the 
best interest of the patient in the context of increasing the 
probability of cure as the primary aim if feasible. If this is 
not possible or the probability of cure is low as in advanced 
cases, the patient should be made aware of and be offered 
choices because of the often limited impact of palliative treat- 
ments and effect on quality of life. This process thus needs 
to ensure that patients have an adequate voice or representa- 
tion within the colorectal MDT decision-making process to 
reflect those wishes. 

Other major advantages from this approach are that 
patient logistics and communication are improved consid- 
erably. Investigations, procedures, and clinic appointments 
can be organized expeditiously from the meeting plan. This 
approach enables better clinical, audit, and translational 
research to improve outcomes. In some institutions, the nat- 
ural successor to multidisciplinary meetings is to follow-up 
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the patients in multidisciplinary clinics immediately, so that 
the patient has a combined discussion with the professionals 
concerned about the plan and decision-making process. Fre- 
quently and increasingly, in complex cases there are choices 
with different advantages and risk-benefit, and such a clinic 
allows joint or even team consultations with patients, which 
considerably speed up the whole treatment process. 

The structure and composition of the team can be divided 
into three principal components: the core or essential team, an 
extended team, and specialist components. CRC is acommon 
cancer, so, smaller hospitals with a catchment population 
of 200000 or less may only need a core or essential team 
to function effectively. In this scenario, there should be 
physical links within a network of a larger population base 
to more specialist teams, so that appropriate patients can 
be discussed in real time for complex treatments, such as 
liver surgery, or to coordinate preoperative chemotherapy or 
radiotherapy. These links usually take the form of linked or 
visiting clinicians and professionals from the specialist centre 
to the smaller hospitals and units. Increasingly, however, 
telecommunication links are more practical so that smaller 
hospitals can have access to specialist radiology in real- 
time discussions. The majority of the weekly work of such 
teams will be in investigating whether patients referred by 
primary care have cancer after presenting with suspicious 
symptoms or clinical findings. Most patients seen in this 
context will turn out as not having cancer. Such patients may 
have adenomas or subsequently require regular surveillance. 
Teams need to audit their own performance on a regular, at 
least annual basis, to ensure that they have low false-negative 
rates for cancer diagnoses. The discussion of preneoplastic 
pathologic changes and management is beyond the scope of 
this chapter. 

CRC MDTs should consist of a core team of members 
who have a particular interest and expertise in this area 
and who will make a commitment to attend a majority of 
MDT meetings. The core team should link with specialist 
associates who are members of an extended team. The 
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extended team should consist of designated individuals who 
should be available to work with core MDT members 
when their expertise is required. Hospitals should examine 
individual members’ commitments and seek to streamline 
administrative processes to increase efficiency. The core team 
should be responsible for planning care in a seamless way 
so that each patient receives prompt and appropriate care 
throughout the process of diagnosis and treatment, including 
the period when palliation may be needed, until the patient 
is released from follow-up or dies. One member of this 
team (either a clinical nurse specialist (CNS) or the team 
coordinator) must have a system for tracking all patients 
throughout their illness, including those who are referred to 
linked MDTs (e.g., for liver resection), and bringing them 
back to the core team. 
The core team should include the following members: 


1. At least two specialist surgeons who have been trained 
in, and maintain a special interest in, techniques relevant 
to CRC and who can demonstrate a high level of skill in 
this area. Each surgeon in the MDT should carry out a 
minimum of 20 colorectal resections with curative intent 
per annum. Sub-specialization should be specifically 
encouraged among surgeons who treat patients for rectal 
cancer. 

2. Gastroenterologists, with expert colonoscopic training. 

3. At least one oncologist. A specialist colorectal medi- 
cal oncologist should be a central component in the 
MDT with access to clinical trials and new therapies. 
Whenever elective surgery is considered for patients with 
rectal cancer, a radiation oncologist should be involved 
in the discussion about each patient before and after 
surgery is scheduled. 

4. Diagnostic radiologist with gastrointestinal expertise. 
Specific training in modern imaging methods such as 
rectal MRI interpretation is now essential. 

5. Histopathologist who can regularly report a minimum 
specific dataset for both colon and rectal cancer. 

6. Skilled colonoscopists of any discipline (surgeon, physi- 
cian, or specialist nurse). Criteria for assessing skill in 
colonoscopy, audits, and training need to be agreed by 
the MDT. 

7. Clinical nurse specialists. These should be available to 
provide support, assistance, information and advice to 
every patient. They should have specific expertise in 
colorectal cancer and, in addition, should be trained 
in communication skills and counselling. These nurses 
should ensure that patients’ information and support 
needs are met and link with specialists who can provide 
psychosocial support. 

8. Palliative care specialist (doctor or nurse), who should 
work with palliative care services in the community. 

9. Meeting coordinator, who should take responsibility for 
the administrative processes in organizing MDT meet- 
ings (see following text). The coordinator should have 
the authority to ensure that extended team members (see 
following text) such as social workers and psychologists 
are available when required. The coordinator should also 
be responsible for feedback about patients referred to 


more specialized teams and the return of such patients 
to the local CRC MDT. 

10. Team secretary, who will provide clerical support 
for the MDT, recording all decisions made by the 
team and communicating appropriate written information 
promptly to all those (especially the general practitioners 
[GPs] in primary care) who may require it. In smaller 
teams, the coordinator may take the overlapping role of 
team secretary. 


MDTs should maintain close contact with other profes- 
sionals who are actively involved in supporting the patient or 
carrying out the treatment strategy decided by the core team 
(the extended team). Extended and specialist teams should 
include the following members: 


1. Liver surgeon(s) who is a member of a liver resection 
MDT and can advise the colorectal cancer MDT. Such 
surgeons should link with liver centres owing to the 
complexity of care of such patients. 

2. Thoracic surgeon with expertise in lung resection. 

3. Interventional radiologist with expertise in liver and 

vascular intervention and insertion of intestinal stents. 

. GPs/primary care teams. 

. Dietician. 

. Liaison psychiatrist/clinical psychologist. 

. Social worker. 

. Clinical geneticist/genetics counsellor. 

. Clinical trials coordinator or research nurse. 
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The role of complex liver surgery for colorectal liver 
metastases is discussed later and is one of the specific areas 
where the potential management of CRC patients is changing 
rapidly. It may have a major, potentially curative, impact in 
as many as 20% of patients presenting with or relapsing with 
metastatic disease. 


EPIDEMIOLOGY 


CRC is the second leading cause of cancer deaths in 
developed nations. There are approximately 1000000 cases 
per year globally with 529000 deaths. This equates to an 
incidence of 16 per 100000 population, but there is a wide 
geographical range with most western countries having an 
incidence of between 20 and 40 per 100000 population. 
Colorectal cancer is the third most common cancer in 
the United States. In 2006, the American Cancer Society 
estimated that 106 680 cases of CRC would be diagnosed 
(Boyle and Leon, 2002). Colon cancer affects both sexes 
with approximately equal frequency; however, tumours in the 
rectum appear more commonly in men compared to women 
at a ratio of 1.5: 1.0. 

CRC incidence is gradually increasing partially because 
of an ageing population. The probability of developing CRC 
rises sharply with age, with 83% of all cases arising in people 
who are 60 years or older. In young people, the risk is very 
low in the majority (no genetic history) between the ages 
of 45 and 55, the incidence in western European countries 
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Table 1 TNM staging system (Compton and Greene, 2004). (For Dukes 
and stage correlations please see Table 2). 


TNM definitions 


Primary tumour (T) 

TX: Primary tumour cannot be assessed 

TO: No evidence of primary tumour 

Tis: Carcinoma in situ: intraepithelial or invasion of the lamina 
propria? 

T1: Tumour invades submucosa 

T2: Tumour invades muscularis propria 

T3: Tumour invades through the muscularis propria into the 
subserosa or into non-peritonealized pericolic or perirectal tissues 
T4: Tumour directly invades other organs or structures and/or 
perforates visceral peritoneum?‘ 


Regional lymph nodes (N)¢ 

NX: Regional nodes cannot be assessed 

NO: No regional lymph node metastasis 

N1: Metastasis in 1-3 regional lymph nodes 

N2: Metastasis in 4 or more regional lymph nodes 


istant metastasis (M ) 

M X: Distant metastasis cannot be assessed 
M0: No distant metastasis 

M 1: Distant metastasis 


oO 





®Tis includes cancer cells confined within the glandular basement membrane (intraep- 
ithelial) or lamina propria (intramucosal) with no extension through the muscularis 
mucosae into the submucosa. 

>Direct invasion in T4 includes invasion of other segments of the colorectum by way 
of the serosa, for example, invasion of the sigmoid colon by a carcinoma of the 
caecum. 

“Tumour that is adherent macroscopically to other organs or structures is classified T 4. 
If no tumour is present in the adhesion microscopically, however, the classification 
should be pT3. The V and L substaging should be used to identify the presence or 
absence of vascular or lymphatic invasion. 

dA tumour nodule in the pericolorectal adipose tissue of a primary carcinoma without 
histologic evidence of residual lymph node in the nodule is classified in the pN 
category as a regional lymph node metastasis if the nodule has the form and smooth 
contour of a lymph node. If the nodule has an irregular contour, it should be classified 
in the T category and also coded as V1 (microscopic venous invasion) or as V 2 (if 
it was grossly evident) because there is a strong likelihood that it represents venous 
invasion. 


is about 25 per 100000. Among those aged 75 and above, 
however, the rate is more than 10 times this: at over 300 per 
100 000 per year. The median age of patients at diagnosis is 
over 70 years. However, ageing is not the only reason for the 
overall rise, as there has been a gradual increase in the last 
50 years in age-specific incidence. The current lifetime risk 
of being diagnosed with CRC is estimated to be 1 in 18 for 
men and 1 in 20 for women. 

The survival (mortality) is stage-specific (Table 1) with the 
5-year overall mortality decreasing at a higher rate over the 
last 30 years. This is due to the synergy between individual 
advances in diagnostics, surgery, and oncology. The current 
survival figures are shown in Table 2 (US SEER, 2004), with 
overall 5-year survival in most western countries ranging 
from 52 to 65%. At disease presentation, around 55% of 
people have advanced cancer that has spread to lymph nodes 
or other organs or is so locally advanced that surgery is 
unlikely to be curative (Dukes’ stage C or D). More advanced 
stages of local and distant spread correlate inversely with 
survival; however, an anomaly that has appeared owing to 
improvements in advanced CRC management and adjuvant 
therapy is that the prognostic outcomes of Dukes’ B and C 
now overlap: stage Ila and stage Illa have similar survival 
rates with stage Ilb (T4N0) actually having significantly 
worse outcomes compared to stage Illa (Table 2). 


Table 2 Colorectal cancer: 5-year survival rates with Dukes, stage, and 
AJCC sixth edition correlates (US SEER, 2004). 


Duke's Stage TNM (sixth edition) 5-year survival (%) 
A | Tl orT2NOMO 93.2 

B lla T3NOMO 84.7 

B IIb T4NOMO 72.2 

C Illa TlorT2N1MO 83.4 

C Ib T3orT4N1M0 64.1 

C IIIc Any TN2M0 44.3 

D IV Any T AnyN M1 8.1 

All stages 

overall survival 65.2 


Most CRCs are thought to arise from adenomas (adenoma- 
tous polyps) that develop over years. A denomas are described 
histologically as tubular (the most common type), tubulovil- 
lous, or villous adenomas (least common). They are also 
classified by histological criteria as showing mild, moder- 
ate, or severe epithelial dysplasia. Any one adenoma may 
have differing grades of dysplasia, and severe dysplasia is 
associated with a much higher risk of malignancy. As ade- 
nomas become larger, more frequent, or more villous, the 
grade of dysplasia increases. Tubular adenomas under 1cm 
have a risk of malignancy of 1 in 100 (although villous ade- 
nomas have almost 10 times this risk), tubular and villous 
adenomas between 1 and 2cm have a 10% risk, and those 
over 2cm a risk of between 35 and 50% (M uto et al., 1975). 
The evidence of the benefit of removing polyps in reduc- 
ing cancer development is established in those people who 
are at high risk of CRC owing to diseases such as familial 
adenomatous polyposis and hereditary non-polyposis CRC 
(see Genetic Susceptibility to Cancer and Lower Gas- 
trointestinal Tract) and in at least one population screening 
trial. 

The risk and suspected aetiology of both the development 
of adenomas and progression to CRC has been extensively 
studied. Environmental causes, notably diet, have long been 
thought to strongly influence cancer risk. There has, how- 
ever, been very poor consistency in the conclusions from an 
extremely large number of large studies. A general theme that 
has emerged is that obesity, high calorific intake, low exer- 
cise rates, and high meat and low fruit and vegetable intake 
are associated with an increased risk of CRC. However, 
these risks remain both small in absolute terms and diffi- 
cult to objectively quantify in any one individual, especially 
when compared to well-established genetic and predisposi- 
tion disease risks, such as familial adenomatous polyposis, 
hereditary non-polyposis CRC, and inflammatory bowel dis- 
ease. The risk with unproven environmental hypotheses is 
that they can alter population behaviour with unknown con- 
sequences. There may even be dangers (Wasan and Goodlad, 
1996) as exemplified by the results of the largest, long-term 
trial to date of 88757 women over 16 years, which suggests 
that, contrary to popular belief, high dietary fibre intake does 
not protect against CRC. Indeed, in this study, a high con- 
sumption of vegetable-derived fibre was actually associated 
with a significant increase (35%) in the risk of CRC (Fuchs 
et al., 1999). 
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DIAGNOSIS 


Eighty percent to 85% of patients with bowel cancer have 
some symptoms at the time of diagnosis. The most common 
presenting symptoms of CRC or large polyps are rectal bleed- 
ing, persisting change in bowel habit to looser (not harder or 
constipating) stools, increased frequency of defecation, and 
symptoms of anaemia. Advanced cancer presentation with 
metastases or local partial obstruction is likely to cause sig- 
nificant weight loss, nausea, anorexia, and abdominal pain. 
The early symptoms may not be severe, are often non- 
specific, and many patients can even be asymptomatic for 
long periods. These “symptoms” also overlap with a variety 
of other causes that are common in the general population, 
most notably irritable bowel syndrome and haemorrhoids 
(piles), causing a major diagnostic dilemma for many practi- 
tioners in primary care. The main problems are thus deciding 
whether a particular individual should undergo basic inves- 
tigations in the first place and then whether to obtain rapid 
access to appropriate specialist investigations, where the bot- 
tlenecks are created. Some inverse-symptom associations 
such as rectal bleeding with anal symptoms (e.g., soreness, 
discomfort, itching, lumps, prolapse, and pain) or decreased 
frequency of or harder stools and abdominal pain without 
clear evidence of intestinal obstruction can help stratify pre- 
sentations according to risk into a much lower-risk group for 
cancer. 

Colorectal tumours can usually be seen directly and sam- 
ples are taken directly through an endoscope (colonoscope 
or a shorter version called a sigmoidoscope). A colonoscope 
allows the inner surface of the whole large bowel to be seen, 
while a flexible sigmoidoscope should reach sufficiently into 
the bowel to detect about 60% of (distal) tumours. These 
instruments can also be used to remove polyps or take sam- 
ples of tissue for biopsy. CRC was traditionally detected by 
barium enema, but this is an unpleasant and laborious proce- 
dure and is gradually being superseded. Newer non-invasive 
CT techniques and computerized reconstructions known as 
virtual colonoscopy are currently being prospectively tested 
for utility (Department of Health, Clinical Outcomes Group 
Cancer Guidance Subgroup, 2003). 

After primary investigations, the patient will be confirmed 
as either having a cancer or preneoplastic polyp (adenoma). 
These patients will need to be discussed in the MDT with 
careful clinicopathology review to plan subsequent manage- 
ment. Some patient groups are associated with increased risk 
of future CRC development, of which the largest are patients 
who have already had one CRC, those found to have multi- 
ple or large (> 1cm) adenomatous polyps, and patients with 
long-standing colitis. Regular colonoscopy is recommended 
for people in all these groups, but the frequency with which 
this should be carried out depends on the particular condition 
and varies worldwide between annual and 5-yearly colono- 
scopies. A strong family history or multiple recurrent polyps 
should invoke potential discussions about family, genetic, 
and mutation testing with qualified geneticists and counsel- 
lors. A detailed discussion on this subject is beyond the scope 
of this chapter (see overview in Johns and Houlston, 2001). 


STAGING 


The prognosis of CRC, the pathway of clinical management, 
and the overall effectiveness of treatment depend largely on 
the degree to which the cancer has spread locally or widely, 
classified as the stage of cancer. Patient survival ranges from 
6months to 10 years (tantamount to cure) with an average 
of 3 years survival after diagnosis of the whole group. Over- 
all, 50-65% of patients are now cured and this is increasing 
(Table 2) gradually as the synergy between improvements in 
different individual treatment modalities, especially adjuvant 
therapies, occurs. Thus to plan management after the con- 
firmation of cancer diagnosis, the first key function of the 
MDT is to accurately and objectively stage (by Dukes and 
TNM; Table 1) the patient before the first therapeutic inter- 
vention can be planned. The modalities that are available 
for staging and the quality of expertise for reporting radiol- 
ogy and pathology are thus critical for effective and optimal 
functioning of the MDT team. 

Determining the degree of cancer spread has two initial 
interrelated processes. 


1. Histopathological staging to assess the degree of micro- 
scopic local and regional (lymph node and vascular) inva- 
sion. Grade, morphology, and T and N staging (Table 1). 
Gl-trained histopathologists should report on every resec- 
tion specimen examined after surgery or polypectomy. 
Circumferential margin involvement of excised rectal 
tumours should be specifically discussed, and the team 
should cross-audit each pathologist’s and surgeon’s per- 
formance in terms of this measure for rectal cancer: 
a search for at least 12 lymph nodes, as a minimum, 
in the excised specimen (particularly when the tumour 
appears to be Dukes’ stage A or B) and the number docu- 
mented and audited. If the median number is consistently 
below 12, the surgeon and the histopathologist should 
address their techniques. M ost departments require a min- 
imum pathological dataset for CRC for distribution to the 
whole M DT and primary care records. The dataset should 
include information on the size, stage, type, grade, and 
appearance of the tumour; depth of local invasion; number 
of lymph nodes excised and number affected; lympho- 
vascular invasions; and tumour involvement at surgical 
margins, including circumferential plane involvement or 
clearance in rectal cancer; and peritoneal involvement. F or 
upper and midrectal tumours, the relationship to the peri- 
toneal reflection determines whether radiotherapy needs 
to be considered in the treatment of the patient. 

2. Distant spread or metastases (M staging; see Table 1) 
via radiology assessment. A minimum of a CT of 
chest/abdomen and pelvis should be performed in a patient 
with confirmed cancer preoperatively. The focus of the 
radiology should be to look specifically at common sites 
and patterns of spread. For colon cancer these are (in 
descending order) liver, peritoneum, lung, and distant 
lymph nodes. Note that, in contrast to the other com- 
mon adenocarcinomas (i.e., breast, lung, and prostate), 
bone, spinal cord, and brain metastases are uncommon 
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and occur in less than 5% of metastatic patients at pre- 
sentation. 


Other additional radiological tests are extremely useful in 
specific circumstances for planning management. There are 
two common modalities required in CRC presentations: 


1. MRI of the pelvis in rectal tumours to assess whether pri- 
mary surgical removal is feasible, for surgical planning, 
or whether any neoadjuvant chemoradiotherapy is war- 
ranted to try and improve local and overall outcomes (see 
Treatment of Colorectal Cancer). The evidence suggests 
that MRI appears better than CT for local staging of pri- 
mary rectal cancer, particularly in assessing unresectable 
disease (or “threatened margins”) and identification of 
cancer-positive lymph nodes. There is, however, wide 
variability between results reported in different studies, 
and this highlights the need for dedicated and trained 
site-specific radiologists. However, the false-negative and 
false-positive rates of determining involved lymph nodes 
by any methodology remain high. In a phase II prospec- 
tive series (the MERCURY study) of 712 patients, the 
correlation between MRI and pathological staging after 
surgery alone was 0.92, with an observed agreement of 
84% («x = 0.49, 95% Cl: 0.35-0.61) between the M ER- 
CURY assessment of prognosis and pathology findings 
after primary surgery. Further studies are required to 
assess the impact of MRI on long-term outcomes for 
patients (Salerno et al., 2006). 

. In situations where liver or lung surgery (metastasectomy) 
is contemplated, dual, triple, or even quadruple imaging 
modalities are often necessary for good patient selec- 
tion and planning. Liver M RI, liver ultrasound (preferably 
with contrast-enhancement with microbubbles), and 18F- 
FDG-PET scanning are often complimentary to a CT. 
18F-FDG-PET is particularly useful in detecting occult 
extrahepatic disease. Because of the difficulty in localiz- 
ing structures with an 18F-FDG-PET, this investigation is 
always performed with a CT scan, and newer equipment 
provides dual-modality combinations (CT-PET). 


N 


In general, abdominal ultrasound offers high levels of 
specificity but relatively poor sensitivity (42-75% in differ- 
ent studies; accuracy around 90%). However, a substantial 
proportion (probably over 50%) of patients with negative 
ultrasound scans - possibly more than half of those who 
appear to be free of metastatic disease - do in fact have 
cancer in the liver. Two studies report sensitivity figures 
for contrast-enhanced CT of over 93%, but a small study 
(n = 44) (the focus of which was the potential role of PET 
scanning) reported a much lower figure for the sensitivity of 
CT, just 37.5% (Abdel-Nabi et al., 1998). 

Staging of CRC also includes a routine full blood count 
and full biochemical profile; although blood tests are fre- 
quently non-specific, they can impart useful information for 
treatment planning and prognostication. For example, low 
serum albumin, high alkaline phosphatase, and high LDH 
are poor prognostic factors and can be used for response- 
predictive guidance. In advanced disease, the liver and 


renal function can significantly alter the choice or doses of 
chemotherapeutic agents that can be offered safely. 

Specific tumour markers for colorectal cancer have become 
commonplace through their clinical utility. A bout two-thirds 
of CRCs are associated with an elevated serum CEA (carci- 
noembryonic antigen). This and the serum CA19.9 antigen 
can be very useful tools in assessing treatment response 
in conjunction with other modalities such as radiology. 
Their ease of use imparts dynamic information through the 
patients’ treatment plan but in isolation they have low speci- 
ficity, and so always need validation with imaging to confirm 
their trend. 


TREATMENT OF COLORECTAL CANCER 


Colon and Rectal Cancer 


When deciding treatment options, the first question to ask is 
whether the patient has a technically or potentially curable 
malignancy. This is defined by the staging process. The 
second is whether it is appropriate for the particular patient to 
be subject to this potentially curative approach. This decision 
will depend on a careful clinical assessment of comorbid 
factors and on the patient's wishes. 

The only clear curative modality is surgery. All other 
modalities of treatment can add to or accentuate the benefit 
of surgery, but are rarely curative in their own right. 

Surgery to remove the primary tumour is the principal 
first-line treatment for approximately 80% of patients, after 
which about 40% will remain disease free in the long term 
with surgery alone. 

W hen curative surgery is not possible, patients may benefit 
from palliative surgery or alternatives such as stenting to 
relieve partial or subacute obstruction. High quality surgery 
is thus crucial to patients’ survival and the surgical outcomes 
are the platform of overall success of the MDT. Hence, 
specialist CRC surgeons should be able to demonstrate low 
tumour involvement at the margins of the excised cancer 
specimens, low rates of surgical complications, and high 
survival rates among their patients (M ella et al., 1997). 

The removal and identification of involved lymph nodes 
and lymphovascular invasion are crucial for patient manage- 
ment for two reasons. First, residual involved lymph nodes 
after surgery can precipitate local recurrence (especially in 
rectal cancer). Second, decision-making on the need for adju- 
vant therapy depends on the pathological stage of the cancer. 
Chemotherapy is not normally appropriate for all patients 
with Dukes’ stage A and B (node negative) tumours, but 
offers proven benefits for those with stage C tumours. There 
is emerging evidence for benefits in high-risk Dukes’ B 
tumours with features of lymphovascular invasion, emer- 
gency presentations with obstruction or perforation, poorly 
differentiated, and T4 NO tumours. Three variables contribute 
to the yield of lymph nodes: the aggressiveness of surgery, 
the diligence of the pathologist in searching the specimen, 
and the anatomy of the patient and the tumour. Evidence 
shows that when more nodes are examined, tumours are 
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significantly more likely to be classified as node positive 
(Dukes’ stage C). Conversely, when few nodes are examined 
(less than 12), there is a substantial risk of understaging. The 
survival rate among patients whose tumours are classified as 
node negative (Dukes’ stage B) on the basis of the examina- 
tion of less than 12 lymph nodes is consistently poorer than 
that of comparable patients whose tumour was staged on the 
basis of more nodes. In one such study, 43% of patients 
staged as T3 NO (Dukes’ stage B) after examination of nine 
or fewer nodes had local recurrences and 30% survived com- 
pared with 10% local recurrence and 71% survival rates in 
similarly staged patients when 10 or more nodes had been 
assessed (Gatta et al., 2000). 

The evidence on laparoscopic surgery shows that it leads 
to consistently better short-term outcomes and lower mor- 
bidity than open surgery, and effects on long-term survival 
rates appear similar. The UK Medical Research Council 
(MRC) CLASICC trial has recently confirmed this (Guillou 
et al., 2005). 


Adjuvant Chemotherapy 


Twenty-five percent to 30% of all cases are classified as 
Dukes’ C or stage III at initial presentation. After complete 
surgical resection, such patients have a 50-60% chance of 
developing recurrent disease and dying from it. 

Over the last 25 years, 5-fluorouracil (5-FU)-based adju- 
vant therapy has become the mainstay of treatment for 
patients with Dukes’ C or stage III colon cancer. The stan- 
dard treatment has been a course of 5-fluorouracil and folinic 
acid (5-FU/FA), given intravenously over 6 months. Pooled 
data from seven randomized controlled trials in patients with 
stage Il or III colon cancer suggests that 5-FU/FA regi- 
mens increase disease-free survival at 5 years from 55 to 
67% and overall survival from 64 to 71% when compared 
to surgical resection alone (Gill et al., 2004). The potential 
benefits and risks of chemotherapy should be discussed with 
patients for whom it is judged appropriate, so that they can 
make an informed choice about whether to accept it. A dju- 
vant chemotherapy should be scheduled to begin within 6 to 
8 weeks of surgery. 

The MOSAIC study was the first trial to show a statisti- 
cally significant disease-free survival benefit for a treatment 
regimen other than 5-FU for stage III colon cancer in the 
adjuvant setting. At 4years, there was a 25% reduction in 
the risk of disease recurrence in these patients for the com- 
bination oxaliplatin/5-FU/FA compared with 5-FU/FA alone 
(p = 0.002) (Andre et al., 2004). The place of chemother- 
apy in the treatment of patients with Dukes’ stage B cancer 
must be a matter for discussion between patients and their 
oncologists as the benefits in some groups are small. The 
QUASAR1 trial and MOSAIC both showed statistically sig- 
nificant risk reductions in those treated compared to the 
control arms of no-treatment (best supportive care; BSC) 
and the addition of oxaliplatin to 5-FU, respectively. The 
survival benefit for patients with rectal cancer is believed to 
be similar, although the evidence is much weaker and often 
confounded by the need to give chemoradiotherapy. 


Patients receiving chemotherapy should have access to 
emergency care, written information, and advice from oncol- 
ogy trained staff on a 24-hour basis. They and their GPs 
should be given written information on what the side effects 
are likely to be and how best to cope with them. 


Rectal Cancer 


Local recurrence leads to serious morbidity (severe pain, 
fistulae, and obstruction leading to death) after surgery for 
rectal cancer with reported rates varying from less than 10 
to over 40%. Complete excision of the tumour, with surgical 
and pathological tumour-free margins, is associated in obser- 
vational studies with one-tenth of the recurrence rate and 
one-third of the death rate found when there is involvement 
of the margin (Scott et al., 1995). Total mesorectal excision 
(TME) is a technique that involves meticulous mobilization, 
followed by either coloanal anastomosis or completion as an 
abdominoperineal anorectal excision, and is the standard of 
surgery for cancers of the middle and distal thirds of the 
rectum. 

TME is associated with about half the rate of local 
recurrence compared with previous techniques in the lower 
two-thirds of the rectum (Department of Health, Clinical 
Outcomes Group Cancer Guidance Subgroup, 2003). 

The quality of surgery can be assessed within the MDT 


by 


1. The proportion of histopathology reports that give the 
degree of microscopic involvement of proximal, distal, 
and circumferential surgical margins. The latter should 
generally be under one in five cases for the MDT. 

2. The number of lymph nodes examined and the number 
involved. The median number should not fall below 12 in 
patients with Dukes’ stage A, B, or C colorectal cancer 
(Swanson et al., 2003). 


The Role of Radiotherapy in Primary Rectal Cancer 


Radiotherapy is usually inappropriate for patients with pri- 
mary colon cancer, with significant treatment-related morbid- 
ity even in locally advanced cases. In rectal cancer, because 
of the high risk and associated morbidity of local recur- 
rence, radiotherapy can play an important part in the overall 
management of the patient to specifically reduce this risk. 
Meta-analysis of individual patient data in randomized tri- 
als comparing radiotherapy plus conventional surgery with 
surgery alone in rectal cancer has shown that the addition 
of radiotherapy significantly reduces local recurrence rates. 
Preoperative radiotherapy produces a greater proportional 
reduction in local recurrence than post-operative radiother- 
apy (57% compared with 37%). Preoperative radiotherapy 
also leads to a significant reduction in mortality rates among 
patients who receive a biological equivalent dose (BED) 
of 30 Gy or more. The UK MRC CR07 trial results have 
been recently presented in abstract form. These show that 
(short course) five fractions of preoperative radiotherapy is 
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pragmatically more effective in both local recurrence rates 
and overall survival compared to post-operative long-course 
(25 days) radiotherapy (Sebag-M ontefiore, 2006). 

There are however longer-term, potentially serious, late 
effects of short-course radiation on bowel function, including 
faecal soiling, loss of sphincter control, and reduced sexual 
function. These need to be balanced against the potential 
benefits of tumour control by the MDT in each individual 
case. Five to 9 years after surgery, only 14% of 84 patients 
(a very low rate of responders in the trial overall) who had 
undergone preoperative radiotherapy (BED 37.7 Gy over 
5-7 days, using modern techniques) in the context of the 
Swedish randomized preoperative radiotherapy controlled 
trial assessed their bowel movement as “excellent”, compared 
with 32% of 87 patients who had surgery alone. Seven 
percent of the irradiated group, but none of the controls, 
rated their bowel function as “bad”. Nearly 50% of those 
in the irradiated group had to use faecal incontinence 
pads, compared with 22% in the control group. Other 
problems such as urgency of defecation and loss of skin 
on the perineum were also significantly more troublesome in 
irradiated patients. 

Preoperative radiotherapy more than halves the risk of 
local recurrence and may improve 5-year survival rates. The 
local benefit is seen even in centres that report low recurrence 
rates (under 12%) with surgery alone. Radiotherapy given 
before TME also reduces local recurrence from 8.2 to 2.4% 
(p < 0.001), but no reduction in mortality was shown at a 
median of 2 years after surgery (Sebag-M ontefiore, 2006). 

Preoperative radiotherapy should thus normally be given 
in a short course, using 3- or 4-field techniques to mini- 
mize the irradiated volume and thereby the toxicity. Longer 
courses of preoperative radiotherapy are appropriate for 
selected patients with large and more invasive tumours, 
where shrinking the tumour could facilitate curative resec- 
tion. Post-operative radiotherapy should be reserved for 
patients who are judged after surgery to be at high risk 
of recurrence. Chemoradiotherapy, that is radiotherapy com- 
bined with radiosensitizing chemotherapy, is often also used 
in the longer radiotherapy regimens with higher efficacy but 
at the expense of more potential toxicity. 


Chemotherapy for Metastatic Disease 


After over 40 years of frustratingly slow progress, where 
5-FU (usually given with leucovorin (LV)/FA) has been 
the mainstay of treatment for metastatic colorectal cancer 
(mCRC) (Thirion etal., 2004), the last 7 years have been 
remarkable for the implementation of four new active agents, 
which have incrementally improved response rates and 
overall survival over and above 5-FU and BSC alone. 
Estimated 5-year survival rates range from 90% for patients 
with stage | disease to about 7% for patients with stage IV 
mCRC. The median survival in mCRC has improved from 
9 to 12 months with FU/LV monotherapy to 20-24 months 
currently. 

The first two of the newer agents are the chemother- 
apeutic agents irinotecan and oxaliplatin, while the other 


two are targeted biological agents that are more cancer 
specific with less conventional toxicity profiles. These are 
an anti-vascular endothelial growth factor (VEGF) mono- 
clonal antibody (mAb) bevacizumab and the human epi- 
dermal growth factor receptor (HER1 or EGFR)-targeted 
mAb cetuximab. In addition, patient’s convenience is also 
improving as fluropryimidines that previously could only be 
given intravenously can now be delivered orally. However, 
as the number of agents and survival increase, choosing 
the most effective treatment strategy is becoming increas- 
ingly complex, uncertain, and extremely expensive. As more 
lines of therapy are being offered in palliative situations, as 
monotherapy moves to combinations and, more recently, to 
sequential combination therapy, cumulative toxicity profiles 
will influence choice progressively more in palliative situ- 
ations. Conversely, aggressive sequential approaches, also 
involving surgical or ablative metastasectomies in liver and 
lung, or locoregional approaches are desirable where cure 
may be attainable in individual presentations of mCRC. 

The key chronological developments in chemotherapy for 
mCRC based on randomized clinical trials contributing to 
the current general paradigms of treatment are summarized 
here: 

Table 3 gives specific details of the pivotal trials in terms 
of the design, comparator arms, and progression-free and 
overall survival. 


1. FU administered as a continuous i.v. infusion led to a 
significantly higher response rate and a better toxicity 
profile than bolus i.v. FU (Mayo protocol) (22vs 14%, 
respectively; OR 0.55; p = 0.0002), although the median 
survival times were similar (infusional FU 12.1 months vs 
bolus FU 11.3 months; HR 0.88; p = 0.04). This is from 
a pooled analysis incorporating data from six randomized 
trials (M eta-analysis Group in Cancer, 1998). 

2. FU activity is enhanced with the biochemical modulator 
FA (LV) confirmed by a meta-analysis of 3300 patients 
randomized in 19 trials (response rates 21 vs 11%, respec- 
tively; p < 0.0001) (Thirion et al., 2004). 

3. Irinotecan, a topoisomerase | inhibitor, alone and in 
combination with FU/LV has survival benefit. Infusional 
FU combinations are significantly safer and have higher 
efficacy, with diarrhoea being the main toxicity (Douillard 
et al., 2000). 

4. Oxaliplatin is a cisplatin derivative, with significant 
activity only in combination with FU/LV. Phase III 
studies consistently show higher response rates, longer 
median PFS, TTP, and survival than those observed with 
FU/LV alone, but survival differences are not consistently 
statistically significant. There is a dose-dependent, mostly 
reversible sensory neuropathy as a cumulative dose- 
limiting toxicity (increasing from about 800mgm~?) 
(Goldberg et al., 2004). 

5. Comparing first-line combination superiority between 
oxaliplatin and irinotecan is highly complex and, over- 
all, all the trials essentially show equivalence for sur- 
vival. They re-confirm that bolus FU combinations 
should not be used and that combining oxaliplatin and 
irinotecan together is not worthwhile without infusional 


8 


THE TREATMENT OF CANCER 


Table 3 The efficacy of chemotherapeutic regimens in first- or second-line mCRC treatment. 


Study 


Irinotecan first-line treatment 
Saltz et al. (2000) 


Number of patients 


Response rate (%) 





IFL 231 39 

Bolus FU/LV 226 21 

Irinotecan 226 18 

Douillard et al. (2000) 

FOLFIRI 198 34.8 

FU/LV 187 21.9 

Oxaliplatin first-line treatment 

de Gramont et al. (2000) 

FOLFOX 210 50.7 

LVFU2 210 22.3 

Goldberg et al. (2004) 

FOLFOX 267 45 

IFL 264 31 

IROX 264 35 

Tournigand et al. (2004) 

FOLFOX followed by FOLFIRI 111 FOLFOX 54 
FOLFIRI 4 

FOLFIRI followed by FOLFOX 111 FOLFIRI 56 
FOLFOX 15 

Bevacizumab first-line treatment 

Hurwitz et al. (2004) 

FL/bevacizumab 402 44.8 

FL 411 34.8 

Irinotecan second-line treatment 

Cunningham et al. (1998) 

rinotecan 189 NA 

BSC 90 NA 

Rougier et al. (1998) 

rinotecan 133 NA 

FU 134 NA 

Oxaliplatin second-line treatment 

Rothenberg et al. (2003) 

FOLFOX 152 9.9 

FU/LV 151 0 

Oxaliplatin 156 1.3 


M edian PFS (months, unless 


otherwise stated) Overall survival (months) 


7.0 14.8 
4.3 12.6 
4.2 12.0 
6.7 17.4 
44 14.1 
9.0 16.2 
6.2 14.7 
8.74 19.5 
6.9% 15.0 
6.54 17.4 
10.9 20.6 
14.2 21.5 
10.6 20.3 
6.2 15.6 
NA 9.2 
NA 6.5 
4.2 10.8 
2.9 8.5 
4.6 NA 
27 NA 
1.6 NA 


NA - not available; BSC - best supportive care; FU - fluorouracil; FOLFIRI - fluorouracil/leucovorin plus irinotecan; FOLFOX - fluorouracil/leucovorin plus oxaliplatin; 
FUFOX - infusional FU/LV given weekly and every 6 weeks plus oxaliplatin; IFL - bolus fluorouracil/leucovorin plus irinotecan; IROX - irinotecan plus oxaliplatin every 
3 weeks; LV - leucovorin; LVFU2 - every 2 weeks chemotherapy regimen combining bolus with infusional fluorouracil/leucovorin; mCRC - metastatic colorectal cancer; PFS - 
progression-free survival. 


FU. The largest trial (UK MRC FOCUS study) has 
recently been presented and gives confidence to clin- 
icians who are familiar in detail with all the pub- 
lished evidence, that there are numerous choices in the 
chemotherapeutic options for all patients. Thus, careful 
selection of individual treatment pathways for patients 
on the basis of the combined aims, comorbidity, and 
toxicity profile of the regimens is achievable with- 
out compromising potential patient benefits (Tournigand 
et al., 2004). 


. Trials sequencing the drugs in different ways again 


conclude that overall survival is no different, as long as 
patients have access to all three compounds at some stage. 
This was shown in a recent meta-analysis of seven phase 
III trials (Grothey et al., 2004). 


. The oral fluoropyrimidines capecitabine, UFT-tegafur, 


and S1 are established as being equivalent to i.v. 5-FU. 
However, the data for oral combinations with irinotecan 


and oxaliplatin is currently unclear and complex, partic- 
ularly as the oral agents can have differential limiting 
toxicities (e.g., liver). 


8. Tumours cannot grow beyond 1-2mm without the for- 


mation of a blood supply, or angiogenesis. This also 
allows a pathway for tumour cells to seed into the sys- 
temic circulation and establish further metastases. The 
transition, or switch, of a tumour to an angiogenic phe- 
notype is caused by an increase in proangiogenic factors, 
including VEGF, basic fibroblast growth factor (bFGF), 
and transforming growth factor-beta (TGF-8); VEGF is 
highly upregulated in most human tumours, including 
CRC. This has been correlated with increased tumour 
invasion, microvessel density, disease recurrence, and a 
poor prognosis (Jain, 2005). 

Bevacizumab in combination with chemotherapy in the 
first- and second-line settings in patients with mCRC has 
significant activity. Over 900 patients were randomized 
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to one of three treatments with bolus 5-FU: IFL/placebo, 
IFL/bevacizumab, or FU/LV/bevacizumab. The addition 
of bevacizumab to IFL resulted in a significantly increased 
response rate, duration of response, and PFS and improved 
overall survival by almost 5 months (20.3 vs 15.6 months; 
p < 0.001). For the subgroup of patients who received 
second-line therapy with oxaliplatin-containing regimens, 
overall survival times were 25.1 and 22.2months for 
the IFL/bevacizumab and IFL/placebo arms, respectively 
(Hurwitz etal., 2004). The addition of bevacizumab 
to FU/LV alone in patients intolerant or resistant to 
irinotecan or oxaliplatin looks promising. There is now 
second-line survival benefit data with oxaliplatin- 5- 
FU - bevacizumab combinations, although the first-line 
data is as yet unpublished although mature. 
Chemotherapy with bevacizumab is generally well tol- 
erated, with no overlapping toxicities. Adverse events 
include bleeding, thrombosis, proteinuria, and hyperten- 
sion, which are generally manageable. However a low 
percentage of patients (~2%) have serious gastrointestinal 
events including bowel perforation. 

9. The HERI/EGFR signalling pathway is thought to play 

a pivotal role in tumour growth and progression of col- 
orectal and other cancers where overexpression is cor- 
related with disease progression, poor prognosis, and 
reduced sensitivity to chemotherapy. EGFR belongs to the 
HER family of receptors. These receptors are transmem- 
brane glycoproteins, with an extracellular ligand-binding 
domain, an intracellular tyrosine-kinase (TK) domain, 
and a transmembrane segment. Ligands that bind to 
the HERI/EGFR extracellular domain induce receptor 
homo- or heterodimerization with another HER1/EGFR 
receptor or family members. This results in activation 
of the receptor’s TK activity, initiating a downstream 
signalling cascade that ultimately leads to tumour cell 
proliferation, migration, adhesion, and angiogenesis and 
inhibition of apoptosis (Mendelsohn and Baselga, 2000) 
(see Signalling by Tyrosine K inases). 
Cetuximab plus irinotecan in patients with irinotecan- 
refractory CRC, show response rates of around 23% 
versus 10-11% for cetuximab alone. Unfortunately, 
responses do not correlate with the degree of HER1/EGFR 
expression as predicted by preclinical studies. First- 
line cetuximab combinations are looking exciting with 
response rates initially reported as high as 65-80%. 
Cetuximab’s most common grade 3/4 adverse events are 
hypersensitivity, asthenia, fatigue, malaise, or lethargy. 
M ore curiously, an acnelike rash typically associated with 
HER1/EGFR inhibition is also observed in almost every 
patient who responds, with the severity correlating posi- 
tively with overall survival (Cunningham et al., 2004). 


The Role of Liver Surgery in Advanced Metastatic 
Disease 


Despite major and rapid advances in the palliative treatment 
of metastatic disease and median survival for stage IV 
disease now averaging 2 years (as opposed to 6 months only 


20 years ago), the disappointment has been that, even with 
the newer biological agents, the complete response rates and, 
so, cure rates from chemotherapy alone remain exceedingly 
low. Disease resistance to all agents, on the whole, occurs 
within lyear. The 5-year overall survival of all patients 
with stage IV disease remains at 7% (US SEER, 2004). The 
challenge is thus to develop treatment pathways that increase 
the probability of 5-year survival or “cure” rates. 

In CRC, there is a relatively predictable pattern of systemic 
metastases development (for unclear reasons) in a subset of 
patients. This is unlike the patterns seen in the other common 
cancers where metastases, if present, represent widespread 
and disseminated disease. CRC metastatic disease usually 
develops first in the liver. Twenty percent to 25% of patients 
have clinically detectable liver metastases at the time of the 
initial diagnosis, and a further 40-50% of patients develop 
liver metastases within 3 years of primary surgery. When 
the metastatic deposits appear confined only to the liver, 
with modern imaging techniques, as they do in about one- 
third of CRC liver metastases patients, in about 30- 40% of 
these patients the metastases can be resected by expert liver 
surgeons. Within this group, 20-25% of patients are cured 
(10-year survivors) and an additional 10% remain long-term 
survivors at 5 years, despite disease recurrence. This leads to 
the enthralling prospect for our patients that a combination of 
different M DT specialist approaches can be utilized for major 
gains for individual patients (K emeny and Fata, 1999). 

This process has been made significantly easier by the 
low morbidity and mortality rates (less than 1% currently) 
that have been published from major liver centres around the 
world. Furthermore, the surgical techniques and approaches, 
including locally ablative therapies and support from com- 
plex interventional hepatic radiology, have made the techni- 
cality of almost all liver surgery possible. Resections extend- 
ing to almost 85% of liver volumes, staged resections over 
2 to 3 procedures over a few months, and even vascular 
reconstruction techniques have pushed the limits of what is 
possible to a new frontier. 

Thus expert liver surgery offers the possibility of long-term 
cancer-free survival. A bout 8- 15% of all mCRC patients are 
potential candidates for liver resection, of which one-third are 
long-term survivors. Over the last 10 years, this proportion is 
rising rapidly as chemotherapeutic advances (as outlined in 
the preceding text) have enabled a further subset of mCRC 
patients who had initially presented with unresectable disease 
to be moved into the category of resectable disease. The 
increasing response rates, now approaching 60-70% for 
modern chemotherapeutic regimens, if well managed and 
screened regularly by the specialist or extended MDT, witha 
liver focus, can help select such patients by this neoadjuvant 
or preoperative approach (van Cutsem et al., 2006). 

Chemotherapy can induce steatosis, fibrosis, and functional 
liver derangements that need to be considered in the over- 
all management planning in such scenarios. There is now 
data that about one-third of patients with limited extrahepatic 
metastases in the lung and peritoneum may also be poten- 
tially cured. Thus, the surgical or ablative control of liver 
metastases may still be desirable even if there is limited 
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extrahepatic disease, as this may exploit the synergies of 
local and systemic therapies. 


PALLIATION OF SYMPTOMS IN ADVANCED 
COLORECTAL CANCER 


A variety of interventions, including debulking surgery, 
stenting, chemotherapy, and radiotherapy, may be used to 
relieve problems caused by locally advanced colorectal 
cancer or mCRC even in terminal cases (patients with less 
than 6 months to live). CRC MDTs should consider which 
of these might be appropriate for individual patients and 
proceed after a discussion and assessment of the individual, 
taking into account their wishes. Palliative surgery to reduce 
tumour bulk and relieve intestinal obstruction can have an 
important role in the management of patients with advanced 
CRC. Stenting should also be available to relieve bowel 
obstruction, particularly in frail patients and those with 
significant comorbidity. 

The functional status of the patient is often a better guide 
than crude assessments based specifically on age. Oncol- 
ogists should assess the patient’s suitability for palliative 
chemotherapy, which should usually be offered to patients 
with reasonable performance status (normally, those who are 
capable of getting up and looking after themselves). The 
UK MRC CRO9 (FOCUS-2) trial of first-line oxaliplatin- 
based combination therapies has assessed the effectiveness 
of chemotherapy in older patients, who form the majority of 
patients with CRC but tend to be underrepresented in trials. 

Short courses of radiotherapy (one to five fractions) should 
be available without delay for symptomatic patients with 
metastatic disease in the bones or lungs. Radiotherapy should 
also be offered to those patients with locally recurrent 
or advanced rectal cancer and pelvic pain who have not 
previously undergone radiotherapy, as this is effective in 
a high proportion of patients. Bone metastases develop in 
4-7% of CRC patients. 

Palliative care specialists should be members of, and inte- 
grated with, CRC MDTs; their role includes the provision of 
education and advice for other health professionals - in the 
community as well as in hospitals - and direct patient man- 
agement. Specialist pain control teams (anaesthetists, nerve 
blocks) are particularly important for patients with locally 
recurrent rectal cancer, in whom pain can be very severe and 
difficult to manage (see Mechanisms and M anagement of 
Cancer Pain). 


THE FUTURE 


There is emerging data from tumour biological molecu- 
lar characteristics from retrospective studies that certain 
mutations, aberrant protein expressions, or cellular charac- 
teristics can predict for both prognosis and chemotherapy 
and radiotherapy response. Ultimately, techniques such as 
gene expression profiling on microchips of tumour material 


and genetic background (polymorphisms or single-nucleotide 
changes) may help us identify predictive markers of response 
and outcome, allowing the selection of patients most likely 
to respond to therapy. Although many approaches show 
promise, the next 10 years will allow us to validate the mod- 
els prospectively within randomized studies to assess their 
real utility in a whole patient population. Genetic tests that 
predict for chemotherapy toxicity are commercially available, 
although again their utility is limited currently. 
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Overview of Oncogenesis 
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PROPERTIES OF NEOPLASTIC CELLS 


Normal cells are exquisitely attuned to their environment 
and respond to external cues via tightly regulated signalling 
pathways that either trigger or repress growth. In order for a 
cell to undergo mitogenesis, a growth-promoting signal from 
the extracellular environment must first initiate a cascade 
of events within the cell that results in activation of genes 
that stimulate cell division. With few exceptions, most of 
the cell populations within an adult organism are terminally 
differentiated and no longer proliferate. Cancer arises when a 
cell, for a variety of reasons, escapes the normal constraints 
placed on its growth and begins to divide in an unregulated 
fashion. 


Factors that Promote Growth 


Extracellular factors that stimulate growth include peptide 
growth factors such as epidermal growth factor (EGF) and 
platelet-derived growth factor (PDGF), which bind tyrosine 
kinase receptors located on the cell surface. Cytokines such 
as growth hormone, interleukins and prolactin also bind 
cell surface receptors which are not kinases themselves but 
are able to transduce their signals via interaction with sep- 
arate tyrosine kinase molecules. Another class of growth 
factors bind serpentine receptors that couple to intracellu- 
lar pathways via heterotrimeric G proteins. Lastly, steroid 
hormones such as oestrogen, which bind intracellular recep- 
tors, also have mitotic activity. All classes of receptors are 
capable of triggering a cascade of signalling events cul- 
minating in mitotic activity, or proliferation, of the target 
cell. 


Mutation of Growth Regulatory Genes in Cancer 


In tumour cells, molecules that regulate signalling pathways 
which stimulate growth are often mutated, resulting in a 


constant ‘on’ signal to the cell. These molecules can be 
positive for growth regulation, as cancer-causing oncogenes, 
or negative for growth regulation, as protective tumour- 
suppressor genes. In addition, tumour cells often develop 
their own autocrine loops for growth, wherein a growth factor 
required for the activation of a pro-growth signalling pathway 
is constantly produced and secreted into the extracellular 
milieu. One example of such an autocrine loop is found in 
breast tumour cells, which are able to produce the growth 
factor TGF-a. TGF-a binds and activates the EGF receptor, 
thereby triggering mitotic pathways within the cell. 


Cell Death 


Apoptosis, or programmed cell death, is yet another process 
that is subverted by a tumour cell (Jacotot et al., 2000). In 
a normal cell, a series of ‘checkpoints’ must be met before 
the cell permits itself to divide. If irreparable damage to its 
DNA is present, the cell undergoes apoptosis, thus ensuring 
that its mutated DNA is not transmitted to progeny cells. 
The molecules that regulate this process of apoptosis are 
often themselves mutated in cancer cells, which are then able 
to escape the checks and balances that a normal cell must 
undergo before it can divide. (See chapter on Apoptosis.) 


Cell—Cell Interaction 


Cells can also respond mitogenically to cues from other 
cells. Normal cells are growth-inhibited by contact with 
other cells and form a monolayer when grown in culture. 
Cancer cells, on the other hand, form foci, or piled-up 
accumulations of constantly dividing cells; foci result as 
a consequence of loss of contact inhibition. Molecules 
called cellular adhesion molecules (CAMs) and cadherins 
are expressed on the surface of cells and negatively regulate 
growth. Cadherin molecules on adjacent cells bind one 
another in a calcium-dependent manner; this binding prevents 
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cells from entering the mitotic cycle (Christofiori and 
Semb, 1999). Further intracellular signalling occurs via the 
catenin family of molecules, which link the cadherins to 
the cytoskeleton and to the transcription machinery. The 
negative regulation normally provided by the interaction 
of these molecules is frequently lost in tumour cells. For 
example, epithelial cell cadherin (E-cadherin) is mutated, 
absent, or reduced in expression in a variety of human 
tumours. In cell culture systems, loss of the E-cadherin 
gene leads to loss of cell-cell contacts and increases in 
cell motility and invasiveness. Aberrant phosphorylation of 
the catenins can lead to loss of proper cell-cell contacts, 
which is thought to be a step in the acquisition of invasive 
properties of the cancer cell. Moreover, the APC tumour- 
suppressor gene, which is mutated in human cancer, is known 
to associate with f-catenin. Cancer-causing mutations in 
APC involve the portion of the molecule that binds £- 
catenin. Thus, loss of these tumour-suppressor genes and 
their appropriate interactions with cadherins and catenins 
relieves the constraints of contact inhibition, a hallmark of 
tumour cells. 


Cell—Substratum Interactions 


Pro-growth cues can also come from the extracellular 
matrix or substratum (such as the basement membrane) on 
which cells grow (Miyamoto et al., 1998). Proteins such as 
fibronectin, a component of the ECM, bind integrin receptors 
on the cell surface. The integrin receptors then cooperate with 
growth factor receptors to trigger mitogenic pathways via 
activation of signalling cascades involving several different 
kinase molecules. Alternative, tumour-specific isoforms and 
unique combinations of integrins are often present in tumour 
cells, thereby providing additional means by which growth 
signals can be initiated. (See also chapter Extracellular 
Matrix: The Networking Solution.) 


Angiogenesis 


Tumours also exhibit extensive vascularization which 
increases as the tumour grows (Folkman, 1992). This out- 
growth of new blood vessels is termed angiogenesis and is 
not seen in normal adult animals except in the cases of wound 
healing and pregnancy, where new tissues such as placenta 
are formed. In the absence of new blood vessels, a tumour 
is able to grow to a maximum size of approximately 1mm 
in diameter, the distance that oxygen and nutrients are able 
to diffuse into the tumour (K urschat and M auch, 2000). Vas- 
cularization thus allows the tumour to grow larger. (See also 
chapter on Angiogenesis.) 


Migration and Metastasis 
Tumour cells often have the ability to migrate away from 


the original tumour site and grow in distant parts of the 
body (K urschat and M auch, 2000). This ability to metastasize 
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Figure 1 Metastatic progression. Individual cells within the primary 
tumour upregulate production of specific proteases, which gives the cell 
the ability to degrade ECM or basement membrane. Cells then break away 
from the primary tumour and begin to migrate. Migrating cells adhere to 
connective tissue and invade dermal tissue. Cells thus enter the vascular 
system by migrating between endothelial cells and moving through blood 
vessels. Lastly, tumour cells reach secondary sites where conditions are 
favourable for their continued growth. 


requires that the tumour cells produce proteases that degrade 
the basement membrane of blood vessels through which the 
tumour cells will travel. M etastatic tumour cells are also able 
to escape immune surveillance of the host organism and then 
to grow again in another part of the body. Factors produced 
at these distal sites are thought to provide a favourable 
environment for the continued proliferation of the tumour 
cells. Evidence for this comes from the finding that specific 
types of tumours have a propensity to metastasize to the 
same sites, e.g. prostate cancer commonly targets bone. 
Moreover, tumour cells also have the ability to affect the 
underlying layer of stroma, or fibroblast cells, stimulating 
them to produce growth factors and cytokines that enhance 
tumour growth. Figure 1 depicts how a cell breaks away 
from the primary tumour and generates a secondary neoplasm 
within the organism. (See also chapter on Invasion and 
M etastasis. ) 


Conversion of a Normal Cell to a Tumour Cell 


A cell becomes converted from a normal to a neoplastic 
cancer cell when the regulation of one or more of the 
above processes is lost. Loss of regulation occurs when 
mutations arise in two broad families of genes that regulate 
growth: oncogenes, which act as positive signals for growth, 
and tumour-suppressor genes, which act as brakes or 
checkpoints on a cell’s progression through the cell cycle. 
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These mutations may be caused by environmental, chemical 
or biological agents or events that result in irreversible 
alterations in the genome of a cell, so that progeny cells also 
carry the same mutations that allow for uncontrolled growth. 
This is the first step on a pathway that can eventually lead 
to an aggressive, metastatic tumour. Fortunately, organisms 
possess several means of dealing with environmental insults 
and genetic alterations. M ore than one genetic ‘hit,’ or error, 
is required before an actual tumour is able to arise, as will 
be discussed later. 


ONCOGENES 


Historical Perspective 


In 1911, Peyton Rous laid the groundwork for the oncogene 
theory of cancer, a theory that became the basis for all 
modern cellular signalling and genetic research. He identified 
a spindle-celled sarcoma in chickens that was transplantable 
from one bird to another, using a filtrate of the tumour (Rous, 
1911; Weiss et al., 1985). The infectious agent responsible 
for the tumours was later found to be the Rous sarcoma virus 
(RSV). Thus, a cancer causing agent had been discovered, 
but the means by which the virus induced tumours was still 
unclear. 

Further insight into the process of oncogenesis was 
provided in 1914, by Theodor Boveri who hypothesized 
that cells in cancer tissue contain defective chromosomes. 
Working with double-fertilized sea urchin embryos, Boveri 
observed that the resulting aberrant chromosomes were 
passed on to progeny cells (Boveri, 1929). This finding 
led him to believe that cells of malignant tumours have 
damaged chromosomes and that a neoplastic cell can arise 
from anormal cell and pass its altered genome on to progeny 
cells. Thus, a tumour cell is in some way defective and has 
lost the properties of a normal cell. Environmental insults 
were also implicated in causing cancers. In 1918, Yamagiwa 
and Ichikawa showed that continual irritation of the normal 
epithelium of rabbit ears caused papilloma-like growths and 
metastasis. 

Building on the early work of Rous, Shope provided 
further evidence for the viral basis of oncogenesis by his 
demonstration that a papilloma-like growth was transmissible 
from animal to animal (Weiss etal., 1985). In 1951, 
Gross showed that mice inoculated with leukaemic extracts 
developed neoplasms. From these extracts, the Gross murine 
leukaemia virus was isolated (Weiss etal., 1985). Seven 
years later, Temin and Rubin showed that infection of 
cultured chicken fibroblasts with the Rous sarcoma virus 
caused neoplastic transformation of the cells (Weiss etal., 
1985). Martin and others later identified the oncogenic 
portion of the RSV genome as v-src, the viral src oncogene. 
These early results suggested a transmissible mechanism for 
tumour initiation. Thus, as early as the beginning of the 
twentieth century, a cellular/genetic model of oncogenesis 
had been postulated. 


The Oncogene Hypothesis 


The best-known theory of oncogenesis, however, is a rela- 
tively recent one. In 1982, Bishop and Varmus hypothesized 
that cancer-causing genes, or oncogenes, that are carried by 
tumour-inducing viruses have normal counterparts that are 
present in the genomes of all vertebrate cells (Bishop, 1982). 
These normal genes are termed proto-oncogenes. Evidence 
for this hypothesis came from hybridization studies, where 
radiolabelled v-src DNA was found to bind, or hybridize, to 
its complementary counterpart (c-src) in normal avian cel- 
lular DNA. The v-src and c-src genes encode a tyrosine 
kinase, an enzyme that transfers phosphate from ATP to the 
amino acid tyrosine found in cellular proteins. These phos- 
phorylations have profound effects on cell growth. Similar 
studies eventually led to the identification of a family of viral 
oncogenes, which can be transmitted by either DNA or RNA 
viruses. DNA viruses either can cause lytic infection leading 
to the death of the cellular host, or can replicate their DNA 
along with that of the host genome and promote neoplastic 
transformation of the cell. DNA viruses encode various pro- 
teins which, along with environmental and genetic factors, 
help to initiate and maintain the neoplastic state. RNA tumour 
viruses, on the other hand, integrate DNA copies of their 
RNA genomes into the genome of the host cell. Since the 
viral genomes contain transforming oncogenes, they induce 
cancerous transformation of the host cell. 


Mechanism of Acquisition of Cellular Sequences by 
RNA Tumour Viruses 


Multiple lines of evidence indicate that viral oncogenes 
arise when an RNA virus integrates its genome near the 
coding sequence for a proto-oncogene and incorporates 
the proto-oncogene’s DNA into its own genetic material 
during the virus replication cycle. Through multiple rounds 
of infection and genome replication, deletions and other 
mutations occur in the proto-oncogene, conferring on the 
gene tumorigenic properties. Ensuing infection of a normal 
cell by an RNA tumour virus carrying such an oncogene 
causes malignant transformation of that cell. Although this 
process rarely occurs in human tumours, many of the same 
genes ‘captured’ by animal retroviruses are altered in human 
cancers. These alterations take the form of base pair changes, 
insertions, amplifications and translocations, which result 
in a protein product that no longer responds normally to 
growth-regulatory cues. Only one allele of the gene needs 
to be mutated for the oncogenic effect. Thus, oncogenes 
are described as carrying dominant mutations. For example, 
Ras in human tumours is often found to be mutated at 
a single amino acid residue (Wittinghofer, 1998), whereas 
the oncogene abl is activated by chromosomal translocation 
(Heisterkamp et al., 1985). In the case of c-Src, a negative 
regulatory site present in normal c-src is mutated in a 
small subset of colon cancers, thus rendering the protein 
constitutively active (Irby et al., 1999), whereas in human 
breast cancer, overexpression of the normal c-Src protein 
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Table 1 Examples of Human Oncogenes 
Oncogene Originally identified in Mechanism of Location Associated human 

activation in human cancers 
tumours 

src Rous sarcoma virus Overexpression, Cytoplasmic Breast, colon, lung 
C-terminal deletion carcinomas 

myc Avian myelocytomatosis virus Translocation Nuclear Burkitt lymphoma 

abl Abelson murine leukaemia virus Translocation Cytoplasmic Chronic myeloid 

leukaemia 

Ha-ras Harvey murine sarcoma virus Point mutation Cytoplasmic Bladder cancer 

K-ras Kirsten murine sarcoma virus Point mutation Cytoplasmic Colon, lung carcinomas 

erbB (EGFR) Avian erythroblastosis virus Overexpression, Cytoplasmic Breast carcinoma, 


deletion 








glioblastoma 





appears to play a role in the deregulation of cell growth 
(Biscardi et al., 1999). 

Proto-oncogenes can be classified as either cytoplasmic or 
nuclear, depending on where in the cell they are localized. 
Many of the cytoplasmic proto-oncogenes code for tyrosine 
kinase molecules, enzymes that are able to phosphorylate 
substrate proteins on tyrosine residues and that are known 
to be essential for controlling the signalling cascades that 
regulate mitosis. Others, such as Ras, transmit cellular 
growth signals by binding guanine nucleotides in the form 
of GTP or GDP. Ras is often found mutated at single sites 
such that it is constantly bound to GTP, which causes the 
molecule to be constitutively active. Mutations in Ras are 
found in approximately 30% of human cancers (Wittinghofer, 
1998). Serine- threonine kinases, such as the Raf family 
of kinases, are the targets of Ras and constitute another 
family of proto-oncogenes that regulate proliferation. N uclear 
oncogenes such as myc regulate gene transcription. Table 1 
lists a few examples of the better-known oncogenes, 
their subcellular localization and mechanism of oncogenic 
activation. Although these oncogenes are defined as cancer 
causing genes, it is important to note that the introduction 
of a single activated oncogene into a cell does not result in 
neoplastic transformation. At least two active oncogenes, or 
an activated oncogene and an inactivated tumour suppressor, 
are required for tumour formation. 


TUMOUR SUPPRESSORS 


Tumour-suppressor genes are defined as recessive genes, i.e. 
they must sustain mutations or deletions of both alleles in 
order to contribute to cancer formation and progression. This 
definition implies that one functional allele of the tumour- 
suppressor gene is sufficient for normal cell function. Patients 
with familial cancers frequently inherit one normal and one 
abnormal allele of the tumour-suppressor gene from their 
parents. If the second, normal allele is lost, the protective 
effect of the gene product no longer exists. Therefore, 
introduction of a wild-type copy of the gene back into the 
tumour should inhibit further tumour growth. Unfortunately, 
putative tumour-suppressor genes shown to be inactivated 
in cancer are not sufficient by themselves to restore normal 
cell function. Thus, whether such genes are actually tumour 
suppressors remains a debated question. 


Discovery and Identification 


The origin of the concept of tumour-suppressor genes (or 
anti-oncogenes) came from cell fusion studies dating back 
to the early 1900s. These studies revealed that when one 
tumour cell is fused with another and the fused product is 
introduced into mice, tumour formation results (Sager, 1989). 
However, when a tumour cell is fused with a normal cell and 
introduced into mice, the fusion blocks tumour formation. 
These observations suggested that some activity must be 
present in the normal cell that inhibits transformation. 


Retinoblastoma (Rb) Gene 


The first tumour-suppressor gene identified was the Rb gene, 
which is associated with the childhood illness of retinoblas- 
toma (Knudson, 1971). In an epidemiological study, K nud- 
son and colleagues noticed that bilateral retinoblastoma 
occurred frequently within the same family, whereas uni- 
lateral retinoblastoma did not appear to be a genetically 
inherited disease. In families with bilateral retinoblastoma, 
karyotyping techniques were used to detect homozygous loss 
of chromosome 13q, a defect that was transmitted to off- 
spring. Homozygous loss was found to be necessary but not 
sufficient for the formation of retinoblastoma, since not every 
family member with the loss of both alleles developed the 
disease. Later, the gene responsible for development of the 
disease was cloned and termed Rb for retinoblastoma. Rein- 
troduction of this gene into cultured retinoblastoma tumour 
cells reversed the malignant phenotype, suggesting that the 
gene was indeed a tumour suppressor (Bookstein etal., 
1989). 


Tumour Suppressors in Colon Cancer 


Since the cloning of Rb, many other tumour-suppressor genes 
have been identified (Table 2). Several of the most notable 
are a group of tumour-suppressor genes that were identified 
by studying progressive stages of colon cancer. They include 
the ‘adenomatous polyposis coli’ (APC ) gene, the ‘deleted 
in colon cancer’ (DCC) gene and the ‘mutated in colon 
cancer’ (MCC) gene (Peddanna etal., 1996). APC maps 
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Table 2 Tumour-Suppressor Genes and Their Function and Associated Cancers 














Name Function in normal cells Associated cancers 

p53 Cell cycle regulator Colon and others 

BRCA1 Cell cycle regulator, genomic Breast, ovarian, prostate and others 
integrity and chromatin structure 

BRCA2 Genomic integrity Breast, ovarian, prostate and others 

PTEN Tyrosine and lipid phosphatase Prostate, glioblastomas 

APC Cell adhesion Colon 

DCC Cell adhesion Colon 

MCC Undetermined Colon 

pl6-INK4A Cell cycle regulator Colon and others 

MLH1 Mismatch repair Colon and gastric cancers 

MSH2 Mismatch repair Colon and gastric cancers 

DPC4 Cell death regulator Pancreatic 

Wtl Cell death regulator Wilms’ tumour 

NF1 Regulator of GTPases Astrocytomas 

NF2 Cell adhesion Astrocytomas 

VHL U biquitination Renal 

PTC Regulator of hedgehog signalling Thyroid 

TSC2 Cell cycle regulator Breast and renal 

TSG101 Cell cycle regulator Renal and leukaemia 











to chromosome 5q21 and is mutated in 70% of patients 
with a hereditary form of colon cancer, termed familial 
adenomatous polyposis (FAP). Also mapping to chromosome 
5q is the MCC gene, which was found to be mutated in 
55% of all colon cancers studied. DCC was mapped to 
chromosome 18 and is deleted in 73% of colon cancers. 
APC and DCC code for proteins that play roles in regulating 
cell adhesion in normal cells. It is speculated that loss of 
these genes can lead to increases in cell motility, a key 
characteristic of metastasis. 


p53 


The p53 protein is involved in sensing DNA damage and 
regulating cell death (Marx, 1993). In normal cells, when 
DNA damage is sensed by p53, the cell cycle is arrested 
to permit DNA repair. Upon completion of this process, the 
cell progresses through the mitotic cycle. If repair fails to 
occur, p53 initiates the process of apoptosis, or programmed 
cell death. Thus, normal cells with genetic defects die. If 
p53 is not present in the cell (via gene deletion) or is 
mutated to be nonfunctional, DNA damage is not repaired, 
and the cell progresses through the cell cycle, transmitting 
its damaged DNA to its progeny. p53 is so important to the 
maintenance of ‘healthy’ DNA that it is mutated or deleted 
in over 70% of human cancers, including osteosarcomas, 
rhabdomyosarcomas and carcinomas of the breast, colon, 
lung and prostate. 


BRCA1 and BRCA2 


Another more recently identified tumour-suppressor gene, 
BRCA1, was found to be linked to an increased risk 
of hereditary breast cancer (Zheng etal., 2000). Loss of 
chromosome 17q had long been known to occur in familial 
breast cancer. The BRCA1 gene mapped to chromosome 


17q, but it was not until 1993 that it was identified and 
cloned. M any heritable mutations were identified in BRCA1 
from breast cancer patients and include an 11-bp deletion, 
a 1-bp insertion, a stop codon and a missense substitution. 
However, this may be an underestimation of its involvement 
in oncogenesis, as mutations and inactivating events, such as 
promoter methylation, also may regulate BRCA1 expression. 
Such gene regulation events are still being defined and are 
difficult to identify by screening techniques. Another BRCA 
family member, BRCA2, also has been cloned. This gene 
localizes to 13p12- 13, and mutations within it correlate with 
breast cancer occurrence. BRCA1 and 2 also are mutated or 
deleted in about 33 and 34% of sporadic breast tumours, 
respectively. 


PTEN 


PTEN , a gene encoding a phosphoprotein and phospholipid 
phosphatase, was first identified in glioblastoma patients who 
had sustained deletions of chromosome 10q23 (Li etal., 
1997). PTEN is mutated in 31% of glioblastomas, 100% 
of prostate cancers and 6% of breast cancers. Interestingly, 
deletion of PTEN in gliomas segregates independently of 
mutations in p53, i.e. tumours containing PTEN mutations 
do not contain p53 mutations (Liu etal., 1997). However, 
PTEN deletions/mutations do correlate with amplification of 
the EGF receptor, a known oncogene. In normal cells, it is 
thought that PTEN down-regulates phosphorylation events 
that promote cell growth. Its loss, therefore, allows for 
unregulated and unhindered proliferation. 


Other Tumour-Suppressor Genes 
Another tumour-suppressor gene is the p16-INK4A gene, 


which negatively regulates cell cycle events. It is lost 
from chromosome 9 in a wide range of cancers (Kamb 
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etal., 1994). Genes involved in the efficacy of DNA 
replication, MLH1 and MSH2, are found deleted in 50% 
of hereditary non-polyposis colorectal cancers (Konishi 
etal., 1996). DPC4 (deleted in pancreatic cancer) is 
lost from chromosome 18q in pancreatic cancer (Hahn 
et al., 1996). Still other tumour-suppressor genes include 
the Wilms’ tumour-associated tumour suppressor Wt1, the 
human astrocytoma-associated tumour suppressors NF 1 and 
NF2, the von Hippel- Lindau syndrome tumour suppressor 
VHL, the papillary thyroid cancer tumour-suppressor gene 
PTC and tumour-suppressor genes associated with breast and 
renal cancer, TSG101 and TSC2, respectively. Each of these 
genes encode protein products that negatively regulate the 
acquisition of a malignant phenotype by a normal cell. 


Tumour-Suppressor Genes, Normal Cellular 
Function and Carcinogenesis 


In normal cells, products of tumour-suppressor genes have 
been shown to regulate negatively cell growth and prolifera- 
tion. For example, the Rb gene product sequesters transcrip- 
tion factors that are required for normal cell cycle progres- 
sion. The ability of Rb to function as a block to cell cycle 
progression is regulated by phosphorylation of the Rb pro- 
tein on multiple serine residues (Harbour and Dean, 2000). In 
quiescence, Rb is hypo- or under-phosphorylated and binds 
members of the E2F transcription factor family. Upon growth 
factor stimulation of the cell, Rb becomes phosphorylated 
by cyclin-regulated kinases and releases E2F, which then 
induces gene transcription events necessary for cell divi- 
sion. In cancers, deletion or inactivation of Rb results in 
constitutively ‘free’ E2F, which in turn leads to unfettered 
gene transcription and oncogenic transformation. Similarly, 
as described above, p53 has been shown to sense DNA dam- 
age, cause cell cycle arrest, regulate transcription and stim- 
ulate apoptotic cell death pathways in normal cells (Marx, 
1993). Loss of this function increases the chance of dam- 
aged DNA being transmitted to subsequent generations of 
cells. The exact role of BRCA1 is still unclear, but stud- 
ies using mice that lack the BRCA1 gene show that it is 
essential for cellular proliferation during early embryonic 
development (Zheng et al., 2000). BRCA1 may also regulate 
transcriptional events, since it is capable of acting as a coac- 
tivator of p53 and a corepressor of c-Myc. Recent studies 
also implicate a role for BRCA1 in chromatin remodelling, 
which is required for DNA transcriptional and replication 
events. PTEN regulates the phosphorylation status of phos- 
pholipids that are involved in regulating apoptotic pathways 
within the cell (Di Cristofano and Pandolfi, 2000). Taken 
together, these findings indicate that tumour-suppressor gene 
products act by negatively controlling cell growth in normal 
cells and that their loss contributes to the unregulated cell 
growth seen in tumour cells. 


Mismatch Repair Genes 


Critical regulators of genomic integrity, as exemplified 
by mismatch repair genes, also have been implicated as 


tumour-suppressor genes. The microsatellite instability genes 
described above, MLH1 and MSH2, are important to the 
maintenance of genomic integrity by repairing mismatched 
base pairs that arise with a stable frequency during DNA 
replication (Kolodner and Marsischky, 1999). Mismatched 
base pairs are recognized and cleared by mismatch repair 
enzymes, and new bases are added in their place. Without 
such genes, repairs are not made and mutations are 
introduced into newly synthesized DNA. Alternatively, the 
stress of the mismatch structure may fragment the DNA. Both 
of these possibilities can lead to changes in the sequence 
of genes critical to cell growth or death. Although the 
alteration of mismatch repair genes may seem like a key 
event for all cancers, it has been determined that only 13% of 
gastric/colorectal cancers and less than 2% of other cancers 
have mutations in mismatch repair genes. Furthermore, the 
2% occurrence is thought to reflect the normal rate of 
DNA mutation. These considerations therefore suggest that 
mismatch repair defects may be more specific for gastric 
cancers and not a general phenomenon associated with cancer 
development. 


New Techniques for Identification of 
Tumour-Suppressor Genes 


RFLP 


Knudson’s original method of analysing karyotypes of 
tumour cells is still in use today for examining large, 
consistent chromosomal alterations, but new methods have 
evolved in the last 20 years. One such technique, restriction 
fragment length polymorphism (RFLP), utilizes bacterial 
restriction enzymes that cleave DNA at specific sites. 
DNA encoding a normal gene has a characteristic DNA 
fragment pattern, while tumour DNA shows an abnormal 
pattern. RFLP DNA fragments have been linked together 
to span an entire normal human genome. At a frequency of 
approximately every 10 million base pairs, a known gene has 
been mapped to specific RFLP fragments. This approach has 
yielded a crude map of the genome, which is more sensitive 
than karyotyping methods and allows one to map a loss of 
specific regions of a chromosome. 


Comparative Genomic Hybridization (CGH) 


Comparative genomic hybridization compares the ability of 
tumour RNA labelled with one fluorophore (i.e. green) and 
normal RNA labelled with another fluorophore (i.e. red) 
to hybridize to a chromosome spread from a given tissue 
type. The spread is analysed by fluorescence microscopy 
after hybridization of the RNAs. Losses (or gains) in 
a chromosome can be observed by the colour of the 
fluorophore hybridized to the region on the chromosome. 
For example, if a region of chromosome 13 is deleted in 
the tumour DNA, chromosome 13 will appear red since 
there would be no green-labelled (tumour-derived) RNA 
to hybridize with that region. Gains in the tumour DNA 
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score green whereas equal expression in both normal and 
tumour cells scores yellow (a merging of red and green). 
Thus a complete genomic map of genetic changes that occur 
in a tumour cell can be obtained. Other more sensitive 
techniques, such as DNA microarrays, are currently being 
perfected to identify additional tumour-suppressor genes. 
It should be noted that in comparison with oncogenes, a 
very small number of tumour-suppressor genes have been 
discovered. The techniques that detect tumour-suppressor 
genes are somewhat insensitive, since even the most accurate 
screening approaches localize the region of loss only to a 
megabase or more. 


Methylation 


The techniques described above tend to identify tumour- 
suppressor genes that are grossly mutated in cancer. How- 
ever, there are other mechanisms of tumour-suppressor gene 
inactivation, including point substitutions, small insertions 
and deletions. Almost half of all tumour-suppressor genes 
are also methylated in their promoter regions, preventing 
gene transcription (Baylin, 1997). Abnormally high levels 
of methylation appear in cancer cells that have a loss in 
the p21/WAF 1 gene. In normal cells, p214F! protein nega- 
tively regulates the ability of DNA-methyltransferase to add 
a methyl group to CpG islands, thereby protecting these 
sites in the DNA from methylation. Inactivation or loss of 


Normal cell 


| — 


J 


p21WAF1 allows these sites to be methylated and transcrip- 
tionally silenced. Some tumour-suppressor genes shown to be 
methylated in tumours include BRCA1, VHL, and p16INK 4A. 


MOLECULAR MECHANISMS OF CANCER 


Tumorigenesis in vivo is actually a multistep process 
requiring the alterations of two or more genes (Knudson, 
1971). Figure 2 depicts a single cell bearing a mutation or 
genetic ‘hit’ in gene A. This mutation is passed on to progeny 
cells, which, at a defined probability, sustain a second ‘hit’ 
in gene B. The figure depicts the mutation in gene A as 
a dominant ‘oncogene-like’ mutation and the mutations in 
both alleles of gene B as a recessive ‘tumour-suppressor-like’ 
mutation. Such alterations provide the initial steps in tumour 
formation. Every cell in the tumour carries the identical 
mutations that initiated tumour development. 


The Two-Hit Hypothesis of Knudson and Hereditary 
Cancers 


One of the first concepts to arise regarding the molecular 
mechanism of tumours was suggested by Knudson and 
colleagues, who developed the two-hit hypothesis (K nudson, 
1985). The assumptions of this hypothesis are threefold: 
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Figure 2 Acquisition of tumorigenic phenotype and clonality. Once a cell has acquired a mutation in an oncogene (depicted as the chromosome in light 
grey), that mutation is passed on to subsequent generations of progeny cells. These cells are still phenotypically normal, however. Cellular transformation 
occurs when a second and third mutation arise in a tumour-suppressor gene, e.g. in one of the previously mutated cells (depicted in dark grey). This cell 
now harbours three mutations in at least two different genes, and displays the hallmarks of neoplastic growth in culture. 
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malignant transformation of a single cell is sufficient to 
give rise to a tumour; any cell in a Specific tissue is as 
likely to be transformed as any other of the same type; and 
once a malignant cell is generated, the mean time to tumour 
detection is generally constant. Once these assumptions are 
met, the model suggests that at least two events are necessary 
for carcinogenesis and that the cell with the first event must 
survive in the tissue long enough to sustain a second event. 


Multistep Carcinogenesis Models 


Land and Weinberg Model 


At about the same time that Knudson proposed the two-hit 
hypothesis, Weinberg and Barrett independently suggested 
models of carcinogenesis based on the activation of a series 
of oncogenes. Weinberg suggested that the activation of 
two or more oncogenes is required for tumorigenesis and 
that the right combination must be activated in the right 
context (Weinberg, 1983). Which oncogenes are activated 
is dependent on the signalling events each regulates. For 
example, Ras (a cytoplasmic oncoprotein) was shown to 
cooperate with M yc (anuclear oncoprotein) to form tumours. 
Other combinations of cytoplasmic and nuclear oncoproteins 
also cause tumours to form, but one oncoprotein from each 
group must be activated. 


Barrett’s Model 


Barrett's model further divides the process into tumour 
initiation vs tumour-promotion events (Boyd and Barrett, 
1990). These investigators suggested that initiation is most 
often a mutational event, including mutations in a proto- 
oncogene, such as ras. Promotion, on the other hand, can 
be a mutational or an epigenetic change, and is defined 
as a series of ‘ ... qualitative, heritable changes in a 
subpopulation of initiated cells, resulting in malignancy or 
an increased potential to progress to malignancy.’ In this 
model, morphological transformation (or initiation) occurs 
upon treatment with a mutagen or carcinogen. This event 
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is followed by a loss or inactivation of a gene controlling 
cell senescence along with activation of immortalizing genes. 
With such changes, an immortal cell line is generated. The 
subsequent loss or inactivation of a tumour-suppressor gene 
or activation of a transforming oncogene then leads to the 
formation of a tumorigenic cell. 


Vogelstein’s Model 


Studies by Vogelstein and colleagues led to a progression 
model in colon cancer which includes both the activation of 
oncogenes and the loss of tumour suppressors (Vogelstein 
and Kinzler, 1993). This model, dubbed the Vogelgram, is 
based on several observations. The first is that cancer cells 
contain 3-7 somatic mutations per cell. Second, benign 
tissue surrounding the malignant tissue frequently contains 
many of the same set of mutations found in the tumour but 
lacks at least one mutation that is found in tumour tissue. 
Third, certain genes have a high probability of mutating 
at each definable stage of colon cancer progression. Based 
on these and other genetic data, a model for colon cancer 
progression was formulated. Figure 3 suggests that the loss 
of the tumour-suppressor gene APC occurs early in the 
process of transformation, converting colonic epithelial cells 
to a hyperproliferative state. Hypomethylation of DNA then 
occurs in the early ademona stage, followed by activation 
of the oncogene Ki-ras in carcinoma in situ. The tumour- 
suppressor genes DCC and p53 are lost later in the 
disease, with the eventual development of a metastatic colon 
cancer. 


CLINICAL CORRELATIONS 


There are many ways in which mutations in cancer- 
promoting genes can occur. The predisposition to can- 
cer can be inherited, as in patients with Li-Fraumeni 
syndrome, whose cells contain a germ-line mutation of 
p53, one of the cell cycle checkpoint regulators described 
above. Cells from patients with chronic myelogenous 
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Figure 3 The Vogelstein model of multistep carcinogenesis. The progression of a normal colonic epithelium to metastatic colon cancer can be observed 
as it passes through several distinct stages. Chromosomal loss can be noted at different steps of progression. For example, chromosomal loss at 5q appears 
to occur prior to development of hyperproliferative epithelium whereas loss at 17p does not occur until the late adenoma transitions to a full carcinoma. 
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leukaemia often contain an abnormal chromosome result- 
ing from a translocation between chromosomes 9 and 22, 
the so-called Philadelphia chromosome (Rowley, 1973). 
This abnormal fusion juxtaposes two genes, which code 
for the proteins BCR and the Abl tyrosine kinase, and 
results in aberrant activity and subcellular localization of 
the Abl protein. In breast cancer, BRCA1 is mutated 
at specific sites in the gene. Such mutations are largely 
inherited. 

In contrast to germ-line or inherited mutations, ‘sporadic’ 
cancers also can arise when a mutation occurs in a previously 
normal somatic cell. In this regard, environmental factors 
are thought to play major roles as mutagens or carcinogenic 
agents. For example, the relationship between tobacco smoke 
and lung cancer is well documented (Henderson et al., 1991). 
Anilines used in rubber tyre production are linked to the 
development of bladder cancer, while exposure to solar 
ultraviolet rays can cause melanoma (Case etal., 1993; 
Armstrong et al., 1997). Hundreds of chemical carcinogens 
that exist in food and products in daily use can either 
directly or through the production of secondary metabolites 
irreversibly alter a normal cell’s DNA. So-called ‘lifestyle’ 
factors can also play a role. A link has been made between 
consumption of a diet high in animal fats and prostate 
cancer (Tzonou etal., 1999). In women, reproductive 
history and the resulting cumulative lifetime exposure to 
oestrogen correlate with an increased risk of breast cancer 
(Hankinson et al., 1995). How environmental factors trigger 
the activation and mutation of cancer-causing genes is, in 
many cases, still unclear. Subsequent chapters will detail 
what is known about a very complicated and intricate 
process. 
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INTRODUCTION 


Investigators in the field of cancer research have always 
regarded cell proliferation, a fortiori, as of paramount 
importance. The reasons for this are not difficult to identify. 
It is generally accepted that tumours arise as a result of a 
series of mutations occurring in a cell, often said to be a stem 
cell. In the colorectal epithelium, for example, several of the 
mutations required for malignant transformation have been 
identified; such a series of mutations accumulate in a single 
cell and its progeny, and this single cell, having acquired 
properties which endow it with characteristics ensuring its 
growth and survival, undergoes a series of divisions which 
eventually result in the development of a neoplasm. A similar 
series of molecular events is envisioned for the development 
of other tumours such as the lung, gastric carcinoma and skin. 
These mutations are thought to confer upon the transformed 
cell an advantage which enables it to survive - as a mutated 
clone - and replace the normal cells in the tissue, eventually 
establishing itself as a neoplasm. 

Thus neoplasms are clonally derived, that is, the single 
cell transformed is the ancestor of all cells which compose 
the neoplasm. Once established, a mechanism must ensure 
the growth and propagation of the mutated clone within 
the epithelium. It is often said that the mechanism lies 
in an inherent ability of the mutated clone to outgrow its 
normal counterparts - the ‘carcinogenic advantage’ is thus 
a proliferative advantage. 

A second reason for the putative importance of cell 
proliferation in this context is the spread of the mutated 
clone as it evolves and establishes itself within the host 
tissue. Third, when a mutant clone has indeed established 
itself, we observe the phenomenon of tumour growth as the 
lesion becomes macroscopically evident. During this phase, 
cell proliferation, in the context of cell birth and cell loss, 
defines the rate of growth of the tumour. 

Finally, when such a lesion is treated, there have been 
attempts to predict the outcome by the components of cell 
proliferation. 


We shall examine these proposals in turn. Central to 
our initial proposal is the concept that tumours are indeed 
clonally derived. 


HOW DO TUMOURS BEGIN IN HUMANS? 


We often say that tumours arise from a single cell, and 
therefore form clonal populations. ‘If a proliferation is clonal 
itis aneoplasm’ is a statement often heard. Tumour clonality 
is an important concept in our attempts to understand 
malignant transformation, and it is worthwhile reminding 
ourselves of the experimental basis of this proposal. Why do 
we believe that epithelial tumours, such as the early adenoma 
in the colonic mucosa, are clonal proliferations? The main 
methods which have been used for the analysis of clonality 
in human tumours have been based on X-chromosome 
inactivation analysis and the detection of somatic mutations. 
Viral integration, e.g. by Southern blotting in Epstein- B arr 
virus (EBV )-associated tumours or in hepatitis B- or C- 
associated liver tumours, are also useful; there is excellent 
agreement between X -inactivation and EBV integration in 
nasophayrngeal carcinoma, for example. 

In early X-chromosome inactivation studies, the haplo- 
types of glucose-6-phosphate dehydrogenase (G6PD) were 
used (Beutler et al., 1967; Fialkow, 1976), replaced more 
recently by methods based on restriction length poly- 
morphisms of X chromosome-linked genes such as glyc- 
erophosphate kinase (PGK), the androgen receptor gene 
(HUMARA), hypoxanthine phosphoribosyltransferase 
(HPRT), the M 278 probe for DXS285 and p55 and glucose- 
6-phosphate dehydrogenase. Early on in embryogenesis, 
genes on one of the two X chromosomes are randomly inac- 
tivated by methylation of cytosine residues within promoter 
regions; once methylated, such CpG islands are function- 
ally and heritably inactive and it is usually believed that this 
inactivation is stable, even during malignant change. Thus in 
approximately half of the cells of the embryo the paternal 
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X chromosome is active, and in the rest it is the X chromo- 
some from the mother. The pattern of fragments produced by 
DNA digestion with a methylation-sensitive enzyme such as 
SnaB 1 and a further endonuclease corresponding to a restric- 
tion fragment length polymorphism, in PGK -BstCX1, for 
example, can be used to investigate the clonality of any tissue 
specimen. Informative cases in woman using these markers 
are reported to vary from 45% with PGK and HUMARA to 
over 90% with M276/DX S255. 

But can we be certain that the results from such studies 
will be reliable? Well, the methylation pattern of DNA can be 
abnormal in malignancy, with both increases and reductions 
in methylation, and the possibility exists that X -chromosome 
inactivation may not be valid as an indicator of clonality 
because of such abnormalities in DNA methylation (J ones, 
1996). Moreover, it is possible that X inactivation might be 
nonrandom, being either constitutive or cell-type specific. 
Studies in normal haematopoietic and lymphoid tissues have 
shown skewed X inactivation, possibly favouring the paternal 
or the maternal X chromosome, which could indicate a 
nonrandom X-chromosome inactivation pattern. Although 
there are claims that extremely unbalanced inactivation of 
the X chromosome is an uncommon phenomenon, skewed 
inactivation is seen in 23% of women with HPRT and PGK 
and 22-33% with M278, in peripheral blood and in bone 
marrow and skin, indicating tissue specificity, and perhaps 
related to the number of stem cells in the tissue at the 
time of X chromosome inactivation. If this number is small, 
it will result in skewing, with increased probability as the 
stem cell pool size diminishes (Fialkow, 1973). Moreover, 
in some embryonic tumours such as retinoblastoma and 
Wilms’ tumour, with LOH on 13q and 11p, respectively, 
show preferential loss of maternal and paternal alleles. This 
is also seen in sporadic osteosarcoma. Hence X inactivation 
analysis is not without its problems, and conclusions drawn 
from it must be viewed critically. 

In mutation analysis, finding the same mutation in key 
genes, such as k-ras or p53 in multiple tissue sample from 
the same tumour, or from unconnected tumours, has also 
been said to indicate a clonal origin, but we should note 
the possibility that the same mutation is induced in separate 
precursor cells by a single carcinogen, e.g. aflatoxin causes 
specific p53 mutations in hepatocellular carcinomas. 

The demonstration of heterogeneity of microsatellite insta- 
bilities, e.g. in multiple gastric carcinomas, has also been 
proposed as a marker for polyclonality - origin from more 
than one cell - but if genome alterations continue to 
occur at microsatellite loci with evolution of the tumour, 
with resulting genetic diversity within the same clone, then 
microsatellite instability will not be an appropriate molec- 
ular marker of clonality. The presence of cytogenetically 
unrelated abnormal clones demonstrated by karyotypic anal- 
ysis has also been used as evidence of polyclonality, but 
the existence of such clones might, however, be due to 
chromosomal rearrangement in non-neoplastic epithelial or 
stromal cells: cytogenetically abnormal clones are present 
in apparently non-neoplastic breast lesions such as fibrocys- 
tic disease (from which breast carcinoma probably arises). 
Mutated clones have been reported even in histologically 


normal breast epithelium, with several at potential tumour- 
suppressor gene sites, indicating that genetic abnormalities 
accumulate before pathological changes can be detected. 

We should note that these observations involve the bio- 
chemical or molecular examination of homogenized tissues, 
and in human tissues there have been few opportunities 
to observe directly the clonal development of very early 
tumours, and this introduces other problems. In development, 
a clone is a family of cells which derive from a common pro- 
genitor, and these remain more or less contiguous throughout 
the growth of the embryo. A patch, on the other hand, is 
defined as a group of cells which share the same genotype, 
contiguous at the moment of consideration, which, for the 
current argument, share the same X -chromosome inactivation 
pattern. Clone size and patch size are not strictly equivalent, 
since multiple clones of the same genotype could contribute 
to a single patch; similarly, a single clone could be anatom- 
ically separated into different patches. 

Figure 1 illustrates this concept as it applies to the clonal 
origin of tumours. A tumour arising from the centre of a 
patch will be of clonal origin when assessed by the pattern 
of X inactivation. The only chance of detecting a polyclonal 
proliferation would be when such a lesion arises from the 
margin of a patch boundary (Schmidt and Mead, 1990). 
This is seen in normal mouse epidermis at patch boundaries, 
where hair follicles appear polyclonal, but of course are 
clonal within patches. As X inactivation occurs at about the 
time of implantation, the pool of stem cells is small, ~15 
cells for the skin. Skewing towards one parental allele is 
therefore very possible, and indeed this is seen in human skin 
specimens, indicating a large patch size. Polyclonal tumours 
would be commonest at patch boundaries, the incidence 
being dependent on the size of the patch, and the incidence 
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Figure 1 Demonstrating the importance of patch size in the clonal 
histogenesis of tumours. Different patches are shown, for example, 
illustrating a different pattern of X-inactivation. In the patches are tissues 
units, e.g. colonic crypts. A tumour arising within a patch will show a 
single pattern of X -inactivation of the other marker, and the only chance of 
detecting a polyclonal tumour is if such alesion arose from the border of the 
patch, i.e. between A and B. (From Schmidt and M ead, 1990, Bioessays, 
12, 37-40.) 
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of such tumours could be small. And if such rare polyclonal 
lesions are found, because of a large patch size, it is usually 
explained away by the lesion consisting of more than one 
tumour, of clonal origin, that have mixed or collided (Farber, 
1990, 1997). However, the rarity of such lesions would 
indeed be expected if as seems likely, X-linked patches are 
fairly large. 

This is well illustrated by an example: for many years, 
based in X-chromosome inactivation analysis, it has been 
believed that atheromatous plaques, occurring in the walls 
of large- and medium-sized arteries, are monoclonal, and 
such plaques have even been regarded as some sort of 
benign neoplasm (Benditt and Benditt, 1973). This clonal 
proliferation is supported by X -inactivation studies, and was 
proposed to be due to a somatic mutation, induced perhaps 
by genotoxic chemicals, or an infection, giving a hit in a 
single cell, which then develops into an atheromatous plaque 
(Murry etal., 1997). However, by mapping X -chromosome 
inactivation patterns in human aortic smooth muscle, using 
the HUMARA method, the patch size in aortic media and 
intima was found often to exceed 4mm, indeed a large 
area in terms of numbers of cells (Chung etal., 1998). 
Because of this large patch size, X -chromosome inactivation 
analysis cannot distinguish between a monoclonal and a 
polyclonal origin for atheromatous plaques. This underlines 
the importance of knowledge of the patch size in such studies. 

The study of multiple lesions in the same patient does 
provide a way of avoiding the problem of patch size, 
especially if more than one clonal marker is used. Thus the 
probability that all the tumours examined would have the 
same X -chromosome inactivation pattern is 0.5°-!, where n 
equals the tumour number. For example, if allele loss on 9q, 
an independent event, was also present, then the probability 
that the same pattern in each tumour is due to chance is 
(0.5°-1)(0.5"-1), and so on for each independent marker 
used. 

Similarly, when methods based on the analysis of homog- 
enized tissues give results suggesting polyclonality, this is 
usually attributed to contamination with underlying stro- 
mal cells of different clonal derivation and some results are 
attributed to normal tissue contamination even when the inci- 
dence of polyclonal tumours amounts to 40% of the total. 
However, it is clear that even the fibroblasts or myofibrob- 
lasts very closely applied to the epithelium in the colonic 
crypt are of different clonal derivation, and there may be 
invading inflammatory cells, which, if numerous enough, can 
give rise to disparate results in clonality analyses involving 
PCR techniques. Normal tissue can be trapped and enclosed 
by surrounding neoplastic tissue, and again give discordant 
results. Finally, the problem of poor sampling may give a 
false impression of monoclonality in a polyclonal tumour. 

It is also important to know when, during the life history 
of the development of the tumour, it is examined. M ature 
lesions are inappropriate, since tumours of polyclonal origin 
may become clonal because of clonal evolution (Nowell, 
1976, 1986). All clones, except one, are eliminated or 
reduced to the point of being undetectable, seen in chemically 
induced mouse fibrosarcomas, initially polyclonal, which 
evolve to a clonally derived population in time, because 


of the later selection of a dominant clone (Woodruff et al., 
1982). This is also seen in colorectal adenomas, where 
heterogeneity of k-ras mutations is observed, which is lost 
after the lesion has evolved to become an invasive carcinoma 
(Ajiki etal., 1994). As noted above, genetic heterogeneity 
in a tumour does not necessarily indicate a polyclonal origin, 
since genetic instability is a major feature of malignant 
tissues and many new clones may arise during tumour 
development. 

Having critically reviewed the available methods, let us 
see what they say about how tumours arise in humans. 


Non-Neoplastic and Preneoplastic Lesions 


Many tumours arise from preneoplastic lesions, not them- 
selves neoplastic, which were previously regarded as hyper- 
plasias, which involve changes in many cells and therefore 
by definition polyclonal. However, such lesions are often 
clonal proliferations themselves. Extremely relevant is the 
growing recognition that mutations in important genes such 
as p53 are found in tissues such as squamous epithelium 
preceding any dysplastic change, such as sun-exposed nor- 
mal epidermis. Clones of keratinocytes with immunoreactive 
p53 and p53 mutations (exons 5- 8) are seen in sun-exposed 
but otherwise normal skin. This has also been reported in 
morphologically normal mucosa from individuals with upper 
aerodigestive tract tumours. Moreover, microsatellite insta- 
bility has been found in normal mucosa from patients with 
ulcerative colitis, reflecting the increased risk of malignancy 
in these patients, since microallelotyping shows no allelic 
loss in transitional mucosa adjacent to colorectal neoplasms. 
However, such losses have been reported in normal breast 
tissue. 

In the gastric mucosa of a single patient, three separate 
hyperplastic polyps of the fundus have been found which 
harbour foci of dysplasia showed the same k-ras codon 12- 
point mutation, present in both hyperplastic and dysplastic 
areas. An explanation is that the progeny of a single 
transformed cell spreads through the mucosa: either surface 
spreading and surface implantation has occurred or a single 
cell could populate a gastric gland, which then spreads 
through the mucosa by gland fission. 

In the female ovary, malignant tumours, endometrioid 
carcinomas, are thought to arise from foci of endometriosis 
and the majority of such endometriotic foci are clonal 
(Jimbo etal., 1997). Endometriosis arises either from 
implantation of shed endometrial cells, or from metaplasia 
of the pelvic peritoneum: if patch size considerations can 
be excluded, this means from a single endometrial or 
mesothelial cell. Endometriotic foci can show aneuploidy and 
loss of heterozygosity at candidate tumour-suppressor loci in 
9p, 11q and 22q. The derivative tumours, the endometrioid 
carcinomas, are clonally derived, arising from a monoclonal 
proliferation that itself can show genetic defects. 

The preneoplastic lesions from which breast cancers 
develop - proliferative breast disease and similar lesions - 
show cytogenetic abnormalities indicating the presence of 
multiple clones. X-chromosome inactivation studies and 
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detection of microsatellite alterations both show that atypical 
duct hyperplasia and intraduct papillomas appear clonal 
proliferations and consequently cytogenetic alterations have 
already occurred at this stage (Lakhani et al., 1995). 

Naevocellular naevi, either congenital or acquired, are, in 
some cases, the precursor lesions of malignant melanomas, 
are apparently polyclonal lesions on X -chromosome inactiva- 
tion analysis (HUMARA and PGK combined), but malignant 
melanomas are clonal. So such naevi are presumably hamar- 
tomas - an abnormal proliferation of cells in an organ or 
tissue where these cell types would normally be found. How- 
ever, hamartomas in tuberous sclerosis, where multiple cell 
types are seen, show clonal 9q34 or 16p13.3 LOH and clonal 
X -inactivation patterns, while pulmonary chondroid hamar- 
tomas also contain clonal cytogenetic abnormalities in the 
chondroid component. 

In the human liver opinion is divided concerning the 
clonality of lesions often regarded as preneoplastic: some 
maintain that while lesions such as benign adenomatous 
hyperplasia and focal nodular hyperplasia are polyclonal, but 
hepatic adenomas and even small (<25 mm) hepatocellular 
carcinomas are clonal. Others, examining the integration pat- 
terns of hepatitis B virus, claim that atypical adenomatous 
hyperplasisa and focal nodular hyperplasias are clonal. H ep- 
atocellular carcinoma is frequently multifocal and whether 
these arise from a single clone or independently is contro- 
versial, but most authors agree that an independent origin 
is more likely. Thus, after liver damage, clonal selection 
occurs during regeneration, leading to the genesis of per- 
sistent benign focal proliferations, which may be themselves 
clonal. This is followed by the development of clonal hep- 
atocellular cancer from one or more such nodules. There is 
also substantial evidence from hepatitis B and C virus inte- 
gration that between 0.5 and 43% of regenerative nodules in 
the resulting cirrhosis are monoclonal (Aihara et al., 1994), 
whereas in other types of cirrhosis, some 54% of regenerative 
liver nodules are clonal, but that the associated hepatocellular 
carcinomas are clonal by X-inactivation analysis, and differ 
from the nodules by 18q loss. This suggests that regenera- 
tive liver nodules showing a polyclonal pattern evolve into a 
clonal population, developing into hepatocellular carcinomas, 
which are also clonal. 


Preinvasive Lesions 


The field cancerization hypothesis states that multiple cells 
form independent tumours, since carcinogenic exposure 
affects multiple cells in the field (Slaughter et al., 1953), 
and predicts that second primary or synchronous tumours 
arise from independent genetic events. Thus 11% of 
individuals with oral cancer had multiple upper aerodigestive 
tract tumours, and multiple invasive foci are associated 
with overlying areas of in situ squamous carcinoma in 
these lesions. There is now genetic evidence for such 
an independent origin: in the upper aerodigestive tract, 
multiple synchronous squamous tumours appear independent 
and multicentric in origin. However, the concept of clonal 
origin and expansion is problematic in organs where several 


metachronous tumours appear; such a synchronous or 
second primary tumour may indicate recurrence or indeed 
lateral spread from a single tumour. Thus, although the 
field cancerization hypothesis would predict a multicentric, 
polyclonal origin, with the demonstration of a clonal origin 
for these tumours, lateral migration from the original clone 
would be a distinct possibility. 

There is conflicting evidence for the nature of field 
cancerization from the study of tumours of the upper 
aerodigestive tract and adjacent mucosa. In laryngeal and 
pharyngeal tumours, multiple samples taken at tumour- 
distant sites show different and independent mutations in 
the p53 gene, favouring a discontinuous, multifocal and 
polyclonal process, rather than migration of premalignant 
basal keratinocytes giving a clonal development of multiple 
primary, secondary or recurrent tumours. 

In the stomach, discordant mutation patterns of APC, 
MCC and p53 are found in many cases of multiple gastric 
carcinomas, again in accord with a multicentric origin, and 
this is also seen in multiple colorectal tumours, parathyroid 
adenomas and in separate (Emmert-Buch etal., 1995) 
intraepithelial neoplastic lesions, which show different clonal 
patterns of allele loss at 8p12-21, suggesting an independent 
origin. However, multiple synchronous carcinomas in the 
bladder and other pelvic organs apparently show a common 
clonal origin - X-chromosome inactivation and allele loss at 
9q and 17p are identical, as are c-erB2 and p53 mutations 
in multiple synchronous urothelial tumours (Lunec etal., 
1992). Multiple serous adenocarcinomas in the ovaries, 
peritoneum and endometrium show the same p53 mutation 
and clonal cytogenetic abnormalities, findings confirmed by 
X -chromosome inactivation. Multiple sites of occurrence of 
sporadic ovarian cancer on the ovarian surface and pelvic 
peritoneum are clonal, as assessed by LOH, p53 mutations 
and X -chromosome inactivation analysis in the same patient 
(Jacobs et al., 1992). 

In multifocal breast carcinomas, an increasingly common 
finding, karyotypically identical clones are detectable, indi- 
cating inttamammary spread from a single carcinoma either 
by focal lymphatic spread or by intraductal spread. M ore- 
over, in phyllodes tumours, widely separated deposits show 
the same monoclonal stromal component. 

If lesions some distance away from each other are clonal, 
how can this be explained? Of course, there is always 
the possibility, always very difficult to exclude, that the 
disease process which causes the tumour to develop has 
a characteristic genetic fingerprint, therefore seen in all 
examples of the tumour. The other possibility is that of 
a common mutated progenitor cell, and the expansion of 
this mutant clone in some way, at an early stage in 
tumour development. Examination of p53 mutations in 
the nonmalignant but dysplastic tracheobronchial mucosa 
of individuals who smoke shows the same G:C to T:A 
transversion in codon 245 at multiple sites in both lungs 
(Franklin et al., 1998). Thus the expression and dispersion 
of a single mutant progenitor bronchial epithelial cell clone 
throughout the airways is possible, aided possibly by a 
proliferative advantage. p53 mutations are early events 
in upper aerodigestive tract carcinogenesis, prior to the 
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development of invasive lesions, being found in premalignant 
lesions of the head and neck, lung and oesophagus. p53 
mutations apparently do not show an increased incidence 
with cancer progression, but do show clonal fidelity in a 
variety of tumours. An early event, prior to p53 mutation, 
might establish a mutated clone, which migrates laterally, 
possibly aided by a mutation in a cell cycle control gene, or 
a cell adhesion gene. In multiple bladder cancer, all tumours 
lose the same 9q allele as an early event (Chung et al., 1995, 
1996), possibly encoding for a growth control or adhesion 
molecule, and cells repopulate the urothelium by lateral 
migration or mucosal seeding. In most discontinuous foci 
of CIN3 in the cervix, individual lesions show the same X- 
chromosome inactivation pattern, suggesting intraepithelial 
spread. In the skin, it is not uncommon to see migration of 
morphologically abnormal cells laterally from a lesion such 
as Bowen's disease. 

The multiple deposits of Kaposi sarcoma, a widely dis- 
seminated malignancy, appear clonal in any one patient, 
indicating a clonal origin and wide intravascular dissemi- 
nation, or an initial vascular hyperplasia, with later clonal 
evolution. Diffusely infiltrating gliomas are clonal, and mul- 
tiple discrete meningiomas share clonal neurofibromatosis 2 
(NF 2) mutations, while most individual meningiomas appear 
clonally derived. 

Sporadic, multinodular goitres contain nodules which are 
regarded as being hyperplastic and therefore polyclonal, but 
there is substantial X -chromosome inactivation evidence that 
many of these nodules are clonal populations. The presence 
of a TSH receptor mutation may be pivotal; most cases 
showed monoclonality on HUMARA analysis, raising the 
possibility that during thyroid hyperplasia a cell with a 
mutation at this locus leads to the initiation of autonomous 
clonal growth. Multiple nodules in the same patient are 
mostly clonal, with activation of the same allele, indicating 
intraglandular spread by follicular budding, although clonal 
nodules with different X-chromosome inactivation patterns 
can be seen in the same gland. This could mean a different 
pathogenetic mechanism for clonal and polyclonal nodules, 
or indeed evolution of clonal from polyclonal nodules, as we 
have seen above in the liver. Most follicular, papillary and 
anaplastic carcinomas are clonal. Parathyroid adenomas are 
monoclonal, as indicated by X -chromosome inactivation and 
the identification of clonal abnormalities of the parathyroid 
hormone gene. In MEN1, where all four parathyroids are 
enlarged and appear hyperplastic, allelic loss on 11q indicates 
that proliferation is clonal, although when LOH on 11q 
is combined with X-chromosome inactivation studies, the 
parathyroid lesions in MEN1 were shown to be polyclonal, 
suggesting that multiple neoplastic clones grow, coalesce 
and replace the parathyroid gland. Sporadic parathyroid 
hyperplasias, which are either a primary phenomenon or 
secondary to such conditions as chronic renal failure, were 
previously regarded as polyclonal proliferations, but X 
inactivation and allelic loss of 11q shows that 38% of primary 
parathyroid hyperplasias and 64% of hyperplasias secondary 
to renal failure harbour clonal proliferations. Again we 
can interpret this as clonal neoplastic evolution from 
a pre-existing polyclonal hyperplasia. Diffuse parathyroid 


hyperplasias in uraemia are polyclonal, but the individual 
nodules in nodular hyperplasia are clonal, indeed showing 
different clonal patterns of X inactivation in the same 
gland, once more favouring the hypothesis that monoclonal 
proliferations evolve from hyperplasias. These findings 
favour the view that hyperplasia begins in endocrine 
glands as a polyclonal process, but then becomes a clonal 
hyperplasia, and the borderline between this phase and that 
of a benign clonal neoplasm is difficult to delineate. 

Invasive carcinomas of the cervix, which are clonal in 
origin, arise in areas of cervical intraepithelial neoplasia 
(CIN). Severe dysplasia or CIN3 is also a clonal prolifer- 
ation, although lesser degrees of dysplasia (CIN2) appear 
more commonly polyclonal in X-inactivation studies. In this 
respect, some vulvar hyperplasia, considered to be preneo- 
plastic lesions in this tissue, appear clonal: the derivative VIN 
and invasive carcinomas are also clonal proliferations. In 
nasopharyngeal carcinoma (NPC), combined X -inactivation 
studies (PGK), X-linked RPLPs, and EBV integration show 
that carcinomas are mainly clonal, but hyperplastic epithe- 
lia, and early atypical hyperplastic epithelia, are polyclonal, 
and clonality emerges only at the moderate/severe dysplastic 
stage. 

A relationship between intestinal metaplasia and carci- 
noma of the stomach and lower oesophagus has long been 
suspected: the non-dysplastic metaplasia adjacent to carcino- 
mas is clonal on X-inactivation analysis (HUMARA), and 
also shows LOH for APC , changes also seen in the dysplas- 
tic and neoplastic tissues of Barrett oesophagus. Although it 
is not yet clear if the APC change is clonal, microsatellite 
analysis shows allelic imbalance not only on 5q but at mul- 
tiple other sites, in both premalignant and malignant Barrett 
epithelium, supporting the concept of clonal expansion from 
metaplasia through dysplasia to carcinoma (Zhuang et al., 
1996). 

In most, but not all, of the above discussion the 
commonality has been the need to homogenize the tissue, 
albeit, in some cases, after microdissection. Evidence from 
studies where direct observation is possible gives disparate 
results. In a patient with familial adenomatous polyposis, 
who was also a sex chromosome chimaera (XO/XY), the 
colon contained hundreds of adenomas, ranging in size 
from monocryptal adenomas to microadenomas 2.5mm in 
diameter; no larger adenomatous polyps were seen (Novelli 
etal., 1996). If an adenoma was of clonal origin, all 
dysplastic crypts within it would be expected to be entirely 
XO or entirely XY. Localization of the Y chromosome 
in tissue sections showed that monocryptal adenomas were 
entirely XO or XY, with no mixed pattern. However, 
many adenomas (76%) were polyclonal. |soenzyme studies 
of G6PD in black females have shown that colonic 
adenomas from patients with Gardner's syndrome were 
polyclonal (Hsu etal., 1983), while studies using X- 
linked RFLPs show that both spontaneous and familial 
adenomas are clonal (Fearon etal., 1987). The minimum 
size of the adenomas in this might explain the discrepancy, 
through monoclonal conversion as size increases. Polyclonal 
derivation of adenomas has also been found in chimaeric 
mice - made between a Min mouse (which has an APC 
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mutation) and a Min/ROSA mouse (M errit et al., 1997), and 
in Apc+/™'"/+/— (De Wind etal., 1998) mouse chimaeras. 
Possible mechanisms of polyclonality in these lesions include 
‘field’ effects causing adenomas to cluster (nonrandom 
collision), a passive process involving fusion of two or 
more APC -negative clones early in tumour development, 
but the high frequency of mixed adenomas found in both 
these studies is inconsistent with a random appearance of 
APC -negative clones in the mucosa, and suggests that some 
regions of the intestine have an increased potential for 
initiation. M ultiple clones may be required for early adenoma 
growth, or perhaps early adenomas may induce adenomatous 
growth in surrounding crypts, especially in FAP since all 
cells already have a single APC mutation and perhaps some 
derangement of APC function. These latter scenarios imply 
active cooperation between clones. Indeed, conversion of 
normal crypts to adenomatous crypts apparently occurs at 
the margins of FAP adenomas. 

What can we conclude? In many tissues the bulk of the 
evidence indicates that preneoplastic changes occur which 
are hyperplastic, but polyclonal, indicating increased rates 
of cell production among many cells. After some time, a 
genetic event occurs in which a clone of cells appears, which 
expands and establishes itself. This clone has a ‘carcinogenic 
advantage,’ which allows such expansion. Further growth 
of the clone is associated with genetic evolution and the 
appearance of mutations, which lead to the development of an 
early clonal neoplasm. Further clonal evolution develops the 
invasive phenotype. However, we must concede that further 
studies, with methods which allow the direct examination 
of clonality, might provide different conclusions, and we 
cannot disregard the concept that the earliest lesions are 
polyclonal, needing the cooperation of several clones, and 
that monoclonality is itself the result of further clonal 
evolution. 


HOW DO CLONES ESTABLISH THEMSELVES? 


The simplest way in which we can conceive of a single 
mutated cell establishing itself among a population of normal 
cells is if the mutation selects for an advantage that involves 
factors which modulate cell proliferation - the ability to 
divide faster - or the ability to survive longer. While 
conceptually these are significant advantages to being able to 
survive longer, or indefinitely, in the genesis of a neoplasm, it 
is, in practice, very difficult to demonstrate. W hile some early 
neoplastic lesions do show abnormal expression of genes 
involved in apoptosis, this is a far cry from demonstrating 
a aggregation of cells brought about by reduced cell death. 
Moreover, simple modelling approaches have suggested that 
mechanisms involving apoptosis are unlikely to be involved 
at this stage. 

Is there any evidence that very early neoplastic lesions 
show an increased cell production rate? Using the colon 
as a paradigm, the earliest lesions detectable, the so- 
called ‘aberrant crypt foci,’ show increased labelling indices 
with a number of markers of cell proliferation, whereas 
in established adenomas, the rate of cell production also 


increases as assessed by these markers. The importance of 
even a minor increase in cell proliferation can be assessed by 
examination of how a mutated stem cell - of which there are 
several in each intestinal crypt - competes with its colleagues 
for ascendancy, and in some cases succeeds, populating the 
crypt with its progeny. Intestinal crypts, in both animals and 
humans, are clonal populations, ultimately derived from a 
single cell. The evidence from this comes from the analysis of 
chimaeric mice and mice heterozygous for a defective G6PD 
gene carried on the X chromosome and randomly expressed 
after Lyonization. In these chimaeras, crypts are always 
composed wholly of cells from one component mouse strain 
(Ponder et al., 1985), and with similar findings in the G6PD 
heterozygote crypts are indeed clonal populations and the 
stem cell repertoire includes all intestinal crypt and gastric 
gland lineages. Figure 2 (see colour plate section) shows the 
results of an experiment in which mice showing uniform 
staining for G6PD are given a single dose of mutagen: in the 
weeks that follow, crypts appear which are composed of cells 
with a different, mutated phenotype. There is an induction of 
a rapid, but transient, increase in crypts which show a partial, 
or segmented, mutated phenotype (Figure 2a) (Park etal., 
1995). Later, there is an increase in crypts showing a wholly 
mutated phenotype. The emergence of the partially mutated 
crypts, and their replacement by wholly mutated crypts, can 
be explained by a mutation at the G6PD locus in a single 
stem cell from which all lineages are derived. The partially 
mutated crypts are crypts in the process of being colonized 
by progeny from the mutated stem cell, and this crypt will 
ultimately develop into a wholly mutated crypt. 

Approximately 9% of the Caucasian population secrete 
sialic acid lacking in O-acetyl substituents, readily recog- 
nized by histochemical staining. This is explained by genetic 
variability in the expression of the enzyme O -acetyl trans- 
ferase (OAT) and this 9% of the population is homozy- 
gous for inactive OAT genes, OAT —/OAT —. Some 42% of 
the population are heterozygous, OAT —/OAT +, and loss of 
this gene converts the genotype to OAT —/—OAT —. This is 
indeed seen in about 42% of the population, and again is 
explained by a mutation or loss of the gene by nondisjunc- 
tion in a single crypt stem cell and the colonization of this 
crypt by the clonal progeny of the mutated stem cell. 

If we again imagine that a stem cell carries a mutation, 
not in its G6PD or its OAT gene, but in a cell cycle 
gene, increasing its cell production rate, then the monoclonal 
conversion process will not be stochastic, with equal 
competition between stem cells, but the mutant stem cell 
would have an advantage, and would succeed in colonizing 
the crypt. Figure 2c shows a further method in which mutated 
clones can be propagated - the mutated clone has expanded 
by crypt fission, where crypts divide to make two daughter 
crypts, and thus spread through the mucosa. If a gene 
controlling crypt fission became mutated, then of course 
the crypt would spread further through the mucosa. Indeed, 
in conditions such as ulcerative colitis, large areas of the 
mucosa become occupied by the same aneuploid stem line, 
conceptually, at any rate, the result of increased crypt fission. 

In squamous epithelium we have seen above that tiny p53- 
positive clones, containing mutated p53, occur early in the 
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carcinogenic process. These clones may owe their existence 
to prolonged survival, given the presence of a mutated p53 
gene. However, there is substantial evidence that rates of cell 
production, in preneoplastic lesions such as actinic keratosis, 
are elevated. In fact, it is possible to predict the shape of 
preinvasive skin lesions such as actinic keratosis, Bowen 
disease and lentigo maligna, by assuming different values 
for the carcinogenic advantage, in terms of increased cell 
production. Similar observations of elevated rates of cell 
production have been recorded in other situations where there 
is a defined morphological sequence of carcinogenesis - in 
the liver, bladder, oesophagus and lung, for example. 

We have seen above that, in many tissues, clonal evolution 
occurs on a background of hyperplasia, implicitly involving 
increased cell production. It is further evident that the 
establishment of the mutated clone is, in many tissues, 
associated with an increase in cell production rate. It is 
easy to conceive now such increases in cell proliferation, 
in cells such as stem cells, can lead to the establishment 
and development of a mutated clone (Figure 2). However 
attractive the concept seems, we cannot say definitively 
whether such increased cell proliferation of stem cells is 
involved. For example, in Figure 2, increased longevity, or 
changes in the adhesion molecule status of the progeny, 
could give much the same result. An ability to study cell 
proliferation, and then expression of cell cycle-related genes, 
in stem cells during carcinogenesis, would be a very useful, 
if experimentally difficult, prospect. 


HOW DO ESTABLISHED TUMOURS GROW? 


The basic concepts of cell proliferation in tumour growth 
have been extensively and well reviewed. 


Tumour Growth Curves 


There has been extensive analysis of tumour growth curves 
- obtained by plotting the volume or weight of the tumour 
against time - in the past, in the (forlorn) expectation 
that basic truths about the nature of tumour growth might 
be discovered. Although this has not been the case, some 
interesting facts have emerged. Many tumours, usually 
transplantable, growing in experimental animals, initially 
grow in an exponential manner, that is, after an initial lag 
phase, there is logarithmic growth (Figure 3). However, as 
growth proceeds, and the tumour increases in volume, growth 
progressively slows. This is the so-called Gompertzian 
growth curve, where growth retardation is itself exponential. 
Although such tumours rarely obey such a growth curve in its 
entirety, it is usually a good approximation. N ote that, at the 
asymptote, growth is barely discernible. M ost experimental 
tumours in rodents grow very rapidly, particularly the 
transplantable ones, since they have been selected for a rapid 
growth rate. 

In humans, tumours grow much more slowly; most of 
the doubling in cell number has occurred before the tumour 
becomes clinically evident. In circumstances where it has 
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Figure 3 (a) A typical growth curve for a rapidly growing mouse tumour, 
with the curve fitted by eye; (b) idealized growth curve for a human 
tumour, showing the initial lag phase, a period of exponential growth and a 
retardation in the rate of increase of tumour cell number at large size. Note 
the long latent period before clinical detection. 


been possible to measure the rates of tumour growth, e.g. 
by serial observation of pulmonary primary or metastatic 
lesions, a number of tumours do indeed appear to grow 
exponentially. However, in other cases, growth is extremely 
variable, with periods of quiescence followed by rapid 
growth. Some human tumours grow extremely slowly, e.g. 
colorectal carcinoma has a reported doubling time (the time 
taken for the tumour to double in size) of over 600 days. 
Others, such as childhood or embryonal tumours, show 
doubling times of 10-20 days. There is some evidence 
that tumour growth rates vary with age; for example, breast 
carcinomas in women below the age of 50 years show a 
median doubling time of 80 days, whereas women over the 
age of 50 years show a doubling time of 140 days. 


Kinetic Parameters during Tumour Growth 


Why does tumour growth slow down? Well, the net rate 
of growth is defined by the relationship between the rate 
of cell production - the birth rate - and the rate of cell 
death or other modes of loss, the cell loss rate. In the earlier 
phases of growth, as seen in the early exponential part of 
the curve in Figure 3, most cells are growing exponentially; 
thus every cell which divides contributes two cells to the 
population, with effectively no cell loss. What defines the 
rate at which the exponential portion of the curve ascends?: 
two parameters - the cell cycle time (the interval between 
two divisions of the same cell) and the growth fraction, 
or proliferating population (the proportion of cells in the 
tumour which are dividing). There is no evidence in solid 
experimental tumours, at any rate, that the cell cycle time 
changes at all during tumour growth, but as growth advances, 
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there are substantial studies showing that the growth fraction 
declines with time. In experiments where the growth fraction 
has been measured in different parts of the tumour, it is the 
areas furthest from the blood supply that show the largest 
reductions in growth fraction - the centre of the tumour in 
most lesions, or when the tumour is ‘corded,’ or shows cords 
of surviving tumour cells surrounding blood vessels - in the 
distal portions of the cord. 

While the decline in the growth fraction is certainly 
responsible for a proportion of the decline in the rate of 
tumour growth, by far the largest factor is the considerable 
increase in the cell loss rate. This is due, of course, to the 
tumour outgrowing its blood supply and to large numbers 
of cells in the lesion dying. In fact, at the asymptote in the 
curve, where the curve levels off, the rate of cell loss almost 
equals the rate of cell birth, with little resulting in the way 
of net growth. It is sometimes useful to define a cell loss 
factor, œ, which is the ratio of the cell loss rate to the birth 
rate. At the asymptote in Figure 3, this will be close to 1. 

Where data are available, experience culled from animal 
tumours is also applicable to humans. However, measure- 
ments are usually confined to the later phases of tumour 
growth, since most lesions present, biologically speaking, 
very late. Thus many carcinomas appear to be low-growth 
fraction, high-cell loss lesions. In clinically detected colorec- 
tal carcinomas, for example, the cell cycle time is 48h, the 
growth fraction is 14% and the cell loss factor 98%, i.e. 
for every 100 cells which are born, two survive. At least 
this gives us some insight into why such tumours are diffi- 
cult to treat with modalities such as radiation and cytotoxic 
chemotherapy. Of the surviving cells in the tumour, some 
86% are not in the cell cycle, mainly because they are 
hypoxic. Such cells would be resistant to irradiation, and 
even many fractions might not recruit many cells into cycle. 
Similarly, 5-fluorouracil, commonly used in these lesions, is, 
in the main, an S-phase poison. With so few cells in cycle, 
a brisk response would not be expected, unless the growth 
fraction is increased by debulking and redistribution. 


CELL PROLIFERATION IN PROGNOSIS AND 
CANCER THERAPY 


There has been a great deal of effort and energy expended 
in attempts to relate measurements of cell proliferation to 
both prognosis and the prediction of tumour response, and to 
define subgroups requiring additional or adjuvant therapy. It 
is probably true to say that such attempts have failed. 

It is now some 80 years since measurements of mitotic 
activity were first routinely made in human tumours, and 
some 40 years since tritiated thymidine, the first real S-phase- 
specific marker, became available. Since then, measurements 
using techniques such as flow cytometry, bromodeoxyuridine 
labelling and the several antibodies against the K i67 antigen, 
have followed. to say nothing of numerous attempts to 
clone human tumour cells in vitro and predict their levels 
of chemosensitivity against a panel of agents, a method 
recently resurrected. There have also been attempts to plan 


chemotherapeutic regimens on the basis of measurements of 
cell proliferation, e.g. the so-called ‘synchronization therapy’ 
for head and neck cancers and acute leukaemias, where 
doses of cytotoxics are given when the tumour cells are 
‘synchronized’ in a cell cycle phase most sensitive to the 
agent in question. 

It is perhaps salient to ask which of these measurements 
are generally and routinely used in cancer treatment outside 
of research protocols. Precious few, is the sobering answer. 
In tumour diagnosis, pathologists routinely do a formal 
mitotic count (rather than merely observe the presence of 
mitoses) in smooth muscle cell tumours of the uterus, some 
central nervous system tumours and stromal tumours of 
the gastrointestinal tract. In the grading of tumours, and 
therefore in the prediction of prognosis, mitotic counts are 
routinely carried out in a number of circumstances, as in 
the assessment of grade of invasive ductal carcinoma of the 
breast as a component of the Nottingham Prognostic Index 
or sometimes in ovarian carcinomas, either as a raw count 
as a component of a morphometric index. And have more 
sophisticated measurements reached routine status? Some 
advocate the use of Ki67 in the differential diagnosis of 
difficult melanocytic lesions, but there has been little use of 
such methods elsewhere. Perhaps the advent of new markers, 
such as antibodies against the minichromosome maintenance 
proteins, said to be more sensitive than Ki67, may make a 
difference. 


CONCLUSIONS 


In human cancer, it is clear that cell proliferation is involved 
in the origin and evolution of mutated clones, although the 
details at present elude us. Cell proliferation studies give us 
insight into how tumours grow, and in some instances why 
treatment is so difficult. Measurements of cell proliferation 
are at present of little routine value in diagnosis and 
prognosis. It is clear that a great deal of work needs to be 
done if we are to understand fully the role of cell proliferation 
in tumour development. 
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INTRODUCTION 


Itis now widely accepted that the bulk of all cancer is related 
to environmental factors such as lifestyle practices; smoking, 
dietary habits, physical exercise, etc. In addition, cancer is 
one of the degenerative diseases of old age and increases dra- 
matically with age. In a minority of cases, varying between 
5 and 30%, depending on the type of cancer, genetic fac- 
tors may contribute to cancer development, and in certain 
rare forms of human cancer hereditary factors play a deci- 
sive role. Now that such knowledge is becoming increasingly 
available, it is encouraging that theoretically most cancers 
could be prevented. Recent (epidemiological) studies have 
identified many factors that are likely to reduce cancer rates, 
and many others will follow. Therefore, prevention of cancer 
is the main goal for many researchers and clinicians in this 
new era (Anonymous, 1999). 

The first method of choice in cancer prevention is to reduce 
exposure to potentially DNA-damaging sources by changing 
the lifestyle with respect to smoking, sun exposure, physical 
activity, diet, etc. Dietary factors alone have been estimated 
to account for approximately 30% of cancer risk, especially 
for cancers of the gastrointestinal tract. Two different types of 
dietary factors should be clearly discerned: those which initi- 
ate or promote carcinogenesis and those which are preventive 
against cancer. Of course, our diet should be formulated such 
that the latter substances dominate. Therefore, it is of utmost 
importance to gain more knowledge about both types of fac- 
tors in order to be able eventually to modify our diets in 
favour of preventive substances and thus reduce cancer inci- 
dence in the future. In this chapter we will focus on factors 
(antigenotoxins) that are preventive in carcinogenesis. 

According to the stage in the carcinogenic process at which 
they are effective, Wattenberg (1985) classified preventive 
compounds into three different categories: (1) compounds 
that prevent the formation of carcinogens, (2) compounds 
that inhibit carcinogenesis by preventing carcinogens from 
reaching and reacting with critical targets such as DNA 
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(these inhibitors were called ‘blocking agents’) and (3) com- 
pounds acting subsequent to exposure to carcinogens. These 
compounds appear to inhibit the carcinogenic process after 
initiation, and were called ‘suppressing agents’ since they act 
by suppressing neoplasia in the exposed tissues. In Table 1 
some examples of these three classes of inhibitors are shown. 

Before a normal cell is transformed into a cancer 
cell, it has to be irreversibly damaged, e.g. by a genotoxin. 
A genotoxic substance can be defined as a compound that 
is damaging to DNA and thereby may cause a mutation or 
cancer. Consequently, an antigenotoxin prevents or restores 
damage to DNA, and therefore substances stimulating DNA 
repair mechanisms may also be considered as antigenotoxins. 
In a strict sense, ‘suppressing agents’ should be called anti- 
carcinogens rather than antigenotoxins. However, since the 
mechanism of many anticarcinogens, compounds preventing 
cancer, is still unclear, we will use the words antigenotoxin 
and anticarcinogen interchangeably. Adding to this complex- 
ity is the occurrence of species and test system dependences 
with respect to antigenotoxic properties of a certain com- 
pound, i.e. a particular substance has antigenotoxic charac- 
teristics in test system A but not in test system B; it will still 
be denoted an antigenotoxin. Several test systems derived 
from a variety of species will be discussed later. 


ANTIGENOTOXINS 
Antigenotoxins can be divided into endogenous and exoge- 
nous antigenotoxins according to whether they can be formed 


somewhere in the human body or are taken up from outside, 
such as food constituents or food additives. 


Endogenous Antigenotoxins 


Evidence is increasing that DNA damage can occur as a 
result of normal cellular functions. There are three main 
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Table 1 


Category of inhibitor Chemical class 


Compounds preventing formation 
of carcinogen 


Reductive agents 


Tocopherols 
Phenols 
Blocking agents Phenols 
Indoles 
Coumarins 
Flavones 
Aromatic isothiocyanates 
Dithiolthiones 
Retinoids and carotenoids 
Protease inhibitors 


Suppressing agents 


Inhibitors of arachidonic acid metabolism 


Phenols 

Methylated xanthines 
Plant sterols 
Selenium salts 


“Naturally occurring compound present in food or formed during digestion. 


Synthetic compound. 


sources of DNA damage. (1) many cellular processes require 
or consume oxygen. Sometimes oxygen and other small 
molecules such as hydroxyl (OH) groups become electron 
deficient and may escape normal cellular pathways such as 
those of the respiratory chain, and these oxygen radicals can 
react with DNA and may cause mutations or cancer. (2) A 
second very important source of oxygen radicals in the body 
is the normal burst of free radicals generated by neutrophils, 
in order to kill bacteria, viruses, etc., entering the body, as 
part of the normal defence against such intruders. (3) In the 
normal metabolism of endogenous or exogenous molecules, 
often very reactive metabolites are formed intracellular 
by cytochrome P450-mediated reactions. Sometimes such 
metabolites may be mutagenic or carcinogenic and need to be 
further metabolized or detoxified by appropriate endogenous 
systems. 

Most organisms have endogenous systems that prevent 
DNA damage caused by mechanisms as mentioned above. 
Such systems and their enhancers may belong to the class of 
antigenotoxins. 

Some endogenous antigenotoxins, as outlined above, often 
have antioxidant or radical-scavenging properties. These can 
be relatively simple molecules or very complex proteins 
or enzyme systems. (See also chapter on Mechanisms of 
Chemical Carcinogenesis.) 


Simple Molecules 


Relative simple endogenous molecules with antioxidant and 
potential antigenotoxic properties include the metabolites 
uric acid, porphyrins and bilirubin. The most important 
endogenous antigenotoxin, however, is probably the tripep- 
tide glutathione and to a lesser extent other thiols such as 
cysteine and cysteinylglycine. These molecules are able to 
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Inhibitory compound 
Vitamin C° 


a-Tocopherol‘, y-tocopherol* 

Caffeic acid‘, ferulic acid®, gallic acid¢ 

t-Butylhydroxyanisole’, butylated hydroxytoluene’, 
ellagic acid®, caffeic acid, ferulic acid° 

Indole-3-acetonitrile’, indole-3-carbinol¢ 

Coumarin®, limettin® 

Quercetin’, rutint, catechin® 

Benzyl isothiocyanate’, phenyl isothiocyanate‘ 

Oltipraz” 

Retinyl palmitate’, retinly acetate’, B-carotene 

Soybean protease inhibitors® 

Indomethacin’, aspirin? 

t-Butylhydroxyanisole’, 

Caffeine" 

B-Sitosterol¢ 

Sodium selenite*, selenium dioxide’, selenious 
acid? 


scavenge free radicals or other oxidative compounds directly. 
In addition, glutathione is an important cofactor in many 
enzymatic detoxification reactions. 


Complex Molecules 


More complex endogenous antigenotoxins include the pro- 
teins or enzymes that are involved in the rapid detoxification 
of reactive metabolites resulting from oxidative stress or 
from phase | enzyme-mediated reactions (cytochrome P450). 
Important enzymes are glutathione peroxidase, glutathione 
S-transferase (GST), catalase and superoxide dismutase, but 
many others can also be involved. 


Exogenous Antigenotoxins 


Exogenous antigenotoxins can be divided into synthetic 
and naturally occurring substances present in food or food 
constituents or additives. 


Synthetic Antigenotoxins 


Most antigenotoxins are taken up via consumption of 
food, and more especially from fruit and vegetables as 
part of the diet. Recently however, synthetic antigenotoxins 
such as nonsteroidal anti-inflammatory drugs (NSAIDs) such 
as aspirin, indomethacin, sulindac and oltipraz have been 
recognized. Also food supplements in the form of tablets 
containing vitamins, minerals, trace elements and other 
additives can be included in this group. NSAIDs have 
been shown to prevent the growth and formation of colon 
adenomas or carcinomas in several epidemiological and 
intervention studies. The mechanism of this protective effect 
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may be very complex and multifactorial but enhancement of 
detoxification enzymes by NSAIDs was evident. Oltipraz, 
which is both an inhibitor of activating systems and an 
enhancer of detoxification enzymes, was shown to have 
strong antigenotoxic potential by preventing aflatoxin B1- 
induced DNA damage (Figure 1). Aflatoxin Bı is a fungal 
toxin, thought to be the cause of many liver cancers in China 
and other parts of the world. 


Naturally Occurring Antigenotoxins from Food 


From epidemiological studies it has now been firmly estab- 
lished that individuals who consume diets rich in fruits and 
vegetables have a reduced cancer risk (Steinmetz and Pot- 
ter, 1991). Many chemical substances from fruits and veg- 
etables with antigenotoxic or antimutagenic properties have 
been identified, but the bulk of the potential anticarcinogens 
from these sources remain to be identified. Since the mech- 
anism of most of these food-derived anticarcinogens is not 
known in detail, it cannot be clearly established which com- 
pound has purely antigenotoxic properties or is an otherwise 
cancer-preventive compound, such as a stimulator of apop- 
tosis, inhibitor of cell proliferation, inhibitor of metastasis, 
etc. 

Antigenotoxins from fruit and vegetables can be divided 
into vitamins, minerals and trace elements, and other 
compounds based on their putative working mechanism. 


Vitamins (See Odin, 1997) 


Several vitamins have been shown to have antigenotoxic 
potential, including vitamins A, C, E, B2, Bg, B11 and B12. 


Hydrowylation 
products 
(AFM), AFP), AFGI) 





Vitamin A (retinol) and its related structures are con- 
stituents of many orange- and red-coloured fruits and veg- 
etables. They have shown antigenotoxic properties in many 
different test systems and experiments, mainly owing to their 
free radical scavenging properties. However, it should be 
mentioned that vitamin A and other retinoids appear to have 
genotoxic properties, as was shown in some test systems. 
In addition, high doses of vitamin A may be toxic owing 
to hepatic storage, and these latter properties may possibly 
explain the disappointing results so far in cancer chemopre- 
vention trials using high doses of this vitamin (see the chapter 
Intervention and Chemoprevention of C ancer). 

Vitamin C or ascorbic acid is also a constituent of 
many fruits and vegetables. In analogy with vitamin A, the 
antigenotoxic properties of vitamin C are mainly due to the 
scavenging of radicals, and high concentrations have also 
been to have mutagenic properties in some test systems. 
It is now generally accepted that this water-soluble vitamin 
is beneficial unless very high doses (up to 10 g daily) are 
consumed. 

Vitamin E. The fat-soluble vitamin E is a naturally 
occurring mixture of several tocol derivatives among which 
a-tocopherol is the most biologically active. The basic 
function of vitamin E in all living organisms is as 
an antioxidant in protection against oxidative damage of 
hydrophobic molecules or structures, generated either by free 
radicals or by radical-inducing radiation. Thus, by preventing 
radical-induced damage, vitamin E was shown to be an 
antimutagen or antigenotoxin in many experimental studies. 

Folic acid or vitamin B11. Dietary factors which directly 
influence methyl group availability, in particular folic acid 
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Figure 1 Effect of oltipraz on the metabolism of aflatoxin B1. 
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and the essential amino acid methionine, may also be 
associated with cancer incidence. Folic acid, which is 
a component of many green vegetables such as beans, 
spinach and Brussels sprouts, appears to be an important 
antigenotoxin. Several epidemiological studies have shown 
that people consuming large amounts of folic acid are better 
protected against cancer of the colon and possibly also of the 
smoking-related cancers of the lungs, head and neck area than 
people with a low intake (Glynn and Albanes, 1994). Folic 
acid is an essential factor in a number of critical pathways in 
the cell that involves the transfer of one-carbon groups, such 
as methyl groups, e.g. in the biosynthesis of DNA building 
blocks. In this way folic acid plays a key role in DNA 
replication and cell division and sufficient levels of folate 
do prevent mutations in DNA and thus may prevent cancer. 

Vitamin B or riboflavin has been shown to prevent 
binding of metabolically activated and highly carcinogenic 
aflatoxins to DNA. It also inhibits the damaging or mutagenic 
effects of irradiation or cigarette smoke condensate in in vitro 
test systems. 

Vitamins B; and By have an important role in the 
conversion of homocysteine into methionine and in other 
steps of the folate metabolism pathway, ultimately leading 
to an optimal supply of methyl groups, which is essential for 
prevention of DNA damage. 


Minerals and Trace Elements 


Minerals such as calcium and phosphorus and trace elements 
such as zinc, selenium and molybdenum have important 
functions in the synthesis of biomolecules and tissue 
structures, and are essential in numerous cellular and 
enzymatic processes. Antigenotoxic properties of these 
minerals and trace elements have attracted little attention. 
In many studies, however, deficiencies of the trace element 
selenium have been associated with an increased cancer risk. 
Since selenium is an essential component of the selenium- 
dependent glutathione peroxidases, which detoxify highly 
reactive peroxides and thus may prevent oxidation and 
damage to DNA, it may be considered an antigenotoxin. 


Other Compounds 


Most antigenotoxins cannot be categorized into the above- 
mentioned groups. Several hundred agents have been identi- 
fied as anticarcinogens with potential antigenotoxic proper- 
ties, mainly based on data derived from one of the follow- 
ing study categories: (1) basic mechanism; (2) observational 
studies in laboratory animals; (3) studies in humans; and (4) 
selective screening systems. With the exception of antipro- 
moter, antiprogression or tumour cell-killing activity, most 
anticarcinogens are antigenotoxins. 

A part from vitamins and trace elements, plant foods such 
as fruits, vegetables and cereals contain many bioactive 
compounds with antigenotoxic properties. Since these con- 
stituents do not belong to the classes of proteins, fats or 
carbohydrates, they are often called non-nutrients, micro- 
constituents, phytochemicals or phytoprotectants. Exogenous 
antigenotoxins of plant origin can be roughly categorized as 
follows: 


e Sulfides present in the allium vegetables which include 
onions, garlic and chives. 

e Dithiolthiones, which are also sulfur-containing com- 

pounds of a more complex structure, are found in crucifer- 

ous vegetables such as cauliflower, cabbage and Brussels 

sprouts. 

Glucosinolates are also found in cruciferous vegetables. 

During cooking and chewing these glucosinolates are 

converted into the bioactive metabolites isothiocyanates 

and indoles. 

Terpenoids such as (+)-limonene, which are components 

of citrus fruits. 

Phyto-oestrogens including isoflavones and lignans. Iso- 

flavones are found in cereals and pulses such as soy 

bean. The main dietary sources of lignans are wholegrain 

products, seeds, fruits and berries. 

Flavonoids such as quercetin, kaempferol, rutin, tangeritin 

and myricetin are widely distributed in fruits and vegeta- 

bles. Rich sources are berries, potatoes, tomatoes, onions, 

broccoli, beans and citrus fruits. 

Other phenols and polyphenols, such as ellagic acid, 

caffeic acid, ferulic acid, resveratrol are found in nuts, 

fruits, wine and tea. 


TEST SYSTEMS FOR ANTIGENOTOXINS 


In the search for and characterization of antigenotoxic, 
substances, both in vitro and in vivo test systems can be 
used. in vitro test systems can be divided into (1) tests with 
bacterial cultures such as the Ames test (Ames et al., 1973), 
(2) tests with stable cell lines of animal or human origin, 
(3) short-term organ or cell cultures of both animal and 
human origin and (4) in vivo experiments, which include 
laboratory animal and human clinical trials or intervention 
studies. Figure 2 shows a schematic overview of the strategy 
for detecting antigenotoxins. 

There are two main problems with these studies: (1) data 
obtained in bacterial or animal test systems (both in vitro and 
in vivo) cannot automatically be extrapolated to humans; and 
(2) human studies are difficult to perform since the potential 
anticarcinogenic/genotoxic test compounds may themselves 
be toxic or mutagenic. 


In Vitro Test Systems 


In general, a substance selected on promising epidemiolog- 
ical data is tested at first using in vitro systems, since these 
tests are most easiest to interpret, the most readily available 
and the cheapest. 

The most common test employed is the Ames test, where 
the effects of added substances on bacterial mutation rates 
are tested (see later). 

Another category of in vitro tests use cell lines, which most 
often are derived from human or animal tumour cells, but 
sometimes originate from foetal cells or virus-transformed 
and thereby immortalized ‘normal’ cells. By adding the 
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substance of interest to the culture medium the eventual 
antigenotoxic effect can be studied at several levels as 
outlined later. 

In vitro test systems based on short-term cultures of slices 
of normal tissue or freshly isolated cells from patients or 
controls have been helped by the development of very 
sensitive detection methods for monitoring changes in DNA, 
RNA or other important biomolecules. Since such studies use 
normal human tissues, misinterpretation of data extrapolated 
from results in abnormal cells such as tumour-derived cell 
lines is avoided as much as possible. 


In Vivo Test Systems 


Next, when the in vitro data on compound efficacy combined 
with toxicity data are convincing, in vivo testing in laboratory 
animals is generally performed. Preferentially, different 
species should be used in parallel, in order to exclude 
incidental positive or negative results in one strain of animals. 

Traditionally, laboratory animals are treated with various 
chemical carcinogens generating tumours at most common 
epithelial sites and used for the evaluation of antigenotoxic 
or anticarcinogenic test agents. Potential antigenotoxic test 
compounds can be added before, during or after the exposure 
to the carcinogen and in this way information on the working 
mechanism is also obtained. 

More recently, genetically modified animal models that 
mimic specific characteristics of human risk groups or 
diseases have been used, specifically, transgenic animals, in 
which new properties have been introduced into the genome 
by genetic engineering, and gene Knockout animals in which 
specific genes, and consequently specific functions, have 
been knocked out. Key aspects in evaluating the use of 
these experimental animals in chemoprevention research is 
the match between the (modified) animal model and the 
human disease entity: the closer the match, the more reliable 
the information obtained will be for transfer to the human 
situation. 

There are two types of human in vivo study: (1) human 
clinical trials and (2) human intervention studies. Human 
clinical trials with antigenotoxic substances, owing to their 
high costs, intensive preparation, guidance and long duration, 
have rarely been performed (see the chapter Intervention 
and Chemoprevention of Cancer). In addition, there are 
often ethical problems due to the unknown properties of the 
test compounds with respect to short- or long-term toxicity. 
There are very few human intervention studies of short-term 


dietary supplementation with potential anticarcinogens which 
have examined biomarkers for genetic damage. 


MECHANISMS BY WHICH ANTIGENOTOXINS 
MAY ACT 


Many carcinogens are not directly active in their parental 
form but are metabolically activated to highly reactive 
intermediates, which are the ultimate carcinogenic species 
(Miller and Miller, 1977). These compounds have gained 
the ability to react with DNA and to cause mutations that 
subsequently might lead to cancer. Approximately 90% 
of the chemical compounds that are mutagenic are also 
carcinogenic (Ames et al., 1973). The ultimate carcinogens 
are electrophilic molecules that bind to electron-rich DNA, 
forming covalently bound adducts. Since this modified DNA 
is error-prone, subsequent replication can result in mutations, 
which are structural changes in the genetic material that are 
inherited by the daughters of these damaged cells. Different 
kinds of mutations can be discriminated: substitution of 
an incorrect base, the so-called point mutation; addition 
or deletion of genetic material, the so-called frameshift 
or missense mutation; or even DNA strand breakage with 
resultant aberrations in the pattern and organisation of 
the chromosomes, such as karyotypic abnormalities, sister 
chromatid exchange or micronucleus formation. W hen repair 
of the damage does not occur, replication of DNA may lead 
to permanent DNA lesions. In the presence of a tumour 
promoter these cells may change into pre-neoplastic cells 
and eventually neoplastic cells and may subsequently gain 
the potential to metastasize. 

There are many ways of assessing genotoxicity. For 
example, one can extract DNA from tissues or cells and 
quantify the amount of DNA adducts formed. M utations, 
chromosomal aberrations and DNA strand breaks can be 
examined at the DNA level by polymerase chain reaction, 
DNA sequencing and several other methods. Another 
two examples of genetic alterations are sister chromatid 
exchange and micronucleus formation. Sister chromatid 
exchange takes place due to crossing-over events during 
both mitosis and meiosis and results in two chromatids 
that no longer contain the same genes. Several techniques 
allow the visualization of this exchange on a cellular base. 
M icronucleus formation reflects the amount of DNA damage. 
Using staining techniques it is possible to visualize gross 
changes in number and sizes of individual chromosomes. 

In addition to genetic changes, it is also important to 
study proliferation rates of cell populations. The proliferating 
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cell fraction can be determined by bromodeoxyuridine 
(BrdU) incorporation and by immunostaining for MIB-1, 
Ki-67 or proliferating cell nuclear antigen (PCNA), three 
antigens that are present during different phases of the cell 
cycle. Proliferation is also reflected in nucleolar organizer 
regions (NORs), which are loops of DNA that contain 
ribosomal RNA genes that are involved in protein synthesis. 
The proteins that are associated with these NORs can be 
visualized using a silver staining technique. The resulting 
silver reaction products (A gN ORs) are visible as black dots. 
The number and size of AgNOR dots in a nucleus reflect cell 
proliferation. Several studies have demonstrated that AgNOR 
and PCNA both increase during the progression from normal 
epithelium to hyperplasia, dysplasia and carcinoma in situ. 
More specifically, they may be indicative of the stage of 
the carcinogenesis process. To gain more objective results, 
computer programs have been designed to analyse staining 
results. 

The parameters mentioned above are generally not direct 
targets for antigenotoxins, but can be used to assess the 
beneficial effects of antigenotoxic compounds. 

A large number of antigenotoxic and anticarcinogenic 
agents have been detected, some of which have proved effec- 
tive in clinical trials. The multistage nature of carcinogenesis 
offers the possibility for intervention at each stage of the 
process, as shown in Figure 3. At the initiation stage chemo- 
prevention can be accomplished by inhibition of metabolic 
activating enzymes or the enhancement of detoxification 
enzymes, radical scavengers and binding capacity to active 
chemical carcinogens (A). At the promotion stage proposed 
mechanisms for chemoprevention include inhibition of DNA 
synthesis, cell proliferation and alteration of cell differen- 
tiation and communication as well as signal transduction 
pathways (B). At the progression stage, inhibition of cell pro- 
liferation has been proposed (C). Further, some compounds 
have chemopreventive capacity over the whole carcinogenic 
process (D). Potential antigenotoxic compounds need to be 
tested extensively before conclusions with respect to their 


suitability and applicability as antigenotoxin can be drawn, 
as was described in the previous section. M any of the target 
molecules by which antigenotoxins and anticarcinogens act 
are described below. 


DIFFERENT CLASSES OF ANTIGENOTOXINS 


Inhibitors of Carcinogen Formation 


With the exception of preventing intake, preventing carcino- 
gen formation is by far the most effective and desirable 
way of controlling cancer, e.g. preventing the formation of 
nitrosamines from secondary amines and nitrite in an acid 
environment, such as present in the stomach. Ascorbic acid, 
ferulic acid, gallic acid, caffeic acid, N-acetylcysteine, pro- 
line and thioproline can all exert antigenotoxic effects by 
inhibiting carcinogen formation. 


Blocking Agents 


Many procarcinogens need metabolic activation in order to 
react with DNA. Chemoprevention can be accomplished by 
interfering with the metabolism of carcinogens or mutagens. 
This process of biotransformation can be divided into phase 
| and phase II reactions. In phase | metabolism, oxidation, 
reduction or hydrolysis reactions transform endogenous or 
exogenous molecules into more hydrophilic compounds 
that are readily accessible for phase II reactions. The 
most important phase | biotransformation enzymes are 
the cytochromes P450 (Guengerich, 1988). In phase II, 
parent molecules or their derivatives are conjugated with 
endogenous compounds such as UDP-glucuronic acid and 
glutathione, catalysed by the phase II enzymes GSTs and 
UDP-glucuronyltransferases, respectively. The net result of 
biotransformation is a polar and water-soluble compound 
that is readily excreted in urine or faeces and unable to 
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Figure 4 Biotransformation of procarcinogens. (Adapted from F ood, Nutrition and the Prevention of Cancer: A Global Perspective. American Institute 


for Cancer Research/World Cancer Research Fund, Washington, DC, 1997.) 


bind covalently with DNA. Figure 4 shows a schematic 
overview of the biotransformation of procarcinogens. The 
antigenotoxins that prevent the carcinogens from reaching 
and reacting with critical targets such as DNA are called 
blocking agents. Most blocking agents can be assigned to 
one or more of the following major categories (Table 2). 


Table 2 Working Mechanisms and Examples of Blocking Agents. 


(Adapted from Stoner et al., 1997.) 
Mechanism Examples 
Inhibition of cytochrome P450 Ellagic acid, dially! sulfide, 


isothiocyanates 
Induction of cytochrome P450 Indole-3-carbinol 
Induction of phase II enzymes: 
Glutathione S -transferase Allyl sulfides, 
dithiolthiones, 
isothiocyanates 





UD P-glucuronyltransferase Polyphenols 
Glutathione peroxidase Selenium 
Scavenging of electrophiles Ellagic acid, 
N -acetylcysteine, 
glutathione 
Scavenging of free radicals Glutathione, polyphenols, 
vitamin E 
Increased overall levels of Vanillin 
DNA repair 
Increased poly(A DP-ribosy|) N -A cetylcysteine 
transferase 
Suppression of error-prone Protease inhibitors 
DNA repair 


Inhibitors of Cytochrome P450 Enzymes 


Inhibitors of cytochrome P450 enzymes will reduce the 
activation of procarcinogens (Rendic and Di Carlo, 1997). As 
a consequence, less genetic damage will occur. This category 
of blocking agents consists mainly of dietary anticarcinogens 
such as ellagic acid, diallyl sulfide and isothiocyanates. 


Inducers of Cytochrome P450 Enzymes 


Inducers of cytochrome P450 such as indole-3-carbinol may 
increase the metabolic activation of procarcinogens (Rendic 
and Di Carlo, 1997). Ironically, this often is a necessary step 
in the detoxification process. In other words, more ultimate 
carcinogenic derivatives are formed, but they are constructed 
in such a way that phase II biotransformation enzymes can 
dispose of them. 


Inducers of Phase II Enzymes 


Inducers of phase II detoxification enzymes might be 
more beneficial over inducers of cytochrome P450 because 
inducers of phase II systems are less likely to result in highly 
bioactive compounds. Of utmost importance are enhancers of 
GST activity (Hayes and Pulford, 1995). GSTs catalyse the 
conjugation between electrophilic highly reactive compounds 
with glutathione, giving rise to a conjugate that can be 
excreted via urine or faeces. Many dietary anticarcinogens 
such as vitamins, indole-3-carbinol, limonene and phenyl 
isothiocyanate are inducers of GSTs in the gastrointestinal 
tract (Van Lieshout etal., 1996, 1998), but also NSAIDs 
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such as aspirin, sulindac and indomethacin have this capacity 
(Van Lieshout et al., 1997). 

Other important phase II enzymes include the glutathione 
peroxidases, which can be divided into selenium-dependent 
and non-selenium-dependent enzymes (Mannervik, 1985). 
Selenium is a biological trace element that is necessary for 
cell growth. Selenium has preventive potential in carcinogen- 
esis: it may stimulate the immune system, effect carcinogen 
metabolism, inhibit protein synthesis, induce apoptosis and 
protect against oxidative damage. Selenium-dependent glu- 
tathione peroxidases catalyse the rapid detoxification of very 
reactive peroxides such as hydrogen peroxides and lipid per- 
oxides. The non-selenium-dependent activity mainly involves 
the GSTs. 

Under some circumstances, phase II enzymes can have 
a stimulating effect on carcinogenesis. For example, some 
products of N -acetyltransferase-, sulfotransferase- and GST- 
mediated reactions have been associated with a higher cancer 
risk, mainly from epidemiological studies. 


Scavengers of Electrophiles and Free Radicals 


Free radicals may damage lipids, proteins, DNA and 
other important biomolecules and thereby contribute to the 
initiation of cancer. Free radicals may arise exogenously, 
e.g. in cigarette smoke, or endogenously as a consequence 
of inflammation or as a by-product of normal respiration. 
Scavengers or trapping agents are compounds that physically 
react with electrophilic forms of carcinogens and oxygen 
free radicals, preventing them from damaging DNA or other 


molecules. Vegetables and fruit contain natural antioxidants 
such as vitamin C and E, carotenoids and flavonoids, which 
appear to be good radical scavengers. Oxidative damage can 
be detected in the form of oxidized bases in the DNA. A 
common example is the formation of 8-oxodeoxyguanosine 
(8-ox0-dG) from its parent compound deoxyguanine in 
human DNA. 


Inducers of DNA Repair 


If a procarcinogen has been metabolically activated into an 
electrophilic ultimate carcinogen, the latter compound can 
initiate carcinogenesis by forming DNA adducts and subse- 
quent somatic alterations of oncogenes, tumour-suppressor 
genes and DNA repair genes (Figure 5). Damaged DNA 
can be repaired to prevent the formation of (pre)neoplastic 
cells. There are three possible chemopreventive mechanisms 
that involve DNA repair. The first is an increase in the 
overall level of DNA repair enzymes, e.g. by vanillin. Sec- 
ond, the enzyme poly(A DP-ribosyl) transferase is involved 
in modulation of DNA damage and the level of this enzyme 
is reduced by chemical carcinogens, but may be stabilized 
by antigenotoxins. N -Acetylcysteine is an example of this 
group of antigenotoxins that act by preventing the decrease in 
poly(A DP-ribosyl) transferase. A third mechanism is found 
in bacteria, where proteases specifically activate error-prone 
repair systems, and in this respect protease inhibitors such as 
soy bean trypsin inhibitors may be shown beneficial in the 
future. 
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Initiation of carcinogenesis and the possibility of DNA repair. (A dapted from F ood, Nutrition and the Prevention of Cancer: A Global Perspective. 
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Table 3 Working Mechanisms and Examples of Suppressing Agents. 
(Adapted from Stoner et al., 1997 and K elloff et al., 1994.) 


Mechanism 


Inhibit polyamine 
metabolism 

Induce terminal cell 
differentiation 

M odulate signal 
transduction 

M odulate hormonal/ 
growth factor activity 

Inhibit oncogene 
activity 

Promote intracellular 
communication 

Restore immune 
response 

Induce apoptosis 


Examples! 


DFMO, polyphenols, substituted 
putrescines, ellagic acid, curcumin 
Calcium, retinoids, vitamin A and D3 


Glycyrrhetinic acid, NSAIDs, 
polyphenols, retinoids 
NSAIDs, retinoids, tamoxifen 


Genistein, NSAIDs, monoterpenes, 
(+)-limonene, retinoic acid 

Carotenoids, polyphenols, retinoids 

NSAIDs, selenium, vitamin E 


Butyric acid, genistein, selenium, 
sulindac sulfone, retinoids 


Correct DNA Folic acid, choline, methionine, 
methylation vitamin B12 
imbalances 

Inhibit basement Protease inhibitors 
membrane 
degradation 

Inhibit arachidonic acid Glycyrrhetinic acid, N -acetylcysteine, 
metabolism NSAIDs, polyphenols, flavonoids, 


vitamin E 


“DFMO,  a-difluoromethylornithine; NSAIDs, nonsteroidal anti- 
inflammatory drugs. 


Suppressing Agents 


Classification of suppressing agents is more difficult because 
the critical events and their exact sequence in the process of 
tumour promotion and progression are not yet well under- 
stood. However, the classification proposed by K elloff et al. 
(1994) (Table 3) is generally accepted. After completion of 
the initiation phase, tumour cells have gained the ability 
to replicate uncontrolled. Figures 6 and 7 show schematic 
overviews of the effects of antigenotoxic and anticarcino- 
genic compounds on the promotion and progression phases 
of the carcinogenic process, respectively. 


Inhibitors of Polyamine Metabolism 


Polyamines play an important role in the regulation of 
cell proliferation and differentiation. A key enzyme in 
the polyamine biosynthetic pathway, ornithine decarboxy- 
lase (ODC), catalyses the conversion of ornithine to the 
polyamine putrescine. The levels of ODC and polyamines 
are frequently elevated in tumour tissues compared with their 
normal counterparts, indicating the role of ODC in stimu- 
lating or maintaining high proliferation rates. Owing to the 
rapid turnover of ODC of several minutes, high levels of 
an ODC inhibitor must remain present in the target organ 
to achieve the desired antiproliferative activity. Examples of 


this group of anticarcinogens are a-difluoromethylornithine 
(DFMO) and polyphenols. 


Inducers of Terminal Cell Differentiation 


Terminal differentiation is one of the steps in the normal, 
regulated cell proliferation of epithelia. Cancer cells often 
have lost the ability to differentiate. The carcinogenic process 
may be stopped by substances which restore the ability of 
abnormal proliferating cells to differentiate, such as calcium, 
retinoids and vitamin D3. 


Modulators of Signal Transduction 


Signal transduction is a very complex cascade of events 
leading to a cellular response on extracellular signals. The 
components of signal transduction pathways are attractive 
sites for chemopreventive activity since they can result in 
restoration of normal cellular growth control. For example, 
one of the steps in signal transduction involves activation of 
protein kinase C by diacylglycerol. Several chemopreventive 
agents such as the flavonoids and glycyrrhetinic acid cause 
inhibition of protein kinase C activity, which leads to 
suppression of carcinogenesis. 


Modulators of Hormonal/Growth Factor Activity 


This group of chemopreventive agents inhibit neoplastic cell 
proliferation by directly regulating the levels and biological 
activity of specific hormones and growth factors. As a result 
of specific binding of these hormones and growth factors 
to their receptor, very distinct signal transduction pathways 
will be started. For example, transforming growth factor- 8 
has antiproliferative activity in both normal and neoplastic 
cells in vitro and in vivo. In addition, overexpression of 
the epidermal growth factor receptor, a product of the erb 
oncogene, may be involved in the pathogenesis of certain 
epithelial neoplasms (Shin et al., 1994). For many growth 
factor receptors, antibodies are available that can be used 
for immunohistochemical staining and subsequent qualitative 
and quantitative analysis. NSAIDs and retinoids are among 
the compounds that have beneficial effects by modulating the 
activity of hormones or growth factors, e.g. by competing for 
binding sites to their receptors. 


Inhibitors of Oncogene Activity 


Protein inhibitors and retinoids exert their chemopreventive 
action by inhibiting oncogene expression. Oncogenes are 
genes that may cause cancer. Present in the genome as 
proto-oncogenes, they are not harmful as such. However, 
they can be converted to oncogenes when they acquire 
specific mutations. The ras oncogene protein, which plays a 
role in cell growth and differentiation, has been extensively 
studied. To be activated, the Ras protein must be farnesylated. 
The enzyme farnesyl protein transferase (FPTase) catalyses 
farnesylation of Ras precursors in a critical step during post- 
translational modification of Ras oncoproteins, resulting in 
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their anchorage to the plasma membrane. FPTase inhibitors 
therefore inhibit Ras-induced colonic tumorigenesis. Singh 
et al. (1998) demonstrated that ingestion of a high amount 
of corn oil enhances FPTase expression. This in turn 
leads to increased levels of functional Ras and promotes 
chemically induced colon carcinogenesis. Dietary fish oil, 
on the other hand, suppresses FPTase expression and causes 
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decreased production of biologically active Ras, thereby 
inhibiting colon tumorigenesis. FPTase and type | and type 
Il geranylgeranyl-protein transferases (GGTases) catalyse 
protein prenylation reactions. As much as 2% of the cellular 
proteins are isoprenylated in certain cell types. Some of these 
proteins perform basic cellular functions, whereas others 
may be involved in the signal transduction pathways that 
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regulate cell proliferation, cell differentiation and cell death. 
Several isoprenylated proteins, including Ras, which is a 
substrate of FPTase, RhoA and Racl (two substrates of type 
| GGTase), were shown to have transforming properties. 
Chemoprevention by interfering with prenylation reactions 
effects proliferation, differentiation and cell death. Examples 
of compounds capable of such activity are genistein, 
NSAIDs, (+)-limonene and retinoic acid. 


Promoters of Intercellular Communication 


Communication between cells is mediated through gap 
junctions. Gap junctions are pores or channels in the cell 
membrane, which join channels of adjacent cells and allow 
the passage of molecules up to approximately 1000Da in 
size. Growth regulatory signal molecules are among the 
molecules that move between cells. It has been postulated 
that inhibition of gap junctional communication between 
cells occurs during carcinogenesis. Several carotenoids, such 
as -carotene and canthaxanthine, and several retinoids, such 
as vitamin A, enhance gap junctional communication in vitro 
and inhibit cell transformation. 


Restorers of Immune Response 


The immune system may also be a target for chemopre- 
ventive agents. For example, retinoic acid increases natural 
killer cell cytotoxicity which can be involved in eliminat- 
ing (pre)cancerous cells. Retinoids can also cause leukaemic 
promyelocytes to differentiate into mature granulocytes, 
which behave normally. Compounds, as mentioned above, 
that stimulate the elimination of transformed or otherwise 
abnormal cells may prove to be chemopreventive. 


Inducers of Apoptosis 


Apoptosis or programmed cell death has an important 
function in preventing cells from changing into cancer 
cells. A desirable way of chemoprevention is by stimulating 
specific elimination of potential cancerous cells by apoptosis. 
Tumour-suppressor proteins such as wild-type p53, and 
growth factors such as TGF-8 have been implicated as 
inducers of apoptosis. The regulation of apoptosis is very 
complex. This complexity, on the other hand, also presents 
many options for interfering with apoptotic pathways. 
NSAIDs such as sulindac have been demonstrated to be 
powerful stimulators of apoptosis. Other compounds capable 
of such activity include butyric acid, genistein, selenium and 
several retinoids. 


Correctors of DNA Methylation Imbalances 


A significant loss of methyl groups in DNA appears to occur 
very early in colorectal tumorigenesis; the smallest adenomas 
examined (a few millimetres in diameter) have already lost 
approximately 10-15 million methyl groups, compared with 
a similar amount of normal colon mucosa cells (Goelz et al., 
1985). Hypomethylated DNA may cause undercondensation 


of chromosomes during mitosis, which may lead to aneu- 
ploidy. Aneuploid cells contain an abnormal number of chro- 
mosomes, which enhances the cancer risk. Hypomethylation 
generally coincides with increased proto-oncogene expres- 
sion and decreased expression of growth factors and their 
receptors. These observations imply that compounds such as 
folic acid are likely to be chemopreventative and indeed it 
has been shown that certain compounds that serve as methyl 
group donors inhibit tumorigenesis (see earlier). In addi- 
tion, a number of studies have shown that methyl-deficient 
diets increase cell turnover and promote the development of 
carcinogen-induced liver tumours in rats and mice, whereas 
methyl-rich diets containing high levels of choline and of the 
amino acid methionine prevent or reduce these effects. Vita- 
min B12 is involved in the intracellular methyl metabolism 
and is therefore also considered an anticarcinogen. 


Inhibitors of Basement Membrane Degradation 


Cancer cells contain several enzymes that digest the base- 
ment membrane, allowing invasion through to normal tissues. 
Examples of these enzymes are the proteases collagenase, 
hyaluronidase, cathepsin B, elastase and plasminogen acti- 
vators. Therefore, inhibitors of these proteases may prove to 
be effective in chemoprevention. 


Inhibitors of Arachidonic Acid Metabolism 


Among the multiple events that occur during experimentally 
induced tumour promotion is an increased metabolism of 
arachidonic acid, which contributes to an overall inflamma- 
tory response. Arachidonic acid, a fatty acid, is one of the 
components of the phospholipids, the normal building blocks 
of cellular membranes. The cyclooxygenase pathway con- 
verts arachidonic acid into prostaglandins, prostacyclins and 
thromboxanes, whereas lipoxygenase converts arachidonic 
acid into leukotrienes and hydroxyeicosatetraenic acids. 
During these processes, reactive oxygen and alkylperoxy 
species are formed, which may damage cellular structures or 
molecules such as DNA. Cyclooxygenase inhibitors such as 
the NSAIDs aspirin, indomethacin, ibuprofen and piroxicam 
and also certain antioxidants such as flavonoids are effective 
inhibitors of carcinogenesis, since they prevent the formation 
or cause the elimination of reactive oxygen species. 


CONCLUSIONS AND FUTURE PERSPECTIVES 


Although encouraging progress in identifying potential 
cancer chemopreventive or antigenotoxic compounds has 
been made, this field is in its earliest stages of development. 
The overview presented above is intended to give a general 
idea on what antigenotoxins are, how they can be discovered, 
selected and tested and how they work. However, one has 
to realize that (1) many potential antigenotoxins have so far 
only been tested in animals or animal cells, and care has to be 
taken in extrapolating these data to the human situation, (2) 
effects found may be strictly specific for a particular tissue 
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or even for a particular type of cell or type of cancer, and 
thus an antigenotoxin with proven efficacy for prevention of 
colon cancer may be of no use at all in preventing gastric 
or oesophageal cancer, and (3) cancer can develop through a 
wide variety of mechanisms or by a cascade of events, and 
therefore chemoprevention may be most effective by using 
a combination of antigenotoxic substances. It will not be as 
simple as adding fluoride to drinking water for prevention of 
caries or adding iodine to bread for prevention of struma. 

Figure 8 gives an overview of several aspects of the car- 
cinogenic process, and also shows that antigenotoxins or anti- 
carcinogens may interfere at many different levels, indicating 
once more that chemoprevention of cancer will be achieved 
most efficiently when a combination of different antigenotox- 
ins is applied. This is probably why chemopreventive human 
trials performed until now have shown somewhat disappoint- 
ing results. Another reason may be that the doses of the 
antigenotoxins used were inappropriate; for example, it has 
been shown many times in many different test systems that 
high doses of a particular compound can have deleterious 
effects, where low doses were beneficial. 

Consuming a diet that contains a wide variety of fruits and 
vegetables provides a broad range of antigenotoxins and this 
may be the main reason why these diets have been associated 
with the prevention of a wide variety of different cancer 
types. 

In conclusion, the search for and testing of chemopre- 
ventive compounds is a very promising activity which will 
lead to further reductions in cancer death rates by preven- 
tion of the disease, possibly when combinations of different 
antigenotoxins at low concentrations, are used. However, 
such research is time consuming, expensive and requires 
broad knowledge and intensive cooperation of specialists 
from several disciplines such as epidemiologists, tumour 
biologists, biochemists, clinicians and many others. 
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BIOLOGICAL ORIGIN AND TUMOUR SPECIFICS 


Carcinoma of the uterine endometrium is one of the 
most frequently diagnosed malignancies of the female 
reproductive tract and accounts for approximately 34000 
new cases reported each year in the United States (M iller 
et al., 1993). Although the incidence of endometrial cancer 
varies widely throughout the world, industrialized countries 
in Europe and North America report incidences 4-5 times 
higher than in developing countries of Asia, Africa and South 
America and also J apan; world-wide, approximately 150 000 
cases are diagnosed each year, making endometrial neoplasia 
a leading cancer in women (Harras, 1996). Epidemiological 
and clinico-pathological evidence suggest that there are two 
forms of endometrial carcinoma, based on histopathological 
characteristics, hormone responsiveness, aggressiveness and 
differentiation of the lesion, and patient history, especially 
exposure to unopposed oestrogens (Deligdisch and Holinka, 
1987; Kurman etal., 1994); most endometrial tumours 
can be categorized as either hormone-responsive and well 
differentiated (Type |), or hormone unresponsive and poorly 
differentiated (Type II), with the former neoplasms usually 
occurring in perimenopausal women and the latter usually 
occurring in older women (>60 years) (K urman et al ., 1994). 

Oestrogens are known risk factors for Type | uterine 
carcinoma in humans, whereas Type II tumours are usually 
unrelated to oestrogen (K urman et al., 1994). Clinical studies 
(ERT) in postmenopausal women have been especially 
useful in establishing the association between treatment 
with unopposed oestrogens and Type | endometrial cancer 
(Persson et al., 1989). The role of unopposed oestrogen 
stimulation in endometrial carcinogenesis is so strong that 
most factors associated with increased oestrogen levels such 
as chronic anovulation or obesity increase the risk of uterine 
disease. In contrast, factors that lower the proliferative effects 
of oestrogen on the endometrium, such as the addition of 


progesterone or its derivatives (collectively called progestins) 
to (HPT), lower the risk of endometrial cancer (K urman 
et al., 1994). 

Studies reporting a high incidence of both endometrial 
carcinoma and breast cancer among mothers, sisters and 
aunts of patients diagnosed with endometrial cancer suggest 
a genetic factor in the development of a small number 
of these lesions (Harras, 1996). Endometrial cancer and 
breast cancers share some other risk factors such as early 
age at menarche and late age at menopause. Unlike breast 
cancer, late age at first birth has not been found to be a 
risk for endometrial cancer. However, multiple births have 
been associated with decreased risk of endometrial cancer 
while women who have never had children, particularly 
those with a clinical history of infertility, are at greater 
risk of developing the disease. Reports of women with 
Stein- Leventhal syndrome, a rare condition characterized 
by polycystic ovaries, excessive oestrogen production and 
infertility, have noted a particularly high risk for endometrial 
carcinoma. Obesity, which is often accompanied by increased 
levels of endogenous oestrogens, is recognized as another 
risk factor; in spite of the evidence linking obesity to 
development of endometrial carcinoma, few studies have 
investigated the potential role of dietary factors in developing 
the disease (Levi etal., 1993). Surveying all of these 
reported risk factors suggests a common link between 
hormonal imbalances especially excess oestrogen production 
(Miller et al., 1993). 

An increasing number of reports suggest that women 
treated with tamoxifen, a therapeutic compound with antioe- 
strogenic (antagonist) activity in the breast but oestrogenic 
(agonist) activity in the uterus, may have an increased risk of 
developing endometrial cancer (M agriples et al., 1993; van 
Leeuwen et al., 1994; Fisher et al., 1994; Friedl and J ordan, 
1994; King, 1995). In fact, the World Health Organisation’ s 
(IARC) and the US (NTP) published their evaluation of 
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the carcinogenic risks of tamoxifen, supporting the hypothe- 
sis that this pharmaceutical drug is associated with increased 
risk of endometrial cancer (IARC, 1996; NTP, 2000). Fur- 
ther experimental animal studies give additional support to 
tamoxifen’s carcinogenic potential in the rodent uterus (N ew- 
bold et al., 1997). Although tamoxifen is reported to exert 
its effects by competing with oestrogen for binding to the 
(ER), thereby blocking the transcriptional activity of the 
receptor, the exact mechanisms by which it decreases breast 
cancer yet increases uterine cancer remain unclear. Its com- 
plex pharmacological behaviour suggests that tamoxifen’s 
antagonistic or agonistic activities are dose, species, tissue 
and cell type dependent (M ahfoudi et al., 1995). Data con- 
tinue to accumulate, however, to suggest that various drugs 
and environmental chemicals with hormonal activity may 
represent aetiological factors for human endometrial disease, 
including cancer. 


PRINCIPLES OF MODEL APPLICATIONS 


Given the documented role of oestrogens in the development 
of uterine disease and the increasing use of hormones to 
alleviate symptoms of menopause and other gynaecological 
problems, it is important to have appropriate in vivo 
experimental animal models to study the ontogeny and 
progression of uterine carcinoma and the mechanisms 
associated with this disease. Further, it becomes increasingly 
important to have an experimental animal model of uterine 
carcinoma since many environmental chemicals have been 
reported to possess oestrogenic activity and exposure, 
therefore, is possibly widespread. Since the carcinogenic 
potential of these environmental chemicals for the human 
uterus is unknown, this demands careful attention. 
Although carcinogenic responses to hormones have been 
noted (e.g. liver, testis and pituitary tumours in mice treated 
with oestrogen), the power of experimental animal models 
can be greatly enhanced with the development and use 
of target organ-specific models. However, so far there are 
few experimental models for which oestrogens can be 
shown to induce uterine cancer. In fact, adult rodents given 
long-term treatment with the potent synthetic oestrogen, 
diethylstilboestrol (DES), did not show a significant increase 
in uterine tumours (Highman etal., 1980). In a long-term 
feeding study, oestrogenic compounds given to adult mice 
was not associated with increased incidence of uterine 
carcinogenesis; endometrial hyperplasia was seen, suggesting 
oestrogen stimulation, but uterine cancers were lower 
than 1% after lifetime exposures to high doses (Highman 
etal., 1980). However, rodents, i.e. mice or hamsters 
treated neonatally on days 1-5 with DES, show a high 
incidence of uterine cancers (Leavitt etal., 1981, 1982; 
Newbold and McLachlan, 1982; Newbold etal., 1990). 
As an example, Figure 1 shows the prevalence of uterine 
tumours in mice following neonatal treatment with DES 
on days 1-5 (2 ug per pup per day). By 18 months of 
age, neonatal DES-exposed mice had a 90% incidence of 
uterine carcinoma (Newbold et al., 1990); this increased to 
>95% in animals older than 24 months. These DES-induced 
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Figure1 Incidence of uterine carcinoma in developmentally oestrogenized 
mice. Neonatal mice were treated with DES (2 ug per pup per day) on days 
1-5 and killed at various ages. One group of mice was left intact (e) and the 
other group was prepubertally ovariectomized (A) on day 17. Ovariectomy 
before puberty blocks the development of uterine carcinoma later in life. In 
intact mice, the prevalence of tumours was 90% at 18 months. In animals 
older than 18 months, the lesion progressed to involve more of the uterine 
structure and the lesions became more undifferentiated. (From Newbold 
etal., 1990, Cancer Research, 50, 7677- 7681.) 


uterine tumours were oestrogen dependent; when DES- 
treated mice were ovariectomized before puberty, no uterine 
tumours developed (Figure 1). To demonstrate neoplasia, 
uterine tumours were transplanted and carried in nude mice. 
The transplanted tissue retained some differentiated uterine 
gland structure and function and, in addition, required 
oestrogen supplementation for maintenance (Newbold et al., 
1990). Another verification of neoplasia was the fact 
the uterine tumour cells grew on soft agar, an assay 
commonly used to demonstrate neoplasia potential. Other 
compounds with oestrogenic activity, i.e. hexoestrol and 

(TF-DES) also induced a high prevalence of uterine 
adenocarcinoma following developmental treatment with 
the compounds (Newbold etal., 1990); 17,-oestradiol 
induced uterine carcinoma but the prevalence of lesions was 
lower than that induced by DES (Newbold etal., 1990). 
Further, recent studies describe the induction of uterine 
adenocarcinoma following neonatal treatment of mice with 
catechol oestrogens (Newbold and Liehr, 2000); mice treated 
with 17£-oestradiol and with 17a-ethinyloestradiol had a 
total uterine tumour incidence of 7% and 43% respectively. 
2-Hydroxyoestradiol induced tumours in 12% of the mice but 
4-hydroxyoestradiol was the most carcinogenic oestrogen, 
with a 66% incidence of uterine adenocarcinoma. The high 
tumour incidence with 4-hydroxyoestradiol supports the 
postulated role of this metabolite in inducing DNA damage 
which results in hormone-associated cancers (Newbold and 
Liehr, 2000). 

These oestrogen-induced neoplasms in mice are histo- 
logically similar to those reported in humans (Newbold 
and McLachlan, 1982; Newbold et al., 1990; Harras, 1996; 
Newbold and Liehr, 2000). Figure 2 shows a representative 
histological picture of the murine uterine carcinomas associ- 
ated with neonatal treatment with DES. Cell lines have been 
derived from these uterine carcinomas (Hebert et al., 1992) 
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Figure 2 Uterine adenocarcinoma in a 18-month-old mouse treated 
neonatally on days 1-5 with DES (2ug per pup per day). (a) Low- 
power magnification: areas of neoplastic cells form relatively well-defined 
glandular patterns. (b) High-power magnification: endometrial glands are 
crowded together with little intervening stroma. (From Newbold etal., 
1990, Cancer Research, 50, 7677- 7681.) 


and biochemical and molecular alterations studied (Endo 
et al., 1994; Risinger et al., 1994). Similarly, in the neona- 
tal oestrogen-exposed hamster, uterine carcinoma occurs at 
a high frequency following developmental exposure to DES 
(Leavitt et al., 1981, 1982). Further studies in the hamster 
conclude that imbalances in the oestrogen-regulated uter- 
ine expression of c-jun, c-fos, c-myc, bax., bcl-2 and bcl-x 
proto-oncogenes probably play a role in the molecular mech- 
anisms by which neonatal DES treatment ultimately induces 
epithelial neoplasia in the rodent uterus (Zheng and Hendry, 
1997). Thus, the oestrogen-treated neonatal rodent provides 
an excellent model for further studies on uterine carcinoma. 
(For additional endocrine models see chapter on Mammary 
Tumour Induction in Animals as a M ode for Human 
Breast Cancer.) 


POTENTIAL PROBLEMS OF RESEARCH MODELS 


It is interesting that examination of numerous chemical 
carcinogenesis databases reveals few studies in which uterine 
tumours in rats or mice are associated with chemical 
treatment. However, the design of these studies aimed 
at identifying chemicals for carcinogenic potential starts 


exposures when animals are mature (approximately 5-8 
weeks of age at the earliest). The timing of treatment 
may not be adequate to detect many uterine carcinogens if 
exposure of relatively undifferentiated cell types is important 
for carcinogenic transformation. This may be an important 
missing factor in terms of demonstrating organ-specific 
tumours, in particular, with the human uterus representing 
one of the most sensitive sites for oestrogen-associated 
neoplasia, and exposure models using undifferentiated cells 
should be considered. The undifferentiated uterine cells of 
the neonatal rodent have been demonstrated to be a sensitive 
model of oestrogen-induced carcinogenesis. 


PERSPECTIVES 


The newborn rodent is exposed to oestrogens in a period that 
is especially sensitive to neoplastic transformation; compared 
with mature tissues, it is relatively deficient in the ‘classi- 
cal’ uterine epithelial oestrogen receptor (ERa) and mature 
ER-oestrogen mechanisms. These uterine epithelial cells, 
however, have the ability to respond to oestrogens by cell 
division whether through ERa@ in the stroma (Bigsby etal., 
1990) or through various growth factor pathways (M cLach- 
lan et al., 1994). The primate endometrium following menses 
resembles the neonatal mouse uterine epithelium, i.e. low 
epithelial ER, ability to respond to oestrogens by cell divi- 
sion and similar growth factor pathways. In other words, the 
newly re-epithelialized human endometrium may function- 
ally recapitulate the neonatal mouse uterine epithelium on a 
monthly basis. 

Thus, whereas the adult mouse, rat or hamster uterus 
appears refractory to the carcinogenic potential of oestro- 
genic chemicals, developing uterine tissues are highly sus- 
ceptible to perturbation by oestrogens. Differentiation of the 
uterine epithelial target cell may render the tissue less sen- 
sitive. This suggests an important biological principle which 
can be tested. Rather than comparing animal models with 
humans according to age, whenever possible, similar bio- 
logical stages should be compared (Figure 3). The new- 
born mouse uterine epithelium has low levels of ER, but 
will respond to oestrogens; it is also the biological period 
in which oestrogens can neoplastically transform the cell. 
Likewise, each month following menstruation, the subhuman 
primate uterus undergoes re-epithelialization; the new epithe- 
lium is deficient in ER yet responds to oestrogen (McClellan 
et al., 1986). Therefore, it is possibly susceptible to neoplas- 
tic transformation each month. Likewise, the human uterus 
undergoes the same cyclic re-epithelialization process and 
fluctuations in ER levels (Brenner and West, 1975; K atzenel- 
lenbogen, 1980; Lessey et al., 1988; Bern, 1992). Further- 
more, the primate uterus at postmenopause is characterized 
by low levels of ER but a high susceptibility to perturbation 
by oestrogens (K urman et al., 1994). 

In summary, the newborn mouse is not only useful in 
determining the developmental toxicity of oestrogens (Bern, 
1992), but additionally, it has the potential to predict the 
cellular risk (undifferentiated cellular phenotype) of the adult 
human uterus. It is feasible that the undifferentiated human 
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Figure 3 Schematic representation of hormonally responsive uterine 
epithelial cells from a neonatal mouse and an adult human comparing 
similar cellular phenotypes. 


endometrium, which has the potential to divide, proliferate 
and differentiate during each menstrual cycle, puts a woman 
at increased risk, whereas this risk is only apparent for 
the rodent in early development. Nevertheless, the neonatal 
treated rodent provides a new model to focus on cellular 
risks that are important in identifying potential carcinogens 
and additional studies designed to investigate the mechanism 
involved in these hormone-associated lesions. Further use 
of the animal model to investigate treatment and prevention 
strategies for endocrine-related cancer should follow. 
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BIOLOGICAL BASICS 


Breast cancer is the most frequent spontaneous malignancy 
diagnosed in women in the Western world and it is also 
observed in rodent experimental models. In the United 
States alone 186000 new cases were diagnosed in 1999; 
its incidence has been increasing for several decades. Early 
diagnosis has improved the rates of cure and prolonged 
survival, but stage-specific survival rates have increased only 
slightly since the mid-1970s, and breast cancer remains 
second only to lung cancer as a cause of death (Wingo et al., 
1998). 

From all experimental systems available for the study 
of mammary cancer, rodent models have been particularly 
useful, because these species develop spontaneous mammary 
tumours. In several strains of female rats they are the 
most common hormone-dependent spontaneous neoplasms 
developed (Welsh, 1987). 

The susceptibility of the rodent mammary gland to develop 
neoplasms has made this organ a unique target for test- 
ing the carcinogenic potential of specific chemicals. Sev- 
eral carcinogens which induce mammary tumours in both 
mice and rats have been extensively studied in both species 
(Welsh, 1987). Tumours induced by administration of chem- 
ical carcinogens constitute useful tools for dissecting the 
multistep process of carcinogenesis, which involves initia- 
tion, promotion and progression, and serve as a baseline for 
testing the carcinogenic potential of chemicals in risk assess- 
ment. Chemically induced mammary tumours are, in gen- 
eral, hormone-dependent adenocarcinomas. Their incidence, 
number of tumours per animal and even tumour type, are 
influenced by the age of the host at the time of carcinogen 
exposure, reproductive history, endocrinological milieu and 
diet, among other factors. These factors, in turn, influence the 
development and degree of mammary gland differentiation 


(Russo, |. H., et al., 1989), which are subject to a multiplic- 
ity of endocrine stimulatory and inhibitory influences from 
embryogenesis onward (Daniel and Silberstein, 1987). If 
these influences are not exerted in proper temporal, sequential 
and quantitative relationships, normal development, differen- 
tiation and function are adversely affected. Mammary gland 
development, in turn, cannot be separated from its ageing, 
a process that markedly influences the incidence of spon- 
taneous tumours in all strains of rats, as well as in mice 
infected with the (MMTV). 

The ideal animal tumour model should mimic the human 
disease. This means that the investigator should be able to 
ascertain the influence of host factors on the initiation of 
tumorigenesis, mimic the susceptibility of tumour response 
based on age and reproductive history and determine the 
response of the tumours induced to chemotherapy. The uti- 
lization of experimental models of mammary carcinogenesis 
in risk assessment requires that the influence of ovarian, pitu- 
itary and placental hormones, among others and also overall 
reproductive events, and age at menarche and menopause, are 
taken into consideration, since they are important modifiers 
of the susceptibility of the organ to neoplastic development. 
Several species, such as rodents, dogs, cats and monkeys, 
have been evaluated for these purposes; however, none of 
them fulfil all the criteria specified above. Rodents, how- 
ever, are the most widely used models, and therefore this 
chapter will concentrate in discussing the rodent model. 


PRINCIPLES OF ESTABLISHMENT 


The mammary gland, a specialized accessory gland of 
the skin that characterizes the mammalian species, is a 
frequent source of tumours or neoplasms. The terms tumour 
and neoplasm are applied indistinctly to either benign or 
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malignant lesions, since tumour (from the Latin tumere, to 
swell), means any pathological enlargement or new growth, 
also called neoplasm (from the Greek neos, new, +plasma, 
formation); however, none of them defines the true nature 
of a given growth. Benign tumours are those that do not 
invade adjacent tissues, do not metastasize to distant sites 
and can be cured by local excision. Malignant tumours, or 
cancer, are neoplasms characterized by their ability to invade, 
metastasize and ultimately cause the death of the host. They 
are called ‘carcinomas’ when they are derived from epithelial 
cells and ‘sarcomas’ if they are mesenchymal in origin. 

Spontaneous mammary tumours are frequently observed 
in long-term rodent studies (Rao et al., 1987). In mice the 
development of ‘spontaneous’ mammary tumours is linked 
to the infection of female mice with either an exogenous 
MMTV oraless virulent endogenous provirus. A third strain 
of MMTV transmitted through the milk and through the germ 
line has also been identified in the European mouse strain 
GR. The exogenous MMTV is an RNA virus first recognized 
to be transmitted through the milk of A and C3H strain moth- 
ers, the Bittner factor. DBA and RIII are also inbred strains 
of mice that harbour the highly oncogenic MMTV trans- 
mitted through the milk. Foster-nursed neonate mice (i.e. 
C3Hf or DBAf) become free of the milk-transmitted MMTV, 
although they retain the genetically transmitted MMTV, 
which induces mammary tumours late in life. In high- 
incidence strains of mice, tumours develop as a multistep 
process initiated in preneoplastic lesions, the hyperplastic 
alveolar nodules, which evolve from pregnancy-dependent to 
pregnancy-independent adenocarcinomas. Nulliparous mice 
develop a low incidence of mammary tumours. Out of a 
total of 1361 female B6Cf,/CriBR mice, only five adeno- 
mas (0.4%), four fibroadenomas (0.3%), 10 adenocarcinomas 
(0.9%) and seven carcinomas (0.6%) developed by the end of 
a 24-month follow-up. Some mammary tumours that develop 
in females of susceptible strains, such as C3H, A, DBA, 
CBA and certain sub-strains of Balb/c, are strongly hormone 
dependent in terms of their initiation. Multiple pregnancies 
enhance tumour development, and final tumorigenic response 
is greater in multiparous than in nulliparous animals. In RHI, 
BR6, DD, and GR mice mammary tumours develop during 
the first pregnancy, but they regress during lactation. In some 
strains of mice the growth of mammary tumours is stimulated 
by chronic administration of oestrogens, certain steroidal 
contraceptives, progesterone, PRL and (EGF), whereas hor- 
mone deprivation, induced by hypophysectomy, ovariec- 
tomy, ovariectomy - adrenalectomy, and siladenectomy, sup- 
press mammary carcinogenesis (Welsh, 1987). 

In the rat, the majority of spontaneously developed 
tumours, with the exception of leukaemia, are neoplasms of 
endocrine organs or of organs under endocrine control. Spon- 
taneous mammary tumours develop in females of various 
strains of rats, such as August, Albany- Hooded, Copen- 
hagen, Fisher, Lewis, Osborne- Mendel, Sprague- Dawley, 
Wistar and Wistar/Furth (Welsh, 1987). Spontaneous mam- 
mary tumours are third in incidence among spontaneous 
tumours found in the Fisher 344 rat used in the (NCI)/ (NTP) 
carcinogenicity bioassays (Rao et al., 1987). They are pre- 
dominantly benign tumours, i.e. fibroadenomas (Figure 1), 
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Spontaneous fibroadenoma in a female rat: (a) gross appearance 
of the dissected tumour; (b) and (c), histological sections of the same tumour 
reveal the predominance of stromal cells with few ductules interspersed 


among collagenous fibres. (b) and (c) haematoxylin and eosin stain, x4 
and x25, respectively. 
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fibromas and more rarely adenomas. M alignant tumours such 
as adenocarcinomas are rare, although they are the most fre- 
quent tumours induced by chemical carcinogens (Figure 2). 
The development of spontaneous tumours varies as a func- 
tion of strain, age and endocrine influences. Mammary gland 
tumours develop in older females; they are more frequent 
in multiparous than in nulliparous rats. As in mice, hor- 
mone withdrawal inhibits tumour development, and hormone 
supplementation, such as chronic administration of oestro- 
gens, increases the incidence of adenocarcinomas, whereas 
chronic administration of prolactin or of growth hormone 
stimulates benign tumour growth (Welsh, 1987). The long 
latency period for spontaneous tumour development, up to 
2 years in susceptible strains to develop a 50-70% tumour 
incidence, limits the usefulness of this model for experimen- 
tal studies. (See also chapters Transgenic Technology in 
the Study of Oncogenes and Tumour-Suppressor G enes; 
Gene Knockouts in Cancer Research.) 


GENERAL APPLICATIONS 


Chemically Induced Mammary Tumorigenesis 


The potential of chemicals to induce cancer was recognized 
almost two centuries ago as an occupational disease, when 
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Figure 2 Adenocarcinoma induced by DMBA in virgin rats. (a) Gross 
appearance; (b) histological section of a papillary adenocarcinoma stained 
with haematoxylin and eosin, x25. 


a high incidence of skin cancer was linked to exposure to 
coal tar. Although it has not been proved that human breast 
cancer is caused by a given chemical or physical genotoxic 
agent, the human population is exposed to a large number 
of environmental chemicals, such as polycyclic aromatic 
hydrocarbons, nitrosoureas and aromatic amines, that have 
been demonstrated to be carcinogenic in experimental 
animal models and to induce mutagenesis and neoplastic 
transformation of human breast epithelial cells in vitro 
(Russo, J. etal., 1993). Although a specific aetiological 
agent or the conditions that might explain the initiation 
and progression of breast cancer in humans have not 
been identified, experimental animal models have proved 
to be useful tools for answering specific questions on 
the biology of mammary cancer relative to their validity 
to the human disease, and also for assessing the risk of 
breast cancer posed by toxic chemicals. in vivo experimental 
animal models provide information not available in human 
populations; they are adequate for hazard identification, 
dose-response modelling, exposure assessment and risk 
characterization, the four required steps for quantifying the 
estimated risk of cancer development associated with toxic 
chemical exposure. The utilization of experimental models 
of mammary carcinogenesis in risk assessment requires that 
the influence of ovarian, pituitary and placental hormones, 
among others, and also overall reproductive events, are 


taken into consideration, since they are important modifiers 
of the susceptibility of the organ to undergo neoplastic 
transformation. 

Chemically induced mammary tumours develop by a mul- 
tistep process. The initial step is a biochemical lesion caused 
by the interaction of the carcinogen with cellular DNA. In 
this interaction the DNA is damaged, and if the damage is 
not repaired efficiently, the result is a mutation, chromosomal 
translocation, inactivation of regulatory genes or more subtle 
changes not well identified as yet. Neoplastic development 
requires that the lesion becomes fixed, aided by cell prolif- 
eration, progressing to a third stage of autonomous growth, 
resulting in cancer, when the lesion acquires the capacity 
to invade and metastasize. Several carcinogens that induce 
mammary tumours in rodents have been identified and exten- 
sively studied for more than 50 years in mice and for more 
than 30 years in rats (Welsh, 1987). Mammary carcinomas 
have been induced in strains of mice with low spontaneous 
mammary cancer incidence with 3,4-benzopyrene, 3- (MCA), 
1,2,5,6-dibenzanthracene, 7,12- (DM BA) and urethane. M ost 
of the mammary tumours induced in mice by chemical car- 
cinogens are adenoacanthomas and type B adenocarcinomas. 
They develop after a relatively long period of time, and their 
induction requires multiple applications. Enhanced tumori- 
genicity has been obtained with prolonged hormonal stimu- 
lation. However, the hormone responsiveness of chemically 
induced mammary tumours in mice has not been as thor- 
oughly studied as it has been in the rat. 

The most frequently utilized rat mammary carcino- 
gens are DMBA and N- (MNU), although MCA, 2- 
acetylaminofluorene, 3,4-benzopyrene, ethylnitrosourea, and 
butyl! nitrosourea have also been extensively utilized as mam- 
mary cancer inducers (Zwieten, 1984; Welsh, 1987). The 
majority of rat mammary carcinomas induced by either 
DMBA or MNU are hormone dependent. M aximum tumour 
incidence is elicited when the carcinogens are administered 
to young virgin females with an intact endocrine system. 
These models of hormone-dependent tumours constitute use- 
ful tools for dissecting the multistep process of carcinogen- 
esis, and serve as a baseline for testing the carcinogenic 
potential of chemicals in risk assessment. 


Radiation-Induced Mammary Tumorigenesis 


lonizing radiation is probably the most widely acknowledged 
and studied human carcinogen (Zwieten, 1984). Exposure to 
radiation, either accidentally or for therapeutic reasons, has 
long being associated with a greater incidence of neoplasms, 
namely haematopoietic, gonadal and of the breast. The 
female breast is one of the tissues with the highest sensitivity 
to radiation carcinogenesis. Breast cancer developed in 
irradiated women shows a strong association with young 
age at the time of exposure, an association not observed in 
irradiated rodents, but similar to what has been observed in 
chemically induced mammary carcinogenesis in rats (R usso, 
J. et al., 1977, 1979). Since controversy exists concerning the 
shape of the dose- response curve, the effects of fractionated 
irradiation and the effect of low levels of radiation, animal 
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studies are necessary to address these issues. The rat model 
has been widely used in this regard, mainly since the 
demonstration in the early 1950s that a single lethal dose of 
X-rays to female Holtzman rats (a Sprague- Dawley stock) 
maintained by temporary parabiosis induced an increased 
number of benign and malignant mammary tumours within 
6 months of exposure. Sublethal doses of different types of 
radiation, including X-rays and neutrons, have been shown to 
induce mammary tumour development, often within 1 year, 
with linear dose- effect relationships for neutrons over the 
total dose range and for X -rays down to dose levels of 0.2 Gy. 
Irradiation of animals with fractionated doses of y-radiation 
has resulted in linear- quadratic dose- response curves. 
Although most studies have utilized whole-body irradi- 
ation, localized irradiation also induces mammary tumours 
in the rat within the irradiated field. This effect occurs 
also in women, but reportedly not in several other animal 
species studied, e.g. mice, dogs and guinea pigs. In rats, 
mammary carcinomas can be induced by whole-body or 
segmental radiation with either X-rays, y-rays or neutrons 
(Zwieten, 1984). Several studies utilizing a variety of frac- 
tionated irradiation protocols, i.e. at 12-h intervals for 60 
days, semi-weekly for up to 16 weeks and monthly for up to 
10 months, have shown in general, no increase in tumour 
latency, incidence or total number of mammary tumours, 
and no sparing or enhancing effect on mammary tumour 
development when compared with animals exposed to sin- 
gle doses of radiation. Some investigators, however, have 
reported an increased number of mammary carcinomas in 
animals receiving fractionated doses. Sprague- Dawley and 
Lewis rats are the most susceptible to radiation-induced 
tumorigenesis. AxC, Fisher, Long- Evans and Wistar/Furth 
strains are also susceptible, but to a lesser degree. The mam- 
mary tumours developed by irradiated rats are, in general, 
hormone-dependent adenocarcinomas or fibroadenomas. The 
hormonal status of the female rat is of paramount importance 
in determining the outcome of irradiation of the mammary 
gland. Ovariectomy completely prevents, and oestrogen treat- 
ment enhances, radiation-induced mammary tumour forma- 
tion. The latency period for tumour development is shortened 
and tumour incidence is increased considerably in oestrogen- 
treated rats. The number of cribriform-type adenocarcinomas, 
and the number of tumours per tumour-bearing rat are also 
increased. Radiation and oestrogens, namely 17-oestradiol 
(E2) or (DES), have been reported to exert either an addi- 
tive or synergistic effect. The effect of E2 administration 
and irradiation on mammary tumorigenesis has been reported 
to be equal for hormone administration 1 week before or 
beginning 12 weeks after irradiation, but no additive effect 
has been observed when hormone administration was begun 
24 weeks after irradiation. The amplification of radiation- 
induced mammary tumorigenesis by oestrogens has been 
attributed by several investigators to the effects of this hor- 
mone on the pituitary, an interpretation supported by the 
observations that DES treatment of ACI rats and E> treat- 
ment of rats of three different strains, for example, result 
in increased incidence of pituitary tumours, accompanied 
by a marked increases in (PRL) levels. The development 
of malignant mammary tumours in these rats appeared to 


be associated with the extent of increase in plasma PRL. 
Mammary tumour incidence and number or type of mam- 
mary tumours are not modified by irradiation during preg- 
nancy, lactation or postlactational regression in comparison 
with irradiation in the virginal state, in contrast to what has 
been reported in chemically induced mammary carcinogen- 
esis (Russo, J. etal., 1979). Furthermore, radiation-induced 
mammary tumours developed in rats do not exhibit the age 
dependency observed in women or in chemically induced rat 
mammary carcinomas (Russo, J. etal., 1977, 1979; Russo, 
J. and Russo, I. H., 1980a, 1980b). They do not exhibit 
topographic selectivity in their development, since they arise 
randomly in thoracic and abdomino-inguinal regions (Russo, 
J. and Russo, |. H., 1987; Welsh, 1987). Further stud- 
ies are needed to clarify these differences in tumour inci- 
dence between radiation- and chemically induced mammary 
tumours in rats for validating this model for risk assessment. 
The reason for the differences in physiological influences 
on the inductive action of chemicals and irradiation in rat 
mammary gland is not clear. It has been speculated that 
radiation-induced changes might occur in a specific stem 
cell population maintained throughout the reproductive life, 
whereas chemically induced changes depend upon the num- 
ber and rate of turnover of other types of mammary gland 
cells (Russo, J. and Russo, |. H., 1980a). 


Genetic Background and Mammary Carcinogenesis 


Genetic differences among individuals may affect their sus- 
ceptibility to the carcinogenic effect of chemicals. Inheritance 
may well predispose an individual to develop certain specific 
types of cancer. These influences have been carefully dis- 
sected in rodent experimental animal models (Isaacs, 1986). 
In carefully designed experiments, it has been demonstrated 
that the susceptibility of rats to the chemical carcinogens 2- 
(AAF), DMBA and MNU is genetically determined (Isaacs, 
1986). Isaacs demonstrated that Buffalo, Lewis, Wistar/F urth 
and inbred Sprague- Dawley rats, all strains of Wistar genetic 
background, are highly susceptible to chemically induced 
carcinogenesis, whereas the non-Wistar-derived strains Fis- 
cher, August, ACI and Copenhagen are of low susceptibility. 
However, there are exceptions to this rule, since the Wistar- 
derived inbred WN strain is of low susceptibility, and the 
non-Wistar-derived Osborne- M endel strain is highly suscep- 
tible. Of the commonly used strains, Sprague- Dawley and 
Wistar- Furth are the most susceptible and Fischer 344 and 
ACI rats show intermediate susceptibility. Copenhagen rats 
are essentially completely resistant even to the direct appli- 
cation of DMBA to the gland, although they do develop 
fibrosarcomas in response to parenteral DMBA. Extensive 
analyses comparing DMBA tumorigenesis, mammary gland 
growth rate, serum hormone levels and DM BA toxicokinet- 
ics in female rats of several strains and Fı hybrids between 
the strains have not found major differences that correlated 
with susceptibility to tumorigenesis, since both susceptible 
and resistant strains develop similar percentages of malig- 
nant changes (60% in resistant, 80% in susceptible). How- 
ever, macroscopically detectable tumours developed in 70% 
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of susceptible and only in 10% of resistant glands. These 
findings have been confirmed by transplantation experiments 
between resistant or susceptible strains into Fı hybrids, and 
between the two strains, and by direct exposure to DMBA. 
These observations indicate that genetic factors govern the 
progression from microscopic to macroscopic tumour, rather 
than from normal to histologically malignant epithelium, and 
furthermore, that resistant rats possess a dominant suppres- 
sor allele for the gene governing susceptibility. In contrast, 
tumour induction by DES is demonstrable in the ACI but 
not in the Sprague-Dawley strain of rats, although a co- 
carcinogenic effect of DES with DMBA can be shown in 
the latter. Both malignant and benign tumours are increased 
by the combined treatment, but there is a relatively greater 
increase in benign tumours. The response of target organs 
other than the mammary gland to DES is also different in 
these two strains of rats, but the mechanisms are not known. 


Pathogenesis of Rat Mammary Tumours 


Chemical carcinogen induction of mammary tumours in 
rodents is one of the most widely studied and useful models 
of mammary carcinogenesis (Huggins et al., 1961; Russo, 
J. etal., 1977; Russo, |. H. and Russo, J., 1978; Russo, J. 
and Russo, |. H., 1978; Zwieten, 1984; Russo, |. H. etal., 
1989). For those reasons, this section will focus mainly on 
that model. The two most widely utilized experimental sys- 
tems of mammary tumorigenesis are the induction of rat 
mammary tumours by administration of either the indirectly 
acting polycyclic hydrocarbon DMBA, given intragastrically 
(i.g.) to Sprague-Dawley rats (Huggins etal., 1961), or 
the direct acting carcinogen NM U, given intravenously (i.v.) 
or subcutaneously (s.c.) to Sprague- Dawley or Fischer 344 
rats, respectively (Gullino et al., 1975). A single i.g. dose of 
80- 100mg of DMBA per kg body weight induces tumours 
with latencies that generally range between 8 and 21 weeks. 
The final tumour incidence reaches 100% when the carcino- 
gen is administered to intact virgin rats in their peak of 
maximal susceptibility, that in Sprague- Dawley rats occurs 
between the ages of 40 and 60 days (Russo, J. etal., 1983). 
NMU, given in a single i.v. dose of 25 or 50 mg/kg body 
weight, yields tumours with similar latency and incidence 
(Gullino et al., 1975). In a comparative study between the 
carcinogenic potential of DM BA, administered i.g. at a dose 
of 20 mg/kg, and NMU, given i.v. at a dose of 50 mg/kg, 
it was demonstrated that both induce approximately equal 
tumour incidence and number of tumours per animal, with 
approximately equal latency, but a somewhat greater percent- 
age of NMU-induced tumours were histologically malignant. 

The analysis of the factors that modulate the tumorigenic 
response of the mammary gland, especially in short-term 
studies, have revealed that the most sensitive and reliable end 
points are both tumour latency and tumour histological type. 
Tumour latency is, in general, inversely related to carcinogen 
dose, whereas overall tumour incidence and number of 
malignant tumours per animal are directly related, especially 
when relatively early end points are used. No such a 
relationship has been found for benign tumours. The number 


of tumours per rat or per group and the number or incidence 
of malignant tumours are additional end points useful in 
analysis of data. Comparison of data among laboratories 
requires strict standardization of the experimental conditions, 
since considerable variations in tumour incidence and 
latencies between laboratories and between experiments in 
the same laboratory are frequently seen. 

The induction of mammary carcinomas in the rat requires 
that the carcinogen acts on a specific compartment of the 
mammary gland, the (TEB), a club-shaped undifferentiated 
structure found at the peripheral margins of the developing 
mammary parenchyma in young virgin rats (Figure 3a and 
b). Although TEBs are present in the six pairs of mammary 
glands, tumour development does not occur as a random 
event. Tumour incidence in animals treated with the car- 
cinogen between the ages of 20 and 180 days is greater in 
those glands located in the thoracic region, whereas glands 
located in the abdominal and inguinal areas develop a smaller 
number of tumours (Figure 4). In addition to differences 
in tumour incidence as a consequence of the topographic 
location of the gland, there are differences in tumour type, 
which seem to vary with the age of the animal at the time of 
carcinogen treatment. Ductal and papillary adenocarcinomas 
are more frequent in both thoracic and abdominal glands of 
younger animals, whereas adenocarcinomas with a tubular 
pattern are found mostly in abdominal glands and in older 
animals. The development of the rat mammary gland occurs 
through a combined process of branching and differentia- 
tion of the parenchyma, mainly in those ducts ending in 
TEBs that progressively divide and differentiate into (ABs) 
(Figure 3c). These structures in turn differentiate into lobules. 
Although this pattern of development is common to the six 
pairs of mammary glands, it does not occur simultaneously 
in all of them, but varies in relation to the topographic loca- 
tion of each specific pair. Individual structures, i.e. TEBs, 
ABs and lobules, appear similar in morphology in all the 
glands, but their relative number and the general architecture 
of the organ vary considerably from one pair of glands to 
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Figure 3 (a) Whole mount preparation of the abdominal mammary gland 
of a 55- day-old virgin rat. Arrows indicate the location of terminal end 
buds at the periphery of the gland parenchyma (inset b), alveolar buds (inset 
c) and the nipple. Toluidine blue, x4. (b) Enlargement of terminal end buds 
indicated in (a), x10. (c) Alveolar buds from the area shown in (a), x10. 
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Figure 4 Drawing of a rat showing the distribution of the six pairs of mammary glands. The fourth pair, or abdominal mammary gland, is the most 
frequently utilized for morphological, cell kinetic and tumorigenic studies because of its large size and ease of access. However, they are less susceptible 
to be transformed by chemical carcinogens, as indicated in the histogram at the right-hand side, which shows that the higher incidence of adenocarcinomas 
occurs in thoracic mammary glands in those animals inoculated with the carcinogen at ages younger than 100 days. These results were obtained by 
inoculating virgin Sprague- Dawley rats intragastrically with a single dose of 8mg of 7,12-dimethylbenz[a ]anthracene (DM BA) (Sigma Chemical, St. 
Louis, MO, USA) per 100g body weight. The carcinogen was dissolved in corn oil at a concentration of 16mg mL ~! by heating in a water-bath at 95°C 


for 30min. 


another. The most notable ones are the thoracic mammary 
glands, since each single gland is composed of two differ- 
ent layers separated by connective and muscular tissue; one 
layer is composed of more numerous ABs and small lobules, 
whereas the adjacent one is more extensive and contains thin 
long ducts ending in prominent TEBs. The abdominal glands 
have a markedly reduced number of TEBs, which are located 
exclusively in the most distal portion of the gland, whereas 
the middle and proximal portions show a much more dif- 
ferentiated appearance. The difference in number of TEBs 
in thoracic versus abdominal mammary glands is significant. 
With ageing, TEBs decrease progressively and their reduc- 
tion is proportional in all the glands. This reduction is mostly 
due to either their regression to TDs or to a greater differenti- 
ation to ABs and lobules (Figure5). The higher incidence of 
ductal carcinomas observed in thoracic glands is attributed to 
the difference in degree of development of the undifferenti- 
ated layer of this gland in comparison with the glands located 
in other topographic areas (Russo, |. H. etal., 1989). 


Mammary Gland Differentiation as a Modulator of 
Carcinogenic Response 


Mammary cancer in experimental models is the result of 
the interaction of a carcinogen with the target organ, the 
mammary gland. This target, however, is extremely complex, 
since the mammary gland does not respond to the carcinogen 
as whole, but only specific structures within the gland are 
affected by given genotoxic agents. The knowledge of the 


architecture and cell kinetic characteristics of the mammary 
gland at the time of carcinogen administration constitutes 
a necessary initial step for understanding the pathogenesis 
of the disease. It is also required for distinguishing those 
changes induced by the carcinogen from changes reflecting 
normal gland development, especially when evaluating early 
tumorigenic response in short-term studies (Russo, J. etal., 
1977; Russo, J. and Russo, |. H., 1978; Russo, |. H. and 
Russo, J. 1978). 

The susceptibility of the mammary gland to DMBA- 
or NMU-induced carcinogenesis is strongly age dependent; 
it is maximum when the carcinogens are administered to 
virgin females between the ages of 40 and 60 days, that is, 
soon after vaginal opening and during early sexual maturity 
(Figure 5) (Russo, J. et al., 1977). Active organogenesis and 
high rate of proliferation of the glandular epithelium are 
characteristics of that period, in which there is also high 
DMBA activation (Figure 6) (Russo, |. H. and Russo, J., 
1978; Russo, J. and Russo, |. H., 1978, 1980a,1980b). Its 
significance, however, is uncertain, since NMU, which is 
also most effective at that age, does not require activation. 
The incidence of DMBA-induced tumours reaches 100% 
when the carcinogen is administered to rats aged 30-55 
days, but the highest number of tumours per animal is 
observed when the carcinogen is given to animals between 
the ages of 40 and 46 days, coincident with the period 
in which the mammary gland exhibits a high density of 
highly proliferating TEBs (Figures 3, 5 and 6). This high 
susceptibility is attributed to the specific characteristics 
of the mammary gland prevailing during that period of 
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Figure 5 Histogram representing the number of structures per mm? (ordinate) of the rat mammary gland in relation to age (abscissa). Hatched area, period 


of highest susceptibility of the mammary gland to neoplastic transformation by chemical carcinogens. (From Russo, J. and Russo, |. H., 1994, Cancer 
Epidemiology Biomarkers and Prevention, 3, 353- 364.) 
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Figure 6 Correlation between type of structure, terminal end bud (TEB), alveolar bud (AB) and lobule with the DNA -labelling index (DNA -L1), length of 
the cell cycle in hours (Tc), cell cycle and growth fraction (GF). Nuclear uptake of [3H]DMBA, detected by autoradiography and expressed as the number 
of grains per nucleus, is directly proportional to the DNA-LI and GF and inversely proportional to the Tc of each specific structure. The development 
of carcinomas also correlated with high DNA-LI, Tc and DMBA binding, whereas benign lesions or the absence of neoplasms were seen in an inverse 
relation. (From Russo, J. and Russo, |. H., 1994, Cancer Epidemiology Biomarkers and Prevention, 3, 353- 364.) 
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Figure 7 Pathogenesis of chemically induced rat mammary tumours. The 
undifferentiated terminal end bud (TEB) affected by the carcinogen pro- 
gresses to intraductal proliferation (IDP), and in situ ductal carcinoma 
(Ca in situ) that exhibit various histopathological types. Further tumoural 
growth and coalescence of neighbouring lesions originate invasive carcino- 
mas (Invasive Ca), which might become metastatic. When the carcinogen 
affects more differentiated structures, such as alveolar buds (AB) and lob- 
ules (Lob.) the lesions developed are more benign in nature and appear later 
than the ductal carcinomas. Alveolar bud hyperplasia (AB Hyperplasia). 


life. Administration of DMBA to virgin rats induces 
the largest number of transformed foci when TEBs are 
decreasing in number owing to their differentiation into ABs 
(Figures 3 and 5). These structures, instead of differentiating 
into ABs, become progressively larger owing to epithelial 
proliferation, with multilayering, secondary lumen formation 
and early papillary projections to the widened lumen; 
at this stage, transformed TEBs are called intraductal 
proliferations (IDPs) (Figure 7). Their confluence leads to the 
formation of microtumours that histologically are classified 
as adenocarcinomas, first intraductal, which progress to 
invasive tumours, developing various patterns such as 
cribriform, comedo or papillary types (Figures 2 and 7) 
(Russo, J. etal., 1977). 

Even though TEB differentiation into AB is inhibited 
by carcinogen treatment, not all the TEBs present in the 
mammary gland at the time of DMBA administration 
progress to IDPs. Some of them still differentiate into 
ABs but their number is always smaller than that of 
control animals. Occasional lobular development is observed, 
although it is negligible. Some TEBs become smaller with 
an atrophic appearance being called at this stage (TDs). 
TDs are also susceptible to neoplastic transformation and 
are the main target of carcinogens in older animals (Russo, 
I. H., etal., 1989). Those TEBs which were already 
differentiated into ABs and early lobular structures before 
DMBA administration do not develop carcinomas. Most 
of them either remain unmodified or undergo dilatation 
of the lumen, giving rise to hyperplastic lesions, such as 
alveolar bud hyperplasia (Figure 7). Others exhibit epithelial 
proliferation, forming tubular adenomas, give rise to cystic 
dilatations, or fibroadenomas (Figure 7). When DMBA is 
inoculated into old virgin females, ranging in age from 180 
to 330 days, they develop tubular adenomas that exhibit 


focal areas of malignant transformation, giving rise to well- 
differentiated adenocarcinomas with a tubular pattern. These 
lesions develop predominantly in the abdominal glands, 
in which a higher incidence of tumours is observed in 
older animals (Figure 4). The observation that mammary 
carcinomas arise from undifferentiated structures of the 
gland, namely TEBs and TDs, whereas benign lesions such 
as adenomas, cysts and fibroadenomas (Figures 1 and 2) 
arise from structures that were more differentiated at the time 
of carcinogen administration, indicates that the carcinogen 
requires an adequate structural target, and the type of 
lesion induced is dependent upon the area of the mammary 
gland that the carcinogen affects (Figure 7). Hence the 
more differentiated the structure at the time of carcinogen 
administration, the more benign and organized is the lesion 
that develops. 


Cell of Origin of Rat Mammary Carcinomas 


In the rat mammary gland parenchyma, three types of cells 
have been described, dark, intermediate and myoepithelial 
cells (Figure 8). The distribution of cell populations in the 
mammary gland during carcinogenesis varies in TEBs and 
TDs (Figure 9a and b), starting as early as 24h post-DMBA 
administration, but no changes in cell composition occur 
in more differentiated structures such as ABs and lobules. 
The changes taking place in TEBs and TDs are limited to 





Figure 8 The rat mammary gland ductal system is lined by three types 
of cells, myoepithelial cells (MC), dark cells (DC) and intermediate cells 
(IC). (a) A 1-um section of a rat mammary gland embedded in plastic 
and stained with toluidine blue, x40. (b) Electron micrograph of the rat 
mammary gland showing the three cell types. The (BM), that separates 
the epithelial cells from the stroma, is opposite to the lumen (L). U ranyl 
acetate- lead citrate, x 4000. 
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Figure 9 The terminal end bud (TEB) of the rat mammary gland is 
composed of the three cell types described in Figure 8. (a) A 1-um section 
of the TEB embedded in plastic and stained with toluidine blue, x40 
(b) Electron micrograph of the TEB showing the three cell types. Uranyl 
acetate- lead citrate, x2000. (Part (b) from Russo et al., 1983, American 
Journal of Pathology, 113, 50- 66.) 


the dark-cell type, the proportion of which decreases from 
76 to 67% and to the intermediate cell, the proportion of 
which increases from 11 to 19%. Myoepithelial cells are 
unaffected. The trend is a progressive shift of cell population 
distribution, with a continuous decrease in dark cells and 
a concomitant increase in intermediate cells (Figure 10). 
By 14 days post-DMBA, the latter constitute about 40 and 
50% of the proliferative compartment in TEBs and TDs, 
respectively. At this time the morphological manifestations 
of tumorigenesis have started to become apparent: increased 
number of epithelial cell layers, greater irregularity of the 
luminal border and progressively larger intercellular spaces, 
which in some cases form secondary lumina, are features 
indicative of the formation of an (IDP). 

The basal lamina becomes distorted, thus rendering the 
identification of myoepithelial cells more difficult, and 
the surrounding stroma becomes fibrotic and infiltrated by 
inflammatory cells. Between 21 and 40 days post-DMBA 
treatment, the descending curve of dark cells crosses over 
the progressively ascending curve of intermediate cells. By 
40 days, the tumours display a cell distribution of >65% 
intermediate cells and <35% dark cells (Figure 10). The 
proportion of intermediate cells continues to increase with 
tumour age, and at 70 days they represent >75% of the 
cells. Dark cells, at this point, have been reduced to <20%, 
whereas myoepithelial cells remain at approximately 5%. 
The 100-day-old tumours are dominated by intermediate cells 
comprising nearly 90% of the total number of cells (Russo, 
J. etal., 1983). 
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Figure 10 Histogram showing the relative proportion of myoepithelial, 
dark and intermediate cell types in the rat mammary gland of DM BA treated 
rats. (Adapted from Russo et al., 1983.) 


Cell Kinetics and Mammary Carcinogenesis 


In every tissue, normal or abnormal, cell composition 
consists of a balance of three different cell populations: 
cycling cells, resting cells (cells in Go), and dying cells (cell 
loss). In the mammary gland these three cell populations 
can be identified through the study of the cell cycle and 
determination of the growth fraction and the rate of cell loss. 
The growth fraction refers to the fraction of cycling cells, 
while the rate of cell loss refers to the fraction of cells that 
die or migrate to other tissues. Both cell cycle time and the 
growth fraction determine the number of cells produced per 
unit time, and the rate of cell loss determines the number of 
cells lost per unit time. The growth of normal cells involves 
a net increase in cell number resulting from more cells being 
born than dying. In the differentiated or in the adult tissue, in 
which growth has ceased, the number of cells produced per 
unit time is equal to the number of cells that die. (See also 
chapter M odels for Tumour Growth and Differentiation. ) 

The higher susceptibility of the TEB to neoplastic 
transformation is attributed to the fact that this structure 
is composed of an actively proliferating epithelium, as 
determined by the (MI), (DNA-LI), length of the cell cycle 
(Tc), and growth fraction (GF) (Table 1, Figure 6) (Russo, J. 
and Russo, |. H., 1980a,1980b). Both the MI and DNA-LI are 
very high at the tip of TEBs, decreasing progressively toward 
the ductal or proximal portion of the gland and even further in 
ABs and lobules. TEBs are also characterized by having the 
highest growth fraction, which progressively diminishes in 
the more differentiated ABs and lobules (Table 1, Figure 6). 
By using these cell kinetic parameters we calculated the rate 
of cell loss in each one of the compartments of the mammary 
tree. Interestingly, the TEB is the structure not only with the 
highest proliferative ratio, but also with the lowest percentage 
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Table 1 Cell Kinetics in the Mammary Gland(“) 
Growth Rate of Rate of 
fraction cell birth/hr cell loss/hr 
Y.V.TEB 0.55 472 44,96 
Y.V. ducts 0.39 187 60.99 
Y.V. lobules 0.13 46 87.00 
Parous ducts 0.009 4.05 99.00 
Parous lobules 0.004 0.96 98.00 


“The growth of the mammary gland is the result of a balance between 
cell birth and cell loss. The growth fraction (GF) represents the total 
population of cycling cells, and is determined as the rate of 3[H ]thymidine 
incorporation after 5 days of continuous infusion (GFs). It is maximum 
in the terminal end bud (TEB) of the young virgin (Y .V .) rat, decreasing 
progressively in ducts and lobules of the Y.V. animal. Pregnancy results 
in a more dramatic reduction on GF in both ducts and lobules. 


of cell loss in comparison with other parenchymal structures. 
The rate of cell loss is very high in the lobular structures 
present in the mammary gland of parous rats. This clearly 
indicates that the TEB of the young virgin female is the truly 
proliferating structure of the gland that reaches a steady state 
only after acquiring full differentiation. The differences in 
proliferative activity and growth fraction observed between 
TEBs and the more differentiated structures of the mammary 
gland are also reflected in variations in the length of Tc 
(Figure 6). Tc in TEBs of young virgin rats has an average 
length of 11h, increasing to 20.81h and 28.18h in TDs and 
ABs, respectively. Further mammary gland differentiation as 
a consequence of ageing and pregnancy results in an even 
longer Tc, mainly due to a lengthening of the Gi phase of the 
cell cycle (Figure 6) (Russo, J. and Russo, |. H., 1980a). The 
length of Tc also varies according to the cell type and to the 
specific compartment in which each given cell type is located 
in. The shortest Tc is observed in intermediate cells located 
in TEBs, whereas it lengthens when the same cell type is 
located in ABs or lobules. These differences in the length 
of Tc are due mainly to differences in the length of the G; 
phase of the cell cycle, whereas all the other phases remain 
constant. Intermediate-type cells located in TEBs have a Tc 
lasting 13h. When the same cell type is located in more 
differentiated structures, such as ABs, it exhibits a lengthened 
Tc, lasting 34h. These differences in cell kinetic parameters 
among the different cell types could explain the higher 
susceptibility of the intermediate cell of the TEBs to be 
affected by the carcinogen, which causes further expansion 
of the proliferative compartment of the intermediate cells and 
depression in the dark cell population after initiation of the 
carcinogenic stimulus (Russo, J. etal., 1983). 

Mammary epithelial cells metabolize DMBA to polar 
metabolites with the formation of epoxides that cause DNA 
damage. When dissociated mammary epithelial cells of 
young virgin and of parous animals, that basically repre- 
sent the cells of the TEBs and of the lobules, respectively, 
are grown in vitro, they exhibit different rates of forma- 
tion of polar metabolites. TEB cells produce more polar and 
less phenolic metabolites than lobular cells, indicating that 
the former, in addition to their higher proliferative activ- 
ity, are also producing more epoxides, as is manifested by 


a higher binding of DMBA to DNA (Figure 6). Autoradio- 
graphic studies performed in vivo confirm the observation 
that the greatest uptake of [7H]DMBA occurs in the nucleus 
of epithelial cells of TEB s and the lowest in ABs and lobules, 
indicating that the highest DMBA-DNA binding is associ- 
ated with the structure of the gland with the highest replica- 
tive properties. The ability of the cells to remove DMBA 
adducts from the DNA is an indication of their capability to 
repair the damage. TEB cells remove adducts formed less 
efficiently than lobular cells. This is attributed to the shorter 
G, phase of Tc and not to a lack of reparative enzymes (Tay 
and Russo, 1981). 

These studies support the conclusion that the differentia- 
tion of the mammary gland modifies the following parame- 
ters: (1) glandular structure; (2) cell kinetics characteristics of 
the mammary epithelium, decreasing the growth fraction and 
lengthening the cell cycle, mainly the G1 phase; (3) decreas- 
ing formation of polar metabolites and increasing phenolic 
metabolites; and (4) decreasing binding of the carcinogen. 
All the parameters listed above affect the susceptibility of 
the mammary gland to carcinogenesis, and should be taken 
into account when assessing chemicals for cancer risk. 


BIOLOGICAL AND TECHNICAL LIMITATIONS 


This chapter has described and compared experimental in 
vivo models currently used for assessing the mammary 
carcinogenic potential of given chemical and physical agents, 
and addressed the need for identifying those models that 
provide an answer regarding the mechanisms involved in 
cancer initiation and progression in the human population. 
The main problems identified in this study are the complexity 
and multistep nature of the carcinogenic process, the lack 
of understanding of the mechanism(s) involved in the 
initiation and progression of the disease and the lack of 
identification of a specific aetiological agent or agents of 
human breast cancer. The usefulness of chemically induced 
mammary tumours lies in their hormone dependence, the 
high frequency of adenocarcinomas histologically similar 
to human breast cancers, the possibility that they offer 
for dissecting the initiation, promotion and progression 
steps of carcinogenesis and the baseline information they 
provide in risk assessment. Chemically induced mammary 
tumours develop by a multistep process, which initiates 
as a biochemical lesion caused by the interaction of the 
carcinogen with cellular DNA. In this interaction the DNA 
is damaged, and if the damage is not repaired efficiently, the 
result is a mutation, chromosomal translocation, inactivation 
of regulatory genes or more subtle changes not well identified 
as yet. Neoplastic development requires that the lesion 
becomes fixed, aided by cell proliferation, progressing to 
a third stage of autonomous growth, resulting in cancer, 
when the lesion acquires the capacity to invade and 
metastasize. Several carcinogens, such as 3,4-benzopyrene, 
MCA, 1,2,5,6-dibenzanthracene, DMBA and MNU, have 
been extensively studied in mice and/or rats. DMBA and 
MNU have been the most frequently used; the majority 
of the mammary tumours induced in rats by either one 
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of these agents are hormone-dependent adenocarcinomas. 
The observation that maximum tumour incidence is elicited 
when the carcinogens are administered to young virgin 
female rats has led to important discoveries on the role 
of mammary gland development and differentiation in 
cancer initiation. Hormonally induced differentiation and the 
interplay of ovarian, pituitary and placental hormones have 
been identified as powerful modulators of the tumorigenic 
response elicited by genotoxic chemicals. 
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INTRODUCTION 


Initial imaging of the chest, abdomen and musculoskeletal 
systems has traditionally consisted of plain film radiology for 
the evaluation of suspected pathology. Plain radiographs are 
readily available, require relatively basic patient cooperation 
(i.e. a long breath hold, such as is often necessary for (CT) 
or (MRI), is not necessary) and are fairly low in cost. On the 
other hand, the diagnostic yield for the detection and follow- 
up of cancer using plain film imaging techniques may be low. 
As a screening modality, plain films are often nonspecific. 
While the basic supposition of screening is the detection of 
early-stage disease in asymptomatic individuals, where the 
intent is to reduce mortality, plain radiographs often lack 
both sensitivity and specificity, and therefore must be relied 
on with caution. The aim of this chapter is to review the most 
common uses of general radiography with plain films in the 
initial evaluation and follow-up of cancer, and to present 
the particular areas of real utility and the limitations of this 
modality. 

Chest radiography, in conjunction with sputum analyses, 
was used in the past to screen for lung cancer with little 
proven benefit. Traditional chest radiography has typically 
demonstrated larger parenchymal lesions, but lacked soft 
tissue contrast necessary to evaluate small or central lesions, 
or lymphadenopathy in the hilar regions or mediastinum. 
Evolving digital radiography techniques may increase plain 
film sensitivity for the detection of cancerous lesions. 

Plain film examination of the abdomen is best used to 
exclude perforation or obstruction. As a screening modality 
in the setting of mild or nonspecific complaints, abdominal 
radiography has been shown to yield little diagnostic 
information. Cross-sectional imaging modalities such as CT 
and MRI show greater soft tissue resolution and provide 
more diagnostic detail when evaluating for soft tissue or solid 
organ abnormalities. 

High spatial resolution of radiographs in addition to 
high contrast of bony detail is beneficial for the plain 


film evaluation of the bony skeleton. Suspicious findings 
involving aberration of cortical integrity and morphology 
can usually be seen accurately. While musculoskeletal plain 
film surveys are useful for the detection of internal lesion 
characteristics and matrices, soft tissue and neurovascular 
involvement cannot be distinguished with this modality. 
Surveys are considered useful for certain malignancies 
with a high incidence of bone involvement which may be 
asymptomatic (e.g. prostate or breast cancer or multiple 
myeloma). For the most part, musculoskeletal X-rays are 
most useful when obtained in conjunction with symptoms 
or signs, or with radionuclide studies. 

M ultiplanar modalities such as ultrasound, CT and MRI 
are capable of greater spatial and soft tissue resolution 
than plain film radiography. As such, these modalities yield 
more specific diagnostic information than plain films and are 
essential imaging techniques for initial diagnosis and follow- 
up of cancer. 

This chapter will briefly discuss the role of plain 
film radiography in the diagnosis and follow-up of lung, 
abdominal and musculoskeletal neoplasms. There is a limited 
role in dealing with other neoplasms, such as those of the 
central nervous or haematopoietic systems, a role confined 
largely to specific situations which are beyond the scope of 
this chapter. 


MUSCULOSKELETAL NEOPLASMS 


Traditional X-ray evaluation has served as the initial 
imaging tool for the evaluation of bone lesions. X-rays 
are often the initial diagnostic test, and are focused on a 
specific symptomatic area. Radiographs provide information 
regarding the appearance of osseous structures, such as 
bone density, morphology and cortical integrity. Internal 
characteristics of benign and malignant lesions such as 
ossification or chondroid matrices, tumour margins and 
rate and aggressiveness of growth patterns seen on serial 
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studies may also be assessed (Peabody et al., 1998). These 
radiographic features, along with clinical information such 
as patient age, provide the basis for formulating the initial 
differential diagnosis and diagnostic plan (J aovisidha et al., 
1998). 

Plain film radiographs have to been used to follow and 
evaluate response to treatment and also to show side effects 
of treatment and disease such as osteopenia, soft tissue 
calcification and pathological fractures. Radiographs also 
complement newer imaging modalities such as MRI by 
contributing imaging data of the highest spatial resolution 
to help resolve cross-sectional data that may be nonspecific 
(Feldman, 2000). While digital radiography techniques 
have augmented the contrast resolution of the plain film 
examination, these still fall short of many advanced imaging 
features of other available modalities such as the multiplanar 
capability of MRI, MRI evaluation of bone marrow and 
CT detection of subtle matrix presence and involvement of 
cancellous bone. 

Primary benign bone lesions are characterized at plain film 
examination by well-demarcated and intact tumour margins 
and precise zones of transition from involved to uninvolved 
segments. 

Calcification of internal bony tumoural architecture is 
detectable at plain film examination. Elements that calcify 
may be of osteoid (bone) or chondroid (cartilage) origin 
and are referred to as osteoid or chondroid matrices when 
identified. These findings however, are nonspecific as these 
features are found in both benign and malignant lesions. 
Additional characteristics such as patient age and lesion 
multiplicity and location are invoked to aid in categorizing 
these findings. 

Many benign bone lesions such as aneurysmal bone cysts, 
fibrous dysplasia and giant cell tumour are readily identifi- 
able at plain film examination. Typical location, patient age 
and radiographic features provide sufficient diagnostic infor- 
mation. Following excision, these lesions may be followed 
radiographically for recurrence, characterized by a change 
in the cemented appearance of a curreted lesion or prosthe- 
sis, or by increased lysis of surrounding bone (Davies and 
Vanel, 1998). Soft tissue masses are late signs of recurrence 
and are not reliably identifiable on plain film examination. 
While MRI displays greater soft tissue contrast for the identi- 
fication of soft tissue masses, cortical bone signal alterations 
secondary to treatment may not be distinguishable from those 
due to recurrence. That is, the increased specificity of tissue 
delineation inherent in MRI may be lost in the postoperative 
state, when normal healing may not be distinguishable from 
recurrent tumour. In this situation, changes in the appearance 
over time on plain X-rays may be definitive. 

The absence of well-defined lesion margins and a wider 
transition zones, as well as serial film demonstration of rapid 
growth, suggesting more aggressive lesions, should increase 
the concern for malignancy. 

M alignant processes such as multiple myeloma have radio- 
graphic features of generalized osteopenia and expansile, 
lytic bony lesions, as well as pathological fractures (Blake 





Figure 1 Metastatic bone lesion. 75-year-old female with painful distal 
femur. Plain film radiograph of distal femur shows permeative, lytic lesion 
(black arrows) with cortical periosteal reaction (white arrow) seen in distal 
femur. 


et al., 1999) (Figure 1). The skeletal survey has tradition- 
ally been considered the initial diagnostic imaging modal- 
ity for patients with proven or suspected myeloma, since 
these lesions are usually not detected at scintigraphy. This 
is because radionuclide bone scans demonstrate increased 
uptake of the tracer in areas of bone turnover - that is, 
destruction and repair. In multiple myeloma, there is typi- 
cally focal destruction without repair, and therefore the bone 
scan may be negative in the presence of widespread bony 
involvement. A significant percentage of bone density must 
be lost, however, for these lesions to be visible on plain films. 

Other primary malignant bone lesions such as chondrosar- 
coma and osteosarcoma are characterized radiographically 
by periosteal new bone formation, lifting of the cortex and 
cortical destruction and chondroid or osteoid matrix. Sub- 
tle internal matrices are often better appreciated with CT 
scanning (Nathan et al., 1999). Treatment of malignant sar- 
comas often incorporates surgical resection and chemo- and 
radiation therapy. Resection usually involves most of the 
involved bone and as such recurrence is found in surround- 
ing soft tissues, at the site of resection or at the junction 
of an implanted prosthesis (Davies and Vanel, 1998). Dis- 
placed cement or altered prosthesis position, in comparison 
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Figure 2. Gastric lymphoma. 36-year-old male with early satiety. (a) Plain film of the abdomen shows upper abdominal soft tissue mass in expected region 
of stomach with narrowed, lobulated, air-filled luminal contour (white arrows) suggesting gastric wall mass. (b) Double contrast upper gastrointestinal 
barium examination confirms thickened gastric folds with irregular mucosal contours (black arrows). 


with baseline X-rays, may be indicative of underlying recur- 
rence. MRI has been considered the best imaging modality 
for the evaluation of musculoskeletal neoplasms since soft 
tissue detail, neurovascular involvement and joint extension 
can be demonstrated in multiplanar fashion. A gain, however, 
the specificity of MRI may be lost in the postoperative situ- 
ation. 

Soft tissue and neurovascular infiltration, haematoma, local 
extension and distant metastases and local host response 
to chemotherapy cannot be reliably identified by plain film 
radiography (Lindner et al., 1998). 

Distant metastases and multiplicity of disease may be iden- 
tified with advanced imaging techniques including radionu- 
clide scintigraphy, CT and MRI. Patterns of bony lysis or 
sclerosis tend to replicate themselves when imaged by plain 
film skeletal survey and may be used to identify skeletal 
metastases, be they due to synchronous or metachronous dis- 
ease. Whereas radiographs are used for baseline screening for 
pathological fractures and pulmonary metastases, chest CT is 
more sensitive for the detection of small, multiple lung nod- 
ules. Additional sites of metastatic involvement including the 
brain and soft tissues of the abdomen and retroperitoneum are 
not well assessed at plain film radiography and require cross- 
sectional evaluation (Bearcroft and Davies, 1999). Scintigra- 
phy plays a role in the identification of skeletal metastases 
but is insensitive to the presence of very small lesions, and 
to lesions with very rapid bone destruction. 


ABDOMINAL NEOPLASMS 
Plain film examination of the abdomen has largely been 


replaced by CT and ultrasound for screening and detection 
of neoplasms. Plain film screening for cancer, in the patient 


with mild or nonspecific symptoms, yields little diagnostic 
information. Use in specific situations, such as bowel 
perforation or obstruction, has been shown to be very useful 
(William, 2000). 

Some basic principles of X-ray attenuation are helpful in 
clarifying the reasons for this. Intra-abdominal soft tissue 
contrast is created by the differential attenuation of X-rays 
by fat, water and air. Retroperitoneal spaces are defined 
by fat surrounding structures such as the kidneys and 
retroperitoneal portions of small and large bowel loops. 
The psoas muscle is a readily identifiable retroperitoneal 
landmark, since this muscle is bordered by fat. Inferior edges 
of intraperitoneal structures such as the liver and spleen 
are also bordered by fat making these visible on X-rays. 
Indirectly, the organ edges may be infered by their mass 
effect on adjacent air-filled loops of bowel. Enlargement of 
these solid organs effaces these fat planes and displaces 
bowel loops. Intraperitoneal soft tissue masses or ascites 
(i.e. processes behaving like water density projected against 
water-density liver or spleen on plain films) also obscures 
soft tissue planes (Messmer, 2000). 

Lymphomas, classified as (HD) or extranodal (NHL), are 
soft tissue neoplasms involving either lymph nodes, spleen 
or extranodal sites. Plain film radiography is generally of 
little use; diagnosis and follow-up require imaging using a 
modality with greater soft tissue contrast resolution, such as 
ultrasound or CT scanning (Bragg, 1987) (Figure 2). 

Hollow viscera such as small and large bowel and stomach 
contain variable amounts of gas, detectable at radiography. 
Normal bowel gas acts as contrast material on abdominal 
plain films. Gas may be seen within ulcerating soft tissue 
masses or outlining foci of bowel wall thickening associated 
with neoplastic masses (Figure 3). Secondary signs of 
carcinoma such as bowel obstruction or perforation are 





Figure 3. Metastatic melanoma. 53-year-old female with known melanoma and abdominal pain. (a) Abdominal radiograph shows distended, air-filled loops 
of bowel in abdomen that are displaced upward by pelvic soft tissue mass (black arrows) containing unusual air pattern (white arrows). (b) Double-contrast 
barium examination of the small bowel shows unusual collection of barium (arrowheads) conforming to configuration of unusual air pattern seen on plain 
film (a). (c) CT scan confirms luminal contrast filling ulcerated pelvic soft tissue mass (black arrow). 


usually evident at plain film examination. Liquid barium 
contrast (administered by mouth or per rectum) is used 
with insufflated gas to perform double-contrast radiographic 
examinations of the upper and lower gastrointestinal tract 
(Bradford et al., 2000). These radiographic techniques may 
be used for duodenal and colonic cancer detection. Staging of 
neoplastic processes involves the use of additional imaging 
modalities such as MRI, CT scan and endosonography 
(Thoeni, 1997). 

Dense calcifications are readily apparent on plain films, 
although intra-abdominal calcifications related to cancer are 
rare. Typically calcified solid masses include uterine leiomy- 
omas and lymph nodes. Dystrophic and psammomatous cal- 
cifications may be seen with fibrolamellar hepatocellular car- 
cinomas, renal cell carcinomas, ovarian cystadenocarcinomas 
and metastases (Baker and Cho, 2000). 


Abdominal plain films, then, are most useful in acute situ- 
ations, such as when there is a question of bowel perforation 
or obstruction. They are very useful in combination with bar- 
ium to define abnormalities in the bowel, but they have little 
role for routine evaluation or for screening. 


Lung cancer is the leading cause of cancer deaths among men 
and women in the United States (Miettinen, 2000). Although 
considerable debate exists in the current literature regarding 
the role of chest X-ray screening for lung cancer, improved 
prognosis is clearly associated with detection (by whatever 
means) of early-stage, potentially curable lesions in high- 
risk populations (Caro et al., 2000; Gavelli and Giampalma, 
2000). 
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Chest radiography has traditionally served as the first- 
line imaging modality for lung cancer screening. Plain 
film radiography of the chest is widely available and of 
relatively low cost, compared with CT, for the purposes 
of lung cancer screening and has been recommended as 
a screening modality for high-risk populations (Dominioni 
et al., 2000) (Figure 4). While traditional chest X -rays have 
been described as having poor diagnostic value for the 
detection of small lung cancers (Yang et al., 2001), various 
factors continue to influence detection. The most common 
lung cancer cell type is now adenocarcinoma, which has been 
described as more slowly growing compared to squamous 
cell carcinoma, thereby widening the window of beneficial 
detection (Austin etal., 2001). Solid lung tumours, those 
not maintaining air-filled alveolar spaces, are better seen 
on chest radiographs (Yang etal., 2001). Technological 
advances in computer-aided conventional and digital chest 
examinations may improve the diagnostic potential of chest 
radiography, increasing the yield of nonmetastatic disease 
(Reeves and Kostis, 2000). The usual chest X-rays are 
analogue in format. Digital chest radiographs may have 
somewhat reduced inherent resolution, but the ability to 
post-process, to re-examine the image with magnification 
and with alteration of the relative densities, may add 
substantially to the sensitivity and utility of plain chest X - 
rays. 

Recent technical advances in the use of low-dose chest CT 
have proved superior for early-stage lung cancer detection. 
A recent review of lung cancer detection and screening trials 
shows that chest CT is more sensitive for detecting small lung 
nodules that may be cancerous and that CT detects more lung 
cancers than plain film radiography (Miettinen et al., 2001). 
These findings imply that screening chest CT will detect 
more cases of resectable early-stage lung cancer, although 
effects on reducing mortality secondary to the disease are 
still unknown (Boiselle et al., 2000; Patz et al., 2000). 

Low-dose screening CT will also detect small indetermi- 
nate nodules, the majority of which will be benign. The 
workup of these nodules, however, will not be insignificant 
in terms of cost and time. The efficiency, then, of low-dose 
chest CT for lung cancer screening requires further evalua- 
tion (M acM ahon and Vyborny, 1994). 


COMPLICATIONS OF CANCER - DISEASE AND 
THERAPY 


Deleterious effects of cancer chemotherapy and steroid ther- 
apy include osteoporosis and osteonecrosis. Proposed mecha- 
nisms for these side effects include decreased bone formation 
characterized by deficient osteoblasts and osteoclasts, and 
also focal bone segment death characterized by cell death 
in cortical bone (Weinstein et al., 1998). The role of radio- 
graphs for surveillance of these deleterious side effects is 
controversial as radiographic diagnosis of osteoporosis is 
subject to wide interpreter variability. Furthermore, the posi- 
tive predictive value of plain film detection of bony erosions 
for the purpose of predicting clinically significant joint dis- 
ease has recently been reported as 40% (Falbo et al., 1999). 


Osteoporosis may result from cancer treatment drugs, such 
as methotrexate, as well as the tumour itself. Osteoporosis 
is a process affecting the microarchitecture of bony tissue, 
causing loss of bone mass which can lead to fractures. These 
fractures, and diminished bone density, may be seen on plain 
films, although subtle or incomplete fractures and processes 
involving bone marrow are more sensitively imaged with 
MRI. The role of plain film radiographic evaluation may 
lie in identifying those patients at risk of the effects of 
osteoporosis and who may benefit from the institution 
of prophylaxis or treatment. An example is the use of 
orthopaedic procedures to prevent pathological fracture due 
to a metastatic deposit, or the institution of pharmacotherapy 
to treat severe systemic osteoporosis. 

M ethotrexate is one chemotherapeutic agent that has been 
recognized as associated with osteoporosis (Pfeilschifter and 
Fiel, 2000). M ethotrexate osteopathy is probably secondary 
to the combined processes of increased bone resorption 
and inhibited bone formation. Other agents associated with 
osteoporosis include cyclophosphamide, doxorubicin and 
corticosteroids. While bone densitometry is considered the 
study of choice for the evaluation of osteopenia, plain film 
evaluation is performed as a first-line imaging modality. 
While significant loss of bone mass is required before 
radiographic evidence of loss of density is evident, plain 
films, particularly if prior films are available for comparison, 
are useful for screening purposes, and also demonstrate 
specific abnormalities associated with osteoporosis, such as 
vertebral body wedge compression fractures and late signs 
of femoral osteonecrosis. 

(HPO) may be secondary to an underlying process such 
as lung cancer. Typical findings of HPO on plain film 
examination include periostitis involving diaphyseal regions 
of long bones, becoming thicker and more extensive with 
time, as well as soft tissue ossification (Viola et al., 2000). 
Lung cancer may be detected secondarily following the 
identification of HPO on plain films. Radiographic follow- 
up for resolution of bone changes following resection of 
lung cancer is controversial. Failure of bone abnormalities 
to resolve postresection was previously thought to favour 
poor prognosis, although a recent report showed that in 
two patients, the absence of reversal of periosteal changes 
did not correlate with poor long-term outcome (Orts et al., 
2000). 


CONCLUSION 


Plain film radiography is an imaging modality that is widely 
available, low in cost, has essentially no associated morbidity 
unless used excessively and frequently serves as the first-line 
imaging modality in the workup of many disease processes. 

Bone radiographs identify features of bony disease that 
may be unique to the diagnosis in question, and are useful 
for evaluation of musculoskeletal neoplasms both initially as 
the sole modality, for follow-up of lesions and in conjunction 
with additional modalities such as CT and radionuclide 
scanning and MRI. 
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Figure 4 Metastatic rectal cancer. 75-year-old male with resected rectal cancer. (a) Follow-up chest X-ray shows new right lung nodule (white arrows). 
(b) CT scan shows right lung nodule seen at plain film examination of chest. (c) CT scan of left chest shows additional nodules. 
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The use of chest X -rays for the detection of lung cancer 
is controversial as the effect of dedicated screening pro- 
grammes on long-term survival is still unknown. Extensive 
studies to evaluate this question, that is, whether early detec- 
tion actually alters survival overall, or whether it merely 
discloses very slow-growing lesions that would have lit- 
tle impact on long-term outcome, are currently under way. 
Recent studies have suggested that the use of CT scanning for 
the identification of lung cancer, in particular small and mul- 
tifocal lung lesions, is beneficial. W hether or not screening of 
high-risk patients with CT will reduce mortality secondary to 
lung cancer, compared with screening with chest radiographs 
or with no routine radiographic screening, has not yet been 
conclusively shown. 

Finally, while plain film examination of the abdomen 
yields information regarding bowel obstruction and perfo- 
ration, and also bowel wall thickening and displacement of 
bowel loops, this imaging modality lacks the contrast resolu- 
tion necessary to distinguish soft tissue detail in the abdomen 
and pelvis. Abdominal radiographs, then, are mainly of use 
in patients with particular symptoms or signs. They play no 
role in the evaluation or follow-up of patients with known 
or suspected malignancies. 

Plain X-rays, then, play a major role for evaluation 
of malignancies in certain organ systems. They have the 
advantages of ready availability in most facilities around 
the world, relatively low cost, little if any associated 
morbidity if obtained properly and high utility in specific 
situations. They have significant limitations, but have the 
added advantage that these limitations are well delineated and 
widely recognized. Plain radiography, as initially developed 
by Roentgen in 1895, remains a central tool in the diagnosis 
and treatment of malignancies. 
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INTRODUCTION 


Computed tomography (CT) has widespread oncological 
applications. CT produces transverse sections that provide 
a three-dimensional display of the distribution of X-ray 
attenuation within the body. Its basic principle is that the 
internal structure of an object can be reconstructed from 
multiple projections of the object. Highly collimated X- 
rays are focused on pre-selected transverse sections of 
a patient. The data acquired from the multiple detectors 
subsequently undergo computer analysis, reconstructing the 
precise attenuation information into an image for display 
on a monitor. CT can detect minute differences in tissue 
X-ray attenuation and provides highly accurate quantitative 
information about the X-ray attenuation properties of the 
imaged tissues. All CT scanners have an X-ray generator, 
scanning gantry, computer system, operator and physician's 
viewing consoles and a hard copy camera (Figure 1) 
(Ter-Pogossian, 1977). The scanning gantry supports the 
high-heat-capacity X-ray tube, collimators, detector array 
with its associated electronics and scanning drive motor. 
Recent advances in both scanner hardware, with faster 
image acquisition, and in software applications, with multiple 
viewing options and interactive capabilities, have produced 
new and exciting CT applications. 


BASIC CT FEATURES AND TECHNIQUES 


Data Acquisition 


In conventional radiography, a large proportion of available 
information is lost in attempting to display it from a 
three-dimensional patient on to a two-dimensional film as 
all of the structures are superimposed on top of each 
other. Individual structures can be distinguished only if 
they differ significantly in density from one another, thus 
enabling them to stand out clearly against the tissues in 


The Cancer Handbook 1st Edition. Edited by Malcolm R. Alison 
© 2002 John Wiley & Sons, Ltd. 





Figure 1 Basic components of a CT scanner. The scanning equipment 
consists of the CT table (arrowhead) and the X-ray gantry which consists 
of the X -ray tube, generator, collimators and detectors (curved arrow). These 
are interfaced with the main computer (central processing unit (CPU)) (open 
arrow), which in turn interfaces with the viewing elements which may 
include: technologists’ and radiologists’ display consoles (broad arrow), 
tape and disk drives (long arrow) and printer (short arrow). (From Ter- 
Pogossian, 1977, Seminars in Roentgenology, 12, 13- 25.) 


front and behind them. With standard CT, single sections 
of a patient are imaged sequentially. This is accomplished 
by obtaining a series of angular projections or views of 
the section and reconstructing a two-dimensional image 
from this series of one-dimensional projections. The X -ray 
beam is confined to a selected section of the patient (the 
width of which is determined by the prepatient collimators 
close to the X-ray tube). This improves image detail by 
eliminating the superimposition of unwanted structures. Post- 
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patient collimators located close to the X -ray detectors limit 
scatter radiation which is also a cause of image degradation 
in conventional radiography. The detectors measure the 
intensity of the X-ray beam exiting the patient and their 
signals are used by the central processing unit (CPU) to 
calculate ‘profiles’ of the X-ray attenuation by the tissues 
traversed that section (Ter-Pogossian, 1977). 


Image Reconstruction 


The information obtained by the detectors is first stored 
in quantitative form. The scanned transverse section of 
the patient is subdivided into a series of small individual 
blocks called ‘voxels.’ Each voxel is assigned a value 
proportional to the degree that it attenuated the X -ray beam. 
The linear attenuation coefficient (u) is used to quantitate 
the attenuation. It is determined by the following equation: 


N = Ng” * 


where Ng is the number of initial photons, N the number 
of transmitted photons and x the slice thickness. Thousands 
of these equations, derived from linear transmission readings 
taken from different directions (projections), must be solved 
to determine the linear attenuation coefficients of all the 
voxels. 

The linear attenuation coefficients then undergo another 
calculation, which permits the computer to present the 
information as a picture with a large grey scale. The 
reconstructed CT image is a two-dimensional array of 
quantized grey-scale values or picture elements (pixels). The 
pixel values or CT numbers are expressed as the ratio of 
attenuation coefficients between a given material and water, 
and are directly related to the linear attenuation coefficients 
at corresponding positions within the slice: 


pixel value (Hounsefield units) 
= 1000 {u = eee ee 


where (u is the average linear attenuation coefficient of 
the voxel represented by the pixel and uY" is the linear 
attenuation coefficient of water (both are evaluated for the 
effective energy of the beam exiting the patient) (Barnes 
et al., 1979). Thus, water has a CT number of zero, and 
a region with a CT number of 100 Hounsefield units (HU) 
has a linear attenuation coefficient that is 10% greater than 
that of water. CT images usually have 12 bits per pixel, and 
they are employed to represent numbers ranging from —1000 
to 3095 HU, or 4096 grey scale values. Air has a CT number 
of —1000HU, fat ranges from —50 to —350HU, soft tissue 
structures from 10 to 80HU and bone from 400 to 3000 HU. 

In order to display this wide range of CT numbers on a 
monitor with generally 256 shades of grey, a CT number 
(‘window level’) is selected which is the estimated average 
of the tissue of interest. The computer is then instructed to 
assign one shade of grey to each of the 128 CT numbers 
below and each of the 128 CT numbers above the window 


level (‘window width’). Both the window level and width can 
be adjusted in accordance to the structure being evaluated. 
M ultiple window levels and window widths are employed to 
maximize the information that can be obtained from a single 
CT examination (Figure 2). 


CT Scanner Evolution 


Godfrey N. Hounsefield of EMI Ltd in England introduced 
the first clinical CT scanner in 1971 (Hounsefield, 1973). 
Thereafter, there have been four generations or models of 
the standard two-dimensional CT scanner. Their scanner 
designs differed in the movement of the X-ray source 
and both the number and the movement (or lack of, 
as in the case of the fourth-generation CT) of the X- 
ray detectors. Developments in both CT hardware and 
software have been, to a great extent, toward faster scanning. 
Patient motion, either voluntary (inability to cooperate or 
understand instructions) or involuntary (due to respiration, 
cardiovascular pulsations or peristalsis) can result in data 
misregistration which may cause omission of lesions. 

Spiral, helical or continuous-volume CT scanners, with 
their attendant hardware and software developments, were 
introduced clinically in 1989 (Kalendar etal., 1990; Brink 
et al., 1994). The source- detector assembly is supported by 
multiple parallel slip-rings rather than electrical cables which 
permit its continuous rotation. This has decreased interscan 
delays to less than 5s and has made volume-acquisition CT 
scanning possible. Scanning involves simultaneous patient 
movement at a constant rate through the gantry during 
continuous rotation of the source- detector assembly such 
that continuous data acquisition is achieved throughout a 
volume of interest. The terms spiral or helical CT are derived 
from the fact that during the scanning process, the X -ray 
focus describes a spiral or helical path around the patient 
(Figure 3) (Kalendar et al., 1990). Scan times for an entire 
study range from less than 10s to as long as 30s, with a 
data set often obtained within a single breath-hold. Direct 
reconstruction of images from data obtained over any 360° 
segment of a spiral CT acquisition will result in motion 
artifacts due to patient transport. The spiral data set first 
undergoes a mathematical smoothing process (interpolation) 
which can be calculated from any arbitrary table position 
within the scanned volume, followed by conventional image 
reconstruction. A data volume is generated that may be 
viewed as transaxial planar images or with multiplanar and 
3D methods. 

Volumes of interest are scanned continuously, providing 
seamless or overlapping sets of images. This is of major 
importance in scanning anatomical regions, which are subject 
to patient motion, in which data misregistration from section 
to section may cause omission of structures or lesions and 
degradation in the quality of multiplanar and 3D displays. It 
is also clinically useful in contrast media studies in which 
complete organs or a large volume need to be measured 
during different phases of enhancement. 

M ultidetector-row helical CT is the latest innovation in 
scanning. Instead of a single row of detectors, multiple 
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Figure 2 Window settings on CT. Malignant degeneration of a benign lesion. (a) A CT scout image of the legs reveals a pathological fracture of the 
midiaphysis of the femur. The bone is abnormally enlarged with marked cortical thickening (small arrows) and thickened trabeculae (open arrow) compatible 
with Paget's disease of bone. A luscency is present at the level of the fracture (large arrow). The scout image is analogous to a conventional radiograph, 
which is routinely acquired when a patient is first placed on the CT table. It serves to ensure appropriate patient positioning to include the entire area 
under investigation. It is the reference from which to assign the most superior and inferior locations of the upcoming scan, to select the appropriate field 
of view (FOV), slice thickness and interslice skip in order to ensure adequate area coverage and sufficient radiographic detail. (b) An axial CT image 
through the level of the fracture in bone windows confirms the presence of a central lytic lesion (long black arrow) with an associated fracture (large white 
arrow). Bony fragments (curved arrow) and ill-defined luscent areas (small arrows) representing oedema are present in the adjacent soft tissues. The high 
attenuation area in this noncontrast CT is compatible with acute blood (long white arrow). (c) Same image as (b) with soft tissue window setting. The fine 
detail of the bony fragment (curved black arrow) is obscured. The soft tissue changes however, are better appreciated. The luscent areas (small arrows) are 
more obvious and better defined as is the haemorrhagic area (long arrow). A CT-guided percutaneous biopsy revealed an osteosarcoma. (d) Thoracic CT 
axial image with lung window setting reveals multiple, bilateral lung nodules compatible with metastatic disease (arrows). Lung window settings optimize 
visualization of the lung parenchyma at the expense of the skeletal (b) and soft tissue (c) areas. (e) Axial image caudal to (d) at the level of the lower 
chest and upper abdomen with soft tissue windows reveals a low attenuation hepatic lesion (straight arrow) compatible with a metastasis and a left pleural 
effusion (curved arrow). (f) Same image as (e) utilizing liver window settings which enhance the conspicuity of the hepatic metastasis (straight arrow). The 
left pleural effusion is barely visible (curved arrow). 


rows are used. These rotate simultaneously so that multiple CLINICAL APPLICATIONS 
axial images can be obtained at once. In helical mode, 
four (or more) interweaving helices are created. The ability Lesion Detection 


to acquire multiple images simultaneously can be used for 
increased speed to limit the effects of cardiac pulsation and 
peristalsis and to permit a greater area to be covered on 
one breathold limiting or eliminating misregistration due to Advances in CT scanner technology have enabled helical 
breathing. Alternatively, by focusing on a limited region, CT to be used as a cancer screening modality. Since entire 
much higher resolution is possible, particularly for 3D and body regions can now be scanned seamlessly and rapidly, 
virtual imaging (Figure 4) (Hu et al., 2000). often within a single breath-hold, CT examinations are more 
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Figure 3 Helical CT scanning. Continuous patient transport and rotating 
X-ray tube and detectors result in volumetric data acquisition. (From 
Kalendar etal., 1990, Radiology, 176, 181-183.) 
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Figure4 Single-slice vs multi-slice imaging. In single-slice imaging, there 
is a single X-ray source and single detector. In multi-slice imaging, there 
are multiple detectors. Thus with multi-slice imaging on a single revolution, 
multiple slices are generated at once permitting significantly greater speed or 
resolution. (From Fox et al., 1998, Neuroimaging Clinics of North America, 
8, 497-513.) 


feasible for a broad range of patients and diseases. An 
increase in patient throughput due to the increased speed of 
new scanners permits the performance of a large volume of 
studies. These factors are crucial to any successful screening 
programme. 

Lung and colon cancers are currently the first and 
second most common causes of cancer-related deaths in 
the United States (Landis etal., 1998). The goal of 
screening in either case is detection and intervention 
at an early, potentially curable stage. Radiation dose is 
always a consideration, particularly in long-term screening 
programmes which require serial examinations every 1-2 
years. Fortunately, substantial dose reduction is possible in 
both cases owing to the high inherent contrast between air- 
containing organs (the lung and the air-distended colon) and 
the soft tissue nodules or polyps. Although studies have 
investigated the accuracy of low-dose CT in the detection 
of pulmonary nodules (Itoh etal., 2000) and to lesser 
extent colonic polyps, the controversy concerning technique 
continues. 

Colon cancer is the second leading cause of cancer- 
related deaths per year in industrialized nations. Most large 
bowel malignancies arise from pre-existing adenomas; this 
is substantiated by a decreased rate of cancer occurrence 


after colonoscopic polypectomy (Winawer etal., 1993). 
Polyps 1.0cm in diameter or larger are associated with 
a higher risk of future malignant change. In individuals 
older than 50 years, the prevalence of polyps and cancers 
increases. Therefore, screening is recommended for average- 
risk individuals in this age group. Screening asymptomatic 
persons for colorectal cancer is increasingly recognized to 
result in a 25-50% reduction in cancer mortality. The aim 
of screening is to detect and remove precancerous polyps and 
so prevent the development of invasive carcinoma (Winawer 
etal., 1993). Endoscopy is currently the investigation 
of choice for the screening, diagnosis, and treatment of 
colorectal polyps. It is expensive, however, and can have 
serious complications. 

Helical endoluminal CT colonography has shown promise 
in screening for intraluminal colonic abnormalities such 
as tumours and polyps. The preparation is identical with 
that of conventional colonoscopy. The patient is placed on 
the CT table and the colon is gently distended by puffs 
of air to tolerance. Utilizing the subsequent scout image, 
the entire colon is localized and two breath-hold scans, 
one supine and the other prone, are obtained. The total 
examination time is less than 15min. The acquired data 
are then viewed as a combination of magnified multiplanar 
reformatted images and three-dimensional volume-rendered 
or shaded surface endoluminal images, permitting ante- and 
retrograde navigation through the colonic lumen (Morrin 
et al., 1999). Preliminary results indicate that the sensitivity 
for detection of polyps larger than 1cm is 100%, with a 
sensitivity of 71- 90% for 5- 9-mm polyps (Figure 5) (M orrin 
et al., 1999). 

In addition, CT colonography has demonstrated utility 
in visualizing the more proximal portions of the colon in 
cases where conventional colonoscopies which have been 
incomplete - 5-15% of cases either for technical reasons 
(M acari et al., 1999; M orrin et al., 1999) or secondary to an 
obstructing lesion (Fenlon etal., 1999). This is significant 
because 40% of polyps occur proximal to the splenic flexure. 
Furthermore, synchronous adenomas are more common in 
the proximal colon of patients with left-sided polyps. Thirty- 
one percent of a group of asymptomatic individuals with 
benign distal adenomas at screening flexible sigmoidoscopy 
were found to have proximal synchronous neoplasms (R ead 
et al., 1997). The CT colography is performed at the same 
sitting, with the instillation of only a small amount of 
additional air. 

Lung cancer is the leading cause of cancer-related deaths 
in the United States. The cure rate for lung cancer is 12% 
with only a slightly higher 5-year survival rate. When stage 
| cancer is resected, the 5-year survival can be as high as 
70% (Henschke et al., 1999). Earlier screening programmes 
utilizing chest X -rays failed to demonstrate any improvement 
in mortality. In Japan, since the introduction of a national 
screening programme, survival rates have increased from 
33.7% prior to screening to 58.4% (Koike etal., 1999). 
These results were attributed to the relative increased rate 
of detection of stage | cases - particularly IA peripheral, 
and also roentgenographically occult lesions. One thousand 
patients have been enrolled in the Early Lung Cancer A ction 
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Figure 5 CT or virtual colography (colonography or colonoscopy). (a) Axial CT image at the level of the distended distal sigmoid colon demonstrates a 
polyp (arrow). (b) Single image from virtual colonoscopic study demonstrates the polyp (black arrow, epicentre of crosshairs). 





Figure 6 Solitary pulmonary nodule in an asymptomatic smoker. (a) Frontal chest radiograph reveals a tiny, barely perceptible parenchymal nodule (large 
arrow). (b) A high-resolution axial CT scan confirms the presence of a noncalcified, somewhat lobular parenchymal nodule (small arrow) which was 


resected and revealed a stage 1 bronchoalveolar cell carcinoma. 


Project (ELCAP) since its formation in 1992. They are 
symptom-free individuals, aged 60 years or older, with 
no history of cancer, who have at least a 10 pack-year 
history of cigarette smoking and who are medically fit 
to undergo thoracic surgery (Henschke etal., 1999). The 
protocol consists of a chest X-ray and a low-dose helical 
CT scan. If a non-calcified nodule is detected, a standard- 
dose chest CT with high-resolution scanning of the nodule 
is performed (Figure 6). A nodule is classified as benign 
if its margins are smooth, it measures less than 20mm and 
it contains benign calcifications, which were undetected on 
the low-dose scan. If these criteria are not met, further 
recommendations are made based upon nodule size (follow- 
up high-resolution scans if the nodule is 5mm or less in size, 
or biopsy if it is 6mm or larger). The initial results indicate 
that for low-dose CT, non-calcified nodules were detected 
three times as commonly as on chest radiography, malignant 
tumours four times as commonly and stage | tumours six 
times as commonly. The high frequency of detection of stage 


| tumours is a strong indication that the cure rate of CT- 
detected disease is much higher than the current overall cure 
rate of 12% in the United States (Henschke et al., 1999). 

Helical CT and software advances now permit three- 
dimensional volumetric measurements of small pulmonary 
nodules. These measurements appear to be more accurate 
than standard two-dimensional measurements in assessing 
nodule growth and in calculating their doubling times which 
has been a reasonable, noninvasive technique for prediction 
of malignancy (Yankelevitz et al., 2000). 


Symptomatic Patients: Initial Radiographic Workup 


CT is widely employed in the diagnostic workup of 
clinical abnormalities and may, in fact be the examination 
initially indicated. Abnormalities may be discovered by 
history such as acute flank pain (Figure 7), physical 
examination as in the case of acute neurological changes 
suspicious of an intracranial bleed (Figure 8) or on laboratory 
testing. Haematuria detected on routine urine analysis 





Figure 7 Nephrolithiasis on noncontrast CT, the flank pain protocol. (a) CT scout image of a patient with right flank pain fails to demonstrate any 
radiopacities in the region of the urinary tract (arrow). (b) Axial slice from a noncontrast CT demonstrates two calculi, one in the renal pelvis (black 
arrow) and the other in the proximal ureter (white arrow). Noncontrast CT is useful in patients with paraneoplastic syndrome and in cases of suspicious 
nephrolithiasis to identify ureterolithiasis as the cause of abdominal pain. All stones are opaque on CT except for the rare Indinivir stone in human 


immunodeficiency virus (HIV) patients receiving this drug. 





Figure 8 Noncontrast cranial CT. Axial image reveals high attenuation 
(bright) acute blood within the enlarged left lateral ventricle (large 
arrow). The adjacent low attenuation (dark) areas are secondary to the 
accompanying brain oedema (small arrows). The findings were secondary 
to an acute haemorrhage of a previously undiagnosed brain metastasis in a 
patient with known primary lung cancer. 


Table 1 CT Characterization of Renal Cysts Vs Tumours 


Cysts 
Near water density (0-20 HU) 


Malignant tumours 


Greater than water density 
(regions) 

Coarse wall calcification 

May enhance in regions 


No or thin wall calcification 
Do not enhance 


in individuals (particularly males) older than 55 years 
necessitates evaluation of both the upper and lower urinary 
tracts. Conventional intravenous pyelography (IVP) has been 
the standard imaging examination. CT/IVP is a technique 
consisting of a conventional IVP generally without linear 
tomography, followed within 2h by CT scanning of the 
kidneys and any area of concern on the IVP (Warshauer 
et al., 1988). This technique provides clarification of IVP 
findings such as renal malposition, abnormalities in the 
renal contour, or collecting system (Figure 9). It has greater 
sensitivity for renal lesion detection and specificity in 
distinguishing simple renal cysts (which require no further 
workup) from suspected renal neoplasms (Table 1) (Bosniak 
et al., 1986). 

Occasionally, a CT examination which is indicated in 
the initial workup of one clinically suspected illness reveals 
instead a different aetiology, as in the cases of two patients 
who presented with a palpable right lower quadrant mass 
(Figure 10). A CT scan is frequently requested to inves- 
tigate further newly discovered radiographic abnormalities 
(Figure 11). Finally, CT has a role in the investigation of 
an unknown primary malignancy in a patient presenting 
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Figure 9 


IVP compared with volume-rendered 3D image from the CT scan. (a) Cortical thinning representing a scar in the upper pole of the left kidney 


(solid arrow) and calyceal blunting (open arrow) typical of reflux nephropathy are seen on this linear coronal nephrotomogram from the conventional IV P. 
(b) Serial axial CT images also demonstrate scarring in the medial aspect of the upper kidney (solid arrows) but lack the same detail of the collecting 
system (open arrows). (c) A volume-rendered coronal 3D image displays the same information and detail regarding the renal parenchyma (solid arrow) and 
collecting system (open arrow) as seen on the IVP. Currently either an IVP combined with a CT or a CT with reconstruction is recommended to evaluate 
patients with haematuria, or other renal problems, which may affect either the collecting system or the parenchyma rather than the IVP alone. 


with radiographic findings indicative of a metastatic lesion 
(Figure 12), 


Lesion Characterization 


Computed tomography not only possesses increased sensi- 
tivity for overall lesion detection over conventional radiogra- 
phy, butin some cases also improved specificity. N oncontrast 
CT, owing to its sensitivity in discriminating tissues of dif- 
fering X-ray attenuations, may be sufficient to characterize 
a lesion measuring at least 1cm as benign, thus obviating 
the need for further workup. Detection of fat in a pulmonary 
mass is pathognomonic for a hamartoma, and in the kidney, 
an angiomyolipoma. The presence of a smooth-walled com- 
pletely or centrally calcified pulmonary nodule is diagnostic 
of a benign granuloma. A round, thin-walled lesion com- 
posed of homogeneous fluid (up to 20HU) is indicative of 
a benign cyst (see Figure 21e). These may occur anywhere 
within the body and are often discovered incidentally. 
Dedicated CT examinations are performed to optimize 
detection and characterization of masses within the kidney 
(Tables 1 and 2) (Bosniak, 1986, 1997; Aronson etal., 


1991; Birnbaum etal., 1996; Szolar etal., 1997; Yuh and 
Cohan, 1999), lung (Table 3) (Yamashita et al., 1995; Zhang 
and Kono, 1997; Swensen et al., 2000), adrenal (Table 4) 
(Korobkin et al., 1996, 1998; Outwater et al., 1996; Boland 
et al., 1997, 1998; Macari et al., 1998) and liver (Table 5) 
(Weg et al., 1998; Inaba et al., 2000; Hollett et al., 1995; 
Baron etal., 1996; Miller etal., 1988; Chen etal., 1999; 
Murakami etal., 2001). Helical CT scanning is used to 
reduce data misregistration and partial volume averaging 
with the use of single-breath hold thin-section volumetric 
acquisitions through an entire organ (liver, kidney) or 
lesion (pulmonary nodule) prior to and during multiple 
predetermined phases of intravenous contrast enhancement. 
The generated data are free of motion artifact and permit 
comparison of identical levels on scans obtained before and 
after contrast administration. Partial volume averaging occurs 
when portions of two adjacent structures are in the same 
voxel creating an incorrect CT number. This is minimized 
because a section through the centre of a lesion is assured 
with helical CT when overlapping sections are reconstructed. 

Accurate CT differentiation of a renal neoplasm from 
a simple (Table 1) or a mildly complicated renal cyst 





Figure 10 Abdominal CT scans performed for palpable right lower quadrant masses. (a) The caecum is poorly coated by the oral contrast (curved arrow) 
owing to the presence of a soft tissue mass (short arrow). This proved to be a caecal carcinoma. The acute clinical presentation resulted from perforation as 
evidenced by the presence of extraluminal air (long arrow). (b) An adjacent axial image in the same CT scan reveals extraluminal fluid (open arrow). Note 
the abnormal local lymphadenopathy (tiny arrows). (c) An axial CT image in another patient reveals a large mass (large arrow), with central fluid-appearing 
areas compatible with necrosis (small arrows) extending into the caecum (curved arrows) accounting for the palpable abnormality. (d) A scan cranial to (c) 
reveals that the mass (solid arrows) originates in the right kidney and is a pathologically proven renal cell carcinoma. The right renal vein (open arrows) is 
enlarged and contains solid material compatible with thrombus extending into the inferior vena cava (curved arrow). (e) Another axial image cranial to (d) 
demonstrates enhancing (tumour) thrombus (arrowhead) within the inferior vena cava (IVC) (long arrow). This information is vital for surgical planning. 
If thrombus is detected at the level of and distal to the intrahepatic IVC, a cardiac surgeon may be required during the surgery to excise tumour from the 
right atrium. 





Figure 11 CT scan ordered for abnormal or suspicious radiographic findings. (a) A chest radiograph performed as part of the preoperative workup for 
coronary artery bypass graft surgery reveals a right apical (possibly cavitary) opacity (short black arrow), and an enlarged, dense right hilum (long black 
arrow) with adjacent thickened interstitial markings (white arrows). (b) A noncontrast CT image confirms the presence of the apical cavitary mass (black 
arrow). (c) Axial image at the level of the hila. A right hilar mass (long black arrow) encircles and narrows the bronchus intermedius (curved arrow). CT 
better demonstrates abnormally thickened perihilar interstitial markings compatible with lymphangitic tumour spread (white arrows). Pathology revealed a 


primary squamous cell lung carcinoma. 





Figure 12 Clinical presentation of a metastatic lesion in the absence of a known primary. (a) A shoulder radiograph ordered because of pain in the absence 
of trauma demonstrates destruction of the distal acromion (open arrow) with bony fragments in the adjacent soft tissues (closed arrow). Biopsy revealed 
metastatic adenocarcinoma. (b) Abdominal CT identifies the primary neoplasm, a mass in the pancreatic head (curved arrow). 
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Table 2 Bosniak Classification of Renal Cystic M asses 


Category | 
Simple, uncomplicated benign cyst 


Category II 
Minimally complicated cyst that is benign with one or more of the 
following: 
one or more thin septae 
thin areas of calcification in the cyst wall or septation 
fluid within the cyst has a higher attenuation than clear fluid 





Category III 

Complicated cyst with some findings seen in malignant lesions 
including: 
septal wall irregularity, thickness >1 mm, or associated solid 
elements at its attachment 
multiple locules 
more extensive areas of calcification, which are thick and/or 
irregular 
inhomogeneous cyst fluid 


Category IV 

Cystic carcinoma 
irregular margins 
nonuniform wall thickening 
solid component 
enhancing nodularity 


(Table 2) requires thorough lesion analysis on both pre- 
and postcontrast scans (Bosniak, 1986, 1997; Aronson 
etal., 1991; Birnbaum etal., 1996; Szolar etal., 1997; 
Yuh and Cohan, 1999). Because renal masses do not 
contain functioning nephrons, enhancement, when present, 
is generally indicative of neovascularity and malignancy. 
Enhancement of solid renal masses may be more pronounced 
on the corticomedullary (vascular) phase which usually 
occurs between 25 and 80s after initiation of contrast 
injection. However, almost all masses have decreased 
attenuation (and so are more conspicuous) relative to 
normal renal parenchyma during the other two phases. The 
nephographic phase usually begins 85- 120s after the onset 
of injection when contrast filters through the glomeruli and 
enters the loop of Henle and the collecting ducts. The 
excretory phase begins when the contrast is first excreted 
into the calyces, approximately 3-5 min after the onset of 
injection (Figure 13) (Yuh and Cohan, 1999). 

A similar protocol is used to distinguish a benign from 
a malignant solitary pulmonary nodule based upon their 
differences in vascularity (Yamashita et al., 1995; Zhang 
and Kono, 1997; Swensen et al., 2000). To be eligible for 
this examination a nodule must measure 5mm or more 
in diameter, be solid, relatively spherical, homogeneous, 
without calcification or fat on nonenhanced, thin-section CT 
images. Helical scanning is performed through the lesion 
pre and at 1, 2, 3 and 4min after the onset of contrast 
injection (Figure 14; see colour plate section for parts (h) 
and (i)). Using enhancement greater than 15HU as a marker 
for malignancy, the most recent multicentre study reported 
98% sensitivity, 58% specificity and 77% accuracy (Swensen 
et al., 2000). 

The initial diagnostic CT scan can provide additional 
pertinent information for a patient's subsequent workup and 


treatment plan, including clinical tumour staging (both local 
extent and the presence or absence of distant metastases) and 
determination of the best site and modality for histological 
tissue sampling. It also serves as a baseline examination for 
comparison with subsequent studies. 


Tumour Staging 


CT scanning is the established modality for staging virtually 
all tumours. CT is routinely employed for the preoperative 
staging of non-small cell lung cancer (NSCLC) (Patz et al., 
1999). It provides information regarding the lung mass(es) 
including size and location (lobe, relationship to bronchi), 
the presence and location of suspicious lymphadenopathy 
and mediastinal, pleural, chest wall (Figure 15a) and local 
spinal involvement (Figure 15b). 

Chest CT examinations routinely include the adrenal 
glands since up to 10% of NSCLC patients will have an 
adrenal mass as the only site of extrathoracic disease at 
initial presentation (M acari etal., 1998). Differentiation of 
an adrenal adenoma from a nonadenoma is necessary in order 
to prevent curative surgery in the presence of extrathoracic 
metastasis (Table 4) (Korobkin et al., 1996, 1998; Outwater 
etal., 1996; Boland etal., 1997, 1998; Macari etal., 
1998). Scanning through the adrenal glands helps to ensure 
complete coverage of the lungs even in the presence 
of respiratory variability and/or hyperinflation secondary 
to emphysema. In the latter case, CT demonstration of 
extensive emphysematous lung destruction may suggest 
clinical inoperability secondary to an insufficient pulmonary 
reserve despite tumour resectability. As with pancreatic 
carcinoma, surgical resection provides the best chance 
for survival in patients with NSCLC and so extensive 
surgical procedures (rather than the standard lobectomy and 
mediastinal node dissection) may be considered. Preoperative 
CT scanning can not only suggest resectability, it can 
also influence the nature of surgical procedure itself. 
Pneumonectomy is indicated if the mass involves a main 
bronchus, chest wall involvement may require resection of 
multiple ribs and in some centres a solitary adrenal metastasis 
is resected at the time of the thoracic resection. 

Preoperative identification of haematogenous or distant 
metastases is clinically useful even when resection of a 
primary tumour is indicated regardless of its stage. The 
role of CT in preoperative staging of colon cancer has 
been controversial with overall accuracies reported in the 
range 48-77% (Horton et al., 2000). These results are due 
in part, to the inability of CT to demonstrate microscopic 
tumour extension and to distinguish normal-sized lymph 
nodes with tumour from those without tumour (Zerhouni 
etal., 1996; Boiselle etal., 1998). These limitations are 
common to all CT oncological imaging and have contributed 
to the use of complementary imaging modalities such as 
magnetic resonance imaging (MRI) and positive emission 
tomography (PET) in addition to CT (Zerhouni et al., 1996; 
Abdel-Nabi et al., 1998; Boiselle et al., 1998). Indications 
for preoperative CT in colon cancer include suspected 
haematogenous or distal nodal metastases, suspected invasion 
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Table 3 CT Characterization of a Pulmonary Nodule 


Benign 
Noncontrast 
Contour Smooth, well defined 
Composition 
Calcifications (if present) Central, smooth margins 
Fat May be present 


Periphery opacities Adjacent lung parenchyma 
Appears normal 

Pleural tags absent 
Postcontrast 


Enhancement <15HU 


M alignant 


Irregular, spiculated 


Peripheral, irregular margins 

A bsent 

Variable hazy 

Secondary to desmoplastic reaction 
M ay be present 


>20 HU 


(between 16 and 20 HU enhancement is indeterminate) 


Table 4 Phases of Hepatic CT in Malignancy 


Phases Time after onset of injection 
Precontrast 

Postcontrast 

Arterial 20-255 

Late arterial 40s 

Portal venous 705 

Equilibrium 8-12 min 

Delayed 4-6h 


into adjacent organs or abscess formation, atypical symptoms 
or unusual histology. The liver is the most common site 
for distant metastases. Their preoperative identification may 
be of importance as a solitary metastasis may be resected 
concurrently with the primary tumour. Dynamic contrast- 
enhanced CT and nonenhanced M RI both have 85% accuracy 
in diagnosing hepatic metastases (Zerhouni etal., 1996). 
Multidetector scanning (Weg etal., 1998) and CT arterial 
portography with or without CT hepatic arteriography have 
improved detection, with accuracies of 89- 94% (Inaba et al., 
2000). 

A dedicated CT liver protocol is helpful in characterizing 
hepatic masses (Miller etal., 1988; Hollett etal., 1995; 
Baron etal., 1996; Chen etal., 1999; Murakami etal., 
2001). M ost hepatic metastases including those secondary to 
colon cancer are hypoattenuating masses best seen during the 
portal venous phase of enhancement as opposed to other liver 
lesions (Figure 16) (Table 5). Malignancies with a greater 
hepatic arterial blood supply and arterioportal shunting are 
hyperintense on the arterial phase (Chen etal., 1999). 
These include hepatomas (Figure 17) and hypervascular 
metastases secondary to carcinoid, pancreatic islet cell 
tumour, melanoma, thyroid carcinoma, phaeochromocytoma 


Table 5 CT Characterization of Adrenal M asses 


Abnormalities best seen 
Calcifications 


Hepatoma 

Hypervascular metastases 

Hepatoma (some best seen here) 

Most metastases 

Cholangiocarcinoma (delayed enhancement) 

Any mass (hepatic parenchyma accumulates iodine) 


and breast and renal carcinoma (Miller etal., 1988; Hollett 
et al., 1995; Baron et al., 1996; Chen et al., 1999; M urakami 
et al., 2001). 


Tissue Sampling 


Histological confirmation of malignancy can often be made 
by a CT-guided transcutaneous needle biopsy (TCNB), 
obviating the need for an open biopsy. The initial diagnostic 
CT scan, by demonstrating suspicious primary or metastatic 
lesions, can assist in the selection of the most appropriate 
site and method for tissue sampling. In the case of a 
suspected lung cancer, which is central and communicates 
with a bronchus, sputum cytology or bronchoscopy with 
or without transbronchial biopsy may be appropriate. If 
the mass is peripheral, transthoracic needle biopsy (TTNA) 
may be performed under fluoroscopy if it is of sufficient 
size. If it is too small or surrounded by numerous bullae, 
CT guidance is preferable as it can reliably depict the 
mass and demonstrate the optimal trajectory, traversing the 
least amount of lung parenchyma and avoiding surrounding 
bullae if possible. Overall sensitivities of 82-100% and 


Adenoma Malignancy 
Precontrast 
Size <4cm in diameter Primary tumours 
usually >5cm 
Composition <10HU (MR is indicated when 10-20 HU) >20HU 
P ostcontrast Rapid washout Delayed washout 


<37HU at 30min 


>40HU at 30min 


12 





Figure 13 Multiphase imaging of a patient with left renal cell carcinoma. (a) Noncontrast CT though the kidneys demonstrates a mass in the posterior 
aspect of the left kidney (large arrow) which is hypodense relative to the normal renal parenchyma (small arrow). The noncontrast CT series is used to 
obtain baseline H ounsefield units (HU), density measurements, and to identify the presence of calcium, which may be obscured after injection of intravenous 
contrast medium. (b) Corticomedullary (vascular) phase imaging. The lesion is seen as a hypodense mass (large solid arrow) compared with the renal 
parenchyma (small solid arrow). Note the minimal enhancement within it (open arrow). The contrast has not reached the urine-collecting system which 
appears of lower attenuation (curved arrow). (c) Peak nephrographic phase imaging. Image at the same level performed just before the excretion of contrast 
medium shows loss of corticomedullary definition, which was present on the previous image and a more homogeneous parenchyma (small solid arrow). 
The lesion is well defined (large solid arrow), but exhibits greater enhancement (open arrow). (d) Excretory phase imaging. A delayed image done at the 
time of excretion of the contrast into the collecting system (curved arrow) shows a less intense nephrogram (small solid arrow) than that seen just prior to 
excretion but there is more intense tumoral enhancement (open arrow). Maximum tumoural enhancement can be seen at any phase, but is most typically 
seen on delayed images. Since maximum enhancement can be seen on any phase, multiphase imaging is a great aid in defining and enhancing borderline 
cases. In addition, different phases are needed to optimize the imaging of multiple organs. For example, the early phases (arterial and portal venous) are best 
to identify hepatic metastases, while the delayed (nephrographic and excretory) phases are superior for identification of renal lesions and of enhancement 





in them. 


specificities of 94- 100% have been reported for TTNA for 
carcinoma. The most common complication is a 5-57% risk 
of pneumothorax, 1.6-17% of which require a chest tube 
(Wescott et al., 1997; Dennie et al., 2001). CT fluoroscopy 
is currently available (Daly etal., 1999). Its utilization 
may reduce complications by providing continuous real- 
time monitoring, thus decreasing the total procedure time 
and the actual time during which a biopsy needle is 
in the lung. Aside from the histological confirmation of 
malignancy, differentiation between non-small-cell (NSCLC) 
and small-cell lung cancers is critical owing to their 
differences in treatment options. Small-cell cancers are 


generally effectively treated with chemotherapy alone, thus 
obviating surgical considerations. 

CT-guided TCNB of a suspicious metastasis, even if the 
primary neoplasm is large and accessible, provides staging 
information. Determination of mediastinal nodal involvement 
is crucial for staging NSCLC which is required for appro- 
priate prognostic assessment and therapeutic determination 
(Mountain, 1997; Mountain and Dresler, 1997). CT diagno- 
sis of mediastinal disease is based upon nodal size. Utilizing 
1 cm as the upper limit of normal for the short-axis dimension 
of anode, CT has been reported to have 62% sensitivity and 
64% specificity in assessing lymph node metastases (M cL oud 


et al., 1992). Its low sensitivity is secondary to the high fre- 
quency of microscopic metastases within normal-sized nodes, 
and its low specificity is due to the frequent occurrence of 
enlarged, hyperplastic nodes (Patz etal., 1999). Neverthe- 
less, CT identification and localization of enlarged nodes 
can assist in the selection of the appropriate invasive pro- 
cedure (mediastinoscopy, mediastinotomy, thoracoscopy and 
transbronchial biopsy) for staging. 

Lymph nodes in the aortopulmonary window are generally 
not accessible with cervical mediastinoscopy and thus 
necessitate either parasternal or anterior mediastinotomy 
for biopsy (Boiselle etal., 1998). TTNA of an enlarged 
mediastinal node, if possible, expedites treatment initiation 
by eliminating the performance of one of the other biopsy 
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procedures. Biopsy of a probable intra-abdominal or skeletal 
metastasis with CT-guided TCNB has the additional benefit 
of eliminating the risk of pneumothorax associated with 
TTNA. CT guidance has a role even in the biopsy of a 
superficial mass by demonstrating its internal architecture. 
The site for tissue sampling can be optimized away from 
areas of low yield such as necrosis, periosteal reaction or 
callus formation in a pathological fracture. Adjacent major 
vessels or nerves can also be avoided. CT-guided TCNB 
has a role in surveillance by confirming disease recurrence 
(Figures 18 and 19). This enables expeditious institution of 
appropriate therapy (Som et al., 1999). 

Percutaneous CT sampling of other primary malignancies 
is equally safe and efficacious. Biopsy of abdominal 





Figure 14 


Imaging workup of a solitary pulmonary nodule, a biopsy-proven lung cancer. (a)A frontal chest radiograph reveals a solitary noncalcified 


nodule in the right lung (curved arrow). (b) A high-resolution CT scan provides further morphological detail. The nodule is fairly homogeneous, without 
calcifications, but with a focal luscency (open arrow) and an air bronchogram (long arrow). Its margins are irregular (short arrow). (c)- (g) CT evaluation 
of nodule enhancement. The white circles demarcate the region of interest used for measuring the nodule’s density: at baseline (c) prior to the injection of 
intravenous contrast, medium and 1 min (d), 2 min (e), 3 min (f) and 4 min (g) after the onset of the injection. The measurements in Hounsefield units (HU) 
are noted (arrowheads). Abnormal enhancement of 31 HU is present at 4 min, indicative of a malignant lesion. (h), (i) Positive emission tomography (PET) 
scan of the nodule. An area of intense activity is present on serial axial (h) and a coronal scan (white arrows) (i). This is compatible with a malignancy, 


concurring with the CT enhancement examination. 
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(continued) 


Figure 14 


primaries yields an approximately 95% positive result when 
malignancy is present with virtually no false-positive results 
and rare complications such as bleeding (Sundaram et al., 
1982). As with lung biopsies, the studies can be done on an 
outpatient basis. In addition to initial evaluation of neoplastic 
processes, percutaneous CT biopsies can be used to confirm 
recurrent disease, permitting optimal treatment. 


Surgical Planning 


CT plays a major role in surgical planning. In pancreatic car- 
cinoma, which has a poor prognosis with a survival rate of 


20% in the first and less than 5% in the fifth year, surgical 
resection offers the only chance for cure with a 20% 5-year 
survival. Only 20% of patients will have disease deemed sur- 
gically resectable at the time of diagnosis (O'M alley et al., 
1999). The ability to identify these patients accurately is 
essential, as there is a 20- 30% surgical morbidity (Sheridan 
et al., 1999). The role of CT scanning is for tumour detec- 
tion and preoperative assessment of disease extent. Although 
its accuracy for tumour detection approaches 100%, determi- 
nation of resectability is more problematic. Up to 25-50% 
of patients considered preoperatively to have resectable dis- 
ease on CT were unresectable at surgery (O'Malley etal., 
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Figure 15 Evaluation of lung tumours for resectability. (a) Initial contrast-enhanced chest CT in a patient with newly diagnosed non-small cell carcinoma 
of the lung. The left main bronchus terminates abruptly at the level of the upper lobe bronchus (black arrow) by extensive necrotic (low attenuation) central 
(left hilar and mediastinal) masses (open arrows), with resultant left upper lobe collapse (long arrows). There is encasement of the left main pulmonary 
artery (arrowheads) as well as contralateral lymphadenopathy (curved white arrow). M ore peripherally, there is chest wall extension (broad arrow) and a 
small pleural effusion (curved black arrow). (b) Axial image from a thoracic CT of another patient with lung cancer reveals a mediastinal mass (solid 


arrows) with destruction of a contiguous vertebral body (open arrow). 





Figure 16 Hepatic metastases from pancreatic carcinoma. (a) Representative axial image through the liver demonstrates low-density hepatic metastases 
(open arrows). This is performed in the portal venous phase when most hepatic metastases are best appreciated as being less dense than normal parenchyma. 
(b) 2D coronal reconstruction image demonstrates multiple hepatic metastases (open arrows) as well as the pancreatic mass (straight black arrows). Note 
the involvement of the superior mesenteric vein (curved arrow) in the region of the mass. H =heart. 


1999). Criteria include spread of disease outside the pancreas 
(usually the liver or peritoneum), contiguous invasion of 
adjacent organs including the stomach or colon and involve- 
ment of major peripancreatic vessels - arterial encasement or 
venous occlusion (Figure 20). A dedicated pancreatic mass 
CT is performed utilizing thin-section dynamic multipha- 
sic helical scanning (Figure 21a) (Nishiharu etal., 1999; 
O'Malley etal., 1999; Sheridan et al., 1999). The acquired 
data set subsequently undergoes image analysis and interac- 
tive volume rendering. With multiplanar re-formation (M PR), 
reconstructed axial images are stacked to create a volume of 
imaging data from which two-dimensional images are gen- 
erated (Ibukkuro et al., 1995). A reference plane (coronal or 


sagittal) can then be selected for viewing (Figure 21b and c) 
and subsequent manipulation (tilted or rotated) (Figure 21d 
and e). CT angiography with MPR can display a vessel in 
a format similar to conventional angiography that is easier 
to understand than an axial CT image (Figure 21f and g). 
Furthermore, 2D and 3D (Figure 21h-i) vascular imaging 
techniques have the additional advantage over conventional 
angiography that they are capable of displaying a structure or 
mass surrounding a blood vessel in addition to alesion inside 
the vessel. This is particularly helpful in pancreatic cancer 
imaging since many of the important anatomical landmarks 
lie in different planes (Novick and Fishman, 1998). M ulti- 
phase thin-section helical CT with 2D and 3D re-formation 
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Figure 17 Multiphase imaging for the identification of a hepatoma. (a) Axial scan done through the right lobe of the liver during early imaging (arterial 
phase) demonstrates a hypervascular mass (large arrow) which enhances brightly on this phase. Maximum enhancement in the arterial phase is typical of 
hepatoma and certain other hypervascular tumours. In contrast, most hepatic tumours are best identified on the portal venous phase. Note the unenhanced 
collateral vessels in this cirrhotic patient (small arrow). (b) Same patient, scanning during the standard portal venous phase. The hypervascular tumour is 
not well appreciated (large arrow). Early scanning is necessary in patients with a suspicion of hypervascular tumours such as hepatoma. M ost standard liver 
primary/secondary tumours are best seen on the portal venous phase. The collateral vessels have enhanced (small arrow). 





Figure 18 CT-guided biopsies. (a) CT-guided biopsy in the diagnosis of recurrent tumour. Patient with previous cervical carcinoma, who presented with 
a right pelvic mass (black arrow). On the initial image, the opaque needle is seen extending through the subcutaneous tissues. A black artifact extends from 
the needle tip (white arrow). (b) The needle has been advanced to the surface of the mass (arrow) permitting needle aspiration cytology or biopsy. This 
is a highly reliable technique with 95% sensitivity in patients having primary/secondary neoplastic disease. It is an outpatient procedure with extremely 


infrequent complications. 


can assist in all stages of surgical planning for potentially 
resectable cases (Figure 22), or provide follow-up of a pal- 
liative procedure in others (Figure 23). 

Nephron-sparing surgery is the surgical treatment of choice 
for patients with renal cell carcinoma who have a solitary 
kidney, contralateral renal impairment or bilateral tumours. 
Its success rate is similar to that of radical nephrectomy 
in patients with a single tumour under 4cm in size and 
with a normally functioning contralateral kidney. It is more 
technically challenging than radical nephrectomy and is 
benefitted by the diagnostic information and preoperative 
planning information provided by triphasic helical CT 
scanning and 3D volume rendering (Coll etal., 2000). 
Volume rendering techniques incorporate the entire CT data 


set into a 3D image (Calhoun etal., 1999). Preoperative 
information includes renal position relative to the lower rib 
cage, spine and iliac crest, tumour location and depth of 
extension into the kidney, relationship of the tumour to the 
collecting system and renal arterial and venous anatomy, 
including the segmental arterial supply to the tumour 
(Figure 24). 


Therapy 


Local Nonsurgical Treatment of Disease 


The art of radiation therapy entails the administration of 
a precise dose of ionizing radiation to a designated tissue 
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Figure 19 (a) CT-guided biopsy in the diagnosis of recurrent tumour in another patient. Patient with previous squamous cell carcinoma of the neck 
presented with a large soft tissue mass (black closed arrow) in the area of prior resection. It extends into the trachea (black open arrow) and abuts the 
oesophagus (open white arrow). Once a biopsy location is selected, a row of needles is placed on the skin. The appropriate entry site is selected relative to 
the corresponding needles (white closed arrow). (b) The biopsy needle is seen extending through the subcutaneous tissues. A black artifact extends from 
the needle tip (curved arrow). (c) The needle has been advanced into the mass with the tip successfully positioned (arrowhead) permitting needle aspiration 
cytology or biopsy. This is a highly reliable technique with 95% sensitivity in patients having primary/secondary neoplastic disease. 


volume. Treatments are often limited by the tolerance of 
surrounding normal tissue (Mohan etal., 1998). The role 
of CT includes depicting anatomical structures for better 
delineation of the tumour volume and healthy critical organs, 
allowing planning in a three-dimensional setting, permitting 


accurate placement of beams and field-shaping devices and 
allowing more accurate prediction of dose at various sites. 
CT-guided conformal radiation therapy permits accurate and 
consistent tumour localization immediately prior to treat- 
ment while sparing adjacent normal tissues. This permits the 
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Figure 20 Local invasion. Pancreatic carcinoma with involvement of the hepatic artery, and obstruction of the portal vein with cavernous transformation. 
(a) Arterial phase imaging at the level of a pancreatic tumour (short white arrows) demonstrates the encasement of the splenic artery (long black arrow) 
and the failure to identify the portal vein. (b) A scan on a later phase through the liver demonstrates reconstitution of the right portal vein (curved arrow) 
and cavernous transformation of the main portal vein (white straight arrow). Note the necrotic adenopathy in the lesser sac (black arrow). CT produces 
exquisite detail of vessels and readily identifies local involvement of the structures. 


administration of higher radiation doses to tumours such as 
prostate, with reported improvements in local tumour control 
(55-94%) and reduction of complications in normal tissues 
from 10 to 20% (Zelefsky et al., 1988). Percutaneous abla- 
tion of both primary and metastatic tumours is currently 
being performed. Accurate preprocedural tumour localiza- 
tion, and immediate and long-term follow-up of its efficacy, 
are accomplished utilizing CT. 

Surgical resection and orthotopic liver transplantation cur- 
rently offer the best hope for survival for patients with hep- 
atocellular carcinoma (HCC). The disease in unresectable in 
80% of patients at the time of initial diagnosis (Okuda et al., 
1985). Interventional procedures including local ethanol 
injection are currently being performed in patients who are 
unresectable or whose clinical status renders them inopera- 
ble (Livarhi et al., 1986). CT provides imaging guidance for 
the injection, immediate confirmation of the success of the 
procedure and long-term follow-up (Figure 25). 


Palliation 


CT may confirm the necessity and success of various pal- 
liative procedures. The placement of stents may be endo- 
bronchial when there is proximal bronchial obstruction suf- 
ficient to cause significant respiratory compromise, endovas- 
cular as in the case of superior vena cava obstruction or endo- 
luminal in the presence of biliary obstruction (Figure 23). 


Follow-Up 


Surveillance 


Routine surveillance of oncological patients is frequently 
conducted utilizing CT. They are performed at appropriate 
intervals to monitor treatment efficacy (Figure 26). CT 


surveillance provides an opportunity for early detection and 
biopsy of a suspected lesion (Figures 18 and 19), which in 
turn can result in prompt institution of appropriate therapy. 
Local and potential distant sites of recurrence are scanned. 
CT findings indicative of unresponsiveness includes lack 
of tumour regression, local increase in size and/or number 
of lesions or adenopathy and the development of distant 
metastases (Figure 27). 

The importance of CT in determining local recurrence 
is exemplified in patients who have undergone radiation 
for supraglottic or glottic carcinoma. Accurate interpretation 
of CT examinations in patients who undergo radiation 
requires that the expected changes due to treatment not be 
misinterpreted as residual or recurrent tumour. A baseline 
CT showing complete resolution at the primary site and 
symmetric- appearing laryngeal and hypopharyngeal tissues 
(i.e. expected radiation therapy-related changes) is predictive 
of permanent local control. However, if less than 50% 
estimated volume reduction or a focal mass with a diameter 
>1 cm is found, immediate further investigation is warranted, 
as the likelihood of local failure is high (Hermans et al., 
2000). 

Even in situations where the earliest evidence of recur- 
rence is local, the possibility of distant metastases must be 
considered and appropriate scans obtained. Recurrent cer- 
vical carcinoma typically occurs in the pelvis with masses 
or lymphadenopathy (Figure 19). However, with the intro- 
duction of intensive pelvic radiation therapy, there has been 
an increase in atypical manifestations of recurrence, includ- 
ing distant solid organ metastases (Fulcher et al., 1999). In 
addition, follow-up CT scans may provide early detection 
and diagnosis of a second primary cancer (Munden et al., 
1997; Quint et al., 2000). 

Disease progression may be clinically silent and detected 
on routine surveillance studies, or it may present with clinical 
findings requiring investigation. Dyspnea is a relatively 


common symptom in oncological patients. A high-resolution 
CT scan of the chest performed for dyspnea in a patient 
with breast cancer may reveal pulmonary lymphangitic 
carcinomatosis - haematogenous spread of tumour into 
the lungs, penetrating vessel walls and the surrounding 
interstitium and lymphatics (Figure 28) (J ohkoh et al., 1992). 
Patients may present with an abnormal physical examination, 
such as a superficial mass (Figure 29), superior vena cava 
syndrome (Figure 30), or an acute change in mental status 
(Figure 8). 


Figure 21 
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Complications 


The oncological treatments themselves have risks of com- 
plications. Postsurgical complications are often worked up 
with CT. Acute complications such as anastomotic leakage 
or abscess formation may appear as extraluminal collections 
on CT. Intestinal obstruction is usually a more chronic com- 
plication, especially in patients with a history of surgery 
for abdominal malignancy. CT is valuable for determin- 
ing the presence or absence and the level and cause of 
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Utility of two-dimensional multiplanar re-formation (MPR) and three-dimensional helical CT angiography (CTA) in staging and surgical 


planning. (a) A thin section axial image in the arterial phase demonstrates a pancreatic tail mass (large arrows) involving the distal splenic artery (small 
arrows). (b),(c) A more caudal axial scan. Crosshairs have been placed for selection of the coronal reformation plane (long arrow in (b)). Coronal MPR 
image (c) demonstrates the distal splenic artery (small arrows) and its relationship to the mass (large arrows). (d),(e) Axial image (d) demonstrating selection 
of an oblique plane (long arrow) to produce an oblique MPR (e) with a more elongated presentation of the mass (straight arrows). Note the large left renal 
cyst (curved arrow). (f),(g) Curved re-formation. A line is drawn by the operator (long white arrow) on the axial scan (f) along the projected course of the 
splenic artery (small arrows) including its portion through the mass (large arrows identify mass). The result is a curved MPR (g) which displays the entire 
artery (small arrows) as well as the pancreatic tail mass (large arrows). (h) 3D volume-rendered coronal model of the arterial anatomy with shaded surface 
display (SSD). Pancreatic tail mass (large arrow). (i) Coronal 3D display image showing the venous anatomy. There is occlusion of the splenic vein in the 
area of the pancreatic mass (large arrows) with distal reconstitution (small arrows). These images provide better delineation of a neoplasm itself as well as 
the status of adjacent structures. Surgical planes can be virtually created to further assist in surgical planning. The arterial anatomy described in (h) is in 


actuality figure (i) and the venous anatomy described under (i) is actually (h). 
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Figure 22 CT angiography with 3D reconstruction in a 17-year-old diagnosed with a vertebral osteosarcoma and referred for a CTA prior to a presurgical 
embolization of the left vertebral artery. (a),(b) Axial (a) and coronal (b) images demonstrate a lytic mass (arrows) in the C1 vertebral body representing 
the known osteosarcoma. (c) Axial image following injection of intravenous contrast reveals the location of the vertebral artery (yellow arrow) relative to 
the mass (white arrows). (d) Coronal 3D shaded surface area reconstruction exquisitely demonstrates the course of the vertebral artery (curved arrows) and 
its relationship relative to the tumour (open arrows). 





Figure 23 Cholangiocarcinoma in the distal common bile duct. (a) A xial scan through the thick-walled distal common bile duct (white arrows) in a patient 
with a stent (black arrow). The duct is distended with low-density bile (curved arrow). (b) Standard two-dimensional reconstruction shows the stent going 
through the dilated common bile duct (curved arrow) into the duodenum (long arrow). The tumour is well appreciated as an abrupt obstructing mass (short 
arrows). 
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Figure 24 Renal-cell carcinoma. Role of 3D imaging in surgical planning for partial nephrectomy. (a) 3D reconstruction when viewed from behind 
demonstrates a 1-cm tumour on the surface of the left kidney (arrow). (b) Imaging during the arterial phase demonstrates the small tumour (arrow) and 
clearly defines the planes that can be used for a surgical approach. In addition, a single left renal artery and single left renal vein are identified and labelled. 
It is extremely important in doing partial nephrectomies to know the vascular anatomy. (c) 3D axial image viewed from above, which is a view commonly 
used in surgery, demonstrates the tumour (short arrow). The left renal artery (long arrow) is seen coming off the aorta with an anterior branch and the left 
renal vein (curved arrow) is readily seen anterior to it (the anterior is inferior and posterior is superior in the view). Identification of exact tumour location 
and vascular anatomy is crucial to the surgeon in planning a nephron-sparing, partial nephrectomy. The ‘CT angiogram’ obviates the need for a standard 


angiogram, which is a more invasive study. 


bowel obstruction (Ha et al., 1998). The obstruction may 
be benign, secondary to adhesions or related to neoplas- 
tic disease. Recurrent tumour or peritoneal carcinomatosis 
causes malignant obstruction. CT findings not only confirm 
the diagnosis of intestinal obstruction but also are useful in 
management. The long-term survival rate in the presence of 
a malignant obstruction is poor, and the incidence of strangu- 
lated obstruction is rare, so early surgical intervention is not 
generally performed. On the other hand, up to one quarter 


of the patients have a benign cause, a resectable or eas- 
ily bypassed local recurrence or a potentially curable new 
primary, making them candidates for early surgery should 
conservative management fail. 

Complications secondary to nonsurgical treatment modal- 
ities are also amenable to CT scanning. CT is more sen- 
sitive and demonstrates radiation-induced lung parenchy- 
mal changes earlier than chest radiography (Park etal., 
2000). When pulmonary areas of increased opacity are seen 
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Figure 25 Ethanol ablation of a hepatoma utilizing CT. (a) Arterial phase CT reveals an enhancing mass in the posterior segment of the right hepatic lobe 
(arrow). Biopsy-confirmed hepatoma. (b) Axial scan performed during the CT-guided percutaneous ethanol injection procedure. Following confirmation 
of accurate needle placement (long arrow), ethanol is injected resulting in a defect (short arrow) in the mass. (c) Image obtained at completion of the 
procedure reveals an area of mixed attenuation in the mass (arrow). (d) Followup study. Arterial phase scan at the same level as the preprocedure CT (a) 
demonstrates the absence of early enhancement. Instead, only a relatively low attenuation area is seen (arrow). This disappearance of the hypervascularity 


denotes a successful ablation procedure. 


following radiation, the differential diagnosis includes radi- 
ation pneumonitis, local recurrence, lymphangitic tumour 
spread and infectious pneumonitis. The appearance of radia- 
tion pneumonitis is unique as it is generally confined to the 
radiation portals. CT is useful as it can depict not only the 
nature of the opacities (diffuse haziness and areas of con- 
solidation in the acute, and fibrotic changes in the chronic 
phases), but also localize them. High-resolution chest CT is 
valuable in demonstrating findings suggestive of pulmonary 
toxicity secondary to chemotherapeutic agents in the appro- 
priate clinical setting. In cases where the findings are nonspe- 
cific, HRCT is helpful in directing a biopsy to more abnormal 
areas thus increasing the yield of diagnostic material. CT may 
also assist in the workup of other more generalized compli- 
cations such as infection and pulmonary emboli, the latter 


with and without deep venous thrombosis (Loud et al., 2000; 
Qanadli et al., 2000). 


Advances in CT technology continue. Some involve the CT 
scanner itself such as the development of portable machines 
which can be placed in hospital elevators and moved to 
different patient care areas, or scanners with rotational 
Capabilities to assist in conformal radiotherapy delivery. 
Faster scanners and improvements in software promise to 
further expand the imaging capabilities of CT. Multislice 
imaging utilizing a greater number of detectors will result 
in increased scanning speed, the creation of more scanning 
options and improved utilization of administered contrast. 
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Figure 26 CT in staging non-Hodgkin lymphoma. (a) A chest radiograph in a patient with non-Hodgkin lymphoma demonstrates widening of the 
mediastinum (straight arrows), hilar enlargement (curved arrow) and elevation of the left diaphragm (open arrow). Pretreatment (b) and posttreatment (c) 
intravenous contrast-enhanced thoracic CT examinations. Initial scan at the level of the superior vena cava (SVC) (curved arrow) reveals extensive bilateral 
mediastinal lymphadenopathy (straight arrows). While the vessels including the aorta (long arrow) and brachiocephalic vein (open arrow) are encased 
they are not occluded, a feature which distinguishes lymphomas from most carcinomas of similar size. Posttreatment axial image (c) at a similar level 
reveals treatment response with marked diminution of the mediastinal mass (straight arrow). A central venous catheter is present in the SVC through which 
chemotherapy had been administered (curved arrow). (d), (e) Pretreatment (d) and posttreatment (e) axial images at the level of carina (black arrows). Prior 
to therapy (d) the extensive mediastinal lymphadenopathy (straight white arrows) encompasses the phrenic nerve accounting for the left diaphragmatic 
elevation. Chest wall extension (curved arrow) is present, a feature associated with non-Hodgkin rather than Hodgkin lymphoma. Following therapy, (e) 
calcifications (open arrow) are present in the residual adenopathy (white arrows). The chest wall involvement has regressed (curved arrow). 
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Figure 27 Unresponsive small-cell lung cancer. M ultiple sites of neoplastic involvement are revealed during a contrast-enhanced thoracic and abdominal 
CT. (a) Axial image of the chest demonstrates adenopathy in the right hilum (curved arrow) and mediastinum (long white arrow). Bilateral pleural effusions 
(short arrows) and vertebral body destruction (long black arrow) are also present. (b) Axial image of the upper abdomen reveals a hepatic metastasis (black 
arrow), a left adrenal mass (white arrow) and a pathological right rib fracture (curved arrow). (c) Image caudal to (b) demonstrates bilateral renal masses 


(open arrows) and left para-aortic adenopathy (arrowheads). 





Figure 28 High-resolution CT (HRCT) of the lungs. A patient with known 
breast cancer developed dyspnea with no clinical evidence of infection. 
An axial image reveals bilateral patchy interstitial abnormalities including: 
thickening of peribronchial (white arrows), interlobular (arrowheads) 
and interlobar (curved arrow) interstitium. Note the normal appearing 
interlobular septa in the uninvolved right middle lobe (straight arrow). The 
HRCT technique employs increased milliamperage or kilovolt peak X -rays, 
thin collimation and an edge-enhanced reconstruction algorithm in order to 
display the pulmonary interstitium optimally. 





Figure 29 Thoracic CT image of a patient with a history of non-Hodgkin 
lymphoma who presented with a large visible and palpable mass which is 
shown to be dramatic chest wall extension (closed arrows) of the mediastinal 
adenopathy (open arrow), with destruction of the medial right clavicle 
(arrowhead). 


Software advances are continuing to expand the imaging 
Capabilities of CT. New virtual imaging techniques are 
being evaluated. Three-dimensional helical CT of the 
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Figure 30 Progression of disease (lung cancer). (a) Axial CT scan of a patient with biopsy-proven adenosquamous carcinoma of the lung at the level of 
the main pulmonary artery (open arrow) reveals a large, heterogeneous mass (arrows). The barely visible right pulmonary artery (arrowhead) and absence 
of an air-filled right mainstem bronchus (black arrow) indicate their involvement. The SVC is compressed but patent (curved arrow). (b) Follow-up scan 
obtained 1 month later when the patient presented with SVC syndrome-engorgement of the veins of the upper chest, neck and face. Axial image at the 
same level reveals disease progression. The margins of the actual mass (large white arrows) are obscured owing to the development of right lung collapse 
(small white arrows). A contrast-filled SVC is no longer visualized owing to interval tumour growth (curved arrow). Numerous contrast-enhanced collateral 
vessels are now visualized throughout the left chest wall (arrowheads). Note the presence of a new pleural effusion (black arrow). 
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Figure 31 Bladder tumour with ‘virtual’ imaging. These volume rendered 3D models were reconstructed from axial CT images acquired as part of a 
CT/IV P examination in which a vesical abnormality was detected. Different techniques were employed to alter their transparencies. (a) 3D reconstruction in 
the axial plane as viewed from above demonstrates a tumour in the left hemitrigone (short arrows) where the ureter enters the bladder without obstruction 
to the ureter (long arrow). (b) The 3D reconstruction utilizing a shaded surface display further accentuates the tumour margins (short arrows). The distal 
ureter (long arrow) and its relationship to the tumour are again displayed. (c) The same 3D reconstruction rendered with a ‘transparency technique’ permits 
evaluation of the inner lumen of the left ureter (curved arrow). (d) 3D reconstruction in the coronal plane with further transparency application demonstrates 
not only the inner lumen of the distal left ureter (curved arrow), but also of the bladder. Note the mass in the hemitrigone (short arrows) and the distal 
ureter within it (long arrow). Postprocessing data manipulation can permit added information to be extracted from the image and can also be a great aid in 
guiding the surgeon to the correct approach. 
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tracheobronchial tree (Zeiberg et al., 1996) and virtual bron- 
choscopy (Ferretti et al., 2000) show promise in evaluating 
the central airway. M ultiplanar CT pancreatography and dis- 
tal cholangiography appear promising (Prassopoulos et al., 
1998; Raptopoulos et al., 1998). Initial studies suggest that 
virtual cystoscopy maybe helpful in detection of bladder 
tumours larger than 5mm (Figure 31) (Song etal., 2001). 
Computer-assisted detection of lesions is also being devel- 
oped (Summers et al., 1998). 

CT scans are being further integrated with complementary 
imaging modalities such as ultrasound (US) and magnetic 
resonance imaging (MRI). The correlation of a tumour’s 
appearance and location on CT with its physiology (such 
as increased glucose uptake in a metabolically active lesion) 
as demonstrated by positron emission tomography (PET) has 
tremendous implications for oncological imaging. 
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INTRODUCTION 


Ultrasound is a widely available cross-sectional imaging 
technique that is used for both diagnosis of cancer and image- 
directed therapy. This chapter will discuss general principles 
of ultrasound imaging, including Doppler blood flow analysis 
and how these techniques are applied for cancer detection. 
Potential applications of intraoperative ultrasound and new 
ultrasound techniques such as laparoscopic ultrasound and 
contrast imaging will also be addressed. Ultrasound-directed 
biopsy and therapy are discussed elsewhere. 


GENERAL PRINCIPLES OF ULTRASOUND AS 
APPLIED TO CANCER IMAGING 


Ultrasound imaging is based on the transmission of high- 
frequency sound through tissue by using a hand-held 
transducer that both transmits and receives sound. The 
varying attenuation of sound by different tissue interfaces 
is used to generate an image. As sound travels through 
tissue, echoes are generated when some sound is reflected 
back to the transducer at each tissue interface. The distance 
of the interface or object is determined by the elapsed 
time between transmitted and received echo signals. The 
terms used to describe findings on ultrasound images relate 
to acoustic properties such as echogenicity, reflection and 
acoustic transmission. 

In order to detect malignancies it is necessary to have 
sufficient soft tissue contrast to differentiate normal tissue 
from malignant masses and adequate spatial resolution 
to detect small masses or normal anatomical structures. 
Ultrasound has excellent soft tissue contrast and is the 
best imaging modality for differentiation of cystic, fluid 
containing masses from solid lesions (Figure 1). Fluid- 
containing masses have no internal echoes, and since sound 
is not attenuated by fluid, there is acoustic enhancement 
posterior to fluid-containing structures. Solid masses have 


internal echoes on ultrasound and are readily differentiated 
from fluid-containing cystic lesions. Ultrasound soft tissue 
contrast is used to characterize the internal architecture of 
lesions as a means of differentiating benign from malignant 
disease. 

Soft tissue contrast provided by ultrasound has been 
improved further by the new technique of harmonic imaging. 
Harmonics are weak ultrasound signals that are produced 
when the incoming signal wavelength is altered by varying 
speed of sound transmission within tissue. The harmonic 
frequencies produced within tissue are multiples of the 
original signal frequency. Since harmonics are generated 
within the tissues there is less image background noise 
from scatter. Harmonic imaging, now routinely available, 
improves the depiction of fluid-containing structures, and 
better defines internal architecture of masses. In cancer 
patients, the information from harmonic ultrasound is 
particularly useful for the detection of small hepatic masses 
or for the identification of hepatocellular carcinomas that 
have similar echogenicity to normal liver (Hann etal., 
1999). Harmonic ultrasound is reported to provide additional 
information for liver imaging compared with standard 
ultrasound in approximately 30% of cancer patients because 
improved soft tissue contrast allows identification of smaller 
and more subtle lesions. 

Ultrasound has excellent spatial resolution, in the range 
of 1mm with standard transducers. New high-frequency 
transducers have sub-millimetre resolution. Normal anatomy 
such as extrahepatic bile ducts or small structures such as 
mural nodules within masses are readily resolved by sonog- 
raphy. The spatial resolution of ultrasound is directly related 
to transducer frequency. Higher frequency transducers have 
better resolution, but tissue penetration is limited because 
high-frequency signals are attenuated faster. In general, the 
highest frequency transducer that provides adequate image 
depth is chosen for examinations. For examination of super- 
ficial structures such as breast, thyroid and scrotum, high- 
frequency transducers in the range 7.5- 15 MHz are used, but 
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Ovarian masses in three different patients illustrate the use of ultrasound to differentiate between fluid and solid masses. (a) Simple benign cyst 


has no internal echoes (black area) and has a thin, smooth, white echogenic wall. (b) Complex ovarian mass has fluid (black areas) and solid components 
(white areas) due to multiple septations within the mass. With increasing complexity, there is increased likelihood of malignancy. (c) Solid ovarian carcinoma 


has internal echoes throughout the lesion. 


for abdominal imaging lower frequency transducers in the 
range 3- 6 M Hz are required for greater sound penetration to 
image deep organs. 

Compared with computed tomography, ultrasound has 
comparable spatial resolution and better contrast resolution. 
There are other important differences in the two imaging 
techniques. Ultrasound images are generated manually and 
the quality of the study is directly related to the experi- 
ence of the ultrasonographer. Ultrasound is therefore more 
operator dependent than computed tomography or magnetic 
resonance imaging. Another difference between ultrasound 
and computed tomography relates to the image field of view. 
Computed tomography provides a cross-sectional view of 
an entire anatomical region, but ultrasound images show 
cross-sectional anatomy in limited projections determined 
by acoustic windows that avoid artifact-producing bone and 
air. Because the acoustic properties of bone and air are so 
markedly different from soft tissue, at bone and air inter- 
faces most of the transmitted sound is reflected back to the 
transducer and structures deep to bone and air are obscured 
by an acoustic shadow. For this reason, ultrasound images 
are generated in such a way as to avoid regions of bone- 
or gas-containing structures such as lung or gastrointesti- 
nal tract (Figure 2). Superficial organs such as thyroid, 


scrotum and breast are readily accessed by ultrasound. In the 
abdomen, liver, gallbladder, bile ducts, spleen and kidneys 
are well visualized sonographically, but the retroperitoneum 
may be obscured by bowel gas. To overcome potential arti- 
facts from bowel gas, pelvic sonography is performed by 
displacing bowel from the pelvis with a filled urinary bladder 
or by direct transvaginal ultrasound that places the trans- 
ducer close to the ovaries and uterus without interposed 
bowel. 

Although ultrasound may give a limited field of view, it 
does provide multiplanar imaging similar to computerized 
tomography and magnetic resonance imaging. Ultrasound 
has an advantage in that the images are obtained in real 
time so there is no motion degradation and subtle changes 
during respiration or the cardiac cycle may be used to aid 
diagnosis. For example, ultrasound real-time imaging can 
identify changes in blood vessel calibre during respiration 
to differentiate between compression by tumour or direct 
tumour invasion of a vessel. An encased blood vessel 
remains constricted, but a compressed vessel lumen changes 
during quiet respiration. Also, observations may be made 
regarding tissue compliance. Soft masses may be deformed 
by variations in applied pressure by the examiner at the skin 
surface but firm tumours remain rigid. 
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Figure 2. Comparison of computed tomography and ultrasound images in a patient with hepatic metastasis. (a) Computed tomographic axial image reveals 
the entire liver including the posterior metastasis (arrow). The stomach and spleen are also shown. (b) Ultrasound transverse image reveals the internal 
architecture of the metastasis (MASS, arrow heads). A portion of the portal vein (V ) and gallbladder (asterisk) are included in the image, but since ultrasound 


is limited by air, the field of view is smaller than for computed tomography. 


DOPPLER ULTRASOUND 


Doppler imaging is unique to ultrasound and provides 
information regarding changes in blood flow during the 
cardiac cycle, direction of blood flow and patency of vessels. 
Assessment of blood flow characteristics is useful since 
tumours require angiogenesis for growth and since malignant 
tumours locally encase or obstruct blood vessels. The 
Doppler information can be displayed in three ways. Duplex 
Doppler samples flow within a vessel and displays velocity of 
flow over time (both mean and peak) as well as direction of 
flow relative to the position of the transducer. Some tumours 
such as hepatocellular carcinomas are characterized by high 
peak systolic velocity flow, a useful sign for diagnosis. This 
technique also readily identifies flow reversal within a vessel, 
as seen in the portal vein when portal venous hypertension 
is present. Power Doppler reveals amplitude of blood flow, 
but not flow direction. It is sensitive for slower flow and is 
the best technique for displaying the distribution of blood 
vessels within a mass. These Doppler techniques may be 
obtained individually or displayed simultaneously and often 
a combination of Doppler techniques is used. (Figure 3; see 
colour plate section). 

Blood vessels in malignant tumours often lack a normal 
branching pattern and have a tortuous angulated course with 
areas of displacement by mass effect from tumour nodules 
(Tschammler et al., 1998). Tumour vessels lack muscular 
layers, so the Doppler waveform is often altered with low- 
resistance, high-diastolic flow that may be detected on duplex 
Doppler imaging. Doppler information is particularly useful 
for determining tumour involvement of vessels and can detect 
both intraluminal thrombi and occlusion. The pattern of 
vascular involvement by tumours may determine therapy. 
For example, liver tumours, regardless of size, that involve 
hepatic veins and portal veins may not be amenable to 


curative surgical resection, whereas large hepatic tumours 
without vascular involvement may be successfully resected. 


ULTRASOUND CONTRAST AGENTS 


Ultrasound intravenous contrast agents have recently been 
developed to improve the detection and characterization 
of tumour perfusion. These agents are highly reflective 
microbubbles that are encapsulated within a shell for sta- 
bility. The microbubbles are less than 10 um in diameter so 
that they can clear the pulmonary capillaries and remain in 
circulation. Contrast enhancement is produced by the inter- 
action of the microbubbles and the ultrasound frequency. 
When micro bubbles are struck by an ultrasound signal, they 
alternately expand and contract, emitting harmonic frequen- 
cies that are multiples of the original transmitted ultrasound 
frequency. The ultrasound machine can selectively receive 
these harmonic signals to show the distribution of arter- 
ies and veins. In addition, as the contrast agent recirculates 
through tissue capillaries, parenchymal enhancement also 
occurs (Figure 4; see colour plate section). 

Ultrasound contrast agents have several potential applica- 
tions for cancer diagnosis and treatment. F or example, malig- 
nant liver tumours that are primarily supplied by the hepatic 
artery, such as hepatocellular carcinoma and vascular metas- 
tases, show hypervascularity with rapid arterial enhancement 
(Kim et al., 1998). This pattern of enhancement differs from 
that of benign haemangiomas that exhibit gradual enhance- 
ment, filling from peripheral to central regions. During the 
parenchymal phase of contrast enhancement, hepatic tumours 
appear more conspicuous as dark masses against the con- 
trast enhanced normal liver (Wilson et al., 2000) (Figure 5). 
Improved detection of renal, breast and prostate tumours by 
contrast-enhanced ultrasound has also been reported. Some 
ultrasound contrast agents have a different mode of action: 
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as reticuloendothelial agents, they are picked up by normal 
liver cells, but not by tumours. 

Ultrasound contrast agents may also be used to monitor the 
response of tumours to treatment. Hepatic tumours are often 
treated with radiofrequency probes or alcohol injections that 
are placed directly into the mass. Both methods coagulate the 
tumour and destroy tumour vascularity. Ultrasound contrast 
agents are reported to be highly sensitive for the detection 
of any residual vascularity and are thus useful to assess 
adequacy of treatment (K oito et al., 2000). 


SPECIFIC CLINICAL APPLICATIONS OF 
ULTRASOUND FOR CANCER DIAGNOSIS 


Ultrasound is generally the initial imaging study for cancer 
detection since it is readily available and relatively inex- 
pensive. Ultrasound may detect abnormalities, but differen- 
tiation of benign from malignant disease often is not pos- 
sible without biopsy. However, masses in the abdomen or 
pelvis as well as superficial structures are easily accessed by 
ultrasound-guided biopsy that can provide a definitive tis- 
sue diagnosis. Because ultrasound field of view is limited 
by bone and air, ultrasound is not suited for cancer staging 
that requires accurate visualization of all anatomical regions. 
Computed tomography is the preferred imaging technique for 
tumour staging. 


Breast 


Breast cancer screening is performed by mammography 
but when a mass is evident by mammography or physical 
examination, ultrasound evaluation may provide additional 
useful information by differentiating benign cysts from solid 
masses. It is essential that the ultrasound examination be 
interpreted with mammographic correlation to ensure that 
ultrasound findings anatomically correspond in location to 
mammographic abnormalities. Benign simple cysts have 
anechoic interiors, sharp margins, a thin wall and posterior 
enhancement. Breast cancers are solid hypoechoic masses 
that appear dark compared with normal breast tissue on 
ultrasound images. M alignant infiltrating ductal carcinomas 
are often irregular in contour, taller than wide, and may have 
posterior acoustic shadowing because of the fibrous response 
associated with breast cancer growth (Stavros et al., 1995). 
M icrocalcifications, commonly present in ductal carcinomas, 
are best evaluated mammographically, but also may be seen 
on ultrasound images performed with very high-frequency 
transducers. Infiltrating lobular carcinoma characteristically 
has irregular ill-defined margins on ultrasound with distortion 
of adjacent breast parenchyma. In contrast to the pattern seen 
in carcinomas, benign fibroadenomas are smooth in contour, 
have an oblong shape, and may have a thin echogenic halo. 
The shape and border of a mass are the most useful predictors 
of malignancy for solid masses, but there is considerable 
overlap in ultrasound appearance. Noninvasive identification 
of vascular changes and estimates of blood vessel density by 


Doppler ultrasound are also being explored for breast cancer 
detection since blood vessels comprise a significant portion 
of tumour volume and tumours have both altered flow states 
and vascular distribution. 

For breast masses that are indeterminate for malignancy 
by mammography or ultrasound, biopsy is required for 
definitive diagnosis. Percutaneous image-guided core biopsy 
of the breast has become standard as a minimally invasive, 
cost-effective alternative to surgical biopsy for histological 
diagnosis. Ultrasound guidance for breast core biopsy using 
a 14-gauge needle has been shown to have 100% correlation 
with surgical biopsy in a study of 181 lesions (Parker 
et al., 1993). Ultrasound guidance for core biopsy of breast 
masses is advantageous because the procedure is done in real 
time and precise location of the needle can be determined 
throughout the procedure. 


Thyroid 


Ultrasound is superior to physical examination for the 
detection of thyroid nodules and localization of palpable 
neck masses. The majority of thyroid nodules are benign and 
there is considerable overlap of appearances between benign 
and malignant thyroid nodules, but nodules with irregular 
margins, microcalcifications and thick irregular peripheral 
haloes on ultrasound images are suspicious for malignancy 
(Tessler and Tublin, 1999) (Figure 6). Papillary, medullary 
and Hurthle cell thyroid cancers frequently metastasize to 
cervical nodes. M etastatic nodes are typically enlarged, round 
in shape and have inhomogeneous texture, calcifications and 
distorted internal vascularity. 

Thyroid nodules and cervical lymph nodes are easily biop- 
sied under sonographic guidance for cytological diagnosis. 
Fine-needle biopsy, rather than large-bore core biopsy, is 
used because the gland is small, hypervascular and adja- 
cent to major blood vessels. Ultrasound guidance for thyroid 
biopsy improves accuracy of diagnosis and reduces insuffi- 
cient samples compared with standard fine-needle aspiration 
biopsy. 

In patients with thyroid carcinoma previously treated by 
total thyroidectomy and radioablation, radioiodine uptake 
and serum thyroglobulin assays have been routinely used to 
monitor for recurrence. Ultrasound is being used increasingly 
in this setting since 20% of tumours are not iodine avid 
and antibodies to thyroglobulin may give spurious results. 
In the post-thyroidectomy cancer patient, ultrasound may 
detect residual or recurrent disease in the neck, and masses 
in the thyroid bed or abnormal cervical lymph nodes may 
be biopsied under ultrasound guidance for cytopathological 
diagnosis (Figure 7; see colour plate section). For the 
subgroup of thyroid cancer patients who have been treated by 
subtotal thyroidectomy, radioiodine and thyroglobulin cannot 
be used since there is residual thyroid tissue. For these 
patients, ultrasound is superior to physical examination, the 
only other means of monitoring for recurrent disease. 
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Figure 5 Images of the liver pre- and postadministration of ultrasound contrast show improved visualization of liver mass after contrast administration. 
Images courtesy of ATL Ultrasound, a Philips M edical Systems Company (Advanced Technology Ultrasound, Bothell, WA, USA). (a) Transverse view of 
the liver shows a mass posteriorly. (b) Following administration of intravenous microbubble contrast, the contour of the mass is better delineated. 
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Figure 6 Longitudinal ultrasound image of a papillary thyroid carcinoma (arrow) shows that it contains fluid (dark areas) and solid papillary projections 


(asterisks). 
Scrotum 


Ultrasound has sensitivity approaching 100% for detection 
of intratesticular masses and it is the gold standard for 
the diagnosis of testicular cancer (Benson etal., 1989). 
Ultrasound has 98% accuracy for distinguishing between 
intra- and extratesticular scrotal masses. This distinction is 
essential since any intratesticular solid mass is suspicious 
for testicular carcinoma whereas masses arising in the 
epididymis are commonly benign. All solid intratesticular 
masses are considered potentially malignant and are treated 
surgically by inguinal orchiectomy. Percutaneous biopsy is 
not performed for intratesticular masses because it increases 
the risk of tumour spread. 

The majority of primary testicular cancers appear as 
hypoechoic masses on ultrasound. Germ-cell tumours are 
most common, representing approximately 90-95% of all 
testicular neoplasms, and the majority of tumours have 
mixed cell type. There are a few ultrasound features that 
may be used to distinguish between histological subtypes, 
but correlation with age at presentation and serum tumour 
markers is also helpful. Seminomas are the most common 
single cell type and usually are hypoechoic, homogeneous 
and smoothly marginated on ultrasound images. Embryonal 
cell tumours, teratomas and choriocarcinomas are more often 
inhomogeneous, and may contain cystic areas or calcification 
evident on ultrasound. Doppler ultrasound provides little 
additional information for characterization of testicular 
tumours because tumour hypervascularity is proportional to 
increased tumour size rather than histopathology. 


M ultiple masses or bilateral intratesticular masses on ultra- 
sound most frequently represent metastases from leukaemia, 
lymphoma, lung, genitourinary tumours or melanoma. 
Leukaemia and lymphoma are infiltrative and appear as an 
enlarged hypoechoic heterogeneous testicle on ultrasound. 
The testicle is a sanctuary site for leukaemic cells during 
chemotherapy and relapse in the testicle detected by ultra- 
sound is relatively common. 

Scrotal ultrasound is also valuable in men who present 
with mediastinal, retroperitoneal or supraclavicular lym- 
phadenopathy to identify a primary occult testicular tumour. 
Testicular tumours may metastasize widely despite their 
small size, and the primary tumour may regress with only 
a residual echogenic shadowing focus seen on ultrasound to 
indicate the site of the ‘burned-out’ primary that becomes 
calcified (Figure 8). 


Uterus 


Ultrasound imaging of the female pelvis may be performed 
transabdominally with a filled urinary bladder or transvagi- 
nally by a high-frequency ultrasound probe placed in the 
vagina. The transvaginal technique provides optimum reso- 
lution because the probe is close to the uterus and ovaries, 
and a higher frequency transducer can be used. 

Uterine cancer is usually diagnosed by endometrial biopsy 
performed for the clinical symptom of postmenopausal bleed- 
ing, but it may also be detected by demonstration of thick- 
ened endometrium exceeding 5mm on transvaginal ultra- 
sound of a postmenopausal woman (Dubinsky et al., 1997). 


ACOUSAC SHADOW. 





Figure 8 Longitudinal scrotal ultrasound image reveals a primary intratesticular germ-cell tumour that is calcified with resultant posterior acoustic 


shadowing. 


Endometrial cancers may be heterogeneous in echogenicity 
and hypervascular on Doppler imaging, but these signs are 
less reliable than endometrial thickness measurements for 
diagnosis of endometrial cancer. Depth of myometrial inva- 
sion in endometrial cancer is poorly assessed by ultrasound 
and magnetic resonance imaging is considered superior for 
that determination. 

Saline infusion sonohysterography may be used also 
to evaluate endometrial abnormalities (Laifer-Narin etal., 
1999). Saline infusion hysterography is performed by instil- 
lation of sterile saline into the uterine cavity followed imme- 
diately by imaging with transvaginal ultrasound. The fluid 
outlines the contour of the endometrium and aids diag- 
nosis of diffuse endometrial thickening and focal masses. 
Such information may guide subsequent intervention. Diffuse 
endometrial thickening may be biopsied by blind endome- 
trial biopsy in the gynaecologist’s office. Focal endome- 
trial masses require dilation, curettage and hysteroscopy 
for removal. Saline infusion sonohysterography is particu- 
larly useful for the assessment of endometrial abnormali- 
ties in breast cancer patients treated with tamoxifen (Figure 
9) Tamoxifen has a weak oestrogenic effect that results in 
endometrial abnormalities including endometrial carcinoma, 
hyperplasia and polyps. On saline infusion sonohysterogra- 
phy, polyps are shown as masses that often contain cystic 
spaces and project into the endometrial cavity. In contrast, 
endometrial carcinoma and hyperplasia cause focal or diffuse 
endometrial thickening. 


Ovary 


Ultrasound diagnosis of ovarian cancer is based on ovarian 
volume, morphology and blood flow. Ultrasound provides 
excellent visualization of the ovary in all three dimensions 
and is the best imaging method for evaluating ovarian inter- 
nal architecture. Normal ovarian volume in premenopausal 
women ranges up to 18-20cm?. After menopause ovar- 
ian volume ranges up to 8cm3, but the ovaries continue 
to decrease in size with advancing age. An enlarged ovary 
for age and increasing ovarian volume on serial ultrasound 
examinations are findings suspicious for ovarian carcinoma. 

Ovarian carcinomas and benign ovarian masses are often 
cystic on ultrasound, but the morphology of the ovary may 
differentiate between benign and malignant disease. Benign 
ovarian cysts have smooth, thin walls, no internal echoes 
and enhancement of the ultrasound signal posterior to the 
cyst. Cysts with thin septations or uniform low level echoes 
throughout are also probably benign. Solid ovarian masses 
and cysts with thick irregular walls, nodular septations 
and solid components are suspicious for malignancy by 
ultrasound criteria (Figure 10). Metastases to ovaries are 
often bilateral and may be either cystic or solid depending 
on the primary carcinoma. Breast, pancreas and gastric 
metastases to the ovary are typically solid whereas secondary 
tumours from mucin-secreting primaries from colon or 
stomach are more likely cystic. In premenopausal women 
physiological cysts that occur as part of the menstrual cycle 
may mimic the ultrasound appearance of ovarian neoplasms, 
but physiological cysts are transient. Premenopausal women 


SALINE INFUSION HYSTEROGRAM 
ENDOMETRIAL POLYP 





Figure 9 Longitudinal image of the uterus from a saline infusion sonohysterogram in a tamoxifen-treated breast cancer patient shows fluid (F) filling the 


endometrial cavity and an endometrial polyp (arrow) in the fundus. 
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Figure 10 Transverse ultrasound image of an ovarian carcinoma reveals suspicious solid mural nodules (arrow) projecting from the wall of the cyst. 


with suspicious ovarian masses should always have follow- 
up sonograms in 6 weeks or after the next menses, to exclude 
physiological cysts and decrease false-positive ultrasound 
diagnoses. 

Assessment of tumour angiogenesis by Doppler flow 
is another method for diagnosis of ovarian cancer by 


ultrasound. Ovarian tumours may have an increased number 
of blood vessels that can be shown by power Doppler 
imaging and the distribution of vascularity in ovarian 
cancers may be more central in location than in benign 
ovarian masses, which often show peripheral distribution of 
blood flow. Tumour vessels lack a muscular layer and are 
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characterized by low-impedence, low-resistance blood flow 
that may be measured with the duplex Doppler technique. 
Vascular impedence is measured by ratios such as resistive 
index and pulsatility index that compare flow in diastole 
relative to systole. When diastolic flow is increased as with 
tumour vascularity, the ratios are low. Unfortunately, many 
benign conditions, including the physiological corpus luteum 
of the normal menstrual cycle, have similar flow patterns. 
Despite initial optimism, Doppler indices lack sufficient 
specificity to serve as independent predictors of malignancy, 
particularly in premenopausal women. 

The best results for ultrasound diagnosis of ovarian cancer 
are obtained by the combination of Doppler and ovarian 
morphology as shown in a meta-analysis of 5159 patients 
studied with current ultrasound technique (Kinkel etal., 
2000). Using this approach, ultrasound has approximately 
93% sensitivity and 93% specificity for diagnosis of ovarian 
cancer. The best predictors of malignancy are considered the 
presence of solid components within an ovarian mass, central 
flow on Doppler, ascites and septations within a mass (Brown 
et al., 1998). Results of ultrasound are improved further by 
correlation with serum tumour markers, such as CA-125 that 
is elevated in women with advanced ovarian cancer and in 
50% of women with stage 1 ovarian cancer. 

There has been interest in using ultrasound to screen 
women for ovarian cancer since ultrasound has such high 
diagnostic accuracy for detection and characterization of 
ovarian masses. H owever, there is a difference between using 
a test for diagnosis in the clinical setting versus screening 
of asymptomatic women. For diagnostic ultrasound women 
are symptomatic or have suspected pelvic pathology and the 
prevalence of disease is relatively high. A positive test result 
is therefore more likely to identify ovarian cancer correctly 
since it is more common within the group. In contrast, the 
majority of asymptomatic women in a screened population 
are normal and the prevalence of ovarian cancer is low 
even in women with a family history of ovarian cancer. 
Since ovarian cancer is infrequent in a screened group, a 
positive test result is less reliable owing to more false- 
positive diagnoses because the proportion of women with 
ovarian cancer is so low. Current recommendations are that 
available evidence does not support ultrasound screening for 
Ovarian cancer in pre- or postmenopausal women with or 
without a family history of ovarian cancer. 


Liver and Bile Ducts 


Ultrasound is used to detect primary and metastatic hep- 
atobiliary tumours and to provide guidance for diagnostic 
biopsy. Ultrasound also has a role for preoperative and intra- 
operative planning to determine if tumours are amenable 
to surgical resection. Often management of patients with 
hepatobiliary tumours requires the use of multiple imaging 
modalities. The choice of cross-sectional imaging technique 
may vary by availability, cost and experience. In Europe and 
the UK ultrasound is more widely used for imaging of hep- 
atic malignancies; in the United States computed tomography 
is preferred. 


H epatic tumours appear as focal masses that have different 
echogenicity than adjacent normal liver. Lesion detection is 
determined by the relative difference in echogenicity rather 
than size of the tumour. Small tumours, approximately 1 cm 
in diameter, are detectable by ultrasound if there is sufficient 
contrast between the tumour and normal liver, but if the 
tumour has echogenicity similar to liver, it may be difficult 
to visualize even if it is relatively large. Conspicuity of 
a liver mass may be different on ultrasound as compared 
with computed tomography or magnetic resonance imaging 
because ultrasound is based on the acoustic properties of 
tissue rather than tissue attenuation in a radiation beam 
or magnetic field. Harmonic ultrasound has been shown to 
improve the ultrasound detection of hepatic masses through 
better soft tissue contrast. In a study comparing harmonic 
imaging of liver tumours with standard ultrasound, eight of 
48 patients had lesions evident only on harmonic ultrasound 
(Hann etal., 1999). Harmonic ultrasound is now used 
routinely as the primary ultrasound technique for detection 
of hepatic lesions. 

Hepatocellular carcinoma is the most common primary 
hepatic tumour and has an especially high incidence in Asia 
and Africa. These tumours may be focal, infiltrative or mul- 
tiple and the ultrasound appearance is variable. Small hep- 
atocellular carcinomas <5cm in diameter are usually less 
echogenic than the adjacent liver and may have a thin periph- 
eral halo. Larger tumours are ill-defined and heterogeneous 
owing to areas of fibrosis and necrosis. Doppler ultrasound 
may detect increased vascularity within these hypervascu- 
lar tumours that have arteriovenous shunts and high velocity 
arterial flow with frequency shifts exceeding 4.5 kHz (Figure 
11; see colour plate section). One study found that 32 of 46 
hepatocellular carcinomas, four of 86 metastases and none 
of 66 benign hepatic lesions had frequency shifts of 4.5 kHz 
or greater (Reinhold et al., 1995). Doppler evaluation may 
also suggest the diagnosis of hepatocellular carcinoma by 
identification of portal vein thrombosis that occurs in 40% 
of hepatocellular carcinomas and hepatic vein thrombosis, 
present in approximately 15% of hepatocellular carcinomas. 

Metastases to liver are multiple and echogenicity is vari- 
able. Echogenic metastases are often of gastrointestinal origin 
or are from vascular tumours such as carcinoid, pancre- 
atic islet cell, choriocarcinoma or renal cell carcinoma. A 
hypoechoic halo at the peripheral margin of a liver mass 
is highly suggestive of colorectal metastasis to liver, but 
may also be seen with hepatocellular carcinomas. This tar- 
get or bull’s eye appearance is due to distended sinusoidal 
spaces and new tumour vessel formation (Kruskal etal., 
2000) (Figure 12). Appearance of metastases may provide 
Clues for site of origin. For example, calcified metastases are 
seen from mucin-secreting tumours of the colon or medullary 
carcinoma of the thyroid, and cystic, fluid-containing metas- 
tases often arise from ovary or colon carcinoma, sarcoma or 
melanoma. Lymphoma, lung, melanoma and pancreas metas- 
tases are frequently hypoechoic on ultrasound. Chemotherapy 
may alter the appearance of metastases and the background 
echogenicity of the liver. Breast carcinoma metastases to 
liver are often mixed in echogenicity prior to treatment, but 
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Figure 12 Transverse ultrasound image of the liver reveals a mass with surrounding hypoechoic (dark) halo that is characteristic of colorectal metastasis. 


HV =hepatic vein. 


may appear echogenic postchemotherapy. Chemotherapy- 
associated fatty change in the liver produces heterogeneous 
texture with patchy areas of increased echogenicity. This 
ultrasound appearance due to metabolic change in the liver 
may make metastases less evident or less well defined on 
ultrasound images. For this reason, computed tomography is 
preferred to monitor the response of hepatic metastases to 
chemotherapy. 

Ultrasound is useful for the preoperative assessment of 
patients with primary and secondary hepatic malignancies 
that are being considered for curative resection. For the 25% 
of patients with colorectal metastases limited to the liver, sur- 
gical resection offers improved survival in the range 20- 30% 
compared with chemotherapy. Hepatic resections are per- 
formed along planes between anatomical hepatic segments 
each of which has portal venous inflow, hepatic venous out- 
flow and bilary drainage. Using the segmental approach to 
hepatic resection it is possible to remove up to approxi- 
mately 70% of the liver because the remaining disease-free 
liver has intact vascular supply and biliary drainage and the 
liver hypertrophies in volume postoperatively. For preoper- 
ative planning, computed tomography or ultrasound is used 
to determine the distribution of tumour within the liver and 
to ensure that the remaining liver has normal vascularity. 
Tumours confined to a localized area of the liver are poten- 
tially resectable but scattered tumours throughout multiple 
segments are not amenable to surgical resection. Surgery is 
also contraindicated if tumours involve one side of the liver 
and the portal or hepatic vein on the opposite side, since 
blood flow must be preserved in the remaining liver. Doppler 


and grey scale ultrasound are used in combination to eval- 
uate the hepatic vasculature preoperatively. Encased veins 
have irregular contour and narrowed calibre. When the por- 
tal or hepatic veins are thrombosed, the vessel may appear 
expanded or have an intraluminal filling defect. Demonstra- 
tion of arterial flow within an occluded expanded portal vein 
or hepatic vein is diagnostic of tumour growth into the vessel 
as may be seen with hepatocellular carcinoma. 

Biliary tumours are managed by curative surgical resection 
or by placement of stents or biliary drainage catheters 
to relieve bile duct obstruction. Ultrasound is reliable for 
determining the level of bile duct obstruction and to image 
the tumour mass directly. As with hepatic tumours, the 
distribution of bile duct involvement within the hepatic 
segments determines whether surgical resection is feasible. 
Cholangiocarcinomas appear as nodular bile duct masses, 
irregular scirrhous tumours that stricture the bile ducts or 
intraluminal papillary masses that expand the duct. The 
scirrhous and nodular tumours are locally invasive and 
often encase or occlude adjacent hepatic blood vessels. It is 
preferable to image bile duct tumours prior to placement of 
biliary drainage catheters because the catheter allows reflux 
of intestinal air into the biliary tree and the pneumobilia 
causes artifacts that may obscure the bile duct tumour. 

Intraoperative ultrasound provides higher resolution for 
imaging hepatic and biliary tumours. Intraoperative ultra- 
sound is performed with the transducer placed directly on the 
hepatic surface. Because the liver is closer to the transducer, 
it is possible to scan with higher frequency, higher resolu- 
tion probes. Intraoperative ultrasound is reported to detect 
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25-35% additional liver lesions in patients who have been 
evaluated preoperatively by computed tomography, ultra- 
sound or magnetic resonance imaging (K ane et al., 1994). In 
a study of patients with hepatic cancer, K ane et al. reported 
that intraoperative ultrasound altered surgical management in 
51% of patients. The relative contribution of intraoperative 
ultrasound for the detection of additional liver masses may 
decrease as thin-slice, high-resolution, multidetector com- 
puted tomography scanners are more widely available. 


Kidney 


It is now recommended that computed tomography be used 
for the initial evaluation of patients with microhaematuria 
in whom renal or bladder tumours are suspected clinically. 
This change in the imaging algorithm for exclusion of renal 
masses has altered the role of ultrasound. Renal ultrasound 
in the cancer patient is primarily used to characterize renal 
masses detected by computed tomography and to exclude 
hydronephrosis in patients with renal failure or abdominal 
masses. 

The excellent cyst-solid differentiation of ultrasound 
makes it ideal for the evaluation of renal masses that 
are indeterminate by computed tomography. Even small 
renal cysts less than 1cm in diameter may be resolved 
by ultrasound. Renal cysts with thin walls and no internal 
septations are benign; any solid renal mass is considered 
suspicious for renal cell carcinoma. Cystic masses with thick 
nodular septations or calcifications also may be malignant. 
If internal vascularity is present within a renal mass on 
Doppler imaging, the likelihood of malignancy is increased. 
It is easier to identify a renal cyst than a solid renal mass 
on ultrasound because there is a great deal of contrast 
between the fluid-containing cyst and the adjacent normal 
renal parenchyma. Small solid renal masses are more difficult 
to visualize by ultrasound but variations in echogenicity, 
Doppler blood flow patterns and abnormalities in contour of 
the kidney are all used to improve detection (Forman et al., 
1993; Jinzaki et al., 1998). 

Transitional cell tumours are evident on ultrasound as solid 
masses that are less echogenic than the fatty tissue in the 
renal hilum. These tumours may cause hydronephrosis or 
locally obstruct renal calyces. The dilated fluid-filled urinary 
collecting system aids identification of masses in the renal 
pelvis or bladder. For tumours of the prostate ultrasound is 
no longer used for screening. Endorectal prostate ultrasound 
is performed routinely, however, for guiding systematic 
biopsies from various quadrants of the gland in order to 
establish a definitive diagnosis in men with elevated serum 
prostate-specific antigen. 


NEW ADVANCES IN ULTRASOUND 
TECHNOLOGY 


With advances in computer technology, manufacturers are 
now able to produce smaller ultrasound units and minia- 
turized transducers. These changes allow for the potential 


expansion of the role of ultrasound for imaging diagnosis. 
Smaller, less expensive ultrasound machines may be used by 
general physicians as an extension of physical examination. 
However, since the quality of the ultrasound examination 
is so operator dependent, practitioners or oncologists using 
ultrasound would need sufficient ultrasound training in order 
to standardize quality of care. Portable ultrasound units could 
also be used in the operating room or at the bedside for the 
evaluation of critically ill patients. 

Miniature transducers allow for intraluminal imaging of 
blood vessels or the gastrointestional tract. Small transduc- 
ers may be mounted on tips of catheters for angiographic 
imaging or attached to endoscopes for staging of gastroin- 
testinal and biliary tumours. Similarly, miniature ultrasound 
probes may be used for ultrasound imaging during minimally 
invasive surgical procedures such as laparoscopy for tumour 
staging (Liu et al., 1995). 

Three-dimensional ultrasound is also being evaluated in 
the clinical setting for the estimation of tumour volume, 
for assessment of tumour vascularity and for lesion charac- 
terization. Ultrasound three-dimensional techniques are not 
as developed as computed tomography and magnetic res- 
onance imaging multiplanar imaging, but they do show 
potential for readily accessible volumetric data regarding 
size of tumours. Preliminary studies have shown that three- 
dimensional techniques for transvaginal ultrasound of the 
ovaries may improve differentiation of benign from malig- 
nant ovarian tumours (Kurjak et al., 2000). 

Ultrasound contrast agents have been shown to improve 
the visualization of blood vessels and tumour angiogene- 
sis. Currently ultrasound contrast agents are used to assess 
tumour viability postradiofrequency ablation (Koito etal., 
2000). Ultrasound contrast agents may be useful also to 
monitor response to treatment of antiangiogenesis agents 
as these become more available. Another theoretical appli- 
cation for ultrasound contrast microbubbles is for targeted 
delivery of chemotherapeutic agents or gene therapy. Intra- 
venously administered microbubbles burst when exposed to 
an ultrasound pulse. If the ultrasound signal was given in 
a selected region and the microbubbles contained thera- 
peutic agents, this could serve as a method for selective 
drug delivery. This method would be particularly useful for 
tumours that have local regional spread, rather than systemic 
metastases. 


CONCLUSION 


Ultrasound is used for initial diagnosis of malignancy and 
image-guided biopsy, but not for tumour staging. It is 
an inexpensive, readily available imaging technique, but 
ultrasound requires an experienced operator for optimal 
results. Doppler imaging is unique to ultrasound and provides 
information regarding tumour vascular distribution and flow 
dynamics. The excellent spatial resolution and soft tissue 
contrast provided by ultrasound are the major advantages 
of this imaging technique. 
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INTRODUCTION 


Magnetic resonance imaging (MRI) plays an important 
role in the diagnostic evaluation of patients with known 
or suspected cancer. Compared with other imaging stud- 
ies, MRI provides intrinsically higher soft-tissue con- 
trast resolution and is therefore an attractive alternative 
to computed tomography (CT), especially when the use 
of iodinated contrast material is contraindicated. In addi- 
tion, because MRI is devoid of ionizing radiation, it can 
be safely used in children, young adults and pregnant 
women. Recent developments have extended its role to 
functional imaging, which holds the promise of provid- 
ing biochemical information at a molecular level. The pur- 
pose of this chapter is to provide an overview of the 
role of MRI in diagnostic imaging of the oncological 
patient. 

Clinical MRI is based on the distribution of hydro- 
gen atoms in the body. Tı and T 2 relaxation times 
reflect intrinsic magnetic properties of protons in hydro- 
gen atoms. These processes can be measured to obtain 
high-resolution T;-weighted and T2-weighted images of the 
body. In general, on T;-weighted images, both water and 
tumours appear darker (lower signal intensity) than sur- 
rounding normal tissue (Figures 1 and 2) and on T2- 
weighted images, both water and tumours appear brighter 
(higher signal intensity) than surrounding normal tissue. 
Common contraindications to the use of MRI include 
the presence of pacemakers, cochlear implants and metal- 
lic aneurysm clips of uncertain manufacture. Claustropho- 
bia, and also the inability to lie still for 30-45 min, 
are also not uncommon problems. Additionally, medically 
unstable patients may not be able to enter the magnet 
safely, because some monitoring and treatment devices are 
incompatible with the magnetic field produced by MRI 
systems. 





Figure 1 Low-grade glioma: well-defined Tı low signal intensity and 
T2 high signal intensity lesion located in the left basal ganglia without 
surrounding oedema. Minimal peripheral enhancement is seen on the 
postcontrast Tı image. 


BRAIN AND SPINE 


MRI, because of its higher sensitivity than CT scanning in 
tumour detection, is typically the initial imaging modality 
of choice for CNS evaluation. When the presence of 
calcification or acute intra parenchymal haemorrhage is 
in question, however, CT scanning may still be required. 
Contrast-enhanced MRI is superior to contrast-enhanced 
CT in the detection of metastases. MRI is also not 
subject to beam hardening artifacts, which can limit CT's 
sensitivity in detecting leptomeningeal carcinomatosis, or 
small parenchymal metastases in the posterior fossa or near 
the calvarium (Hansberger and Dillon, 1988). 

The primary role of the radiologist in oncological imag- 
ing of the (CNS) is in the detection of tumours (Figure 3), 
MRI is well suited for this role, as it has intrinsically high 
sensitivity in the detection of primary or metastatic disease 
in brain, meninges or spinal canal. Intravenous administra- 
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Figure 2 High-grade glioma: large necrotic mass in the right cerebral 
hemisphere with associated surrounding white matter oedema and mass 
effect on the ipsilaterlal ventricle. Heterogeneous peripheral nodular 
enhancement is present on post-Gd T ;-weighted image (middle). Diffusion- 
weighted MR (DW!) confirms a fluid necrotic centre. 





Figure 3 Glioma versus lymphoma versus demylinating disease: diffuse 
swelling on the distal body and splenium of corpus callosum, and right 
cerebral hemisphere, T2 hyperintensity signal from white matter oedema. 
Lack of enhancement was observed on postcontrast Tı image, more 
suggestive of demyelination. 


tion of Gd-DTPA further improves the detection of intra- 
parenchymal, leptomeningeal and dural-based metastases, 
and may also sometimes help in differentiating viable from 
necrotic tumour (Yuh et al., 1992). Some authors advocate 
the use of double-or even triple-dose gadolinium to improve 
further the sensitivity of MR in lesion detection. Screening 
for drop metastases in the spinal canal, in cases of intraven- 
tricular or posterior fossa tumours, is best performed with 
MRI. 

The secondary role of the radiologist in oncological 
imaging of the CNS is in the accurate anatomical localization 
of tumours, as the differential diagnosis, presurgical mapping 
and further work-up are highly dependent on precise 
lesion localization. Such localization is best achieved with 
MRI (Brant-Zawadzki etal., 1984). Currently, since the 
introduction of (BOLD) functional MRI, the relationship 
between tumour location and the location of other critical 
structures, such as the motor and language centres of the 
brain, can now be accurately mapped (Buchbinder and 
Cosgrove, 1998). 

Itis difficult to predict brain tumour grade accurately using 
conventional M RI techniques alone. The presence or absence 


Figure 4 MR spectroscopy: spectral waveform of the signal abnormality 
in the distal body/splenium of corpus callosum shows reduced NAA peak 
favouring a diagnosis of tumour rather than demyelination. The lack of 
enhancement suggests gliomatosus cerebri. 


of enhancement, signal heterogeneity or frank necrosis only 
weakly correlate with neoplasm grade. Although the presence 
of calcifications and/or well-defined margins suggests low 
tumour grade, these findings are unreliable; similarly, the 
presence of haemorrhage or oedema and mass effect does 
not reliably correlate with high tumour grade (Arrington 
et al., 1998). Moreover, the distinction between recurrent 
tumour and radiation-induced necrosis, using conventional 
MRI sequences only, is similarly problematic. Newer, 
dynamic contrast enhanced and spin-labelled functional MR 
perfusion imaging techniques, however, which assess the 
microvascularity of tumours (blood volume and blood flow) 
as markers of tumour grade, have shown great promise 
in the more sensitive determination of both brain tumour 
grade and recurrent tumour detection (Lev and Rosen, 1999). 
The sensitivity and specificity of perfusion MRI in this 
regard clearly exceeds that of nuclear medicine techniques 
such as FDG-PET (positron emission tomography) scanning. 
Functional MR spectroscopy has also been shown to play 
a beneficial role in the management of suspected brain 
tumours (Adamson etal., 1998) (Figure 4). Image-guided 
neurosurgery and intraoperative MRI are additional recent 
developments that can assist neurosurgeons in both planning 
their surgical approach, and in the complete removal of brain 
tumours. 


Follow-Up 


Tumour progression is evaluated by noting the overall size, 
signal characteristics, pattern of contrast enhancement and 
associated evidence of spread of disease. The development 
of a new contrast-enhancing lesion or an area of T2 hyper- 
intense signal within post-treatment, irradiated tumour beds 
may represent dedifferentiation within the original tumour 
signifying a higher grade, tumour recurrence, radiation necro- 
sis or post-surgical change (Dillon and Nelson, 1998). The 
differentiation of tumour recurrence from benign gliosis is 
facilitated with the use of MR spectroscopy by noting the 
ratios of the spectral peaks of metabolites such as creatine, 
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Figure 5 Ependymoma of the filum terminale: Tı and T2-weighted 
images show a well-defined intraspinal mass (arrow) arising from the filum 
terminale. 





Figure 6 Clivus chordoma: pre- and postcontrast T1-weighted image 
showing a large, enhancing and locally aggressive clival tumour, extending 
into the nasopharynx as well as intracranially (arrow). 


choline and (N -acetylaspartate) (NAA) within the imaging 
voxel. As noted above, perfusion MRI techniques are prob- 
ably more effective than PET in assessing brain tumour 
responses to novel therapies, and offer high resolution and 
convenient coregistration with conventional M RI, as well as 
time- and cost-effectiveness. 

MRI remains the modality of choice for evaluating the 
spinal cord and the thecal sac (Figures 5 and 6). 


HEAD AND NECK 


Most mucosal tumours of the head and neck are detected 
clinically, by direct endoscopic visualization. The role of 
the radiologist in head and neck oncological imaging is 
therefore, not primarily, to detect or diagnose mucosal 


disease (predominantly squamous cell carcinoma), but, 
rather, to grade and stage tumours in anticipation of surgery 
and radiotherapy, and to determine submucosal or deep 
spread of primary or recurrent disease in ‘blind spots’ (such 
as the subglottic larynx) not amenable to direct visualization 
(Lev et al., 1998). The multiplanar capability of MRI allows 
complex anatomy and pathology of the skull base and neck 
to be well demonstrated, e.g. demonstration of perineural 
tumour extension into the skull basal foramina and fossa. 
The superior soft tissue resolution and tissue contrast of M RI 
allow tumour and involved lymph nodes to be differentiated 
from inflamed mucosa, retained secretions, fibrosis and 
normal structures, particularly skeletal muscle and blood 
vessels (Tabor and Curtin, 1989). Advantages of CT imaging 
of the head and neck include increased sensitivity for the 
detection of calcification, bony destruction and subtle bony 
erosion or skull base foraminal expansion. 

Head and neck tumours typically demonstrate intermedi- 
ate signal intensity, equal to or slightly greater than that of 
skeletal muscle on T1-weighted MR imaging, and interme- 
diate to high signal intensity on T2-weighted MR imaging 
(the so-called ‘evil grey’ appearance). A very hyperintense 
signal on T2-weighted imaging is more commonly due to 
soft tissue or mucosal inflammation or oedema, and is less 
suspicious of the presence of tumour. Gadolinium-enhanced 
Tı- or STIR- (short tau inversion recovery) weighted images 
are helpful in assessing intracranial extension and meningeal 
involvement of skull base tumours (Figure 6). Although in 
some series MRI has demonstrated a sensitivity as high as 
100%, a specificity as high as 80% and an accuracy of almost 
90% in the evaluation of head and neck tumours (K abala 
et al., 1992), it is critical to note again that direct visual 
inspection of the mucosal surfaces of the oro-, naso- and 
hypopharynx is essential in the work-up of head and neck 
neoplasms; potentially large mucosal tumours can easily be 
overlooked using conventional CT or MR imaging alone 
(Figures 7 and 8). 

The detection of metastatic lymph node involvement is 
based on size, shape and internal signal criteria (Figure 9). 
The criteria currently in use are imperfect, and represent 
a trade-off between sensitivity and specificity for neoplasm 
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Figure 7 Skull base metastases: pre- and postcontrast T;-weighted MR 
images in a patient with primary lung cancer, showing an ill-defined 
enhancing soft tissue mass centred in the left cavernous sinus and encasing 
the ipsilateral carotid artery (arrows). 
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Figure 8 Sphenoid sinus cancer: a large soft tissue mass causing expansion 
of the sphenoid sinus with contiguous intra cranial extension. 





Figure 9 Recurrent thyroid cancer and lymph node metastases: T2- 
weighted bright signal mass in the right neck consistent with recurrent 
tumour. Postcontrast T1-weighted coronal image shows enhancing enlarged 
contralateral lymph node (arrow), consistent with metastasis. 


detection. According to one set of commonly used criteria, 
lymph nodes with a clinically relevant probability of 
metastatic involvement are considered to be those with (1) 
a maximum diameter of >1cm, in the lower neck, (2) a 
maximum diameter of >1 cm and spherical, in the upper neck 
if the patient is in a high risk group, (3) a maximum diameter 
of >1.5cm, in the upper neck if the patient is not in high 
risk group, or (4) any evidence of central necrosis (regions 
of increased signal intensity on T2-weighted MR images, 
regions with relative lack of gadolinium enhancement or 
regions of focal low attenuation on CT imaging; central 
necrosis must always be distinguished from a ‘fatty’ hilum 
- anormal finding) (Som, 1987). 

As in the central nervous system, the distinction between 
recurrent head and neck tumour and post-treatment change 
can be difficult. Early postradiation therapy changes (less 
than 4 months) may appear similar to inflammation, 
i.e. hypointense on T;-weighted and hyperintense on T>- 
weighted MR images. Beyond 6 months, with progressive 
fibrosis, the signal intensity changes tend to be hypointense 
on T,-weighted and hypo- or isointense on T2-weighted 
imaging. Criteria that suggest tumour recurrence include 
increased signal intensity on T2-weighted sequences more 
than 6 months after radiation treatment, bulky mass beyond 


the original primary site and obliteration of tissue planes. 
These findings can often be better detected on postcontrast, 
fat-suppressed STIR-weighted MR images, although precise 
anatomical localization is typically best delineated on con- 
ventional nonenhanced T 3-weighted MR images. Preliminary 
results with both MR spectroscopy and MR perfusion imag- 
ing in the evaluation of native and post-treatment head and 
neck tumours have been encouraging. 


CHEST 


CT is the primary cross-sectional imaging modality for the 
evaluation of the lungs because of its superior spatial resolu- 
tion, which permits better visualization of lung parenchyma 
and bronchial structures than does M RI. CT also helps detect 
calcification, which can be a useful finding in differentiating 
benign from malignant tumours. 

MRI is a problem-solving modality in staging of the 
lung cancer. The multiplanar imaging capability of MRI 
is very useful in evaluating the extent of chest neoplasm 
and its relationship to the organs. Anatomical areas with a 
more vertical orientation - such as lung apices, thoraco- 
cervical junction, aortopulmonic window, subcarinal region 
and peridiaphragmatic areas - are better imaged with MRI. 
In patients with contraindication to iodinated CT contrast 
media, MRI can noninvasively assess the presence of vas- 
cular invasion. In Pancoast tumours, MRI can be utilized to 
determine brachial plexus involvement, chest wall invasion, 
spinal canal invasion and direct mediastinal invasion (White 
et al., 1993). MRI is useful in determining the involve- 
ment of pericardium, cardiac chambers and great vessels 
(Figure 10). Extension into the bronchus and trachea can be 
seen on MRI but CT is a better modality for such delineation. 


LIVER 


The liver is a common site for primary and secondary 
tumours. Owing to the high prevalence of benign primary 
hepatic tumours, the goals of liver imaging in patients with 
cancer are tumour detection and lesion characterization. 
Liver evaluation is commonly undertaken in patients 
in whom, because of tumour type, symptoms of serum 
markers, liver metastases are suspected (Figure 11). The 
cornerstone of liver imaging is contrast-enhanced CT because 





Figure 10 Primary lung carcinoma, T1-weighted (left) and T2-weighted 
(right) image of the chest are shown above which demonstrates tumour 
invasion into the superior vena cava. 
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Figure 11 Liver metastases: sequential postcontrast T1-weighted MR 
images show characteristic peripheral rim enhancement in the early phase 
images with subsequent peripheral washout of contrast on the delayed phase 
image (arrow). 


it permits the rapid evaluation of the entire abdomen. Thus, 
live MRI is typically used when iodinated contrast media 
cannot be administered (e.g. prior contrast reaction; renal 
insufficiency). In addition, since liver lesion detection with 
CT or ultrasonography is compromised in patients with fatty 
infiltration, MRI serves an effective supplementary test. An 
important indication for liver M RI is the preoperative work- 
up of patients with resectable liver tumours (Ferrucci, 1994). 
More recently, MRI with liver specific contrast agents has 
been found to be highly effective in delineating and in 
staging tumour in the liver as well as in localizing tumours 
in various hepatic segments. MRI is also useful in patients 
with cirrhosis for detecting hepatomas and differentiating 
them from regenerating nodules and dysplastic nodules 
(Figure 12). However, owing to the high cost of MRI and 
limited access, ultrasonography is preferred as a screening 
test, leaving M RI for problem-solving equivocal sonographic 
studies. The role of MRI with liver-specific contrast is 
increasing in screening for malignant hepatic lesions, both 
primary and secondary. 

Liver MRI is most commonly used for classifying indeter- 
minate hepatic masses seen at CT or ultrasonography. For 
example, malignant liver masses can be readily differen- 
tiated from haemangiomas, cysts, focal nodular hyperpla- 
sia, dysplastic nodules and focal fatty infiltration. Signal 
intensity of the spleen is taken as an internal reference 
standard to characterize liver tumours. Typically most of the 
benign liver tumours are brighter than spleen on T 2-weighted 





Figure 12 Hepatocellular carcinoma: pre- and postcontrast T1-weighted 
axial images demonstrate cirrhotic, nodular liver with presence of a well- 
defined mass in the left lobe which enhances strongly in arterial phase. 


images, whereas malignant tumours have signal intensities 
similar to or less than those of the spleen (Wittenberg et al., 
1988). Gadolinium- DTPA, essentially a blood pool agent, is 
commonly utilized to characterize tumours further by study- 
ing their perfusion pattern (Van Beers et al., 1997). 


PANCREAS AND BILIARY TREE 


Although MRI is highly effective in imaging the pancreas 
and biliary tree, the use of MRI in imaging these organs 
in the oncological population is limited. Usually, pancreatic 
MRI is used when administration of contrast media is 
contraindicated for CT. MRI may be equivalent to CT 
for the evaluation of the pancreas to rule out or confirm 
possible masses and/or stage pancreatic tumours with respect 
to vascular encasement and hepatic metastases (Fernando- 
del Castillo and Warshaw, 1990) (Figure 13). However 
in patients with suspected small functioning islet cell 
tumours, pancreatic MRI is superior to CT and should be 
the preferred initial test. Similarly, in patients with cystic 
pancreatic masses and a clinical suspicion of intrapapillary 
mucinous tumours (IPMT), MRI can be used to differentiate 
a focal from a diffuse process. This is undertaken with 
MR cholangiopancreatography (MRCP), which can also be 
used to noninvasively evaluate biliary obstruction (stone vs 
tumour) (Guibaud etal., 1995) (Figure 14). The tumour 
appears as a low-signal intensity mass lesion against the 
high signal intensity of the normal pancreas on fat-suppressed 
T,-weighted spin-echo images. The tumour exhibits variable 
signal intensity on T2-weighted images. Pancreatic tumours 
enhance less than normal pancreatic tissue and are therefore 
better appreciated on Gd-enhanced T,-weighted images 
(Mergo etal., 1997). Preliminary results with MnDPDP 
(Teslascan, Nycomed Amersham, NJ) as a hepatobiliary 
contrast agent have reported a better contrast-to-noise ratio 
between the tumour and normal pancreas on T,-weighted 
spin-echo and gradient-echo images, thereby increasing the 
lesion conspicuity. 


RENAL—ADRENAL 


CT is the preferred test for evaluating the kidneys and adrenal 
glands. The indication for M RI is limited to patients unable to 





Figure 13 Pancreatic cancer: pancreatic head mass best demonstrated on 
post-MnDPDP T1-fat saturated image (arrow). 





Figure 14 Cholangiocarcinoma: excellent ERCP and MRCP correlation 
of the level of CBD obstruction by a malignant CBD structure. 


undergo a contrast-enhanced CT examination owing to prior 
contrast reaction or renal insufficiency. In addition, young 
adults with Von Hippel-Lindau syndrome who need serial 
scanning for monitoring the kidneys for development of 
malignancies are evaluated with MRI because M RI does not 
use ionizing radiation. Renal cell cancers appear hypointense 
on both T,-weighted and T2-weighted images. The latter 
is due to the high water content of the kidneys, making 
them hyperintense on T2-weighted images (Semelka et al., 
1993). The enhancement characteristics of renal masses are 
analagous to that of contrast-enhanced CT, with increased 
enhancement due to increased vascularity. The tumour 
thrombus enhances on Gd-enhanced images. MRI is useful 
to show the extent of tumour thrombus in the IVC which has 
implications for the surgical approach (Figure 15). 

MR imaging may be used to define whether a suprarenal 
mass is adrenal or renal, and to characterize a non- 
functioning adrenal adenoma (Figures 16 and 17). MRI is 
felt to be superior to CT for characterizing phaeochromocy- 
tomas. A drenal adenomas resemble metastases in their signal 
intensities, with low signal on T -weighted and high sig- 
nal on T2-weighted images, but unlike metastases, adenomas 
may lose signal on the out-of-phase MR images in com- 
parison with their signal on the in-phase images (Outwater 
et al., 1996) (Figures 17 and 18). Phaeochromocytomas are 
characterized by their extreme hyperintensity on T 2-weighted 
images (Figure 19). Adrenal cortical carcinomas have no 





Figure 15 Renal cell carcinoma: M RI with Gd-enhanced MR angiography 
showing right renal tumour with contiguous invasion into the right renal 
vein (arrow) and the IVC (arrow). 





Figure 16 Renal cell carcinoma: Gd-enhanced MR angiography showing 
renal vessels free of the large, exophytic left upper pole renal cell carcinoma. 





Figure 17 Adrenal adenoma: in-phase and out-of-phase T1-weighted 
images. Note the drop in the signal intensity of adenoma on out-phase 
image. 


unique features that can be used to distinguish them from 
metastases. 


Advances in the treatment of rectal carcinoma have increased 
the importance of accurate preoperative staging. Knowledge 
of the depth of tumour spread through and beyond the 
bowel wall influences the selection of patients who will 
benefit from preoperative adjuvant therapy (Drew etal., 
1999). CT is the primary modality to assess the lymph node 
and distant metastases. Endorectal coil MRI can be used 
as a focused study to evaluate the tumour extent within 
the muscle layers to differentiate the T2 and T3 lesions 
and detect involvement of anal sphincter of levator ani 
muscle by rectal cancer (Figure 20). On T1-weighted spin- 
echo images, rectosigmoid tumours appear as wall thickening 
with a signal intensity similar to or slightly higher than 
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Figure 18 Adrenal metastases: post-MnDPDP enhanced T,-weighted 
coronal MR image shows (arrow) a left suprarenal tumour with lack of 
any contrast uptake. Note the bright signal of the liver due to enhancement 
from MnDPDP uptake. 





Figure 19 Adrenal phaeochromocytoma: left suprarenal tumour seen with 
low signal intensity on T1-weighted image and very bright signal on T2- 
weighted image. 


that of skeletal muscle. Extension of the tumour beyond the 
bowel wall into perirectal fat (T3) can be well delineated 
on these T-weighted images, as the infiltrating tumour is of 
intermediate signal against the high signal of perirectal fat. 
The findings which suggest that a lesion is a T3 include 
extension of tumour beyond the contour of the interface 
between muscle and fat, with a rounded or nodular advancing 
margin. Gadolinium-enhanced Tj-weighted images improve 
definition of the tumour margins (de Lange etal., 1990). 
Coronal plane MRI is useful to establish the involvement 
of levator ani muscle and anal sphincter. Involvement of 
adjacent organs can be identified on axial and coronal 
MRI. Diagnosis of recurrent tumour is limited by inability 
to differentiate tumour, oedema, inflammation and fibrosis 
within 1 year, of radiation therapy. Tumour recurrence is 





Figure 20 Rectal cancer: endorectal coil MRI shows a polypoid 
intraluminal tumour limited to the rectal wall as the peripheral dark stripe 
of serosa is intact (arrow). 


suggested by a combination of high signal intensity on T2- 
weighted images, round margins and the presence of >40% 
contrast enhancement. 


CERVIX 


MRI is the investigation of choice for local staging of 
the cervical cancer. The accuracy of MRI is superior to 
that of CT in assessing tumour size, defining parametrial 
and vaginal invasion and detecting regional lymph node 
involvement. Typically on T2-weighted images the tumours 
appear brighter than the dark cervical stroma. Local spread 
into the surrounding fat is best appreciated on post- 
gadolinium fat saturated T1-weighted images (Bragg and 
Hricak, 1993). Additionally, contrast administration is useful 
in distinguishing biopsy changes from residual tumour and 
in the evaluation of bladder and rectal invasion. 


UTERUS 


The overall prognosis in endometrial cancer depends on his- 
tological grade of the tumour, depth of myometrial invasion 
and lymph nodal involvement. When the tumour is confined 
to the uterus, determination of myometrial involvement is 
very important, as deep myometrial invasion is associated 
with a 40% incidence of lymph nodal involvement. This is 
better demonstrated on MRI than on CT. The indications 
for MRI in endometrial cancer include abnormal but nondi- 
agnostic endocervical curettage, suspected advanced disease 
and patients at a poor risk for surgical staging. 
Contrast-enhanced MR plays a major role in differentiating 
tumour margins from normal nonenhancing endometrium 
(Bragg and Hricak, 1993) (Figure 21). This also helps to 
determine tumour necrosis and volume of viable tumour. 
The staging accuracy of MRI in the assessment of patients 
with endometrial cancer has been reported to be in the 
range 83- 92%. Lymph node involvement is judged on size 
criteria, and any node larger than 1cm in the pelvis is 
considered abnormal unless proved otherwise. A staging 
classification has been developed based on MRI criteria. 
Breach in the integrity of the junctional zone places the 
tumour in category 1B. Extension into the cervix is best 
appreciated on sagittal T1-weighted images. A high signal 
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Figure 21 Endometrial cancer: polypoid intraluminal mass filling the 
endometrial canal is evident on T;-weighted (left) and T2-weighted (right) 
images. Contrast-enhanced T,-weighted image (middle) shows true depth 
of myometrial invasion by the tumour (arrow). 


intensity on T2-weighted images outside the uterus suggests 
extra-uterine spread (Hricak et al., 1987). 


OVARIES AND ADNEXA 


Ultrasound remains the initial imaging modality of choice for 
initial assessment of ovarian masses, and CT for subsequent 
tumour staging. The results of MRI are similar to those of CT 
in the characterization and staging of the ovarian tumours, 
although the multiplanar ability may be advantageous. Use of 
contrast agents (Gd- DTPA) increases the detection accuracy 
of MRI up to 92%, in the separation of benign from 
malignant tumours (Thurnher et al., 1990). 

The MRI features suggesting ovarian malignancy include 
a cystic-appearing lesion with a wall thickness exceeding 
3mm, wall nodularity or the finding of a solid mass. 
Extension of the ovarian tumour is suggested by indirect 
findings such as presence of ascites, nodular tumour implants 
on the peritoneal surface and/or loculated fluid collections. 
Post-Gd T-weighted fat-saturated imaging is considered to 
be the most sensitive imaging technique in detecting small 
peritoneal implants. Direct extension into adjacent organs can 
also be determined with MRI. 


BREAST 


The role of MRI in breast carcinoma is still evolving. 
At present it is a problem-solving modality and has no 
role aS a screening modality. Current indications include 
invasive cancer in a breast with dense parenchyma, which 
is suboptimally evaluated with film screen mammogram. 
It also provides information regarding vascularity, chest 
wall invasion (Figure 22) as noted, and MRI is devoid of 
ionizing radiation. The disadvantages include inability to 
detect microcalcification of early cancer, low specificity and 
high cost. Fat-suppressed contrast-enhanced MR imaging 
with special breast coils provides better images but still 
the tail of breast is difficult to image (Stelling, 1995). 
False-negative results of MR are due to carcinomas with 
minimal vascularity, partial volume averaging of small 
(<5 mm) lesions, smooth margins and motion artifacts. Some 
of the benign breast lesions may mimic carcinomas, by 
virtue of contrast enhancement. These include fibroadenoma, 





Figure 22 Breast cancer: Gd-enhanced fat saturated Tı image shows a 
lobulated, poorly defined tumour suggestive of invasive cancer (arrow) seen 
in the left breast. 


fibrocystic change and changes due to inflammation, recent 
surgery or recent radiotherapy. It is not possible to detect 
or exclude involvement of the nipple with Paget disease 
by contrast-enhanced MR as the nipple- areola complex 
normally shows brisk enhancement (Heywang et al., 1989). 
The future applications of MR in breast imaging include M R- 
guided biopsy and M R-directed therapy. 


URINARY BLADDER 


Treatment and prognosis of carcinoma of the urinary bladder 
depend on the depth of tumour infiltration into the bladder 
wall and the extent of the metastases. MRI and clinical 
staging complement each other in staging urinary bladder 
cancer. While clinical examination is sufficient in staging 
superficial bladder tumours, MRI is utilized in staging more 
invasive neoplasms (Fisher et al., 1985). MRI is superior to 
CT for staging of bladder cancer because of its multiplanar 
ability, which allows better imaging of trigone, prostate 
and seminal vesicles. The differentiation of T3a (muscular 
invasion) and T3b (invasion of perivesical fat) is better 
on MR than on CT, especially in tumours at the bladder 
dome or base. The reported accuracy of MRI for staging 
bladder cancers varies from 73 to 96% (Bryan et al., 1987). 
On T,-weighted images the urine has a low signal, the 
bladder wall intermediate and the perivesical fat a high 
signal, thereby providing high inherent contrast. T;-weighted 
images are good for detecting the perivesical infiltration of 
the tumour. On Tz images the urine has a high signal, muscle 
a low signal and perivesical fat a high signal. The tumour 
has an intermediate signal on both Tı- and T2-weighted 
images. Intraluminal tumours and bladder wall infiltration is 
better demonstrated on T2-weighted images. After contrast 
administration, tumour, mucosa and lamina propria show 
earlier and greater enhancement compared with muscle layer 
and thereby visualization of small tumours (<7mm) is 
improved. Delayed images after contrast administration show 
the intraluminal tumour well against the high signal of 
excreted Gd in the bladder (Figure 23). 

It is important to differentiate postsurgical fibrosis or 
granulation tissue from tumour recurrence. MR examination 
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Figure 23 Bladder cancer: postcontrast T;-weighted fat-saturated image 
demonstrates a lobulated intraluminal bladder mass along with contiguous 
extravesicular extension (small arrows) into the sigmoid colon. Presence of 
air in the bladder (large arrow) is indicative of colovesicle fistula. 


is usually performed 3 months after the procedure and T2- 
weighted images show a high signal if it is tumour recurrence 
or a low signal if it is fibrosis. 


PROSTATE 


The primary role of MRI in imaging prostate cancer is 
to stage the disease, not for the detection of the disease. 
Currently, MRI is considered the imaging modality of 
choice to assess the extra-capsular spread of tumour (B ezzi 
et al., 1988). MR imaging of the prostate is best achieved 
with an endorectal coil as it provides higher resolution 
images than a body coil. Supplementary imaging with a 
body coil is required to image the abdomen and pelvis 
to detect lymphadenopathy. The T,-weighted images are 
helpful in imaging the periprostatic fat, periprostatic veins, 
neurovascular bundles and lymph nodes. T2-weighted images 
demonstrate the internal architecture of the prostate and 
seminal vesicles to better advantage. 

Prostatic carcinoma appears in the peripheral zone as a 
low-signal area in the background of a normal high-signal 
peripheral zone on T2-weighted images. The presence of 
seminal vesicle invasion is suggested by thickening of the 
tubules; other findings include a low signal mass, loss of 
normal seminal vesicle angle and low signal unilaterally or 
bilaterally (Figure 24). Coronal or sagittal images are the best 
for evaluating the seminal vesicles. The accuracy of MRI in 
the detection of transcapsular spread is 90% (Schnall etal., 
1991). Direct invasion of the bladder and rectum can also 
be accurately detected on MRI. The involvement of lymph 
nodes is suggested by size criteria. M ultiple clusters of nodes 
and size >1 cm are considered indicative of involvement. The 
accuracy of MR in detecting lymph nodes is equal to that of 
CT. 

MR spectroscopy appears useful for noninvasive discrim- 
ination between benign prostatic hyperplasia and prostatic 





Figure 24 Prostate cancer: endorectal coil coronal (left) and axial T2- 
weighted (right) MR image shows an ill-defined low signal intensity tumour 
in the superior aspect of the peripheral zone of the prostate (white arrow) 
with contiguous extension into the seminal vesicles (black arrow). 


carcinoma. The ratio of citrate to choline peak areas and that 
of creatine to myo-inositol are currently considered the most 
useful to discriminate between advanced prostatic carcinoma 
(both ratios >1.0) and advanced benign prostatic hypertrophy 
cases (both ratios >1.0) (Garcia-Segura et al., 1999). 


TESTIS 


Ultrasonography represents the primary imaging modality 
to image the scrotum, because of its low cost and the 
effectiveness of imaging and accuracy achieved with high- 
frequency transducers. MRI is a supplemental imaging 
technique for tumour detection because of its multiplanar 
ability and excellent soft tissue contrast. In general, the 
tumours are isointense on Tı- and hypointense on T>- 
weighted images relative to normal testicular tissue. MRI 
is useful in cases where the ultrasound is technically 
inadequate or the sonographic findings are ambiguous 
(Schnall, 1993). 


MUSCULOSKELETAL 


Soft-Tissue Tumours 


MRI is an excellent modality to evaluate soft tissue tumours. 
The primary role of MRI is to evaluate local extent and 
tumour stage. Tumour characterization is a secondary role 
as MRI is limited in its ability to differentiate benign 
lesions from malignant tumours, for which there are no 
absolute criteria. Benign tumours are usually small and well 
encapsulated with smooth margination, and exhibit signal 
homogeneity. Malignant tumours tend to be large (>3cm) 
(Berquist, 1993), with irregular margination and invasion 
of adjacent organs and have heterogeneous signal intensity. 
Involvement of surrounding fat is well seen on T1-weighted 
images whereas muscular invasion is better assessed on 
T2-weighted images (Figure 25). Contrast-enhanced MRI 
is useful to delineate viable tumour and neurovascular 
bundle invasion and to differentiate oedema from tumour 
tissue. Involvement of adjacent bone is identified as an 
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Figure 25 Tı (left) and T2 (right) weighted coronal MR images of a soft 
tissue sarcoma in the right gluteal compartment. Note the bright signal of 
the tumour in comparison to the surrounding musculature. 


altered signal in the bone marrow. At times MRI may 
fail to identify subtle cortical involvement and periosteal 
reaction. 

MRI features of some of the tumours are pathognomonic: 
a lipoma, for example, demonstrates a homogeneous bright 
signal on T,-weighted images. However, it is not always 
possible to differentiate a benign lipoma from a low-grade 
liposarcoma. Other tumours can be difficult to characterize. 
Calcification within tumours can be missed on MRI and this 
may require correlation with plain X-ray or CT examination. 


Bone Tumours 


MRI plays an important role in the evaluation of malignant 
bone tumours, especially with the advent of limb-sparing 
surgery. The primary role of MRI is to stage the disease 
with regard to its local extent. MRI should be utilized in 
conjunction with plain radiography for characterizing bone 
tumours as the latter is a better predictor of histological 
diagnosis and more efficient in the differentiation of benign 
from malignant lesions. 

The role of contrast agents is controversial, and currently 
routine use is not indicated. For selected tumours, such as 
osteosarcoma, gadolinium enhancement offers the potential 
for determining the efficacy of chemotherapy, by evaluat- 
ing tumour necrosis prior and subsequent to chemotherapy. 
In certain situations, especially sarcomas close to joints, the 
use of gadolinium enhancement may help to clarify whether 
tumour resection should be intra- or extra-articular (Sun- 
daram, 1997). Further, some reports demonstrate differen- 
tiation of tumour from oedema on postcontrast studies, and 
others have suggested that peak enhancement plotted against 
time may be useful to differentiate benign from malignant 
tumours. 

Sagittal or coronal Tı images are the most useful for 
evaluating the longitudinal extent of marrow involvement 
and possible invasion of contiguous joints. It is impor- 
tant to image from joint to joint to exclude skip lesions 
(Figure 26). T2-weighted images show soft tissue involve- 
ment as a hyperintense signal against the intermediate signal 
of muscle. Cortical destruction and subtle tissue invasion is 
best appreciated on T2-weighted axial images. When fat sur- 
rounds the bone, T,-weighted images may also show such 





Figure 26 Bone sarcoma: contrast-enhanced Tj-weighted coronal image 
with fat suppression shows tumour involving distal right femur with 
associated pathological fracture and presence of a skip lesion in the proximal 
shaft (arrow). 


extension. Tumour calcification cannot be identified unless it 
is gross. Involvement of neurovascular bundle should always 
be noted if present, as it precludes limb-sparing surgery. 
This also is best identified on axial T2-weighted images. 
Tumour involvement is determined either by frank encase- 
ment of the neurovascular bundle or by loss of fat planes 
adjacent to it. MR angiography gives a preoperative map 
of the vessels and the tumour vascularity in certain cases. 
MRI plays an important role in follow-up of patients receiv- 
ing radiotherapy or chemotherapy. The treatment response 
is assessed by evaluating for change in tumour volume and 
development of tumoural necrosis. This is best identified as 
central non-enhancing areas within the enhancing tumour on 
contrast-enhanced T;-weighted images (Berquist, 1993). 
The primary screening modality for bone metastases 
is planar bone scintigraphy. In the evaluation of spinal 
metastasis, however, MRI has sensitivity equal to or greater 
than that of scintigraphy, and it is possible to screen the entire 
spine on a single T1-weighted sagittal sequence (Figure 27). 
It is also possible to ascertain the presence of impending 
vertebral collapse with MRI or the level of maximal 
spinal cord compression prior to performing decompression 
surgery. MRI can also be employed as a problem-solving 
modality when the scintigraphic findings are equivocal. 


LYMPH NODE IMAGING 
Lymph node imaging is commonly performed for staging 


lymphoma or metastatic disease. MRI and CT perform 
equally well in detecting lymph nodes. CT is preferred for a 
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Figure 27 Spinal metastases from prostate carcinoma: diffuse alteration in 
the cervical and thoracic vertebral marrow signal on T1-weighted sagittal 
image due to metastatic deposit. 


survey study, when more than one region must be evaluated 
as in staging lymphoma. MRI is reserved for a focused 
examination (e.g., for evaluation of pelvic nodes in prostatic 
or cervical malignancies) or in problem-solving situations. 
Size criteria are commonly utilized: usually lymph nodes 
>10mm are considered pathological, except for axillary, 
groin and jugulo-digastric nodes, which can be as large as 
15- 20mm in normal patients. The presence of bright signals 
and heterogeneity in the lymph node on T2-weighted images 
are indicators of metastatic disease. 

Recent clinical trials conducted with the reticuloendothe- 
lial system specific, iron oxide containing contrast agents 
have shown the ability to differentiate a benign from a 
malignant lymph node. This is because tumourous lymph 
nodes lack reticuloendothelial cells thereby reduced or het- 
erogenous contrast uptake, in comparison with the normal 
homogeneous contrast uptake by normal or benign nodes. 
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Nuclear Medicine 


Petra J. Lewis and Alan Siegel 
Dartmouth Hitchcock Medical Center, Lebanon, NH, USA 


INTRODUCTION TO NUCLEAR IMAGING 


Nuclear medicine involves the imaging of radioactive iso- 
topes which are attached to tracer substances (hence radio- 
tracers). These radiotracers are incorporated into physiologi- 
cal processes within the body depending on the type of tracer. 
In this way, nuclear medicine is a ‘functional’ as opposed to 
‘anatomical’ imaging technique in contrast to many radiolog- 
ical methods such as plain films, computed tomography (CT), 
ultrasound and magnetic resonance imaging (M RI). The most 
commonly used isotope is 92"Tc, but a wide variety of other 
isotopes are used, and many of these can be attached to 
multiple tracers depending on the imaging requirements (see 
Table 1). Radiotracers are usually administered to the patient 
intravenously, but on occasion the oral (eg. 1341 capsules 
for thyroid imaging), inhaled (e.g. nebulized [22™Tc]DPTA 
for lung ventilation studies), intrathecal (e.g. [14In]DPTA 
for cerebrospinal leak studies) or intracavitary (e.g. 32P for 
treatment of peritoneal malignancies) routes are used. 
Imaging is performed on a gamma camera, which incor- 
porates a large scintillation crystal that converts the gamma 
rays produced by the isotopes into electrical signals. The 
remainder of the camera apparatus changes these electrical 
signals into a visual display of the distribution of the radio- 
tracer along with various analyses of the energy spectrum of 
the gamma rays, which improve image quality by reducing 
scatter and other artifacts. Further details of gamma cam- 
era technology are beyond the scope of this chapter. M uch 
nuclear imaging is planar, i.e. producing two-dimensional 
images from three-dimensional data, but multiplanar images 
can also be produced using single photon emission computed 
tomography (SPECT). These images are produced through 
the gamma camera rotating around the patient and result in a 
volume of information which can be sliced in any plane (e.g. 
sagittal, coronal and transaxial images can all be produced). 
This markedly improves the detection of smaller abnormal- 
ities, especially those located centrally within the body, as 
well as improving the localization of these abnormalities. It 


does increase imaging time considerably, and is difficult to 
perform in certain studies when the count rate is very low 
(eg. 341). Conventional gamma cameras are optimized to 
image gamma rays with energies of 140 keV - that of 99™Tc 
- but acceptable images are obtained over a wide range of 
energies. Positron emission tomography (PET) cameras use 
a unique imaging system and are described separately later 
in this chapter. 

Nuclear medicine has occupied an important position in 
the evaluation of patients with suspected or known malig- 
nancy since its inception in the 1960s (in fact, 1°41 was first 
used in the 1930s). With the advent of PET there has been 
a resurgence of interest in nuclear techniques and it is likely 
that PET scans will become as routine a part of the manage- 
ment of oncology patients as CT has. The principle uses of 
nuclear medicine are for the initial diagnosis of patients (dif- 
ferentiating benign from malignant masses) and for staging 
and for treatment follow-up. It is used both in isolation and 
in combination with other imaging techniques. This chapter 
is divided by scan type rather than disease type due to the 
considerable overlap of the latter. 


BONE SCANNING 


Skeletal scintigraphy for the detection of bony metastatic 
disease is probably the most widely used nuclear medicine 
procedure in oncology patients. 


Basic Principle 


In the majority of cases of skeletal metastases, there is a 
derangement in bone turnover that occurs before a detectable 
change in the macroscopic anatomy. U p to 50% of bone mass 
must be lost before changes are seen on plain X-ray films. 
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Table 1 Commonly Used Isotopes and Tracers in Nuclear Oncological Imaging (Isotopes in Italics are Used for Positron Emission Tomography) 
Isotope Energy (keV) Half-life Tracer Oncological indications 
sme 140 6h MDP Bone scanning 
MIBI Parathyroid, brain and soft-tissue 
tumours, e.g. breast 
N ofetumomab Small-cell lung cancer 
M erpentan 
Arcitumomab Colorectal cancer 
DMSA (V) (in Europe) Medullary cell carcinoma thyroid 
Hin 173 67h Octreotide N euroendocrine tumours including 
medullary cell cancer, small-cell lung 
cancer 
Capromab Prostate cancer 
Pendetide 
2017 | 80 74h Thallium (1) chloride Brain and musculoskeletal tumours, 
undifferentiated thyroid tumours 
131 364 8 days Sodium iodide Thyroid cancer 
MIBG Phaeochromocytoma, neuroblastoma 
&Ga 93,184,296 68h Gallium citrate Lymphoma 
18F 512 110 min Fluorine Bone metastases 
FDG Brain and soft-tissue tumours 
Fluorodopa Pituitary tumours 
Oestradiol Breast tumours 
5-FU Colorectal tumours 
ug 512 20min M ethionine Brain tumours, other soft-tissue tumours 
“o 512 2min H20 Non-specific tumour bloodflow 





Bone scanning is performed with isotope labelled phosphate 
compounds that are accumulated in the skeleton in relation to 
bone turnover. M ost metastases will institute a focal increase 
in bone turnover due to the tumour-related destruction. Bone 
scanning is among the most sensitive modalities available for 
the detection of skeletal lesions. 


Indications 


The majority of bone scans are performed in patients with 
known cancer for staging or for follow-up of known or 
suspected bone lesions. The most common malignancies 
examined are prostate and breast cancer - two diseases that 
readily metastasize to bone. In some instances, studies are 
performed for the evaluation of a focal complaint, such as 
pain, to determine if malignancy may be the cause. Scans 
may also be ordered to evaluate primary malignancies of the 
bone. Because osteosarcoma is a bone-forming tumour, bone 
scans may also be requested to detect soft tissue metastases 
in this disease entity. 


Procedure 


The most commonly used pharmaceutical for bone scanning 
is methylene diphosphonate (MDP) although several other 
similar compounds are available. Technetium-99m (29™Tc) 
is an isotope that is virtually ideal for nuclear scintigraphy 
and is used as the label for all of these compounds. The 
agent is administered intravenously in a dose of 25 mCi for 
adults (200 uCi kg~! for children). Over a period of time, 
about half of the radiolabelled phosphate adsorbs on bone 


and calcium while much of the remainder is excreted through 
the kidneys. Peak target to background (bone to soft tissue) 
ratio occurs about 3h after the injection and it is at this time 
that images are acquired. Most often, scans of the entire 
skeleton are obtained. Sometimes the study is supplemented 
by tomographic imaging (SPECT). SPECT may increase 
the sensitivity for lesion detection in certain areas and also 
improves the ability to locate the lesion in three dimensions. 


Image Interpretation 


Multiple foci of increased activity located predominantly 
in the axial skeleton with little involvement of the distal 
extremities is the classic appearance of skeletal metastases 
(Figures 1 and 2). The more numerous the lesions, the more 
highly predictive is the scan. It is possible, of course, for a 
patient to present with a solitary metastatic lesion. Studies 
have shown that 10- 30% of solitary bone lesions in patients 
with cancer represent metastases. 

M etastases need not be focal but may involve more expan- 
sive areas of bone and even lead to diffuse involvement. The 
‘superscan’ occurs with diffusely increased bone turnover 
(seen with not only metastases but with other skeletal pathol- 
ogy such as hyperparathyroidism) to the extent that there is 
little remaining MDP to be excreted through the kidneys 
leading to absence of bladder activity. 

Bone scanning is commonly used to follow the course of 
patients being treated for malignancy. It must be kept in mind 
that these scans image the bone reaction to the destructive 
tumour. Shortly after the onset of therapy, it is possible that 
bone lesions may become more intense owing to the increase 
in repair. This simulates progression of disease and has been 


NUCLEAR MEDICINE 3 


` , 
ë 
Āā > ¢ bi Pi 
i z . 
= 
n 
$ 
E J o è 
Anterior Posterior 
Figure1 Whole-body bone scan of a 72-year-old male with prostate cancer 


showing widespread bony metastases. 


termed the ‘flare’ phenomenon. A series of scans is necessary 
for the true evaluation of the course of disease. 


Value and Pitfalls 


The strength of bone scans is their extremely high sensitivity. 
It is not unusual for a bone scan to depict metastatic lesions 
that cannot be detected by plain X-rays. A negative bone scan 
is a highly accurate means for excluding disease (McNeil, 
1984). 

As might be expected, the high sensitivity necessitates 
a less than optimal specificity. Since a wide spectrum 
of pathology can cause a resultant derangement of bone 
turnover, lesions that can have the appearance of metastatic 
disease may be caused by other processes. Probably the most 
common benign cause of focally increased 99™Tc uptake is 
degenerative joint disease, a very common problem in the 
cancer patient age group. When lesions are isolated to the 
regions of joint spaces (particularly the spine), it is important 
that the study be interpreted with care. Correlative images 
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Figure 2 Whole-body bone scan of an 18-year-old boy with primary 
osteosarcoma of the distal left femur (solid arrow) with multiple bony 
metastases as well as metastases to his lung (small arrow) and soft tissues 
of the left thigh (dashed arrow). 


such as plain film X-rays, or computed tomography (CT) 
are frequently used to aid bone scan interpretation. These 
are used to confirm the presence of a benign aetiology for 
increased bone turnover such as osteoarthritis, as a negative 
anatomical study does not exclude bone metastases. A nother 
not uncommon cause of increased focal activity is previous 
trauma, especially rib fractures. Foci of increased activity at 
the costo-chondral junction or in a colinear distribution in 
adjacent ribs is highly suggestive of a traumatic aetiology. 
False-negative studies can also occur with bone scans. 
Highly osteolytic metastases may not have enough of an 
osteoblastic (bone-forming) response to allow detection by 
bone scanning. The most common primary tumour to do 
this is multiple myeloma, wherein it has been estimated that 
as many as 50% of lesions may not be detectable. For this 
reason, plain film radiography rather than bone scanning is 
the modality of choice for staging myeloma patients. Renal 
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cell carcinoma and thyroid cancer also have significantly high 
false-negative rates. 


IODINE SCANNING 


Basic Principle 


lodine is taken up by normal and, to a varying extent, 
neoplastic thyroid tissue as well as by several other organs 
such as the salivary glands. Radioactive iodine accumulates 
exactly as nonradioactive iodine does, and hence will 
show the distribution of iodine-avid tissue in the body. 
Neoplastic thyroid tissue takes up significantly less iodine 
than normal tissue, and hence appears as a ‘cold’ area 
on a radioiodine scan. A similar appearance is seen on a 
[°°™Tc]pertechnetate scan, which acts as an iodine analogue. 
Following total thyroidectomy, the neoplastic tissue can 
be stimulated to accumulate iodine by increasing the TSH 
(thyroid-stimulating hormone) levels as described below. 
Thyroid scanning can be performed using several isotopes - 
[°°™Tc]pertechnetate, 123] and 1241. The first two radiotracers 
are usually restricted to the evaluation of thyroid nodules. 
The image quality of [%™Tc]pertechnetate and 131 is 
considerably better than that of 1341 owing to the lower 
energies of the gamma emissions, and the radiation dose to 
the patient is much less (with the pertechnetate scans having 
the lowest radiation dose). In patients with known thyroid 
malignancies the isotope of choice is 441, which is used 
both for diagnosis and therapy. 


Indications in Oncology 


In the evaluation of a patient with a palpable thyroid nodule, 
either °°™Tc pertechnetate or 231 is used to assess for activity 


Anterior 


of the nodule. Nodules which are ‘warm’ or ‘hot’ (i.e. 
accumulate the tracer) on pertechnetate or iodine scans are 
very unlikely to be malignant, whereas those which are ‘cold’ 
(i.e. do not accumulate tracer) have a significantly higher 
likelihood of being malignant - about 10-20% of such 
nodules (see Figure 3). In the post-thyroidectomy patient 1311 
scanning is used to assess the extent of the thyroid remnant 
as well as metastatic spread. 1°41 therapy in much higher 
doses is then given to ablate the thyroid remnant as well as 
metastases, if present (Harbert, 1996). 


Procedure 


For the assessment of a suspicious thyroid nodule, either 
300 uCi of 1231 is administered orally or 5 mCi of [99"Tc]per- 
technetate intravenously, with imaging 24h or 20 min later, 
respectively. 


Whole-Body 11 Scanning 


Whole-body 13] scans are only performed after patients have 
undergone a total thyroidectomy, as otherwise the intense 
uptake by the patient’s normal thyroid tissue will prevent 
visualization of potential thyroid metastases. Following an 
optional preablation scan, a therapeutic dose of 134] is 
administered. The dose given depends on the clinical and 
radiographic staging of the tumour but is usually in the 
range 100-250 mCi. The patient has to be admitted and 
monitored until the patient's radiation emissions are within 
an acceptable range. In some instances an outpatient dose 
of >30mCi may suffice. Seven to ten days following this 
dose the whole body scan is usually repeated: the larger dose 
of radioiodine may show the presence of smaller or less 
iodine-avid metastases. Six to twelve months after thyroid 





Figure 3 [9?"Tc]pertechnetate scan of the thyroid in a 43-year-old woman with a palpable nodule in the left lobe of the thyroid. A cold defect (arrow) 
is only seen clearly on the left anterior oblique (LAO) view corresponding to the palpable area. Biopsy indicated papillary carcinoma. The dashed arrow 


indicates a normal pyramidal lobe. 
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remnant ablation, the diagnostic whole-body 1311 scan is 
repeated to evaluate the success of the ablation as well as for 
staging. Scans may then be repeated at 6- 12-month intervals 
depending on the clinician preference and the tumour staging 
as well as the results of other monitoring studies such as 
the serum thyroglobulin level (e.g. an increase in serum 
thyroglobulin may stimulate a repeat study). An example of 
a whole body thyroid scan is shown in Figure 4. 

To obtain sufficient uptake of 4341 into thyroid metastases, 
a high circulating level of thyroid-stimulating hormone 
(TSH) is required. As all patients are on exogenous T4 or T3 
therapy following total thyroid ablation therapy, their TSH is 
suppressed. Until recently, therefore, all patients undergoing 
whole-body 1311 scanning for malignancy had withdrawal of 
T4 for 4-6 weeks or T3 for 2-3 weeks prior to the study, 
aiming for a TSH level of 301U L~! or higher. The US Food 
and Drug Administration (FDA) has recently approved the 
administration of recombinant TSH (rTSH) to stimulate 1311 
uptake in this group of patients. This does not require the 
withdrawal of thyroid hormone - which is unpleasant and 
greatly disliked by the patients - with rTSH being given 
intramuscularly on two consecutive days starting 2 days prior 
to the 111 administration. The initial trials seem to suggest 
a slightly reduced sensitivity of this method compared with 
the withdrawal method, but others feel that in combination 


with thyroglobulin measurements it has adequate sensitivity 
(Schlumberger et al., 1999). 


Image Interpretation 


An initial scan following thyroidectomy will show the extent 
of any thyroid remnant (even after the most meticulous 
surgical thyroidectomy there is a small amount of normal 
thyroid tissue remaining) as well as other areas of nonthyroid 
iodine accumulation. Since iodine is also taken up by several 
other physiological processes, uptake is seen within the 
salivary glands, colon, nasal mucosa, urine, sweat and liver 
(the latter when circulating thyroid hormone is present). 
No normal uptake above background tissue should be seen 
outside the thyroid bed in the neck, in the lungs or in the 
bones, all common sites of metastases. Follow-up scans have 
several purposes: to demonstrate the success of ablation 
therapy, to indicate unsuspected metastases, to show the 
extent of metastases suspected on the basis of increasing 
thyroglobulin levels (see Figure 4), and to indicate the iodine 
avidity of the metastases for planned radioiodine therapy. 


Value and Pitfalls 


Most reasonably well-differentiated thyroid malignancies 
(papillary and follicular) 


and metastases accumulate 





Figure 4 11 whole-body scan in a 50-year-old male with known follicular carcinoma of the thyroid, 2 years s/p total thyroidectomy and 1341 ablation 
therapy. A focus of intense activity in the neck (solid arrow) represents cervical nodal recurrence. An additional focus in the right lateral thorax (dashed 


arrow) was due to a rib metastasis, confirmed on the plain film (second image). 
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radioiodine, but the presence of a large thyroid remnant will 
reduce sensitivity. Very anaplastic tumours may not accumu- 
late iodine and medullary cell carcinoma is also not iodine 
avid. In anaplastic tumours thallium or '®FDG PET may be 
used as alternative imaging methods (see below). Octreotide 
(see (7)) as well as pentavalent DM SA (in Europe) have been 
used to image medullary cell tumours. Contamination of the 
study by sweat, saliva or nasal secretions is a common cause 
of a false-positive study. Inflammatory arthritis has also been 
reported to produce local 1311 accumulation. Gut activity has 
the potential to mask intraabdominal metastases, but these 
are rare outside the liver. 


THALLIUM-201 SCANNING 
Basic Principles 


201T| is an isotope with a relatively long half-life of 74h 
and low energy emissions (approximately 80 keV). Both of 
these properties impair the quality of gamma camera images 
obtained with this isotope. It is taken up into cells via the 
Nat/K* pump, acting as an analogue of potassium. Because 
cell viability is vital to the integrity of this pump, thallium 
will only accumulate in viable cells. It has been extensively 
used in the past as a marker of myocardial perfusion and 
viability and, because it also accumulates in increasing 
amounts in neoplastic tissue relative to normal tissue, it is 
also used as a nonspecific tumour marker. In this way, it 
is very similar to the use of sestamibi, which is described 
below, but operates through a different mechanism. The 
poorer image quality and higher radiation dose of thallium 
also limit its usefulness. 


Indications 


Thallium has been used to image a wide variety of 
tumours, but most data are available for brain tumours and 
musculoskeletal tumours. 


Brain Tumours 


Thallium has been used in two major areas within neuro- 
oncology - differentiating recurrent tumour from radiation 
necrosis, and differentiating cerebral lymphoma from tox- 
oplasmosis in AIDS patients. It has also been used as a 
noninvasive way of grading cerebral gliomas and predict- 
ing survival. In this manner it has been used as a ‘poor 
man’s FDG PET scan’ (see below). With anatomical imag- 
ing methods such as CT and MRI, radiation necrosis and 
tumour recurrence can appear very similar - both as enhanc- 
ing lesions within the radiation field, frequently surrounding 
the surgical biopsy site. This is because contrast enhancement 
(whether with iodine- or gadolinium-based agents) is purely 
an indicator of blood- brain barrier breakdown, which occurs 
in both conditions. As thallium is a marker of cell viability, it 
will be taken up by the recurrent tumours but not by necrotic 


tissue from radiation necrosis (Slizofski et al., 1994). It also 
accumulates roughly proportionally to the degree of anapla- 
sia of the tumour, but is not specific for tumour types (Black 
etal., 1989; Slizofski etal., 1994). The intensity of thal- 
lium uptake has been shown to correlate with glioma grading 
and inversely with prognosis in several studies (Black et al., 
1989; K osuda et al., 1994). In AIDS patients, both cerebral 
lymphoma and toxoplasmosis are common (and indeed may 
co-exist). Differentiating between the two may again be dif- 
ficult on CT or MRI, but lymphoma is thallium avid, where 
toxoplasmosis and progressive multifocal |eucoencephalopa- 
thy are not. A number of studies have shown high sensi- 
tivities (92-100%) and reasonable specificities (80-94%) 
(Kessler et al., 1998) for differentiating malignancy from 
infection or inflammation in AIDS patients, potentially reduc- 
ing the number of cerebral biopsies required. [99"™Tc]MIB| 
has also been used with similar results to assess intracerebral 
neoplasms. Some difficulty can occur from high physiologi- 
cal uptake by the choroid plexus with [9°™Tc]M IBI. 


Procedure for Brain Tumour Imaging 


No patient preparation is necessary. A 2- 3-mCi dose of 2°!T| 
chloride is administered intravenously and imaging com- 
mences 30- 60 min later with SPECT imaging performed. 


Image Interpretation 


The images should always be interpreted alongside the results 
of a current anatomical study (CT or MRI) if available. 
Images are assessed for the presence of focal areas of 
increased thallium uptake (see Figure 5). The specificity 
of the study can be improved by obtaining a ratio of the 
count rate obtained in the abnormal area to a normal area 
(e.g. contralateral hemisphere in the brain). Cut-off ratios 
of 1.5-2 have been used to differentiate malignancy from 
benign processes, with the ratio being roughly proportional 
to the grade of malignancy. This ratio has also been shown 
to be inversely proportional to prognosis. 


Value and Pitfalls of Thallium Brain Scanning 


Thallium scanning provides a valuable way of identifying 
tumour recurrence, identifying potential areas of higher grade 
tumour for localizing biopsies and evaluating the response 
to therapy. It has been shown to be more accurate than 
CT for assessing recurrence. Low-grade tumours may not 
accumulate thallium and thus result in a false-negative study, 
as may very small tumours owing to the inherently poor 
resolution. 

Studies have shown that tumours smaller than 1- 1.6cm 
have a high rate of false-negative thallium scans. These 
studies will not differentiate between lymphoma and other 
intracerebral malignancies such as metastatic disease or 
gliomas. The results in paediatric brain tumours have been 
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Thallium 


Figure 5 Brain MRI (gadolinium-enhanced T1 axial image) and thallium 
scan in a 34-year-old man with glioblastoma multiforme previously treated 
with surgery and radiotherapy. Postradiotherapy rim enhancement was 
seen at the surgical site (solid arrow). The thallium SPECT scan revealed 
markedly increased radiotracer accumulation at the same site (dashed arrow) 
confirming tumour recurrence rather than radiation necrosis. The patient 
died 4 months later and tumour recurrence was confirmed at autopsy. 


mixed, with some studies showing a reduced sensitivity, 
although maintaining high specificities. 


Musculoskeletal Tumours 


Through its properties as a nonspecific tumour agent, 
thallium has been used as a noninvasive way to differentiate 
benign from malignant bone and soft tissue sarcomas and 
to assess for metastases and recurrence (Sato et al., 1998). 
While it does have a role to play in these areas in certain 
patients, e.g. it has been used to evaluate for metastases in 
osteosarcoma and Kaposi sarcoma with some success, its 
greatest potential is in assessing response to therapy. Studies 
in both osteosarcoma and soft tissue sarcomas have shown 
that changes in thallium uptake in response to preoperative 
chemotherapy are highly predictive of tumour necrosis 
percentages at surgery, which in itself is an important 
prognostic factor. Here, thallium is acting again as a viability 
marker, and a mid-course thallium scan is predictive of 
the final postchemotherapy response (Sumiya et al., 1998). 
A less than 20% decrease in the thallium index (tumour- 
to-contralateral normal bone/soft tissue uptake) indicates 
a minimal response to chemotherapy. This is much more 
helpful than [2™Tc]M DP bone scans in the same situation. 


Procedure for Musculoskeletal Tumour Imaging 


No patient preparation is necessary. A 2-3-mCi dose of 
201T| chloride is administered intravenously and imaging 
commences 30-60 min later. SPECT imaging is optional, 
but patients benefit from SPECT imaging of the local tumour 
site. 


Image Interpretation 


In a similar way to brain tumours, the activity in the 
tumour can be compared with the contralateral limb or 
body region. This semiquantitative information is vital for 
assessing treatment response, and may be of some help in 


differentiating benign from malignant lesions, although there 
are limitations as indicated below. 


Pitfalls of Thallium Musculoskeletal Imaging 


Unfortunately, the significant incidence of both false-positive 
and -negative studies when attempting to use thallium 
to differentiate benign from malignant musculoskeletal 
processes limits its use in this regard. Thallium accumulation 
has been reported in histiocytosis X , giant cell tumours, stress 
fractures and myositis ossificans. Lack of uptake has been 
reported in liposarcomas and myxoid tumours. 


Other Potential Indications 


Thallium has been investigated in several other soft tissue 
tumours including Kaposi sarcoma (where it is useful in 
combination with gallium scanning in distinguishing between 
intrathoracic lymphoma, Kaposi sarcoma and infection) and 
thyroid cancer. It is less sensitive than 1311 in detecting thy- 
roid metastases in well-differentiated thyroid cancer, but has 
a potential role in the 134I-negative, thyroglobulin-positive 
patient (i.e. less well differentiated thyroid malignancies). In 
medullary cell carcinoma of the thyroid, both pentavalent 
99™Tc¢-DMSA and octreotide appear more sensitive. 


GALLIUM SCANNING 


Basic Principles 


Gallium-67 citrate is an agent that has been used for bone 
scanning and the detection of areas of inflammation or 
infection, but its greatest role has come in the field of 
oncology. Many tumours are known to accumulate gallium 
but it has been used most commonly in cases of lymphoma. 

The exact reason for the concentration of gallium in 
various tumours is not clearly defined. Gallium is an analogue 
of iron and is bound in the plasma to transferrin and 
lactoferrin. It has been suggested that gallium binds to 
intratumoural ferritin stores. 


Indications 


Most lymphomas do accumulate gallium, to a greater extent 
in Hodgkin disease than in non-Hodgkin lymphoma (Turner 
et al., 1978). In these instances, gallium scans can play 
two roles: detection of sites of disease for staging purposes 
and follow-up after therapy. Since gallium scans have poor 
anatomical resolution, interpretation of scans is aided by a 
correlative study such as CT. 

Itis possible for gallium scans to detect sites of disease not 
seen by CT. This is especially true in the abdomen, where the 
presence of bowel can be limiting, as well as in the spleen. 
A baseline gallium scan is also helpful in ascertaining that 
the tumour in a patient who will be followed is initially 
gallium avid. The greatest value of gallium comes in its role 
in the follow-up of disease. Soft-tissue masses detected by 
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CT may remain after treatment even when all active disease 
has been eradicated. Gallium is more highly specific: only 
active lymphoma itself will accumulate the radiotracer. 


Procedure 


It is now standard technique to use a higher dose of gallium 
for the detection of tumour than was previously used in cases 
of infection. This is called the ‘high-dose’ gallium scan and 
involves the intravenous administration of 10mCi of ®’Ga 
citrate. Gallium has a physical half-life that is longer than that 
of technetium (78h) and imaging is carried out over a period 
of several days. Initial images are typically acquired about 
2-4 days after the administration of the dose. Since normal 
bowel excretion can complicate the interpretation of the 
images of the abdomen, delayed images are often obtained. 
Bowel contents will change in position and fade whereas 
tumour will retain its configuration and if it changes at all 
will probably show an increase in the target-to-background 
ratio. M any sites also perform tomographic (SPECT) imaging 
of the chest, abdomen and pelvis. The use of laxatives to 
clear colonic activity is somewhat controversial. It has been 
suggested that laxatives may inflame the colon and cause a 
resultant increase in bowel activity. 


Image Interpretation 


The normal distribution of gallium differs somewhat from 
patient to patient but, in general, activity will normally be 
seen in the liver, skeleton (and bone marrow), spleen, salivary 
glands, lacrimal glands and breast tissue in females. As 
mentioned above, gallium is excreted in the bowel giving 
rise to variable intestinal activity. Gallium is excreted through 
the kidneys during the first 24h; renal and bladder activity 
is minimal by 72h. 

In patients with lymphoma an abnormal study is mani- 
fested by increased radiotracer activity at sites of adenopathy. 
It is common to see disease in the mediastinum, hilar, neck, 
retroperitoneum and pelvis (see Figure 6). Lymphoma may 
also involve other sites, including the spleen, bones and kid- 
neys. 


Pitfalls 


Diffuse uptake within the lungs themselves may be due 
to lymphoma but gallium also accumulates in areas of 
inflammation. Diffuse uptake, therefore, may also be due 
to pulmonary toxicity from prior chemotherapy or to a 
superimposed pneumonia in an immunocompromised patient. 
Normal physiological uptake of gallium in the hilar is 
common. It is faint and symmetric and is not accompanied by 
mediastinal activity or corresponding abnormalities on a CT 
scan. Bowel uptake mimicking intraabdominal adenopathy 
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Figure 6 Gallium-67 scan in a 19-year-old woman with newly diagnosed 
Hodgkin lymphoma showing intense gallium accumulation in the left 
supraclavicular nodes (solid arrow), mediastinum (small arrow) and left 
hilum (dashed arrow). These findings were confirmed on the SPECT images 
(not shown). 


has already been described and can be reduced by delayed 
imaging. 


Other Roles 


Areas of increased activity can also be seen in other forms of 
tumour. Gallium is avidly taken up at sites of melanoma and 
has been used in the diagnosis of hepatocellular carcinoma. 


MONOCLONAL ANTIBODIES 


Within the past several years, several monoclonal antibodies 
with radioisotope labels, long investigated for the detection 
of tumour, have received FDA approval and become com- 
mercially available in the United States. Now in use are 
satumomab pendetide for colorectal and ovarian carcinoma 
(Oncoscint from Cytogen), capromab pendetide for prostate 
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carcinoma (Prostascint from Cytogen), nofetumomab mer- 
pentan for small cell lung carcinoma (Verluma from DuPont) 
and arcitumomab for colorectal carcinoma (CEA-scan from 
Immunomedics). 


Basic Principles 


Each of these monoclonal antibodies will bind to an 
antigen that is found in fairly high abundance on the 
tumours in question. These antibodies are produced in cell 
cultures from murine (mouse) lymphocytes that are combined 
(hybridized) with myeloma cells. Specific cell lines are 
then screened, isolated and the antibody-producing cells are 
cloned. The antibodies are then radiolabelled with indium- 
111 (Oncoscint and Prostascint) or with the superior imaging 
agent technetium-99m (Verluma and CEA-scan). Scanning 
with these agents is generally used in situations wherein there 
is the suspicion of tumour recurrence or metastases (e.g. an 
elevated CEA or PSA) but other imaging studies (e.g. CT or 
bone scanning) have failed to detect disease. 


Imaging Protocol 


Imaging acquisitions differ slightly for each of the agents 
utilized. The indium-labelled agents are imaged starting 2- 4 
days after the dose administration. Owing to variable and 
potentially confusing bowel excretion, the studies are coupled 
with bowel preparation with laxatives and possibly delayed 
sets of imaging. It is typical to image Prostascint along 
with a blood pool label (technetium-99m) in a dual window 
setting to separate out normal Prostascint activity within the 
vasculature. Technetium labels provide a higher count rate 
and, therefore, can be imaged earlier. CEA-scan is performed 
at 4h and Verluma at 16h postinjection. 


Scan Interpretation 


Areas of metastatic or recurrent prostate cancer in Prostascint 
scans usually appear as focal abnormalities, most often in the 
prostate bed or pelvic lymph nodes (see Figure 7). Great care 
must be taken to separate normal from abnormal activity. As 
mentioned above, normal activity within bowel and blood 
pool is common. It is also normal to see activity in the 
liver, spleen, kidneys and bladder as well as bone marrow. 
Faint uptake in anormal prostate does occur. Prior irradiation 
may also be a cause of increased activity. Correlation with 
other imaging studies, such as CT, is often very helpful 
for delineation of normal anatomy. Other antibodies have 
a similar appearance; all have relatively high background 
activity. 


Accuracy of Imaging 


At present, monoclonal antibody imaging is not indicated 
as a first-line imaging procedure for diagnosis or staging. 


tat 


Figure 7 [114In]Prostascint (capromab pendetide) SPECT scan in a 68- 
year-old man with a history of prostate cancer s/p radical prostatectomy 
with a rising PSA. Transaxial image through the pelvis shows evidence 
of recurrence in the prostate bed (solid arrow). The two anterior foci of 
radiotracer uptake (short arrows) reflect blood pool activity within the illiac 
vessels. 


Because these agents are typically used to detect occult 
disease not uncovered by other modalities, the sensitivity is 
not extremely high. The sensitivity of Oncoscint for detecting 
recurrent colon carcinoma is reportedly 75% in the pelvis and 
67% in the extrahepatic abdomen and for recurrent ovarian 
carcinoma 59%. The accuracy of Prostascint for the detection 
of pelvic lymph node metastases in presurgical patients has 
been reported to be 76% (Babaian et al., 1994). This is still 
considerably higher than with CT. With care taken to exclude 
false-positive studies, especially by paying attention to bowel 
and blood pool activity, the specificity of these studies can 
be fairly good. Imaging with monoclonal antibodies has been 
shown, in multiple studies, to be of value in the detection of 
occult disease (M anyk, 1998). 


Precautions 


Monoclonal antibodies are proteins that are, technically 
speaking, foreign to the human body and, as such, can cause 
allergic reactions. Serious side effects are few but these 
agents need to be administered with care. Also, because of 
the nature of these proteins, patients may form antibodies 
against these agents. These are known as human anti-mouse 
antibodies (the ‘HAMA’ reaction). This reaction occurs with 
variable frequency but the significance of the production 
of HAMA is that it may lead to reduced sensitivity of 
subsequent studies performed with murine antibodies. 
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Future Directions: Therapy 


By labelling monoclonal antibodies with potentially ,- 
emitting isotopes such as iodine-131, it is possible that 
these agents can be useful therapeutically. The antibody 
will theoretically deliver a high dose of radiation directly 
to the tumour itself and avoid the side effects that occur 
with general systemic treatment. Owing to the variable 
uptake of the agents that exist today, this science should be 
considered to still be in the early stages of development. With 
present antibodies, the radiation dose to the bone marrow is 
frequently the dose-limiting factor. 


PEPTIDES 


Peptides are small compounds composed of sequences of 
amino acids. Only one peptide has been in common use 
in nuclear medicine, pentetreotide or Octreoscan (M allinck- 
rodt). 


Basic Principles 


Pentetreotide is an analogue of another peptide, somato- 
statin. Receptors to somatostatin are found in abundance 
on many neuroendocrine tumours, particularly gastrinoma, 
glucagonoma, small cell lung cancer and carcinoid. Somato- 
statin receptors are also frequently found on other tumours, 
including lymphoma, medullary cell carcinoma of the thy- 
roid, breast cancer and meningioma. 


Imaging Protocol 


Pentetreotide is labelled with indium-111, and is adminis- 
tered intravenously. Images are acquired 4 and 24h and 
sometimes 48 h later. SPECT imaging of the region of inter- 
est is normally performed. There is intense uptake in kidneys 
and spleen and normal activity is also seen in the liver and, 
in varying amounts, in the bowel. 


Indications 


Indications for performing of [!!4In]pentetreotide imaging 
can be divided into several categories. First, patients with 
a known neuroendocrine tumour can be scanned for the 
presence of metastases. The converse can also be applied: 
patients with a known metastasis can be scanned in 
search for the primary lesion. Studies have shown that of 
[1"In]pentetreotide can add information beyond CT and 
MRI (Olsen etal., 1995). Finally, scans are performed 
in patients with known disease to determine the receptor 
status of a tumour (Figure 8). Somatostatin receptors 
occur in amounts that may vary from patient to patient. 
If uptake of [1!4In]pentetreotide is confirmed with the 
imaging study, the patient can be considered a candidate for 





- 


Figure8 [+"|n]pentetreotide scan in a 40-year-old woman with metastatic 
carcinoid showing multiple hepatic metastases (arrows). 


therapy with nonradioactive octreotide acetate, an inhibitor 
to neuroendocrine tumour growth. 


Future Prospects 


Other peptides are in development and play roles in tumour 
imaging. One of them, depreotide (Neotect, Diatide) has 
recently received approval from the FDA for small cell 
lung cancer. This agent is also a somatostatin analogue 
but is coupled to technetium, an isotope with imaging 
characteristics that are superior to those of indium. 

As was mentioned with the monoclonal antibodies, there 
are potential therapeutic capabilities with peptides. The 
peptides may be labeled with -emitters and studies are under 
way involving the administration of high-dose Octreoscan to 
evaluate tumour treatment with emitted conversion electrons. 


SCINTIMAMMOGRAPHY 


In recent years, scintigraphic techniques have been devised 
for the imaging of primary sites of breast cancer. Known 
most commonly as scintimammography, [99Tc]sestamibi 
has been the agent most frequently used for this purpose. 


Principles and Indications 


The mechanism for sestamibi concentration by breast 
carcinoma cells (and several other tumours) is not well 
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understood. It is possible that the agent is localized in the 
intracellular mitochondria of metabolically active tumour 
cells. Nevertheless, uptake tends to be a good predictor of 
malignancy. 

Scintimammography is not indicated as the first-line 
imaging study in patients with suspected breast cancer but is 
used in complicated situations where additional information 
is needed above what has been determined by conventional 
mammography or ultrasound. Indications include additional 
workup of the indeterminant mammographic lesion or of a 
palpable mass not detected by mammography, as may occur 
in patients with dense breasts. 


Imaging Protocol 


Sestamibi is administered intravenously in a dose of 20 mCi 
into the arm contralateral to the suspected lesion. This is done 
to avoid potentially confusing lymph node uptake that may 
occur normally if some of the injected dose is infiltrated 
in the arm. If there are suspicious lesions in both breasts, 
another site, such as the foot, should be used. Imaging 
commences about 10 min later and is typically performed 
in the anterior and lateral projections. Lateral images are 
improved with the patient positioned prone on a customized 
scintimammographic pad. This is a device with a cut-out that 
allows the breast to hang dependently away from the chest 
wall. Tomographic imaging may also be performed but its 
value has not been defined. 


Scan Appearance and Utility 


Uptake of the tracer within malignancy typically appears as 
a focal area of increased activity with a substantial target 
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to background ratio (Figure 9). It is possible to find mul- 
tiple lesions in addition to uptake within axillary adenopa- 
thy. Scintimammography has several advantages over con- 
ventional mammography with considerably higher speci- 
ficity (89% compared with around 30% for mammography) 
(Khalkhali et al., 1995). In addition, imaging is not hindered 
by dense breasts. 


Pitfalls 


The greatest limitation of scintimammography is that it 
utilizes a technology with a relatively low spatial resolution. 
Lesions under 1cm in size are difficult to visualize. For 
lesions >1cm the sensitivity is >92%. False-positive uptake 
occurs in some benign lesions such as cellular fibroadenomas 
and active inflammation. 


MIBG 


MIBG or Meta-iodobenzylguanidine is a pharmaceutical 
that has been utilized for a number of years for imaging 
phaeochromocytoma and neuroblastoma. It has only recently, 
however, received FDA approval and is now commercially 
available. 


Principles 


MIBG is an analogue of norepinephrine that is labelled with 
the iodine isotope 131 or 13+] (although only the 13+|-labelled 
MIBG is produced commercially). MIBG is concentrated 
by the adrenal medulla and in adrenergic tumours, most 
significantly phaeochromocytoma and neuroblastoma. M ost 
of the uptake of MIBG occurs as an active process with 
localization of the molecule in catecholamine hormonal 
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Figure 9 Scintimammogram using [9°™Tc]MIBI in a 55-year-old woman with an indeterminate left breast mass on mammogram and ultrasound showing 
intense focal uptake of tracer (arrow). Invasive ductal carcinoma was confirmed at biopsy. 
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storage vesicles. lodine-131 emits -particles and high- 
energy y-rays. It has along half-life and can only be utilized 
in the relatively low dose of 0.5-1.0 mCi. This results in a 
relatively low count study. Sites that are approved for use of 
the 1231 label find better image quality owing to the higher 
administered dose (1231 has no B-emissions and more ideal 
y-energies and a shorter half-life than’341), 


Indications 


MIBG is used in patients who are suspected to have a 
phaeochromocytoma based on biochemical analysis but no 
detectable tumour in other imaging studies (e.g. CT, MR). 
This agent has the advantage of easily allowing scanning 
of the entire body. It should be kept in mind that 10% of 
phaeochromocytomas can occur in an extra-adrenal location. 
It can also be used in patients with known tumour for the 
detection of sites of metastases (10% are malignant) or in 
a search for multiple primary sites (as may occur in the 
multiple endocrine neoplasia syndrome). In patients with 
neuroblastoma, MIBG also may be used for the detection 
of metastases. MIBG also plays a role in treatment planning. 
Patients may be candidates for a therapeutic trial of MIBG 
if the tumour can be visualized with a diagnostic scan (see 
below). 


Imaging Protocol 


The exact protocol depends on whether 134] or 131 is 
utilized. The 41-labelled agent will be discussed. The 
pharmaceutical is administered intravenously with a slow 
push (to avoid the development of acute hypertension). 
Images are acquired 48h later and should be tailored to 
the areas of concern. Planar images of the entire body can 
be obtained and it is possible to perform SPECT (although 
this is vastly superior with the higher dose of 1231) of the 
chest or abdomen as needed. Patient preparation is needed 
for this examination. A number of medications can inhibit 
the uptake of MIBG by phaeochromocytoma and must 
be discontinued. These include Labetalol, calcium channel 
blockers and phenylephrine. It is also necessary to pretreat 
the patient with potassium iodide (oral SSKI or Lugol’s 
solution) in order to block thyroid uptake of radioactive 
iodine and hence to reduce the radiation dose to the thyroid. 


Accuracy and Limitations 


Phaeochromocytoma (or neuroblastoma) will appear as a 
focal area of abnormal activity. Sensitivities for the detection 
of phaeochromocytomas with MIBG have been estimated to 
be about 85%. Care must be taken to avoid confusing adrenal 
tumour with excreted activity in the renal pelvis. To clarify 
the position of the kidney relative to the suspected abnormal 
activity, a dose of a renal agent such as [9™Tc]DTPA 
can be administered when the MIBG imaging is complete. 
Phaeochromocytoma can also occur in or near the bladder. 


It may be necessary to place a bladder catheter and flush 
the bladder to remove normally excreted activity (McEwan 
et al., 1985). 


Future Directions 


The use of MIBG for therapy remains in the early stages of 
development. Because this is an iodinated pharmaceutical, 
the B-emissions from 1341 can be used to administer a high 
dose of local radiation when administered in large amounts. 
MIBG has been used for the treatment of neuroblastoma in 
children. 


POSITRON EMISSION TOMOGRAPHY 


General Principles 


Positron emission tomography uses both different isotopes 
and different camera systems to image the distribution of 
radioisotopes within the body, but as with conventional 
nuclear medicine techniques it is a functional imaging 
method. While most single photon-emitting isotopes such as 
99MT¢ decay through the emission of a single y-ray, positron- 
emitting isotopes decay through the emission of a positron 
of variable energy. This positron travels 1-5mm through 
the tissues, the distance depending on the energy of the 
positron before colliding with a nearby outer-shell electron. 
This ‘annihilation reaction’ converts matter to energy and 
results in the production of two 512-keV y-rays at almost 
exactly 180° to each other. It is these paired y-rays which 
are detected by the PET camera, which consists of rings of 
multiple scintillation crystals (each like a tiny gamma camera 
only using different crystal technology) linked in pairs 180° 
across from each other. All PET images are multiplanar (in 
a similar way to SPECT). The physics of PET result in 
superior image resolution compared with SPECT and the 
production of the positron-emitting radiotracers is relatively 
easy Owing to the smaller atom size. Many of the PET 
isotopes are radioactive isotopes of atoms normally present 
in many physiological compounds such as carbon, nitrogen 
and oxygen. This means that most PET radiotracers are much 
closer in composition to normal physiological substrates. On 
the other hand, !8F, a commonly used isotope, can substitute 
for hydroxyl ions (TOH). These factors enable PET to image 
a wide variety of physiological processes such as blood 
flow, metabolism (glucose, amino acid, fatty acid, protein, 
etc.) and receptor density in vivo with very good anatomical 
resolution. The oncological potential is extensive and only 
recently has become realized. 

There are two major problems that have prevented the 
wide availability of PET. The first is the expense of the 
camera system, at $1-2 million at 2000 prices. The second 
is that most PET isotopes have to be produced by a 
cyclotron, an even more expensive piece of machinery with 
high upkeep demands in both manpower and cost. The 
half-life of PET isotopes is much shorter than those of 
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single-photon isotopes: whereas the !8F half-life is 110 min, 
MC is only 20min, BN 10min and 0 only 2min. This 
significantly limits the distribution of these isotopes from 
central cyclotrons. Recently, two advances have led to the 
much wider availability of PET. First, conventional SPECT- 
enabled gamma cameras can be upgraded at reasonable cost 
to detect the paired 512-keV y-rays (so called ‘coincidence 
detection’) although with lower but acceptable spatial 
resolution than dedicated PET cameras. Second, several 
networks of cyclotrons have been set up to distribute 
commercially [!8F]Fluorodeoxyglucose (!8FDG), the most 
commonly utilized PET radiotracer. These two factors are 
currently leading to an explosion of PET across many 
countries in the world. It is likely that within a few 
years, '8FDG PET will become an essential component of 
oncological patient management in most oncology centres. 
For the purposes of the following sections, dedicated PET 
and coincidence detection will be discussed as a single entity. 
Increasingly the technical advances in coincidence detection 
are bringing its accuracy closer and closer to that of dedicated 
PET. 

In oncology, most clinical PET imaging uses !8FDG, with 
other isotopes being mainly investigational and mentioned 
briefly in a later section. Imaging can be of a local region 
(e.g. the head or chest) or of the entire body in one session. 


181F]Fluorodeoxyglucose Imaging 


Principles of FDG Imaging 


[!8F ]Fluorodeoxyglucose is an analogue of glucose. It enters 
the cell at rate proportional to that of glucose, using the 
same glucose transporter system. It also undergoes the 
first step in glycolysis to produce !8FDG-6-phosphate (via 
hexakinase) but is not a substrate for the next enzyme in the 
cascade (glucose-6-phosphatase). 18FDG-6-phosphate does 
not readily cross the cell membrane and hence remains 
trapped in the cell. The local concentration of 18FDG-6- 
phosphate as recorded by the radioactivity 30+min after 
18FDG injection is therefore a measure of the local glycolytic 
rate. This method has advantages over another PET method 
for measuring glycolysis, with [!4C]glucose, as the latter, 
by passing readily through glycolysis and beyond, results in 
imaging of a combination of glucose uptake, metabolism and 
metabolite distribution. 

For decades, glycolytic rates have been known to increase 
in neoplasms and for many neoplasms this rate is propor- 
tional to the degree of malignancy (anaplasia) of the tumours. 
In benign processes, the glycolytic rates tend to be low. 
18FDG imaging therefore has the potential to distinguish 
between benign and malignant processes, grade tumours, 
identify metastases and diagnose tumour recurrence. 18F DG 
is a very nonspecific tumour imaging agent, and it has been 
used in practically every tumour type for one or more of the 
above indications although currently only a handful are in 
routine clinical usage (typically in the USA those covered by 
Medicare). As of 2000, these include differentiating benign 
from malignant lung nodules, staging of non-small cell lung 


cancer, lymphoma staging, melanoma staging, oesophageal 
cancer staging, head and neck cancer and diagnosing colorec- 
tal tumour recurrences. These and some of the other more 
common indications not currently covered by M edicare are 
described below. 


Solitary Pulmonary Nodule (Coleman, 1999) 


Previously, CT and plain films along with biopsy have 
been the mainstays for solitary pulmonary nodule evaluation. 
18EDG PET has an important role to play, however. 
Malignant nodules have increased rates of glycolysis, and 
hence increased !8FDG uptake relative to benign processes 
such as hamartomas and granulomas. The sensitivity of PET 
is 90- 100%, with a specificity of 75- 95% for differentiating 
benign from malignant nodules. Nodules which are positive 
on !8FDG scanning should therefore be biopsied; those which 
are negative are generally safe to follow. By following this 
protocol, the number of potentially harmful and expensive 
lung biopsies can be reduced significantly. Some centres 
incorporate a semiquantitative measure of '8FDG uptake 
into their evaluation - the standardized uptake ratio (SUR), 
which estimates the amount of the injected radiotracer 
taken up into the tumour relative to the injected dose and 
patient’s body mass. This may help differentiate further 
between benign and malignant processes, although not all 
authorities agree. Several studies have indicated that the 
SUR is inversely proportional to survival times in primary 
lung cancer. False-positive scans do occur occasionally 
in inflammatory processes in particular and false-negative 
scans have been reported in slow-growing carcinoid and 
occasionally bronchoalveolar tumours. Continued monitoring 
over time of !8FDG PET-negative tumours by CT or CXR 
should identify these patients. 


Lung Cancer Staging (Coleman, 1999; Kalff et al., 2001) 


The identification of lymph node and distant metastases 
is a major component of the staging of non-small cell 
lung cancer. This staging determines the patient's potential 
operability. Both CT and MRI rely on the size of the 
lymph nodes as a criterion for malignancy, with a 1-cm 
short axis dimension conventionally being used as the cut- 
off for potential malignancy. Obviously smaller nodes than 
these may be malignant, and larger nodes benign. The 
sensitivity and specificity of CT for staging lung cancer 
have been reported to be as low as 50- 70%. This leads to 
frequent mediastinoscopies and even patients being found 
to be inoperable (or at least incurable) at the time of 
surgery. By imaging function rather than anatomy, !8FDG 
PET significantly adds to the preoperative work-up of these 
patients with accuracies of 80- 100%, considerably superior 
to CT or MRI. PET has been found to change lung cancer 
staging in up to 30% of patients - even after CT scanning has 
been performed (Figure 10). The ability to image the whole 
body allows the additional identification of unsuspected 
distant metastases including evaluating the adrenal glands, 
a common site of lung cancer metastases. In this latter area 
PET has been reported to have a 100% sensitivity and 80% 
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Figure 10 Transaxial !8FDG emission scan through the thorax at two levels with corresponding transmission scan at the same level to show localization in 
a 62-year-old man with known lung cancer (primary tumour not shown). Focal uptake of 18FDG in the mediastinum (dashed arrow) and right hilum (solid 
arrow) were due to nodal metastases confirmed at surgery. (Images courtesy of the Clinical PET Centre, United Medical Schools of Guy's, St. Thomas’ 


and King’s Hospitals, London, UK.) 


specificity for metastatic involvement. The addition of 18F DG 
PET to the routine preoperative evaluation of patients with 
lung cancer has been shown to result in significant cost 
savings - calculated as $98 million per year across the 
USA if all potentially resectable patients underwent PET 
scans. '8FDG PET has also been used to evaluate for local 
tumour recurrence following surgery and/or radiotherapy or 
chemotherapy. These patients are typically very difficult to 
assess by CT owing to the considerable postoperative or 
postradiotherapy changes. Focally increased !8FDG uptake 
in these patients is indicative of tumour recurrence with 
extremely high accuracy. 


Lymphoma Staging (Delbeke, 1999b) 


Although °’Ga is currently the major functional imaging 
method for the staging of lymphoma, 18FDG PET has 
some significant advantages. The resolution is significantly 
better, not all lymphomas are gallium avid whereas most 
are 8FDG avid and the imaging can be performed on a 
single day rather than stretched out over several days as 
with gallium (Moog et al., 1997). The uptake of !8FDG is 
proportional to the grade of lymphoma, and hence inversely 
proportional to prognosis. Bone marrow involvement will 
show on the PET scan better than on a gallium scan. 
Very low-grade lymphomas may be !8FDG negative. In the 
posttherapy patient, the advantages become more marked 
with '8FDG PET predicting the response to treatment, even 


in the presence of residual masses on CT. Of importance, 
18FDG PET like gallium cannot be used to differentiate 
lymphoma from sarcoidosis (a not uncommon problem), as 
both are ‘8FDG avid. 


Melanoma Staging (Delbeke, 1999b) 


Melanoma is a highly malignant tumour that may metas- 
tasize to any organ of the body. For this reason, staging 
and monitoring these patients is difficult, frequently requir- 
ing several different imaging modalities and metastases to 
unexpected areas such as the bowel and extremity subcuta- 
neous tissues may frequently be missed. Owing to its high 
degree of malignancy, even small melanoma metastases are 
typically intensely !8FDG avid and the whole-body imaging 
capability of PET enables a single scan to assess for metas- 
tases literally from head to toe. !8FDG PET scanning has 
been shown to be an accurate (88- 100%) and cost-effective 
method of staging melanoma (Rinne et al., 1998). 


Colorectal Tumour Recurrence (Delbeke et al., 1997) 


The postoperative evaluation of colorectal tumours by CT 
is hampered particularly in the surgical site by postsurgical 
and/or radiotherapy changes. Small hepatic metastases may 
also be missed. Serum markers such as CEA may indicate 
a recurrence but these are nonspecific and nonlocalizing. 
Monoclonal studies such as CEA scan (described above) 
have limited sensitivity and specificity for detection owing 
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to high background activity and poor resolution. 8FDG, on 
the other hand, is not taken up by postsurgical and chronic 
radiation changes, and has lower background activity and 
higher resolution than monoclonal studies. Activity within 
the bladder and normal bowel activity must, however, be 
carefully distinguished from tumour recurrence. !®FDG PET 
has been shown to be highly accurate (92%) for diagnosing 
and localizing local and distant colorectal tumour recurrence, 
including hepatic metastases, changing surgical management 
in 28% of patients after CT (Delbeke et al., 1997). In patients 
with negative CT scans but rising CEA levels, PET identified 
the site of metastases in 87% of patients (Maldonado et al., 
2000). Scans performed within 6 months of radiotherapy may 
result in false-positive results owing to local inflammation. 
The response of hepatic metastases to chemotherapy can be 
predicted by ‘8FDG PET scans 4-5 weeks into treatment. 


Brain Tumours (Delbeke, 1999b) 


Some of the earliest FDG PET studies investigated brain 
tumour metabolism. The uptake of !8FDG was found to be 
highly correlated with tumour grade (Jolesz, 1983), and in 
fact a better marker of prognosis than histology. 18FDG 
PET has therefore been used as a prognostic marker, as a 
method of indicating the areas of highest malignant potential 
(hence highest !8FDG uptake) for biopsy and for diagnosing 
tumour recurrence. The primary energy source for the brain 
is glucose, and this leads to high physiological cortical 
uptake of !8FDG. Tumours which have lower metabolic 
activity than the surrounding cortex (such as grade 1 and 
2 gliomas) may be difficult to distinguish from surrounding 
cortex. Despite this, 8F DG PET has an important role to play 
in differentiating tumour recurrence from radiation necrosis 
in a similar manner to thallium, particularly in the higher 
grade tumours. ‘8FDG PET has been used to differentiate 
lymphoma from toxoplasmosis in AIDS patients, again 
similar to thallium with very comparable results. 


Breast Cancer (Delbeke, 1999a) 


18FDG PET has been used for the diagnosis, staging and 
evaluation of recurrence in breast cancer. The sensitivity 
and specificity for primary diagnosis ranges from 80- 100%, 
with false negatives occurring in <1-cm tumours and slow 
growing tumours (Avril etal., 1996). It may be useful in 
patients with dense breasts, after augmentation mammoplasty 
and those with equivocal mammography. The sensitivity 
for axillary lymph node metastases is around 95%, but it 
will miss micrometastases so the role here is less clear 
(Figure 11). It will, however, indicate the presence of internal 
mammary and distant metastatic disease. Osteolytic bone 
metastases are more easily detected on !8FDG PET than with 
routine bone scanning. ®FDG PET also has a potential role 
in the evaluation of breast cancer recurrence, particularly 
in the brachial plexus region where anatomical studies are 
particularly difficult to interpret. 


Other Tumours (Delbeke, 1999a) 


As indicated previously, '8FDG PET scanning has been 
investigated for the diagnosis and staging of many tumour 
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Figure11 Transaxial and coronal !8FDG emission scan through the thorax 
in a 58-year-old woman with left breast cancer. Multiple foci of left 
axillary radiotracer uptake (arrows) were due to axillary metastases. (I mages 
courtesy of the Clinical PET Centre, United M edical Schools of Guy's, St. 
Thomas’ and King’s Hospitals, London, UK.) 


types. Areas that show particular promise are in the staging 
of head and neck tumours where improved accuracy over 
CT and MRI has been shown in several studies. In 
pancreatic cancer '8FDG PET distinguishes between benign 
and malignant pancreatic processes with 85-93% accuracy, 
altering the surgical management of patients with pancreatic 
masses in 41% of patients in one study. !8FDG PET has been 
of value in distinguishing between benign and malignant 
musculoskeletal tumours, guiding biopsy to areas of greatest 
malignant potential, as well in predicting the preoperative 
response to chemotherapy. Anaplastic "I-negative thyroid 
tumours may be successfully staged with !8FDG PET. !8FDG 
PET has been shown to be more sensitive than CT in 
detecting recurrent ovarian cancer. Considerable promise has 
also been shown in oesophageal tumours where again CT is 
limited. 


Protocols 


Patients are typically injected with 5-10mCi of ‘8FDG 
intravenously after a 6-12h fast (the latter to decrease 
cardiac and soft tissue uptake). The patient should be resting 
and not talking during the uptake period. Imaging usually 
takes place 30-120 min later. There is some evidence that 
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delayed imaging may improve lesion detection. Imaging may 
be performed of the local tumour area alone (e.g. a head and 
neck tumour), of the whole body (e.g. melanoma staging) or 
both (e.g. lung cancer staging). Local scans usually correct 
for the attenuation of the radiation by the body tissue through 
the use of a ‘transmission scan,’ in reality a quick and 
dirty CT scan using a radioactive source. This improves the 
resolution of deep structures and enables semiquantitative 
measures such as SUR measurements to be performed (see 
above). The studies are typically reconstructed in multiple 
imaging planes. 


Image Registration 


Image registration or image fusion is the production of 
an image that combines both the patients anatomical 
(CT or MRI) scan with the PET study. This is usually 
produced by some form of software manipulation with or 
without markers placed on the patient. This combines the 
anatomical information from the CT, with the functional 
information from the PET scan. Thus the exact localization 
of abnormal areas of '8FDG uptake can be identified. Image 
registration has the potential to add considerably to PET 
image interpretation (Figure 12; see colour plate section). 
Recently available are combined CT and PET scanners where 
both sets of scans may be obtained sequentially without 
moving the patient resulting in inherently registered CT and 
PET images. 


Interpretation and Pitfalls 


PET scans are evaluated for abnormal areas of significantly 
increased local 18FDG uptake. Wherever possible, PET 
18FDG scans should be interpreted with knowledge of the 
patient’s history and current anatomical studies. This is aided 
by image registration as described above. Physiologically 
intense uptake of 48FDG occurs in the brain, heart (variable 
amounts) and urine. Moderate uptake may be seen in 
Waldeyer’s ring, muscle and bowel. The thyroid and thymus 
may accumulate moderate amounts of !®FDG, the latter in 
children and postchemotherapy patients. Very low activity 
is seen in fat, lung and bone, but diffuse bone marrow 
activity can be seen immediately after chemotherapy courses. 
Muscle activity (even through tension and talking) during 
the uptake period can significantly increase local muscle 
activity. 

False-negative studies may occur in low-grade tumours 
such as low-grade lymphoma and sarcoma, in tumours with 
extensive necrosis and in very small lesions, particularly if of 
lower malignant potential (<1cm, although smaller lesions 
are frequently seem when the glycolytic activity is high). 
Sclerotic bone metastases from prostate cancer are frequently 
under-diagnosed. H yperglycaemic diabetic patients may pro- 
duce false-negative studies, presumably through competition 
for glucose uptake. False-positive studies have been reported 
in inflammation and infection (such as abscesses, tubercu- 
losis), sarcoidosis and occasionally in innammatory nodes. 
With the exception of sarcoidosis, the uptake of 18FDG is 
usually mild to moderate in these cases, and it is possible 


that the use of SURs or similar ratios may help in diagno- 
sis. Scans performed too soon (<6 months) after radiother- 
apy may show '8FDG uptake into areas of inflammation. 
Extravasated tracer taken up into local lymph nodes may be 
mistaken for metastases. Physiological activity in the bowel 
can sometimes be relatively intense, and the evaluation of 
pelvic malignancies may be impaired by urine activity in the 
bladder. In these patients, catheterization and possibly blad- 
der irrigation can be helpful. Prostate cancer is particularly 
problematic with PET, as both primary and nodal metastatic 
lesions are obscured by urinary activity, and frequently the 
primary tumour has a low relative uptake of 18FDG except 
in more aggressive cases. 


Other Positron-Emitting Radiotracers 


Several other PET radiotracers are currently under investiga- 
tion in oncology. 


Protein Synthesis Markers 


11¢-labelled methionine, leucine and others have been 
used to evaluate tumour protein (amino acid) metabolism 
(typically raised relative to normal tissue). Most work has 
been done in brain tumours, where they have the advantage 
over !8FDG of lower background activity, and hence easier 
visualization of lower grade tumours from normal cortex 
(Kaschten et al., 1998) (Figure 13). The short half-life of 
these tracers (20min) limits geographic availability, and 
there is some debate as to whether they image protein 
metabolism or a more complex combination of metabolic 
processes. 


DNA Synthesis Markers 


11¢-labelled thymidine and uridine have been used to assess 
for rapid DNA synthesis in tumours. As yet, the role of these 
radiotracers have to play is unclear. 


Fluoride Bone Scans 


18F— acts as an analogue of hydroxyl ions, being incorporated 
into the bone matrix as a marker of osteoblastic activity. In 
this way a bone scan similar physiologically to [9°"Tc]M DP 
is produced. The advantages over conventional bone scans 
are a superior resolution and the inherently multiplanar 
images leading to improved accuracy for the detection of 
bone metastases. Its main disadvantage is the significantly 
increased cost. 


Blood Flow Studies 


Tumour blood flow (typically, but not inevitably, increased 
over normal tissues and benign processes) can be measured 
using radioactive water, H210. This has not yet found 
clinical utility, partially because of the poor resolution 
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[11C]methionine and !8FDG scans in a patient with a grade 3 glioma of the right frontal lobe at two dates 6 months apart. In June 


(preradiotherapy), increased uptake at the tumour site is seen on both the [!4C]methionine (solid arrow) and !8FDG (dashed arrow) studies. Postradiotherapy 
(December), whereas the [1C ]methionine scan still shows uptake consistent with residual tumour (small arrow), the tumour uptake on the !8FDG scan is 
equal to the background cortical activity and cannot be distinguished. (Images courtesy of the Clinical PET Centre, United M edical Schools of Guy’s, St. 


Thomas’ and King’s Hospitals, London, UK.) 


of these studies and the extremely short half-life of 10 
(2 min). 


Drug Markers 


By attaching a positron-emitting radioactive label to a 
chemotherapeutic agent, PET allows one to assess in vivo 
if a particular tumour or metastasis in an individual patient 
accumulates and metabolizes that drug. This has been used 
in colorectal tumours by labelling 5-fluorouracil (5-FU) 
with '8F, where it appears in preliminary studies to give 
useful prognostic information regarding the effectiveness of 
this agent. These types of studies have the potential to 
individualize chemotherapy to optimize gains rather than 
waiting until after several courses of chemotherapy to assess 
tumour response. 


Neuroreceptor Markers 


PET has been used extensively in neuroimaging to assess 
neuroreceptor distribution and density. [18F ]fluorodopa is 


an analogue of dopamine and is taken up by the pitu- 
itary in low concentrations in the normal brain, being 
converted into dopamine. In functioning pituitary adeno- 
mas, markedly increased [18F ]fluorodopa uptake is seen. 
This uptake is rapidly blocked by the administration of 
bromocriptine (within hours) in those patients in whom a 
response to bromocriptine is later seen on MRI. In this 
way the PET scan predicts the success of bromocriptine 
therapy. 


Principles and Indications 


In recent years techniques have been developed which aim to 
avoid full regional lymph node dissections in patients with 
breast cancer and melanoma. The ‘sentinel’ node(s) - the 
node or nodes to which the area of the tumour initially drains 
- is identified and excised. Only those patients in whom 
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the sentinel node contains tumour cells undergo full loco- 
regional lymph node dissections. The sentinel node may be 
identified by two methods: injecting isosulfan blue dye at 
the tumour site and tracing back blue lymphatics to the first 
draining blue node(s) or by injecting 9™Tc sulfur colloid at 
the tumour site and using a handheld gamma probe to localize 
the hot nodes in the operating room at the time of surgery. 
In many centres both procedures are performed to maximize 
the sensitivity of node localization. Only the gamma probe 
procedure will be addressed here. 


Protocol 


The techniques differ between melanoma and breast cancer 
patients. 


Melanoma 


In melanoma, a total dose of 200uCi of 99"Tc sulfur 
colloid which has been filtered to reduce the particle size 
to <0.2um is injected intradermally at four sites around 
the tumour or incision site, usually using no more than 
0.1mL per injection. As the draining nodal basin is not 
always predictable, especially in truncal lesions, imaging 
is performed immediately for 15min, followed by delayed 
images at 2h. A transmission scan is usually performed to 
provide a body contour for better localization. The site of 
the first visualized node can be marked on the patient’s skin 
to aid localization in the operating room using the gamma 
probe. Usually a node with a count rate greater than 10 times 
the background counts when measured ex vivo is acceptable. 


Breast Cancer 


Sentinel node procedures are still controversial in breast 
cancer, although a recent multicentric study with over 500 
patients appears to validate the technique (Tafra et al., 2001). 
There has been as yet no uniform agreement on the method of 
injecting the radiotracer in breast cancer. Studies have shown 
that unfiltered 99"Tc sulfur colloid is more sensitive (with a 
larger particle size), but methods have included intradermal 
injections in the skin above the tumour, subareolar injections 
and injections around the tumour or excision site within the 
breast. Peritumoural and subareolar injections usually use a 
larger volume of injectate (4-5 mL), and injected doses range 
from 0.1 to 1mCi. The intradermal injections are similar to 
those done in melanoma patients. The tumour is localized by 
ultrasound or palpation usually. Surprisingly, these different 
methods, which are sometimes performed in combination, 
appear to give very similar results. Imaging may or may not 
be performed as the drainage routes are less variable than 
in melanoma. Imaging may be of value in medial lesions to 
assess for sentinel nodes in the internal mammary chain, but 
its role has yet to be defined. 


Accuracy and Limitations 


In melanoma patients, the combined technique results in 
an identification rate of a sentinel node in >98% of 


patients, with a false-negative rate (compared with full node 
dissections) around 1% (Lange, 2000). In breast cancer 
patients various studies have shown localization rates of 
87-97%, with a false-negative rate of 4.3% in the recent 
multicentric study (Tafra et al., 2001). Surgical experience 
in localizing the node is important. 


CONCLUSION 


Nuclear medicine, by virtue of its ability to image function, 
plays an integral role in the evaluation of patients with 
tumours or suspected tumours. This includes diagnosis 
(differentiating benign from malignant processes), staging 
and the evaluation of recurrence. In most cases, it acts as 
an adjunct to anatomical imaging methods such as plain 
films, CT or MRI, but on occasions it is the primary imaging 
method of choice (e.g. bone scanning, 441 scanning). 
Frequently, the combination of the anatomical and functional 
information has a synergistic effect and this often overcomes 
the inherently poorer resolution of nuclear imaging. As PET 
becomes more widely available, it is likely that it will play 
an increasingly vital role in the management of oncology 
patients. 
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INTRODUCTION 


Mammography, alow dose X -ray examination of the breast, 
is performed to screen asymptomatic women for breast 
cancer and to diagnose and manage benign and malignant 
breast disease in screened and symptomatic patients. High- 
quality mammography is dependent on properly trained 
technologists using dedicated mammography equipment and 
physicians who are educated and trained in the subtleties 
of mammographic interpretation (Smith and D’Orsi, 2000). 
These issues have been addressed in the United States with 
the passage of the Mammography Quality Standards Act in 
1992 which requires mammography facilities to pass periodic 
rigorous inspections. 

Mammography is the only reliable method of consistently 
detecting nonpalpable breast cancer, but some cancers may 
not be detected owing to observer error, the location of 
the lesion such that it may be difficult to include on the 
film, a dense parenchymal pattern which can obscure a 
lesion or because the lesion fails to produce a recognizable 
abnormality (Sadowsky and Levin, 1994). It is therefore 
important that the mammogram be interpreted with all the 
available clinical information. 

The field of breast imaging continues to evolve as 
mammographic technology improves and new technologies 
such as ultrasound, contrast-enhanced magnetic resonance 
imaging (MRI) and percutaneous biopsy procedures have 
been adopted. Full-field digital mammography has recently 
become available for clinical use. The traditional film 
screen cassette is replaced with a specialized detector which 
converts the latent X-ray image into an electronic digital 
image. The major advantages of digital mammography 
include the acquisition speed and also the ability to optimize 
the image by adjusting contrast and brightness, which 
may enhance lesion detection, particularly in the dense 
breast (Feig and Yaffe, 1995). The digital format allows 
for teleradiology, long-distance consultation and computer 
analysis. Studies have shown that double reading of screening 


mammograms can increase the number of cancers detected 
by 4-5%, but this is not always practical or feasible 
(Burhenne etal., 2000). A computer can function as a 
second reader and potentially reduce the false-negative rate 
of screening mammography (Burhenne et al., 2000). 


SCREENING 


Mammographic screening is the most reliable method to find 
early breast cancer in large populations and consists of a 
craniocaudal and mediolateral oblique view of each breast. 
In 1997, the American College of Radiology recommended 
annual mammographic screening for asymptomatic women 
beginning at age 40 years, since there was mounting evidence 
that younger women have a shorter lead time for mammo- 
graphic detection of breast cancer (Feig et al., 1998). Women 
at high risk of breast cancer (genetic predisposition, signif- 
icant family history or those receiving chest irradiation for 
Hodgkin disease) should begin screening before age 40 years. 

Controlled studies have shown that breast cancer mortality 
rates can be reduced by 25-30% by screening with 
mammography and physical examination. The HIP (Health 
Insurance Plan of New York) study of 1963-1969 was 
the first prospective randomized controlled trial designed 
to evaluate the efficacy of breast cancer screening with 
mammography and clinical breast examination. Ten years 
after entry into the study, there were 30% fewer breast cancer 
deaths in the study group compared with the controls (Smith 
and D’Orsi, 2000). 

The largest randomized trial of breast cancer screening 
is the Swedish Two-county study which included 133 000 
women aged 40-74 years of whom 77000 were invited 
for screening. A single-view mammogram (MLO), without 
clinical breast examination, was performed every 24 months 
in women aged 40- 49 years and every 33 months in women 
aged over 50 years. After 8, 11 and 14 years of follow-up, 
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the study group had approximately 30% fewer breast cancer 
deaths (Smith and D’Orsi, 2000). 

There has been controversy regarding the benefits of 
screening women in their forties with mammography. The 
Gothenburg randomized trial of breast cancer screening 
began in 1982 with approximately 52000 women between 
ages 39 and 59 years, randomized to screening and control 
groups. After 11 years of follow-up, there was a statistically 
significant reduction of breast cancer mortality (44%) in 
women aged 39- 49 years. The most recent updated reports 
of the Malmo trial also showed a statistically significant 
reduction of breast cancer mortality (36%) in women aged 
under 50 years at the time of randomization (Smith and 
D'Orsi, 2000). A meta-analysis of the screening trials was 
performed to overcome the limit of small sample sizes 
by combining age-specific results. The most current data 
showed 18% fewer breast cancer deaths when all trials 
were combined, 26% fewer deaths when only population- 
based trials are combined and 29% fewer deaths for all 
five Swedish randomized controlled trials (Smith and D’Orsi, 
2000). The results of the Canadian randomized trial of breast 
cancer screening in women aged 40-49 years have been 
controversial owing to questions regarding the study design, 
quality of mammography and excess of advanced breast 
cancers in the screening group (K opans and Feig, 1993). 

Since the risk of developing breast cancer increases with 
age, screening of elderly women should continue at yearly 
intervals unless there are significant comorbid conditions. 
Women aged over 64 years account for almost 50% of newly 
diagnosed cases of breast cancer, which is the leading cause 
of cancer deaths in this age group (Field et al., 1998). 

A retrospective review of 119 consecutive women aged 65 
years and older with newly discovered breast cancer, who had 
a previous normal screening evaluation (mammography and 
clinical breast examination) 8-30 months before diagnosis, 
showed significantly smaller tumours, a higher incidence 
of minimal disease and DCIS (ductal carcinoma in situ), 
fewer palpable interval tumours and less axillary node 
involvement when elderly women were screened annually 
versus biennially (Field etal., 1998). Similar results were 
obtained in a retrospective review of women aged 40-79 
years. In this study, annual screening resulted in the detection 
of smaller tumours which had a more favourable prognosis 
(Hunt et al., 1999). Annual screening mammography also 
resulted in lower rates of recall, for further definition of 
questionable findings, than when screening was performed 
every 2 years (Hunt et al., 1999). In another retrospective 
review of 103 malignant breast tumours detected in 102 
women aged 65- 74 years, there were statistically significant 
differences between the screened and nonscreened group with 
respect to the size of the lesions (11 vs 21 mm), the incidence 
of minimal tumours (63 vs 37%) and incidence of lymph 
node metastases (11 vs 30%) (Gabriel etal., 1997). The 
overall positive predictive value of mammography for the 
65- 74-year-old patients was 47% versus 28% in the general 
population (Gabriel et al., 1997). Annual mammographic 
screening also resulted in a higher likelihood of finding 
smaller DCIS lesions than biennial screening, and small, 
low grade noncomedo DCIS was more common in the 


annual mammographic screening group than in the biennial 
screening group in a retrospective review of 166 consecutive 
mammograms of women evaluated for DCIS (Carlson et al., 
1999). 

Although the benefits of screening mammography have 
been documented, it is still underutilized, especially in 
women aged over 65 years (Harrison et al., 1997). The most 
important barrier to screening mammography is the lack of 
a recommendation by a woman's physician (Rimer, 1997). 
Another common reason cited is that women do not need to 
have one in the absence of symptoms. Other less common 
reasons include concerns about pain and about radiation risk 
and anxiety about the results. It is important for physicians 
to recommend screening because this has been one of the 
most important predictors of mammography use. 

Mammography is the primary imaging modality for breast 
cancer screening. The sensitivity of mammography decreases 
in women who have predominantly dense fibroglandular 
tissue because cancers can be obscured. Ultrasound can 
detect malignant lesions that are occult to mammography, 
but since it cannot routinely detect calcifications and it is 
operator dependent, it cannot be used for mass screening. It 
may be useful in a subset of high risk patients, particularly 
those with dense breast tissue on mammography (Gordon 
and Goldenberg, 1995). In a prospective study of screening 
ultrasound in women with dense breast tissue, the overall 
cancer detection rate increased by 17%, and the number of 
cancers detected with imaging alone increased by 37% (K olb 
et al., 1995). 

Contrast-enhanced MRI can also detect lesions occult to 
mammography and ultrasound, but it is not designed for mass 
screening because of cost and low throughput. It may be 
useful in screening of high-risk patients with dense breast 
tissue but current trials are in the preliminary stages (K uhl 
et al., 2000). 


DIAGNOSTIC MAMMOGRAPHY 


A diagnostic mammogram is a problem-solving examination 
performed in patients with either clinical findings or 
abnormalities detected on screening mammography. It is 
a comprehensive evaluation that should be monitored by 
a breast imaging radiologist who can perform ancillary 
procedures such as ultrasound, contrast-enhanced MRI or 
percutaneous needle aspiration or biopsy in order to provide 
specific management recommendations (see Figures 1 and 2). 

A diagnostic mammogram begins with the routine cran- 
iocaudal and mediolateral oblique views. Any clinical find- 
ings should be marked on a diagram and denoted with a 
radiopaque marker placed on the skin over the area in ques- 
tion. Additional special mammographic views are performed 
following evaluation of the initial routine images to clarify 
mammographic or clinical findings. When used appropri- 
ately, additional views may reduce the number of biopsies 
and unnecessary short-term follow-up examinations by show- 
ing a characteristically benign mammographic sign. A lterna- 
tively, a biopsy may be indicated by suspicious features that 
may not be appreciated on routine films. 
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Figure 1 


M ammographic findings that require further evaluation 
include microcalcifications, masses, architectural distortions 
and developing densities (particularly in postmenopausal 
women who are not on hormone replacement therapy). 

Calcifications are often identified on both screening and 
diagnostic mammograms. The morphology, size and distri- 
bution of the microcalcifications are features that must be 
analysed to differentiate between benign and malignant cal- 
cifications. M agnification views in the craniocaudal and 90° 
lateral projections should be performed to characterize better 
calcifications that are seen on routine views. Calcifications 
that can be classified as definitely benign include dermal, 
vascular, secretory, eggshell and coarse calcifications related 
to involuting fibroadenomas or fat necrosis. Calcifications 
which occur in micro- or macrocysts can be confidently diag- 
nosed as benign by their change in appearance between the 
craniocaudal and true lateral view forming a meniscus on the 
90° view (milk of calcium). Features that favour a benign 
aetiology of microcalcifications include round, smooth calci- 
fications that are scattered, diffuse and often bilateral (M on- 
sees, 1995). 

Malignant calcifications tend to appear pleomorphic, 
granular or linear in shape (Figure 3). Orientation in a 
linear or segmental distribution should raise the suspicion for 
malignancy. Calcifications that cannot be classified as benign 
or malignant are considered indeterminate and biopsy must 
be considered for definitive diagnosis. 


Breast imaging evaluation of the asymptomatic patient. f/u, follow-up; bx, biopsy. 


M icrocalcifications account for approximately 50% of 
biopsies performed for nonpalpable lesions and, of these, 
35- 70% are found to be ductal carcinoma in situ (M onsees, 
1995). In the past, indeterminate or malignant calcifications 
were biopsied surgically following image-guided wire local- 
ization. Stereotactic large-core needle biopsy has been shown 
to be a safe, cost-effective alternative to open biopsy (Lee 
etal., 1997; Liberman, 2000). In one study, patients were 
spared an open surgical biopsy in 88% of indeterminate clus- 
tered calcifications by using stereotactic core biopsy as the 
initial diagnostic procedure (Lee et al., 1997). If the calcifi- 
cations prove to be benign at histological review, the patient 
can be placed back into routine screening. If the biopsy shows 
atypical ductal hyperplasia (ADH), surgical biopsy must be 
performed since carcinoma can be found in a significant 
percentage of cases when more tissue is removed. A pproxi- 
mately 20-56% of lesions yielding ADH by 14-gauge auto- 
mated core biopsy will prove to have carcinoma at surgery 
(Liberman, 2000). The directional vacuum-assisted device, 
especially when used with an 11-gauge probe, decreases but 
does not eliminate the problem of histological underesti- 
mates including the upgrading of DCIS to invasive carcinoma 
(Brem etal., 1999; Darling etal., 2000; Philpotts etal., 
2000). 

If malignancy is diagnosed by stereotactic core biopsy, 
treatment options can be discussed with the patient. In 
one study, a single surgical procedure was performed in 
84% of patients who underwent core biopsy versus 29% 
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Figure 2 Breast imaging evaluation of the symptomatic patient. 


of patients who underwent surgical biopsy initially for 
diagnosis (Liberman etal., 1997). Smith et al. found that 
the average number of surgeries performed was 1.25 in 
women whose carcinoma was diagnosed by percutaneous 
core biopsy versus 2.01 in women with surgically diagnosed 
carcinoma (Smith et al., 1997). There was no difference in 
the likelihood of obtaining tumour-free margins whether the 
patient underwent open surgical or core biopsy as the initial 
diagnostic procedure (Liberman etal., 1997; Gundry and 
Berg, 1998). These studies indicate that percutaneous core 
biopsy provides the information needed to plan surgery and 
can decrease the number of surgical procedures required, 
which reduces the overall cost of treatment (Liberman et al., 
1997; Smith et al., 1997; Gundry and Bery, 1998). 

A screening mammogram may also require further eval- 
uation when a mass or density is identified. A lesion is 
described as a density when it is seen in only one projec- 
tion while the term mass is applied to a space occupying 
lesion seen in two orthogonal projections (Evans, 1995). Spot 
compression views can show that an apparent ‘mass’ on a 
screening mammogram is due to overlapping glandular tis- 
sue by providing better compression to the area in question. 
Once a mass is identified, it should be characterized as to 
its size, shape, margins and density as well as its location. 
Features that favour a mass being benign include round or 
oval shape with well circumscribed margins. F at-containing 
masses such as hamartomas, lymph nodes and lipid cysts 
can be accurately classified as benign requiring no further 
intervention. The likelihood of malignancy increases with 
irregularly shape and obscured, poorly defined or spiculated 
margins. These features are easier to appreciate on spot com- 
pression magnification views (Figure 4). 

Ultrasound is the most important adjunct to the mammo- 
graphic evaluation of masses and can help localize a lesion 
seen only on one view (Sadowsky et al., 1997). When strict 


criteria are applied, ultrasound is 98- 100% accurate in dis- 
tinguishing between cystic and solid lesions. A cyst should 
be anechoic, have a sharp posterior wall and be enhanced 
through transmission. A cyst does not need to be aspirated 
if these criteria are met unless it is causing symptoms or to 
prove that the cyst accounts for the mammographic abnor- 
mality (Sadowsky etal., 1997). Solid masses identified at 
ultrasound should be evaluated for size, shape and margins 
to help differentiate between benign and malignant breast 
masses (Stavros etal., 1995; Skaane and Engedal, 1998; 
Rahbar et al., 1999). Breast carcinoma can be suspected 
when a solid mass has irregular margins, is taller than it is 
wide and is associated with acoustic shadowing. There can 
be overlap between the ultrasound features of benign and 
malignant breast masses, and for this reason breast ultra- 
sound should be performed by the breast imaging radiologist 
who can correlate the mammographic, ultrasonographic and 
clinical findings (Sadowsky et al., 1997). Contrast-enhanced 
breast MRI is emerging as another useful imaging modality 
when mammography and ultrasound findings are indetermi- 
nate (Hrung et al., 1999; Lee et al., 1999). 

Ultrasound is invaluable in the evaluation of palpable 
breast masses and is the initial examination of choice 
in patients aged under 30 years (Evans, 1995). If the 
ultrasound is negative or shows fibrocystic tissue, a tailored 
mammogram is performed primarily to look for calcifications 
which can be missed on ultrasound. In patients over 30 
years old, a diagnostic mammogram is performed with a 
radiopaque marker on the palpable mass. If the mammogram 
shows a mass or calcifications, additional mammographic 
views are obtained as described previously. 

In one study, the sensitivity of mammography alone for 
the detection of cancer was 83% but improved to 91% after 
mammography and ultrasound were combined. Improved 
sensitivity was particularly evident in patients aged under 50 





Figure 3 Baseline mammogram of a 39-year-old woman with dense breast tissue. Her mother was diagnosed with breast cancer at age 49 years. (a) 
The oblique view shows calcifications above the nipple which are difficult to appreciate. (b) A 90° lateral spot magnification view confirms the presence 
of suspicious linear, pleomorphic calcifications. (c) Ultrasound reveals an unsuspected, irregular mass containing calcifications. (d) The specimen X -ray 
obtained after ultrasound guided core biopsy was performed confirms that calcifications were removed. A fter consultation with the multidisciplinary team, 
the patient was treated by lumpectomy, radiation and chemotherapy for node-negative invasive ductal carcinoma. 
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Figure 4 Screening mammogram of a 59-year-old women with fatty replaced breast tissue. (a) The oblique view showed a new mass in the superior left 
breast (arrow). (b) A 90° lateral spot magnification view demonstrates the irregular margins of the mass (solid arrow) and also shows a second smaller 
spiculated mass containing microcalcifications (open arrow). (c) Ultrasound features of both masses are also suspicious (irregular contour, taller than wide). 
(d) Ultrasound image of core biopsy needle passing through the larger mass. Both masses proved to be moderately differentiated invasive ductal carcinoma 


with an extensive intraductal component. A mastectomy with immediate reconstruction was performed. 
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years (Zonderland et al., 1997). It is important to remember 
that although a diagnostic mammogram is performed to 
answer a Specific clinical question, the remainder of both 
breasts must be screened for nonpalpable breast cancers 
(Rosen et al., 1999). 

If a cyst is diagnosed at ultrasound, aspiration can 
be performed for symptomatic relief. If the mammogram 
and ultrasound are both negative, the decision to biopsy 
a palpable abnormality must be based on the clinical 
examination. When a solid mass is identified by ultrasound, 
whether palpable or nonpalpable, a core biopsy can be 
performed to establish the histological diagnosis (Liberman 
et al., 1998). Ultrasound-guided core biopsy is easier on the 
patient than stereotactic core biopsy and can be performed 
faster with no ionizing radiation and at lower cost. In one 
study, percutaneous image guided biopsy of palpable breast 
masses spared 74% of patients an additional diagnostic tissue 
sampling procedure (Liberman et al., 2000). If the imaging 
and clinical findings suggest a benign lesion and the patient 
wants the lesion removed regardless of the tissue diagnosis, 
surgical excision may be preferable. The use of core biopsy 
on indeterminate masses increased the malignancy rate at 
open biopsy from 21 to 55% with a reduction in billed 
charges estimated at $368 000 per 100 biopsies (Rubin et al., 
1995). If a mass proves to be malignant after ultrasound- 
guided core biopsy, the therapeutic options can be discussed 
with the patient and a single surgery can be planned. 

Contrast-enhanced MRI is also being used to stage 
newly diagnosed breast cancer patients prior to surgery 
since it may reveal unsuspected multifocal, multicentric or 
contralateral breast cancer (Orel etal., 1995; Orel, 1998). 
In one study, the therapeutic procedure was changed in 
14.3% of patients because the MRI findings were more 
extensive than appreciated on clinical, mammographic and 
ultrasonographic exams (Fischer et al., 1999). 


GALACTOGRAPHY (DUCTOGRAPHY) 


Galactography is a contrast examination of a major lact- 
iferous duct and its branches which is performed after a 
significant nipple discharge has been identified (Tabar et al., 
1983; Jones, 1992; Cardenosa et al., 1994). A patient who 
presents with nipple discharge should initially be evaluated 
clinically to determine whether the discharge is physiolog- 
ical or pathological (see Figure 5). A significant discharge 
is usually unilateral, from one duct orifice and most often 
occurs spontaneously. The discharge should be tested for 
occult blood and the colour and consistency of the discharge 
should be noted. Serous, serosanguineous, bloody and clear 
watery discharge should be investigated further. Bilateral, 
multiple duct milky discharge is usually related to hormonal 
factors or can be secondary to various medications. Thick 
green, yellow or brown discharge is usually related to duct 
ectasia and most often is a non-spontaneous discharge which 
comes from multiple ducts. 

Once it is determined that a significant nipple discharge 
is present, a ductogram can be performed to identify the 
cause of the discharge and the location of the lesion. If no 


recent mammograms are available, preliminary films should 
be obtained. The study is usually performed with the patient 
in the oblique supine position with the nipple at the highest 
point of the chest, but some prefer to have the patient seated. 
Infection can be prevented by meticulous cleansing of the 
nipple and areola with Betadine and alcohol and observing 
aseptic technique. Following cleansing of the nipple, a tiny 
drop of discharge is produced to identify the nipple orifice, 
which is easier to see with use of a fluorescent lamp with 
magnifying lens. A special 30-g cannula bent at 90° is used 
to probe the nipple gently until the duct orifice is entered and 
then contrast material is slowly injected using a 1-mL syringe 
with attached tubing. Mammograms are then obtained in the 
craniocaudal and mediolateral projections followed by spot 
compression magnification views once the location of the 
duct system has been identified. Following the ductogram, 
fluid can be collected for cytological evaluation. 

Galactography is a safe, well tolerated procedure with 
few complications, but it is contraindicated in patients with 
acute mastitis or breast abscess since it may exacerbate 
the inflammatory process. If there is a strong allergic 
history, nonionic contrast can be employed with or without 
pretreatment with steroids and antihistamines (Levin and 
Sadowsky, 1996). 

Galactographic findings suggestive of papillomas include 
solitary or multiple intraluminal filling defects or complete 
obstruction to the retrograde flow of contrast (Tabar et al., 
1983; Woods etal., 1992). Most solitary papillomas occur 
centrally in the large subareolar ducts while multiple papillo- 
mas (papillomatosis) are usually peripheral in location, aris- 
ing within the terminal duct lobular unit. It can be difficult to 
distinguish between a benign intraductal papilloma and intra- 
ductal carcinoma, especially since there can be microscopic 
involvement of a papilloma with DCIS. Findings sugges- 
tive of carcinoma include irregular filling defects, ductal 
irregularity, distortion, displacement or encasement of ducts 
(Cardenosa et al., 1994). Additional findings suggestive of 
carcinoma include parenchymal pooling of contrast or opaci- 
fication of a duct which leads to a suspicious mass, area of 
increased density or microcalcifications. 

Galactographic findings which do not require surgical 
intervention include duct ectasia and terminal duct cysts. If 
significant pathology is demonstrated, preoperative localiza- 
tion galactography can be performed using a combination 
of two-thirds contrast and one-third methylene blue to stain 
the involved duct. If the lesion is peripheral in location, 
or several branch points from the main duct, the preop- 
erative galactogram can be supplemented by placement of 
a localizing hook-wire to guide the surgeon further. These 
preoperative localization procedures allow for a more con- 
servative surgical excision while ensuring complete removal 
of the lesion and affected duct (Van Zee et al., 1998). In one 
study, when preoperative localization procedures were not 
employed, 20% of lesions (6/30) shown by galactography 
were not identified at histopathological examination (Baker 
et al., 1994). 

Currently, galactography is the only diagnostic study 
available for the evaluation of nipple discharge. Preliminary 
reports indicate that contrast-enhanced M RI of the breast may 
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be an alternative diagnostic tool for the evaluation of nipple 
discharge (Orel et al., 2000). 

Even though galactography is a safe, well-tolerated pro- 
cedure, it has not gained widespread acceptance by physi- 
cians (Jones, 1992; Woods et al., 1992). In postmenopausal 
women, some surgeons advocate excision of the major sub- 
areolar ducts while solitary duct excision is performed in pre- 
menopausal women without performing preoperative diag- 
nostic imaging (Woods et al., 1992; Cardenosa et al., 1994). 
This type of surgery will treat the symptom of nipple dis- 
chage but does not ensure that the lesion causing the dis- 
charge has been removed. Significant breast deformity can 
occur following excision of the major subareolar ducts. 


Figure 5 Evaluation of nipple discharge. 


CONCLUSION 


Mammographic screening is the most reliable method to find 
early breast cancer in large populations. The detection of both 
benign and malignant breast disease has increased as more 
women participate in screening. The secondary costs result- 
ing from screening mammography can account for 50% of 
the total cost of diagnosing breast cancer. The psycholog- 
ical and economic costs should not be underestimated and 
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therefore when an abnormality is detected on a screening 
examination, a thorough diagnostic evaluation must be per- 
formed to characterize the lesion. Periodic mammographic 
follow-up of probably benign lesions has been established 
as a safe, reasonable alternative to surgical biopsy (Sick- 
les, 1991). If a lesion remains indeterminate after a com- 
plete mammographic and ultrasonographic evaluation, percu- 
taneous image guided biopsy can be performed. When used 
appropriately, these procedures are not only cost effective but 
also truly cost saving. In most institutions, the overall cost 
for a needle biopsy is 25- 30% that of wire localization and 
surgical excision. Considering the large number of biopsies 
performed each year, the cost savings has been estimated to 
between $200 million and $1 billion per year. The reasons 
to biopsy a probably benign lesion include patient anxiety 
due to high risk or family history, planned pregnancy, dif- 
ficulty with follow-up (unreliable or relocating patient) or 
ipsilateral or contralateral breast cancer to confirm benign 
diagnosis prior to definitive treatment. 

Digital mammography and computer-aided detection are 
emerging technologies which may improve both screen- 
ing and diagnostic mammography. High-resolution ultra- 
sound and contrast-enhanced M RI are important adjuncts to 
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mammography in the detection and diagnosis of benign and 
malignant breast diseases. 
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INTRODUCTION 


With advances in treatment regimes for many neoplastic 
processes, it is becoming increasingly important to make 
an accurate diagnosis in each patient. Although there are 
characteristic radiological appearances of many tumours, a 
histological diagnosis is preferable in most cases. Tradition- 
ally this has meant an open surgical biopsy; percutaneous 
biopsy, however, has become an increasingly used diagnostic 
tool. All but the most superficial biopsies are now performed 
by interventional radiologists using image guidance. The pur- 
pose of this chapter is to outline the indications, techniques 
and success rates of percutaneous biopsy and explain its 
many uses. 


TECHNIQUE 


When presented with a diagnostic dilemma, the usual 
scenario involves a patient with a suspected diagnosis and 
a mass seen on imaging. The aim of the biopsy is to 
obtain sufficient cells or a tiny core of tissue from the 
mass to enable the pathologist to arrive at a diagnosis. 
Obtaining cells through a tiny needle is termed a fine-needle 
aspiration biopsy (FNAB). By definition, these needles are 
20, 22, 23 or greater in gauge. The other percutaneous 
approach involves obtaining a core of tissue, usually with 
a 16-18-gauge needle. There are few contraindications 
to performing such a procedure. In most cases a large- 
gauge needle (16-18) can be inserted into a lesion and 
both large cores and FNA can be obtained through this 
needle. A mass located deep within the abdomen or pelvis 
or adjacent to vital structures may increase the technical 
difficulty of the procedure but these are not contraindications. 
Even a coagulopathy is only a relative contraindication to 
FNAB and then only if the mass is deeply located. In 
these cases, blood products can be given to correct the 
coagulopathy. Superficial masses may be aspirated despite 


an abnormal coagulation status. There is no organ or area 
in the body apart from the skull which is not amenable 
to percutaneous biopsy. Lung masses, liver, lymph nodes, 
renal, adrenal, pancreatic and prostate masses are the most 
commonly biopsied lesions. Musculoskeletal, breast and 
thyroid lesions are also amenable to a percutaneous approach. 
Several imaging modalities are available to guide the 
procedure: fluoroscopy, ultrasound, computed tomography 
(CT) and, in some institutions, magnetic resonance imaging 
(MRI). 

Fluoroscopy is used primarily in aiding lung mass biopsies 
and today this is becoming uncommon. The initial lesion is 
usually identified on a chest radiograph. If the lesion can 
be seen on fluoroscopy then the patient is placed in the 
appropriate position on the fluoroscopy table with the lesion 
uppermost. The use of a ‘C’ arm aids needle localization 
in the 90° plane. A 20-22-gauge needle is directed into 
the lesion under fluoroscopic guidance. Once the needle is 
confirmed to be within the lesion, the aspirates are taken. 
Fluoroscopy has little value in assisting percutaneous biopsy 
in other organs. 

Ultrasound is more frequently used in assisting percuta- 
neous biopsy. M any organs are accessible to ultrasound guid- 
ance, particularly the liver, kidneys, spleen, thyroid, prostate 
and pancreas. Ultrasound is easy to perform, inexpensive and 
free from ionizing radiation. It allows real-time imaging of 
the biopsy needle, ensuring that the correct area is sampled. 
More recently, ultrasound has been used to guide biopsy of 
chest wall lesions and even hilar and mediastinal masses 
through areas of collapsed lung. 

CT is also frequently used to assist percutaneous biopsy. 
It is particularly valuable for localizing lesions which are not 
clearly visualized by ultrasound, such as adrenal lesions and 
retroperitoneal structures. These tend to lie deep within the 
body cavity and CT gives a better overview of the target area. 
CT can also be used for solid organ biopsy. It enables smaller 
lesions to be located more accurately. A useful addition to 
the CT technique is to create a window through which the 
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needle can reach the target. This has been reported as an 
approach for the adrenal glands (K arampekios et al., 1998). 

Normal saline is injected into the paravertebral space to 
create a wider pathway for the needle insertion. The artificial 
window that is formed by displacing the pleura laterally 
allows a direct and safer access route to the retroperitoneum, 
thereby decreasing the risk of damaging adjacent structures, 
especially the pleura. A similar approach has been reported in 
the thorax for biopsying a posterior mediastinal mass through 
an extrapleural window created by dilute contrast (Bhagat 
et al., 1999). 

The technique for biopsy remains similar irrespective of 
the imaging modality used. The lesion must first be located 
on a preliminary scan. Following this, an access route which 
is safe, effective and convenient must be chosen to approach 
the lesion. The patient should then be positioned accordingly. 
For all but the most superficial lesions, conscious sedation is 
recommended in the form of midazolam and fentanyl. The 
skin is then prepared and draped in a sterile manner. The 
skin is infiltrated with 1% lidocaine as a local anaesthetic. 
In a typical case, a 17-gauge Temno (Allegiance, McGaw 
Park, IL, USA.) coaxial needle is positioned within the 
lesion to be biopsied. This is done under real-time imaging 
in the case of ultrasound. Having positioned the 17-gauge 
needle correctly, fine-needle aspirates may be obtained using 
20- 22-gauge needles while aspirating with a 20-mL syringe. 
These samples are spread on to slides and immediately 
placed in formalin before they can air dry. An 18-gauge 
biopsy needle can then be passed through the coaxial needle 
and samples taken as required. Following the procedure, 
the patient should be observed for a period of 2-4h. The 
procedure is usually very well tolerated by the patient. In 
other cases of superficial lesions such as thyroid or breast, 
conscious sedation is not routinely required. In thyroid 
lesions, the biopsy is performed using a 25-gauge needle. 
Between five and six passes are usually made. This usually 
provides sufficient cells for diagnosis. In cases near vital 
organs, 20-gauge core biopsies can be obtained without using 
a coaxial system. 


LUNG AND MEDIASTINUM 


There have been many studies looking at the accuracy of 
FNABs and core biopsies relating to nearly every organ 
in the body. One large study reviewing the results and 
complications of FNAB of lung lesions reviewed 651 
pulmonary FNABs (Swischuk etal., 1998). The number 
of needle passes and needle size were correlated with 
the rates of pneumothorax and chest tube placement; 
18-22-gauge needles were used. There was a diagnostic 
accuracy of 94% with a sensitivity for malignancy of 95%. 
The major complication when performing lung biopsies is 
pneumothorax. This study reported a pneumothorax rate of 
26.9% with 9.2% requiring a chest tube placement. The 
pneumothorax rate has been shown to be independent of 
the depth of lung tissue traversed, number of passes and 
size of needle used, but does correlate with the number of 
pleural surfaces crossed. This study demonstrates excellent 
results for the technique. Similar results for FNAB have 
been reported by other investigators. A sensitivity of 92% 
for diagnosing malignancy was reported in another study 
involving 150 cases, with a pneumothorax rate of 2% 
(Subhannachart et al., 1999) (Figure 1). These results show 
that the technique is accurate, effective and safe for lung 
lesions. 

It can often be difficult to decide whether a small lesion is 
amenable to biopsy and to this end the results of biopsying 
lesions smaller than 2cm was addressed by investigators 
in France (Laurant etal., 2000). They biopsied 202 lung 
lesions and recorded the sensitivity and specificity of the 
biopsy by lesion size. Lesions smaller than 2cm had a 
sensitivity of 89.5% and specificity of 100% for malignancy. 
The corresponding figures for lesions larger than 2cm were 
95.5% and 100%. The pneumothorax rate was 15% and 16%, 
respectively. Thus the accuracy and complication rate for CT- 
guided biopsy using a 20-gauge core was similar for large 
and small lesions. 

A percutaneous approach may be used for mediastinal 
lesions also (Figure 2). Lymphoma is the cause of many 
mediastinal masses. If tissue can be obtained without the 





Figure 1 


An example of a percutaneous lung biopsy. With the patient prone, (a) shows a right lung mass (arrow) with a localizing grid on the patient's 


back; (b) shows the same lesion with the biopsy needle placed at the posterior surface of the mass. 
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Figure 2 


(a) A paravertebral soft tissue mass (arrow) in a 33-year-old male patient. The patient is in a left lateral decubitus position to create an intercostal 


window for biopsy. (b) The same lesion with the needle tip within it. This proved to be non-Hodgkin lymphoma. Note the black streak at the tip of the 
needle (arrow) indicating that the exact location of the needle tip has been imaged. 


risks of even minimal thoracic surgery then this is of great 
benefit to the patient. In the case of lymphoma, it is also 
useful to know the subhistiotype for treatment. In a study 
group of 83 cases of mediastinal masses, core needle biopsy 
had an overall sensitivity of 81% for diagnosing lymphoma 
and the subhistiotype was accurately assessed in 93% of 
these (Zinzani et al., 1999). This study concluded that core 
needle biopsy is an effective and safe method of diagnosing 
mediastinal lymphoma, with a high likelihood of determining 
the subtype and thus defining subsequent specific treatment. 
A similar study reported a diagnostic success rate of 71.5% 
for core biopsy in diagnosing mediastinal lymphoma, with 
no complications reported (Sklair-Levy etal., 2000). As a 
result, the authors recommended the technique as the initial 
diagnostic procedure of choice. In a review of all types of 
mediastinal tumours, an overall sensitivity of 91.9% has been 
reported (Greif et al., 1999) with sufficient tissue obtained 
for diagnosis in 88.6%. A pneumothorax rate of 11% was 
encountered during the study. These and many other studies 
prove the value and efficacy of the percutaneous approach in 
the thorax. 


LIVER, SPLEEN AND KIDNEY 


Excellent results have been reported for abdominal biopsies 
also. The liver is probably the organ most commonly biopsied 
when malignancy is suspected (Figure 3). Large studies have 
repeatedly shown that percutaneous biopsy is both safe and 
effective; 244 liver lesions underwent a FNAB as reported by 
Herszenyi et al. 1995, with a reported diagnostic sensitivity 
of 93% and specificity of 100% with only one complication, 
that of tumour seeding along the biopsy tract. This compares 
favourably with the sensitivity and specificity of 18-gauge 
needle biopsy reported by Yu etal. 1998. They found a 


sensitivity and specificity of 96.4% and 100% respectively 
for the detection of both benign and malignant liver lesions. 
In a direct comparison between FNAB and core needle 
biopsy on the diagnosis of focal liver lesions suspected to 
be malignant, 55 patients had both a FNAB and core needle 
biopsy. In 41 cases of 48 with proven malignancy, both 
biopsies were positive. In the remaining seven cases, only 
FNAB yielded malignant cells. The tumour grading of six 
adenocarcinomas was more accurate with the histological 
(core needle) sample. This study performed by Jacobsen 
et al. 1983 concluded that given that FNAB requires fewer 
prebiopsy precautions, core needle biopsy could be restricted 
to those cases in which FNAB does not yield sufficient 
information. 

The ability of FNAB to detect malignancy in small liver 
lesions was examined by Middleton etal. (1997). They 
examined 30 liver lesions 1.5cm or smaller which under- 
went an ultrasound-guided FNAB. The reported diagnostic 
accuracy rate for detecting malignancy was 93% using a 
22-gauge needle. All these series, and many more, suggest 
that percutaneous biopsy is both safe and effective for liver 
lesions. 

The spleen is amenable to biopsy when the need arises, 
although it is preferable to avoid splenic biopsies where 
possible given the highly vascular nature of the organ. 
The major indication for splenic biopsy is for a lesion 
which cannot be characterized on imaging, in patients in 
whom management will be altered significantly based on the 
result of the biopsy. Lymphoma, metastases and infection 
are the most frequently biopsied lesions. Twenty splenic 
lesions biopsied over a 2-year period were reported by 
Keogan et al. (1999). These were not all malignant lesions. 
A specific diagnosis was obtained in 16 cases (88.9%). 
No complications occurred. Diagnostic accuracy rates for 
other abdominal organs are similar (Figures 5 and 6). An 
89% success rate has been reported for percutaneous biopsy 
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Figure 3 Large hypoechoic mass in the liver (a) in a 48-year-old female with the cirrhosis. In (b) the biopsy needle can be seen as an echogenic line 
lying within the mass. This was hepatocellular carcinoma. 





Figure 4 (a) A large, well-defined, soft tissue mass in the region of the upper pole of the left kidney in a 55-year-old female (arrow). Note the marking 
grid on the patient’s skin. (b) An ideally located needle tip for good core biopsies. 





Figure 5 (a) A CT scan showing an irregular low attenuation mass in the head of the pancreas (arrow) surrounding a previously placed biliary stent in a 
68-year-old male. (b) The needle within the mass. Puncturing the bowel with a 20-gauge needle is not associated with an increased complication rate. 





Figure 6 (a) Soft tissue mass in the right renal fossa (arrow) found on a surveillance CT following right nephrectomy for RCC. The decubitus position 
(right side down) decreases the risk of crossing the pleura. (b) Peri-procedural CT image demonstrating excellent needle location. This lesion proved to 
be an adrenal metastasis from the RCC. (c) CT image during the same procedure showing retroperitoneal haemorrhage postbiopsy. (d) Postprocedural CT 
scan demonstrating a large retroperitoneal haemorrhage (arrow) displacing the adrenal mass anteriorly (arrow). The patient was observed overnight and no 


intervention was required. 
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of renal masses which proved to be renal cell carcinoma 
(Lechevallier et al., 2000) (Figure 4). 


MUSCULOSKELETAL SYSTEM 


The effectiveness of percutaneous biopsy of the muscu- 
loskeletal system has also been well established. In one 
review of 77 cases over a 24-month period, the diagnostic 
accuracy was found to be 83.8% overall. The accuracy for 
bone lesions was 85.5%, and for soft tissue lesions 76.9%. 
Accuracy was slightly better for lytic than sclerotic lesions 
(Hodge, 1999). A larger study involving 144 patients with 
primary bone tumours reported a diagnostic accuracy of 
98.4% (Saifuddin et al., 2000) when needle biopsy was com- 
pared with surgical findings. FNAB has also been found to be 
accurate in the diagnosis of metastatic bone tumours (Collins 
et al., 1998). 


MISCELLANEOUS SITES 


A percutaneous approach may even be used in the diagnosis 
of colonic carcinoma. The technique may be used following 
a negative colonoscopic biopsy or in cases of an inaccessible 
lesion on colonoscopy. Ultrasound is used for image 
guidance. One series reported a sensitivity for FNAB of 
91.8% with a specificity of 100% in the diagnosis of 
colonic lesions when compared with surgical findings (J avid 
et al., 1999). In this series of 50 patients, only two minor 
complications were reported, supporting the utility, in certain 
cases, of ultrasound-guided percutaneous biopsy. 

Percutaneous biopsy is also used with increasing fre- 
quency in diagnosing breast carcinoma. One difficulty with 
this lies in deciding how many cores should be obtained 
at the time of the procedure to make an accurate diagnosis 
without resorting to a second procedure. Breast biopsies are 
performed either under ultrasound guidance or stereotacti- 
cally with radiographic control. The sensitivity for detecting 
malignancy has been reported as 84.3% when two cores are 
obtained. This rises to 97.7% when six cores are taken (Rich 
et al., 1999). 


CONCLUSION 


Percutaneous biopsy using either fine-needle aspiration or 
core biopsy is a straightforward technique which may be 
used for almost any organ. The image guidance modalities 
are chosen according to local availability. The success rates 
are excellent and serious complication rates are low. There 
are few contraindications to the procedure, as demonstrated 
by the widespread use of percutaneous biopsy. Allowing 
for slight variations and tricks, the procedure is similar 
for most organs and modalities, which makes mastering 
the technique easier. As a tool for aiding both the initial 
diagnosis of malignancy and for assessing evidence of either 


recurrence or metastases, percutaneous biopsy has become 
invaluable. 
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INTRODUCTION 


Transcatheter therapy has an innate logical appeal. The 
basic aim of such therapy is to deliver one or more 
chemotherapeutic agents directly to a tumour through the 
vascular tree. If possible, the therapy is also delivered 
in such a manner as to make it remain in the treated 
tumour for relatively long periods of time. This general 
aim has been approached in various ways, for many 
years. For example, one approach to the treatment of 
colorectal carcinoma metastatic to the liver has been to 
place a catheter in the hepatic artery surgically, with a 
port implanted subcutaneously (Kemeny etal., 1999). This 
port can then be utilized for continuous or intermittent 
infusion of chemotherapy directly into the liver. Others 
have proposed placement of indwelling arterial catheters 
radiographically, via the upper or lower extremity arteries, 
for the same purpose. This approach has the advantage of 
being less invasive than surgical placement, with fluoroscopic 
guidance for accurate placement. The focus of this chapter, 
however, will be on transcatheter, short-term delivery of 
chemotherapeutic agents, a method which has been widely 
used throughout the world. This approach is usually referred 
to as ‘chemoembolization.’ 


BASIC PRINCIPLES 


Chemoembolization is performed starting with placement 
through the skin of a catheter, a small plastic tube, into 
a peripheral artery. Using the technique developed by 
Seldinger, a Swedish radiologist, in 1954, access to the 
artery is gained by advancing a needle through the skin. 
Through the centre of the needle, a guidewire is placed. 
The needle is then removed and the catheter is placed 
directly into the artery over the wire. The usual access 
to the artery is gained via the femoral vein in the groin, 
but any artery which is relatively superficial, such as an 





Figure 1 Catheter in place in coeliac axis. Contrast injection shows filling 
of the splenic artery and the hepatic artery. There is increased vascularity 
and draping of vessels around a large hepatocellular carcinoma in the right 
lobe of the liver. 


artery in the axilla or upper arm, can also be utilized. 
The catheter is then directed selectively into the vessels 
supplying the tumour to be treated (Figure 1). This is 
accomplished by utilizing catheters and guidewires of various 
shapes, combined with fluoroscopic, real-time monitoring. 
After the appropriate arterial position has been selected, the 
chemotherapeutic agent is delivered. In general, this consists 
of infusion over a short period, e.g. 5-10min. Longer 
infusions, with the use of rescue medications, have also been 
used (Kemeny etal., 1999). After treatment, the catheter 
is removed and haemostasis is achieved. Ancillary therapy 
is generally employed to prevent or to treat complications 
of the chemotherapeutic agent and the procedure, and most 
often, chemoembolization is done with hospitalization of the 
patient. Additional treatment focuses, first, on pain control, 
since infusing material into an artery can lead to occlusion 
of that artery and resultant ischaemia. In part, the aim of 
this approach is to cause ischaemia and tumour necrosis. 
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2 DIAGNOSTIC IMAGING AND IMAGE-GUIDED INTERVENTION 


Opiates are often required for pain control, usually only 
for 24h or less after the procedure. Other medications that 
are frequently used include corticosteroids, to help limit 
the inflammatory reaction to the treatment, and antiemetics. 
As with chemotherapy, nausea and vomiting are relatively 
frequent complications, but as with pain, tend to be limited 
to the first 24h. 

Chemoembolization in this fashion is often repeated one 
or more times, depending on the response to the treatment 
and the condition of the patient. Chemoembolization can be 
performed in essentially any area of the body, depending 
on the blood supply to the tumour and the organ that it 
involves. Transcatheter therapy has been widely used to treat 
head and neck tumours, renal malignancies, malignancies of 
the central nervous system and musculoskeletal lesions. The 
greatest experience, however, has been in the treatment of 
primary or metastatic liver malignancies, and that will be the 
major focus of this chapter. 

The types of liver tumours treated by chemoembolization 
can be divided into three categories: (1) primary hepato- 
cellular carcinoma, (2) metastatic carcinoma, primarily ade- 
nocarcinomas, and (3) neuroendocrine tumours (primary or 
metastatic). 


TRANSCATHETER THERAPY OF LIVER 
MALIGNANCIES 


Chemoembolization as a concept implies the use of both 
a chemotherapeutic agent and an embolic agent. That is, 
a specific anticancer drug is injected, in combination with 
a material that will block arterial inflow into the lesion, 
allowing direct delivery of the agent to the site at which 
it is needed, and then prolonged retention. In theory, 
as noted, there is also a beneficial effect in decreasing 
or eliminating blood flow to all or part of the tumour. 
To achieve these aims, various combinations have been 
utilized (C harusangavej, 1993). A mong the chemotherapeutic 
agents that have been used are adriamycin, mitomycin, 
cisplatin, FUdR and 5-fluorouracil, and among the embolic 
agents used are poly(vinyl alcohol) (PVA) beads, absolute 
alcohol, Gelfoam and Ethiodol (Lipiodol). PVA beads 
are minute plastic particles available in various sizes, 
ranging from <100um to >1mm. Several different types 
of calibrated plastic beads or particles are commercially 
available. PVA particles do not dissolve, so they cause 
permanent occlusion of whatever vessels into which they 
are instilled. In reality, some recurrence of blood supply 
generally occurs, either because of the recanalization through 
or around these beads or because of tumour neovascularity 
formation. Absolute alcohol is another agent which leads to 
permanent occlusion. It has been used widely as a primary 
treatment for hepatomas in Asia, both by infusion through a 
catheter and by percutaneous injection directly into tumour 
nodules (see the chapter on Molecular Mechanisms of 
Radiotherapy). A bsolute alcohol leads to occlusion of small 
vessels (capillaries and arterioles) and to direct tissue death 
by causing rapid and complete dehydration of cells into 


which it comes in contact, including blood cells, cells of 
the vessel wall and tumour. Gelfoam, or surgical gelatin 
sponge, is a material which dissolves and is resorbed from the 
vessels it occludes over the course of 2-4 weeks. This is a 
disadvantage, in that reflow to the treated area occurs, but an 
advantage in that the use of Gelfoam encourages prolonged 
retention of the chemotherapeutic agent in the tumour and the 
ability to re-treat the area fairly easily subsequently. Ethiodol 
is a radiographic contrast agent, one of the first, developed 
in the 1920s. It is a poppy seed oil derivative, a nonsoluble 
lipid. W hen infused into the hepatic artery or branches, it is 
thought to pass through the portal triad and be taken up into 
and then obstruct the portal vein capillaries. Over time, it is 
taken up by the reticuloendothelial system of the liver, and is 
then largely broken down and excreted. Empirically, it seems 
also to block hepatic arterial branches. It has the advantage, 
then, of relatively long-lasting obstruction of blood flow ata 
small vessel level, but without associated damage to larger 
vessels (Figure 2). 

A major reason for both the interest in and the success 
of transcatheter therapy in the liver is that the liver has 
two blood supplies: the hepatic artery and the portal vein. 
Normally, the bulk of the blood flow to the liver is from 
the portal vein (about 70%) with the remainder from the 
hepatic artery. If the hepatic artery is acutely occluded, as 





Figure 2 Same patient as in Figure 1. (a) Angiographic image immediately 
following chemoembolization, showing retention of Ethiodol in the tumour; 
(b) image from computed tomography performed 1 day later demonstrates 
retention of the oily contrast in much (but not all) of the tumour. 
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by surgical ligation, portal flow increases to a sufficient level 
to maintain normal liver function. Further, liver malignancies 
receive the bulk of their blood supply from the hepatic artery. 
It is thought that some of the blood supply to the periphery 
of the tumour may be from the portal vein, which is not 
as readily accessible percutaneously as is the hepatic artery. 
This portal vein supply, in theory, is obstructed by Ethiodol. 
In most other organs, if the supplying arterial supply is 
obstructed, cell death results. In these organs, then, it is very 
important that only arterial flow to the tumour, and not to 
normal tissue, be embolized. This is often technically very 
difficult to achieve. In normal liver, however, more effective 
transcatheter therapy can be given, since liver adjacent to the 
tumour can be embolized without complications. 


INDICATIONS FOR LIVER 
CHEMOEMBOLIZATION 


Lesions which are most amenable to chemoembolization 
are those with a high degree of macroscopic neovascular- 
ity. Not only are such lesions technically fairly accessi- 
ble to chemoembolization, but also treatment tends to be 
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Figure 3 Patient with colon adenocarcinoma metastatic to the liver. (a) 
Image from contrast-enhanced CT shows four distinct lesions which have 
low density (relative to normal liver parenchyma, which shows contrast 
enhancement); (b) image from a coeliac axis arteriogram shows a faint blush 
(increased density) in the liver lesions, without visible neovascularity. 


more effective than in lesions with minimal neovascular- 
ity. Clearly, all malignancies have a vascular supply, but in 
many, e.g. colorectal adenocarcinoma, lesions are relatively 
avascular on angiography (Figure 3). Primary hepatocellu- 
lar carcinoma tends to be hypervascular angiographically 
(Figures 1 and 4). Similarly, most neuroendocrine tumours 
which are metastatic to the liver tend to be hypervascular 
(Figure 5). 

The results of chemoembolization for hepatocellular 
carcinoma have been documented better than those for other 
lesions. One difficulty in interpreting results of the various 
studies, however, is that so many variables exist. These 
include the chemotherapeutic agent utilized, the embolic 
agent utilized, the number of treatments, the use of ancillary 
treatments such as radiation or systemic chemotherapy, the 
patient's liver function and the stage of the hepatocellular 
carcinoma (HCC). Most often, HCC that is treated by 
chemoembolization is considered non-operable. This is either 
because there are multiple lesions, with the presence of 
lesions in multiple lobes, because of the large size of the 
primary tumour, or because the patient’s liver function is 
considered so poor that the operative risk, balanced against 





Figure 4 Elderly woman with hepatocellular carcinoma. (a) Image from a 
contrast-enhanced CT study shows numerous lesions with dense peripheral 
enhancement, greater than surrounding normal liver; (b) corresponding 
image from selective hepatic angiography shows dense lesions with 
marked neovascularity (tumour-induced, somewhat disordered appearing 
new vessels). 
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Figure 5 26-year-old woman with neuroendocrine tumour involving the 
liver, with unknown primary. (a) Contrast-enhanced M RI scan shows signal 
enhancement in a large lesion in the right lobe of the liver, with markedly 
increased signal enhancement centrally, suggestive of necrosis; (b) Selective 
arteriogram in right hepatic artery shows dense hypervascularity of this 
lesion; (c) repeat arteriogram 4 months after initial chemoembolization 
shows that this lesion is substantially smaller and less hypervascular. R epeat 
chemoembolization at this time led to a further marked decrease in the size 
of this and other liver lesions. 


the likelihood of cure, is unacceptably high. At best, the 
cure rate for lesions considered surgically resectable is of the 
order of 30%, and mean survival is <18 months (Dusheiko 
et al., 1992; Colombo, 1993). Further, there is currently no 
effective systemic chemotherapeutic agent or regimen. For 
these reasons, in addition to its high incidence as a result of 
the high prevalence of hepatitis B or C, chemoembolization 
has been used widely for the treatment of HCC. Treatment 
is often repeated, at intervals ranging from 1 month 
to several years. One study demonstrated no statistically 
significant increase in survival when chemoembolization 
was compared with standard chemotherapy, although there 
was a trend toward prolonged survival (Groupe d’Etude et 
de Traitement du Carcinome Hepatocellulaire, 1995). Other 
series have shown median survival of up to 2 years in 
patients treated with chemoembolization, a result which 
certainly rivals the efficacy of surgery in the relatively 
small proportion of lesions that are considered operable 
(Colombo, 1993; Simonetti etal., 1997). Another small 
study examined the effectiveness of chemoembolization 
with and without Ethiodol and gelatin sponge particles 
and demonstrated improved efficacy with the combination 
therapy, consisting of a chemotherapeutic agent, gelfoam and 
Ethiodol (Hatanaka et al., 1995). Another alternative is to 
combine embolization with percutaneous ablative techniques 
(Pacella etal., 2001). Over the last few years, with the 
emergence of radiofrequency ablation (see the chapter on 
Molecular Mechanisms of Radiotherapy), a combination 
of chemoembolization and percutaneous radiofrequency 
has been employed for discrete lesions, generally those 
<5cm in overall size, even if multiple. As HCC is 
often well circumscribed and hypervascular angiographically, 
it is reasonable to hypothesize that chemoembolization, 
particularly in combination with a percutaneous ablative 
technique such as radiofrequency, will be curative for single 
lesions. To date, however, although such an approach has 
been used, its true efficacy in terms of cure or improved 
survival has not been definitively evaluated. 

Chemoembolization for the treatment of neuroendocrine 
tumours, perhaps because of the lesser frequency of such 
lesions, is less well documented. In general, all neuroen- 
docrine tumours, including carcinoid, gastrinoma, insulinoma 
and pheochromocytoma, can be treated. It is relatively com- 
mon for neuroendocrine tumours to present with widespread 
liver involvement, with multiple small lesions. Again, there 
is no widely effective systemic chemotherapy, although 
octreotide acetate may be useful, particularly in controlling 
symptoms. In general, patients who are treated appear to be 
more likely to respond favourably if the primary tumour is 
identified and removed. Survival for 2-5 years or more is 
not uncommon in such patients, even with widespread liver 
metastases, but again, chemoembolization cannot be consid- 
ered curative. In one series, mean survival was ~4 years 
from the last chemoembolization (Stokes etal., 1993). It 
is relatively common for such lesions to shrink markedly 
after chemoembolization (Figure 5) but the occurrence of 
additional lesions and damage to the normal liver, as well 
as decreased vascular accessibility due to occlusion by the 
treatment, may limit the option of retreatment. 
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Many types of metastatic lesions have been treated by 
chemoembolization, either with one or more chemoemboliza- 
tions or in combination with other therapy, such as percuta- 
neous radiofrequency ablation, surgical resection or systemic 
chemotherapy. Some success has been reported in the treat- 
ment of highly lethal metastatic ocular melanoma, and there 
has also been some success in the treatment of GI stromal cell 
tumours (Soulen, 1997). As noted above, treatment is realisti- 
cally directed at prolonging life rather than achieving a cure. 
The greatest experience to date with lesions other than HCC 
has been in the treatment of metastatic colorectal carcinoma. 
Unlike with more vascular lesions, such tumours tend not to 
shrink following chemoembolization. It is common, however, 
for such lesions to stabilize. Since most patients who undergo 
chemoembolization for metastatic colorectal carcinoma have 
multiple liver metastases which make them unresectable sur- 
gically or have metastatic disease elsewhere in the body, it 
is likely that survival is not prolonged by chemoemboliza- 
tion as currently practised. It is likely, however, that such 
treatment does prolong good quality of life. This approach 
is most appropriate, therefore, in patients who are unrespon- 
sive to standard systemic chemotherapy but remain in fairly 
good general condition, and often is considered after failure 
of first-line systemic chemotherapy. 


CONTRAINDICATIONS AND COMPLICATIONS 


As indicated above, chemoembolization should not be 
performed in certain patients, primarily those who are 
unlikely to gain substantial benefit from the procedure, in 
terms of prolongation of life or improvement or stabilization 
of quality of life. Thus patients who have far advanced 
tumours with failing liver function are not good candidates. 
At this point, it is not clear whether or not there are certain 
types of tumours which are so unlikely to benefit that the 
discomfort and other risks outweigh potential benefits in 
quality of life or prolongation of life. Chemoembolization 
of liver lesions can be considered in any otherwise suitable 
patients who are in sufficiently good general health (activity 
level, liver and renal function) and do not have other good 
options for treatment. 

There are, however, several risk factors which are strong 
relative contraindications (Chung etal., 1996; Sakamoto 
et al., 1998). Patients with markedly compromised liver 
function are far more likely than those with normal liver 
function to develop progressive and even fatal liver failure. 
As a general rule, patients with a significant elevation in 
bilirubin should not undergo chemoembolization, although 
some of these patients may benefit from embolization with 
Ethiodol alone. This treatment is unlikely to damage liver 
function further if Ethiodol is injected selectively into the 
tumour. This is probably not true if a chemotherapy agent is 
used; even if injected selectively, some of the drug is likely 
to leak out of the tumour and be delivered systemically and 
to the liver as a whole (Raoul et al., 1992). Similarly, any 
patient with an obstructed portal vein should be treated with 
great caution. As noted, the principle of chemoembolization 
in the liver is that the tumour will be deprived of its blood 


supply, the hepatic artery, but normal liver will be preserved 
since it is also supplied by the portal vein. In the absence 
of portal vein blood flow, embolic occlusions of portions 
of the hepatic artery may lead to focal hepatic infarcts or 
to hepatic failure. Although in theory chemoembolization is 
performed solely to the arteries which supply the tumour, in 
practice such precise treatment is not usually feasible. This is 
because of multiple feeding arteries to the tumour(s) as well 
as technical limitations in placing the catheter sufficiently 
selectively. 

The usual precautions with chemotherapy agents and with 
X-ray contrast agents must be observed. The dose of the 
particular agent used must be modified based on prior 
treatment and the individual’s cardiac, renal and hepatic 
function. This procedure relies on localization of vessels and 
lesions by the injection of contrast agents. In patients with 
markedly compromised renal function, these contrast agents 
may lead to renal failure, even requiring dialysis (Tepel 
et al., 2000). Again, the risk/benefit ratio must be carefully 
assessed. 


OTHER USES AND TECHNIQUES 


As noted, selective high-dose arterial chemoembolization 
with systemic rescue has been used with some success 
in the treatment of head and neck cancer. Embolization 
without the addition of chemotherapy has been shown to be 
valuable in the treatment of renal cell carcinoma, primarily 
to control bleeding into the urinary tract, to diminish pain 
caused by a large vascular tumour or to decrease bleeding 
interoperatively and thus facilitate surgery. This is usually 
done using a permanent occlusive agent, such as PVA or 
absolute alcohol, infused as selectively as possible into 
the tumour. The reason why no chemotherapeutic agent is 
given is that none are thought to be effective, and they 
may add toxicity. The use of indwelling arterial catheters, 
with ports, is likely to prove increasingly useful. Such 
arterial catheters allow long-term percutaneous access and, 
if indicated, continuous infusions, and they can be safely 
placed on an outpatient basis. 


CONCLUSION 


A variety of transcatheter methods have been in use for 
many years for the selective treatment of tumours and organs. 
These techniques are most widely utilized currently for the 
treatment of primary and secondary lesions of the liver. 
Their use is also promising for other areas. Many questions 
remain regarding the specific efficacy of chemoembolization, 
because of the wide variation in the drugs utilized, the stage 
of tumour treated and the embolic agents employed. Over 
the next few years, there is likely to be increased use of 
transcatheter therapies with specifically targeted agents, such 
as genetic vectors and specific antitumour antibodies. As 
the ability to treat cancers selectively improves, the use of 
transcatheter approaches to deliver such therapy selectively 
to tumours is likely to increase also. 
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Direct Percutaneous Tumour Therapy 
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Dartmouth- Hitchcock Medical Center, Lebanon, NH, USA 


INTRODUCTION 


With the introduction, wide acceptance and refinement of 
medical imaging techniques over the past 40 years, the 
approach to diagnosis and treatment of malignancy has 
significantly changed. Computed tomography (CT), magnetic 
resonance imaging (MRI) and ultrasound in particular have 
tremendously improved the ability to detect and characterize 
many malignancies, allowing for earlier diagnosis of primary 
and metastatic tumours. In addition, less invasive forms of 
therapy are made possible by imaging guidance. 

Percutaneous treatment of malignancy utilizes imaging for 
the delivery of ablative agents. Percutaneous ablative ther- 
apy (PAT) includes thermal ablation and chemical ablation. 
Thermal ablation currently includes radiofrequency ablation 
(RFA), interstitial laser photocoagulation, microwave coag- 
ulation, cryotherapy and instillation of heated fluids (Scud- 
amore etal., 1997; Yoon etal., 1999; Dodd etal., 2000). 
Chemical ablation currently includes instillation of absolute 
alcohol (95-99.5% ethanol) and acetic acid (Shiina etal., 
1987; Livraghi et al., 1995; Liang et al., 2000). 


TARGET SITES FOR PAT 


The bulk of published literature on PAT is devoted to 
interventions within the liver. The liver is an attractive 
target not only because of its frequent involvement by 
metastatic disease, but also because of its large size, which 
provides organ reserve and frequently provides access to the 
tumour through normal tissue. Multiple tumour foci, large 
tumour size, and location next to sensitive areas such as the 
diaphragm, porta hepatis or liver capsule provide technical 
challenges. 

PAT has also been used to treat malignancies within the 
kidney, lung, breast, adrenal glands, prostate, pancreas, head 
and neck and brain (Anzai et al., 1995; Zlotta et al., 1998; 
Jeffrey etal., 1999; Mack and Vogl, 1999; Merkle etal., 


1999a, 1999b; Polascik et al., 1999; Dupuy et al., 2000; Shi- 
bata et al., 2000). Successful treatment of benign conditions, 
such as autonomously functioning thyroid nodules and symp- 
tomatic vertebral body haemangiomas, has also been reported 
(Doppman et al., 2000; Tarantino et al., 2000). 

Results of interventions within one organ cannot be 
generalized to interventions elsewhere, given differences 
in tissue characteristics. A comparison of in vivo RFA 
within calf liver versus calf muscle showed a 95% greater 
average diameter of ablation within muscle than within liver 
(Goldberg, 1999). It will be important in the future to verify 
separately the effectiveness of various forms of PAT within 
specific target tissues. 


GOALS OF PAT 


Currently, the primary goal of PAT is palliation for 
patients who are not candidates for curative surgery. These 
patients are usually categorized as unresectable because 
of unfavourable location and extent of tumour, or general 
debility compounding the risks of major surgery. Local 
ablative therapy is employed to shrink tumours, or to 
slow or halt tumour growth, usually in the liver. Given 
that hepatocellular carcinoma (HCC) is the most common 
malignancy in the world and that 20-25% of all cancer 
deaths can be related to hepatic metastases, there is a large 
population that may benefit from PAT (Stone and Cady, 1994; 
D'Agostino and Solinas, 1995). 

The early results for PAT reported in the literature 
suggest that curative therapy is possible, especially with 
further refinements in technology and technique. While 
there is no clear consensus on the largest tumour amenable 
to PAT, tumour size is a critical factor in treatment 
planning. If tumour diameter is larger than the diameter 
of the zone of ablation, multiple overlapping treatments 
are necessary and the possibility of persistently viable 
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Figure 1 Axial MRI enhanced with intravenous ferumoxides showing a 
high signal lesion in the right lobe of the liver, which represents a metastasis 
from colon carcinoma. 


tumour cells increases. Precise probe, or needle placement, 
reliable delivery of ablative agent and rigorous imaging 
follow-up, with retreatment as indicated, are necessary to 
effect a cure (see Figure 1). It has been suggested that 
tumours within cirrhotic livers, typically seen in patients 
with HCC, may have enhanced tumour kill with thermal 
ablation due to an ‘oven effect’ caused by the cirrhotic tissue 
limiting heat diffusion away from the tumour (Livraghi et al., 
1999). Complete necrosis in up to 71% of HCC 3.1-5.0cm 
in diameter and 25% of those 5.1-9.5cm in diameter 
has been reported with radiofrequency ablation (Livraghi 
et al., 2000). A series including microscopic evaluation of 
liver metastases, 2.0-4.0cm in diameter, treated with RFA 
reported complete necrosis in eight of nine (89%) resected 
specimens (Scudamore et al., 1999). 

Differences in equipment, technique, indications and the 
relatively small size of early series make the application of 
published data regarding PAT to individual patients some- 
what difficult. However, it seems that effective local con- 
trol is a reasonable expectation for patients with small- to 
medium-sized tumours in the liver. Patients with localized 
disease may deserve aggressive treatment, given the possi- 
bility of cure. Multi-modality treatment including surgery, 
chemotherapy, chemoembolization and radiation, in addition 
to local ablative therapy, should be considered. 


The main roles for imaging in PAT are initial tumour 
detection and characterization, PAT guidance, and follow- 
up. Contrast-enhanced CT and MRI are most often used for 
lesion detection and characterization, and follow-up (Figure 
1). Thorough preprocedure imaging is imperative in order to 
select the appropriate therapy and to ensure that all areas of 
tumour are treated if possible. CT scanning following hepatic 
artery infusion of lipiodol (iodized oil) has been described 
as the most sensitive method of detecting HCC (90-97% 
sensitivity) (Figure 2) (Palma, 1998). This technique is also 


Figure 2 CT image showing the same lesion as in Figure 1. This image 
was obtained after ethiodol embolization of the right hepatic artery. The 
high-attenuation ethiodol is seen throughout the right lobe of the liver and 
outlines the relatively low-attenuation tumour. 





Figure 3 CT image obtained during RFA showing the RF probe within 
the tumour. 


helpful in improving the conspicuity lesions treated under 
CT guidance (Figure 3). 

The imaging modality used for PAT guidance is generally 
selected according to operator preference. Ultrasound is 
popular because of availability, ease of use and its ability to 
provide real-time monitoring. CT guidance is also common 
and MR guidance is possible with specialized equipment 
(particularly for injection therapy and laser ablation). The 
goals of imaging guidance are to ensure precise delivery of 
the ablative agent, to detect potential complications early and 
accurately, and to ensure as complete treatment as possible. 

Postprocedure follow-up generally consists of contrast- 
enhanced CT or MR. Ultrasound is generally considered 
to be less reliable owing to the heterogeneous appearance 
of treated lesions and the need to demonstrate absence of 
lesion enhancement. Ultrasound contrast agents and Doppler 
sonography, however, may make this modality more useful 
for follow-up (Koito etal., 2000). Imaging is generally 
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performed 1-2 months after treatment and then at 3-6 
month intervals for 1 year, followed by more widely spaced 
intervals if the patient and lesions remain stable. Completely 
necrotic lesions are of low signal intensity on T2 weighted 
MR and often have thin enhancing rims. Nodular areas 
of enhancement on MR or CT indicate residual tumour. 
Successfully treated lesions remain the same size or become 
smaller. 


SPECIFIC FORMS OF PAT 


Radiofrequency Ablation (RFA) 


Radiofrequency electrocautery devices have been used 
throughout the last century to directly ablate exposed tissue, 
particularly to achieve haemostasis. A dvances in technology 
have allowed for percutaneous, image-guided placement of 
electrode containing probes. These probes deliver an alter- 
nating current in the RF wave range (460 kHz), resulting in 
ionic agitation that produces heat and at temperatures above 
60°C, cell death occurs rapidly. The distance the gener- 
ated heat is conducted with the tissue determines the zone 
of ablation. The power of the RF current, time of appli- 
cation, the impedance of the tissue and the size, number 
and spacing of the electrodes affect the zone of ablation. 
As tissue is ablated, the impedance of the tissue increases. 
Generators with increased power and pulsed current have 
been developed. Probes now may include multiple electrodes 
that, in some designs, have variable diameters of expan- 
sion, and in other designs are saline cooled. Saline cooling 
directly improves conduction and can limit charring of tis- 
sue, which increases impedance. Techniques to enhance the 
efficacy of PAT include preprocedure chemoembolization, 
concomitant injection of chemotherapeutic agents and intra- 
operative RFA combined with clamping the porta hepatis 
(Pringle manoeuvre). The Pringle manoeuvre and preproce- 
dure chemoembolization are believed to increase the area 
of ablation by decreasing heat loss via flowing blood (heat 
sumping). The direct injection of chemotherapeutic agent as 
well as chemoembolization have the added benefit of targeted 
tumour toxicity (Goldberg et al., 2000). 

The three currently available RFA devices are marketed 
by RITA Medical Systems (Mountain View, CA, USA), 
Radionics (Burlington, MA, USA) and Radiotherapeutics 
(Mountain View, CA, USA). All function on the basic 
principle of delivery of an alternating current via one 
or multiple electrodes inserted into the target area with 
repositioning or retreatment as needed based on lesion size, 
location and success of initial placement (Scudamore et al., 
1997; Dodd et al., 2000). These three devices are designed to 
create zones of ablation 3- 4.5 cm in diameter in the liver. In 
practice, however, ablation diameters as small as 1.2 cm, with 
ranges of 1.2-3.5 and 1.8-3.6cm, have been reported with 
use of a single type of RF electrode (Radionics; Goldberg 
et al., 1998; Scudamore et al., 1999). These differences in 
ablation diameter are likely related to local factors such as 
blood flow and lesion density and underscore the need for 


precise imaging to determine if viable tumour remains. The 
small ablation diameters previously reported are also likely 
related to older electrode and generator designs, which have 
been improved upon. 

The RITA device consists of a 15-gauge probe with 
seven or nine retractable electrodes at the needle tip that 
expand to 3-5cm diameter in a ‘star burst’ array. It uses 
temperature as an endpoint, while the other two devices 
use tissue impedance. Its generator creates a 50-150W 
alternating current and monitors the temperature at the tip 
of five electrodes and automatically diverts current when 
an electrode exceeds a preset temperature (e.g. 100°C). 
The electrodes are retracted into the probe needle prior to 
placement, and are then deployed into the target tissue once 
ideal position is confirmed. Recently developed probes offer 
the option of increasing the diameter of the electrode array 
in a sequential fashion to allow for consecutive ablations at 
increasing diameters. The manufacturer recommends ablating 
large tumours in a stepwise fashion (e.g. first at 3cm, then 
at 4cm and finally at 5cm) to ensure complete treatment. 

The Radionics device utilizes 1-3 saline-cooled straight 
17 F probes with 1-3-cm lengths of active electrode and 
a 100-200-W alternating current generator. A multiprobe 
array in a triangular configuration (cluster probe) offers 
the possibility of larger zones of ablation than the single 
probe model. In situations where the cluster probe is not 
feasible (e.g. intercostal approach), two parallel probes may 
be placed. Power from the generator is delivered in pulses 
that automatically adjust to recorded tissue impedance. 
Theoretically, current is directed away from ablated tissue 
in the target area that has high impedance toward areas of 
lower impedance resulting in uniform ablation. The generator 
shuts off when there is a sharp rise in tissue impedance, 
which is thought to indicate tissue necrosis. Saline cooling 
of the electrodes represents a technical improvement from 
the original design. The Radionics and RITA devices may be 
used for electrocautery of the tract as the needle is withdrawn. 

The Radiotherapeutics device has a multi-electrode 14- 
gauge probe that is similar to the RITA device in appearance 
and deployment characteristics and is available in three 
diameters. Ten electrodes expand into a 2.0-, 3.0- or 3.5- 
cm spherical umbrella-like configuration once the probe is 
in the target area. A probe with electrodes that expand to 
5.0 cm is being developed (Dodd et al., 2000). The generator 
monitors both electrode temperature and tissue impedance. A 
pulsed alternating current is delivered to the target area. The 
generator is shut off when there is a sharp rise in tissue 
impedance. 

Reported results with RFA have indicated major compli- 
cations ranging from 0 to 10% and local control ranging 
from 48 to 98.2% (Scudamore et al., 1997, 1999; Goldberg 
et al., 1998, 2000; Curley et al., 1999; Livraghi et al., 1999, 
2000; Rhim and Dodd, 1999; Dodd et al., 2000). The vast 
differences in local control are probably due to differences 
in reporting standards, length of follow-up, equipment differ- 
ences and operator experience. Each of the three devices has 
compelling features or data to support their use, and recent 
design updates make it difficult to compare previous data 
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with present performance. No single device has yet demon- 
strated clear superiority. 


Percutaneous Ethanol Injection Therapy (PEIT) 


PEIT has been extensively studied, largely in Japan and Italy, 
with promising results and low complication rates (Shiina 
etal., 1990; Livraghi etal., 1995, 1999; Shibata etal., 
2000). The relative simplicity of technique and availability 
of tools are attractive features. Needles are generally 20- 22- 
gauge Chiba and spinal needles or 21-gauge needles with 
a closed conical tip and multiple terminal side holes (PEIT 
needle, Hakko, Tokyo, Japan, or Cliny needle, Yokohama, 
Japan). Absolute alcohol (95-99.5% ethanol) is injected 
in small aliquots (fractions of a millilitre) with real-time 
ultrasound guidance both at the time of needle placement and 
during injection. Usually, 1- 8mL are injected per treatment 
session with the volume dictated by the size of the lesion, 
imaging findings during injection and the patient's tolerance 
to the procedure. Injection is typically halted once pooling 
of ethanol is seen within the lesion (the ethanol no longer 
disappears rapidly from the needle tip) or if leakage of 
ethanol outside the target area is detected. Treatment sessions 
can be performed 2-3 times per week until the entire lesion 
has been treated. Therapeutic efficacy is assessed by follow- 
up imaging and clinical assessment (AFP and CEA assay). 

Large-dose, ‘single-session’ treatment has been described 
with doses up to 165mL (mean, 75 mL). However, general 
anaesthesia was required and the patients were medicated 
with 1000- 1500 mg of i.v. fructose 1,6-diphosphate (E safos- 
fina; Biomedica Foscama, Ferentino, Italy) and 1200 mg of 
i.v. glutathione (TAD 600; Biomedica F oscama) to neutralize 
the systemic effects of the alcohol (Livraghi et al., 1995). 
Furthermore, two cases of prolonged hypotension, one of 
which resulted in death, were reported with injection of 35 
and 80 mL respectively (Gelczer et al., 1998). 

PEIT causes cell death by two mechanisms. The first 
is diffusion into cells, which results in dehydration and 
coagulation necrosis. The second is vascular occlusion 
caused by direct endothelial damage and platelet aggregation. 
PEIT is felt to be less effective in the treatment of liver 
metastases than for HCC. It has been suggested that HCC 
respond favourably due to hypervascularity and to the 
contrast in tissue density between hard cirrhotic tissue and 
softer HCC (Dodd et al., 2000). 

In comparing PEIT with RFA in the treatment of HCC 
3.0cm or less in diameter, RFA was found to require fewer 
treatment sessions, 1.2 vs 4.8 sessions per tumour, and 
to have a higher rate of complete tumour necrosis, 90% 
(47/52) vs 80% (48/60) (D'Agostino and Solinas, 1995). 
Complications with PEIT are reportedly slightly less frequent 
than with RFA. However, most PEIT series report treatment 
of smaller lesions than those treated with RFA. A large series 
of PEIT treatment of sizeable HCC (>3-5cm in diameter) 
reported a 1.7% rate of severe complications (10 patients) 
and one death (0.13%). There was a 27% rate of residual 
tumour in resected specimens (Livraghi et al., 1995). 


Percutaneous Acetic Acid Injection 


Percutaneous instillation of acetic acid is similar in princi- 
ple and technique to PEIT. Small quantities of acetic acid 
are injected through a multihole infusion needle, placed 
into the target tissue with image guidance. Acetic acid 
appears to have stronger cytotoxic effects than ethanol, 
which may allow for larger ablation zones. Excellent 
local control of small lesions (1.5-3.0cm in diameter) 
has been reported, with severe pain (11%), high fever 
(4%) and segmental wedge infarction (4%) noted as com- 
plications (Liang etal., 2000). Additional experience is 
needed to determine safety, efficacy and general treatment 
guidelines. 


Interstitial Laser Photocoagulation (ILP) 


ILP utilizes ND:YAG laser energy (approximate wavelength 
1064 nm) delivered via a thin optical fibre placed through 
needles or guiding sheaths positioned within the target 
tissue, usually at 1-1.5-cm intervals. An MRI-compatible 
applicator kit (Somatex, Berlin, Germany) is available in 
‘conventional’ and ‘power’ laser forms. The kits consist of a 
cannulation needle, guidewire, 7-9F dilator or sheath and a 
4-7F, 40-cm protective Teflon catheter. The conventional 
applicator delivers a maximum power of 6W for up to 
22min and creates a diameter of necrosis of <2cm. The 
power applicator is liquid cooled, can deliver up to 30W for 
14-23 minutes and creates a mean diameter of necrosis of 
3.3 cm (Mack and Vogl, 1999; Vogl et al., 1999; Dodd et al., 
2000). 

Limited reports are available to determine the efficacy 
of ILP. One series employed contrast-enhanced CT, from 
6 weeks to 3 months following treatment, to determine 
the degree of tumour necrosis. Complete necrosis of 21/35 
lesions <4cm was reported, but none of 20 lesions >4cm 
showed complete necrosis (Amin etal., 1993). A larger 
series (659 lesions in 230 patients) did not report degree 
of necrosis, but instead reported median survival, which 
was significantly increased in treated patients compared with 
historical controls of untreated patients: median survival of 
36.4 months compared with 10-21 months expected median 
survival (Vogl et al., 1999). 


Percutaneous Microwave Coagulation Therapy 
(PMCT) 


Several groups in Japan have reported on PMCT in 
the treatment of HCC (Seki etal., 1994; Murakami 
et al., 1995; Ohmoto etal., 1999). A 1.6-mm, 30-cm 
polytetrafluorethylene-coated bipolar electrode is passed 
through a needle guide into the target area and a 1.5- or 
3.0-cm inner conductor delivers 2450-MHz microwaves at 
60-150 W, usually for 60- 120s. Generally, ultrasound guid- 
ance is utilized and multiple overlapping treatments are 
administered per treatment session. Each application results 
in a relatively small diameter of ablation, approximately 
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2cm. Follow-up contrast-enhanced CT or MRI is obtained 
and residual areas of viable tumour are retreated. Cited com- 
plications have been infrequent with one of nine patients 
in one series developing a pleural effusion and ascites 
(Murakami et al., 1995). A local sensation of heat during the 
ablation and postprocedure fever are common. Local lesion 
control has been reported in 56- 100%. The need for multiple 
overlapping treatments due to the small diameter of abla- 
tion makes completeness of ablation less certain. Despite this 
theoretical concern, successful induction of complete necro- 
sis has been reported in lesions up to 6.0cm in diameter, 
using intraoperative microwave coagulation therapy (Hama- 
zoe et al., 1995). 

The efficacy of PMCT in hepatic metastases is unknown. 
However, a study that compared intraoperative microwave 
coagulation therapy with hepatic resection for the treatment 
of multiple (2-9) hepatic metastases found them to be 
of equal efficacy (Shibata etal., 2000). Thirty patients 
with multiple liver metastases, felt to be amenable to 
hepatic resection, went to laparotomy and were randomized 
to hepatectomy (16 patients) or sonographically guided 
intraoperative microwave coagulation (14 patients). The 1-, 
2- and 3-year survival rates and mean survival times 
were 71%, 57%, 14% and 27 months, respectively, in the 
microwave group and 69%, 56%, 23% and 25 months in the 
hepatectomy group. 


Cryosurgical Ablation (CSA) 


It is difficult to compare CSA with percutaneous ablative 
techniques, because CSA is typically employed intraoper- 
atively. CSA produces tissue destruction by creating focal 
subzero temperatures adjacent to the tip of a probe, result- 
ing in cellular dehydration and protein denaturation. Probes 
of 9-12mm are generally used, although smaller probes 
have been developed for laparoscopic surgery. Ultrasound 
is used to guide probe placement and monitor ‘ice-ball’ for- 
mation. Several freeze-thaw cycles, lasting 7-30 min, are 
applied with each application. Lesions up to 17cm have 
been treated, but complications increase with increasing treat- 
ment volume. A variety of serious complications have been 
reported, including myoglobinuria, surface liver cracking, 
haemorrhage, biliary fistula, abscess, portal vein thrombo- 
sis and thrombocytopenia (Mahvi and Lee, 1999; Wallace 
et al., 1999). 


CONCLUSION 


Recent advances in imaging and percutaneous ablative 
techniques have expanded cancer therapy. PAT offers hope 
for improved palliation and possibly improved long-term 
survival. As with other forms of cancer therapy, PAT is most 
effective when employed in a setting of multidisciplinary 
collaboration. Experience with PAT continues to increase. 
However, controlled trials are needed to confirm the safety 
and efficacy of the different forms of PAT and to explore the 
role of PAT in various organs. 
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TARGETING THE EXTRACELLULAR MATRIX OF 
TUMOURS 


The extracellular matrix (ECM), a complex mesh of colla- 
gens, proteoglycans and glycoproteins, is a vital supporting 
scaffold of tissues, as it contributes to their architecture, 
isolates tissue compartments and acts as a selective macro- 
molecular filter. An important role for the ECM in regulating 
cell adhesion, motility, differentiation, proliferation and sur- 
vival is now well recognized (for details, see the chapters 
Extracellular M atrix: T he Networking Solution and Inva- 
sion and Metastasis). The rationale of selectively targeting 
the tumour ECM is based on the fact that it differs from that 
of normal tissues in terms of: 


e composition: the tumour matrix presents either a different 
proportion of matrix components or molecules usually not 
found in the ECM of normal tissues; 

e molecular organisation (architecture): the tumour matrix is 
usually poorly organized; 

e turnover: a high matrix-degrading proteolytic activity is 
a hallmark of tumour malignancy and is necessary for 
tumour invasion and metastatic dissemination. 


Three main molecular players act in the interaction 
between tumour cells and the ECM: 


matrix molecules: besides acting as a substrate for cell 
adhesion and tissue organisation, the ECM regulates 
important cell functions, many of which are related to 
tumour progression (such as motility, proliferation, inva- 
siveness); therefore, the differences in matrix composition 
and architecture found in tumours may have profound 
effects on the behaviour of tumour cells; 

receptors: tumour cells often express an altered pattern 
of receptors for matrix molecules (mainly integrins), 
therefore determining a different response/interaction to 
matrix; 
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e matrix-degrading enzymes: these enzymes, produced by 
tumour or stromal cells, greatly affect cell interaction with 
the extracellular environment. 


Although these molecules are ‘normal’ host structures, 
their association with the transformed tissues makes them 
quantitatively or qualitatively different from their counter- 
parts in normal tissues, and therefore recognizable by an 
appropriate treatment. Agents that affect the complex, coor- 
dinated interplay between matrix molecules, receptors and 
proteases can alter the tumour homeostasis, hence affecting 
tumour progression. 

Therapeutic strategies include (Table 1): 


e agents affecting tumour cell interaction with the ECM, 
including peptides or recombinant fragments of the active 
sequences of matrix components, integrin antagonists and 
ligands of matrix components; 

e molecules that modulate the deposition of matrix compo- 
nents; 

e inhibitors of matrix degradation. 


THERAPEUTIC STRATEGIES EXPLOITING THE 
EXTRACELLULAR MATRIX OF TUMOURS 


Functional Domains of ECM Molecules 


The concept of using small matrix-derived molecules for 
treatment purposes has emerged from studies in the last two 
decades, showing that synthetic peptides corresponding to 
minimal active sequences of cell adhesion molecules, such 
as laminin and fibronectin, where able to prevent metastasis 
in experimental models (Humphries et al., 1986). Since then, 
a great amount of experimental evidence has accumulated, 
which confirmed that isolated domains of matrix molecules 
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Table 1 Examples of Therapeutic Strategies Exploiting Tumour- 
Associated Extracellular M atrix 


Analogues of the functional site of matrix components 

e Synthetic peptides or recombinant fragments (endostatin, tumstatin) 

e Molecules that mimic functional regions (heparin-like agents, 
laminarin, suramin) 

Integrin antagonists 

e Synthetic peptides, recombinant domains containing integrin 
recognition sequences (RGD, NGR) 

e Disintegrins 

e Nonpeptide integrin antagonists 

e Anti-integrin antibodies (vitaxin) 

e Agents modifying integrin expression (cytokines) 

e Inhibitors of integrin signalling (genistein, CAI ) 

Molecules that modulate the deposition of matrix components 

e Cytokines (IL-1, TNF -a, IF Ns) 

e Differentiating agents (retinoids) 

e Other (halofuginone) 

Inhibitors of matrix degradation 

e Inhibitors of the serine, cysteine- and matrix metalloproteases (see 
Table 2) 

e Inhibitors of protease synthesis (cytokines, glucocorticoids, retinoids, 
halofuginone) 

e Bisphosphonates (clodronate) 

e Inhibitors of heparanases (nonanticoagulant heparins, P1-88 ) 


- usually synthetic peptides or recombinant fragments - 
could be used as the basis for developing therapeutic agents. 
Depending on the biological activity of the original molecule, 
isolated domains could be employed either to mimic an 
antineoplastic activity of the intact molecule or to act as 
competitors of its pro-malignant activity. 


Recombinant Domains 


Given the presence of cryptic sites in matrix components 
- regions usually not exposed in the native molecule - the 
activity of isolated domains can be totally unrelated to that of 
the original, intact molecule (Davis et al., 2000). Examples 
of this have recently been provided by the identification 
of fragments of collagen or fibronectin endowed with 
antineoplastic activity. 


Collagen Fragments 


Fragments from different collagen molecules have been 
described to have antiangiogenic and antineoplastic activity. 
Examples are a noncollagenous fragment of type XVIII 
collagen (known as endostatin) (O'Reilly et al., 1997), the 
NC10 domain of type XV collagen (restin, homologous to 
endostatin) and the NC1 domains of different w-chains of 
type IV collagen: a1 (also named arresten), w2 (canstatin), 
a3 (tumstatin) and w6. Although these isolated domains 
have antineoplastic activity, native collagens type IV, type 
XVIII and type XV are devoid of such activity. All these 
compounds have antiangiogenic activity, and endostatin is 
currently in clinical trials (see the chapter Antiangiogenic 
Therapy). Fragments of type IV collagen could also act by 
blocking the interaction of tumour cells with the basement 
membranes, or, since the NC1 domain is thought to be 


involved in collagen assembly, they could affect matrix 
organisation. In addition, at least for one of them, tumstatin, 
a sequence - distinct from the antiangiogenic one - has been 
shown to have a direct antiproliferative activity for melanoma 
cells (M aeshima et al., 2000). 


Fibronectin Fragments 


An example is Anastellin, a III1-C fibronectin fragment, 
derived from the first type III repeat of fibronectin, has been 
described to inhibit growth of experimental tumours, mainly 
acting through an antiangiogenic mechanism. Anastellin is 
thought to act by altering matrix assembly or interfering with 
the av63 receptor on endothelial cells (Yi and Ruoslahti, 
2001). 


Synthetic Peptides 


Synthetic peptides corresponding to active sequences of 
matrix molecules, such as fibronectin (RGD, PHSRN, LDV, 
REDV), laminin (YIGSR, IKVAV) and thrombospondin- 
1 (GSVTCG, WSPW), have been studied in experimental 
models (Yamada, 1991). They have shown high potential 
in inhibiting cell functions associated with the malignant 
behaviour of tumour cells, including angiogenesis and 
metastatic dissemination of experimental tumours. 

It has been a general experience that small peptides are 
poor therapeutic agents since, in vivo, they diffuse rapidly, 
are often susceptible to proteolytic degradation and are sub- 
jected to a rapid clearance. Chemical modifications of the 
peptides have been introduced to improve their pharmacolog- 
ical characteristics, including the preparation of multimeric 
or cyclic peptides (see also (2.2), below), use of D-amino 
acids, synthesis of retro-inverso peptidomimetics, conju- 
gation with molecules (polyvinylpyrrolidone, polyethylene 
glycol or the heparin-like 6-0 -carboxymethylchitin) or addi- 
tion of chemical groups and spacers. These modifications 
improve the therapeutic index of the peptides by increasing 
their resistance to enzymatic degradation and hence stabil- 
ity in biological fluids, and by altering the peptide clearance. 
Modified peptides can be radiolabelled for diagnostic use and 
for radionucleotide therapy. 


Molecules Similar to Functional Domains 


Natural or synthetic molecules acts as competitive inhibitors 
of matrix components, thanks to their structural similarity. 


H eparin-Like Molecules 


Low molecular weight heparins, modified heparins lacking 
the anticoagulant activity, and heparin-like agents, such as 
laminarin (a sulphated polysaccharide) and suramin (a poly- 
sulphonated naphthylurea) which are structural mimics of 
heparan sulphates, have a potential therapeutic effect. Pre- 
clinical and clinical observations suggest that the antineo- 
plastic effect of these molecules is not necessarily related 
to their anticoagulant activity. Heparin-like molecules have 
been reported to inhibit cell proliferation by preventing the 
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binding of growth factors to their cell surface low affinity 
receptors. In addition, many of these compounds have the 
ability to block heparanase, a heparan sulphate-degrading 
enzyme associated with the metastatic potential of tumours 
(see (2.4.5), below). These compounds have been shown to 
prevent metastasis formation and angiogenesis in preclinical 
models. Information from early phases clinical trials with 
low molecular weight heparins indicate an improved cancer 
outcome and a favourable pharmacological profile (Zacharski 
et al., 2000). 


Integrin Antagonists 


Among the great variety of receptors that mediate tumour 
cell interaction with matrix components, integrins appear to 
play a major role in tumour progression (Albelda, 1993). 
The pattern of integrin expression is known to change during 
cell transformation, and such alterations profoundly affects 
malignant tumour behaviour. The modulation of integrin 
expression or the selective block of integrin functions 
can suppress tumorigenicity and/or metastatic potential in 
experimental tumour models. This led to the development 
of specific inhibitors for this class of receptors. An integrin 
currently drawing great interest in terms of therapeutic 
applications is «v83, implicated in the progression of human 
melanoma, in angiogenesis and in the process of cell survival. 
In addition, avB3 is involved in the proteolytic activity of 
both tumour and endothelial cells, through binding to M M P- 
2 


Strategies to block the activity of these receptors include 
peptide and non-peptide integrin antagonists, disintegrins, 
anti-integrin antibodies, agents modifying integrin expression 
on tumour cells and inhibitors of integrin signalling. 


RGD-Related Peptides 


The antineoplastic activity of peptides designed on the 
integrin-recognition sequence RGD is due to various mecha- 
nisms, including a direct antimetastatic activity on tumour 
cells (Humphries et al., 1986) and inhibition of endothe- 
lial cell functions. A cyclic RGD peptide (EMD 121974) is 
currently undergoing clinical trials as an antiangiogenic com- 
pound. In addition to the integrin antagonist activity, a recent 
report indicates that RGD-containing peptides induce apop- 
tosis in an integrin-independent way, through direct intracel- 
lular activation of caspase 3, a proapoptotic protein. 


Non-Peptide Integrin Antagonists 


They have been identified, taking advantage of chemical 
libraries generated by combinatorial organic synthesis. These 
compounds could represent an alternative to the use of pep- 
tides that, as mentioned above, are usually poor pharmaco- 
logical agents. This approach has led to the identification of 
nonpeptide inhibitors of integrins. One of them (TSRI265), 
has recently been shown to block collagen degradation by 


tumour cells as well as angiogenesis, by preventing the RGD- 
independent interaction of wv63 with MM P-2 (Silletti et al., 
1986). 


Disintegrins 


These molecules, thanks to the presence of an RGD 
sequence, have the potential to block integrins, hence 
their name. Several disintegrins (i.e. salmosin, albolabrin, 
rhodostomin, accutin), have been described to inhibit tumour 
cell adhesion, invasion, proliferation, extravasation and 
experimental metastasis. M oreover, as they also interact with 
integrins on endothelial cells, disintegrins have been reported 
to inhibit angiogenesis. The therapeutic potential of these 
compounds is still to be defined. 


Anti-Integrin Antibodies 


Based on the selectivity of «v63 as a marker of angiogenic 
blood vessels, antibodies against «v83 have been developed 
as antiangiogenic therapy (Eliceiri and Cheresh, 1999). 
Vitaxin is a humanized version of the LM 609 monoclonal 
antibody, which blocks the binding of av3 to adhesion 
proteins and disrupts ECM-induced signalling, leading to 
the activation of p53 and to apoptosis of endothelial cells. 
Vitaxin is currently in early clinical trials as an inhibitor of 
angiogenesis. 


Agents Modifying Integrin Expression 


Factors that modulate the expression of integrins on the 
surface of both tumour and endothelial cells can affect 
tumour progression. It has been proposed that cytokines, 
i.e. TNF and IFNy, suppress av@3 activation, causing 
detachment and apoptosis of endothelial cells (RUegg et al., 
1998). 


Integrin Signalling 


Signalling transduction pathways represent another potential 
target to block tumour cell interaction with the ECM. 
Different steps of the signalling cascade have been targeted 
for therapeutic intervention. Inhibitors of tyrosine kinases 
(such as genistein), of PKC (staurosporine, sphingosine) and 
of calcium influx (carboxyaminotriazole) have also been 
reported to affect matrix-driven tumour cell behaviour. Some 
of these compounds are currently being subjected to clinical 
trials. 


Molecules that Modulate the Deposition of Matrix 
Components 


Since the ECM composition can profoundly influence 
the behaviour of tumour cells, agents that affect matrix 
synthesis- deposition have been studied in tumour progres- 
sion. Given the critical role of the matrix in angiogene- 
sis, many of these compounds have also been found to 
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have antiangiogenic activity. Several cytokines (such as 
interleukin-16 and tumour necrosis factor œ) and agents that 
control cell differentiation have been shown to affect matrix 
synthesis and deposition. 


Retinoids 


Retinoids, natural and synthetic analogues of vitamin A, 
are currently being subjected to clinical trials in cancer 
prevention and therapy. Their antineoplastic activity is 
the result of several different effects on tumour cell 
differentiation and interaction with the ECM. Indeed, they 
have been described as inhibiting the production of proteases 
and their inhibitors, reducing cell migration and invasion, 
altering cell adhesion to the matrix and modulating the 
expression of integrins by tumour cells. 


Halofuginone 


This low molecular weight quinazoline alkaloid, originally 
approved for use as an antiparasitic for farm animals, 
is currently attracting great interest as a pharmacological 
inhibitor of matrix synthesis and deposition. Halofuginone 
inhibits gene expression of the wl chain of type! collagen. 
In addition, it also acts as an inhibitor of proteases, since 
it cause a transcriptional suppression of MM P-2 synthesis. 
The antineoplastic activity of halofuginone, observed in 
preclinical models, is attributed to a combined antimetastatic 
activity on tumour cells (reduced ability to invade and 
extravasate) and antiangiogenic activity (Elkin et al., 2000). 
This compound is under development for treating solid 
tumours and other diseases associated with fibrosis. 


Inhibitors of Matrix Degradation 


Tumour-associated lytic enzymes, produced by tumour cells 
and the adjacent stroma-infiltrating cells, are responsible for 
the remodelling of the matrix typically found in tumours. 
Furthermore, matrix-degrading enzymes exert functions that 
go beyond the physical destruction of connective tissue 
barriers, including activation of receptors and cell surface 
molecules, release of growth and angiogenic factors stored 
in the matrix and generation of active fragments from 
matrix components. Altogether this makes the proteolytic 
system highly involved in the process of tumour progression, 
metastasis and angiogenesis and thus a relevant target for 
therapeutic interventions. Inhibitors of metalloproteinases 
(MMPs), serine proteinases (the plasminogen activator 
system) and cysteine proteinases (cathepsins), as well as 
inhibitors of heparanases are under extensive investigation 
in cancer. Owing to their double role in tumour cell 
invasion and in angiogenesis (see the chapter Invasion 
and Metastasis), they are under development as both 
antimetastatic and antiangiogenic agents. The blockade of 
matrix degradation has shown efficacy in inhibiting cell 
invasion, tumour growth, angiogenesis and metastasis in a 
variety of in vitro systems and animal models. The promising 
results of the preclinical studies have rapidly led to clinical 


trials for several of these inhibitors. It is worth noting that the 
different proteolytic systems interact with each other, through 
a complex cross-regulation of protease activation among 
the members of all families. Therefore, the combination of 
these inhibitors is now foreseen as the optimal treatment in 
blocking tumour progression. 


Matrix Metalloproteinase Inhibitors (MMPIs) 


MMPIs are the proteinase inhibitors most advanced in 
clinical trials (Hidalgo and Eckhardt, 2001). The great 
interest in these molecules has been generated by earlier 
studies showing that the addition of exogenous TIM Ps or the 
transfection with TIM P-cDNA reduced tumorigenicity, local 
invasiveness, metastasis as well as angiogenesis in several 
experimental models. TIMPs are not pharmacologically 
suitable for clinical use. Therefore, several companies have 
focused their efforts on the development of synthetic M M Pls 
(Giavazzi and Taraboletti, 2001). They differ in origin, MM P 
inhibitory profile and zinc-binding group (Table 2). 

A key structural feature of MMP inhibitors is the presence 
of a metal-binding group that is capable of chelating 
the zinc ion at the active site of the MMP. The first 
compounds to be tested in cancer patients - batimastat, 
CGS27023A, prinomastat and marimastat - all have a 
hydroxamate binding group. Nonhydroxamic acid inhibitors 
were synthesized later. Recently, approaches based on the 
screening of compound libraries have successfully identified 
novel compounds with M M P inhibitory activity. The rational 
design of inhibitors has received a great input by the recent 
advent of high-resolution X-ray and NMR analysis of the 
structures of the M M P - inhibitor complex. 

The inhibition profiles of the different MMPls vary 
substantially across the MMP family, the main targets 
being MM P-2 and MMP-9, that are associated with tumour 
malignancy in many types of cancers. The significance of 
the inhibitory profile of the different M MPIs in clinical 
development is the subject of debate. From the early clinical 
trials with broad-spectrum MM Pls (e.g. marimastat), the 
observation of adverse effects suggested that the use of 
more selective inhibitors (e.g. BAY 12-9566) should provide 
greater specificity, and hence limit side effects. On the other 
hand, itis now clear that more than one M M P family member 
is involved in the course of the disease, this being in favour 


Table 2. Matrix M etalloproteinase Inhibitors Entered in Clinical Trials 


Compound Origin Status” 
Batimastat (B B 94) Hydroxamic* Phase | 
M arimastat (BB -2516) Hydroxamic@ Phase II-III 
Prinomastat (A G-3340) Hydroxamic* Phase II - III 
M etastat (COL -3) Tetracycline derivative Phase | 
BAY 12-9566 Carboxylic! Phase II-III 
N eovastat (Æ-941) Cartilage derivative Phase l- Ila 
BMS-275291 Sulfhydry!¢ Phase | 
CGS 27023A H ydroxamic* Phase | 


“The zinc-binding group is indicated. 
bAs of May 2001. 
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of a broad-spectrum inhibitor. Requisites for suitable MMP 
inhibitors are also acceptable pharmacokinetics and high oral 
bioavailability. 


Batimastat (BB-94) 


The best studied MMPI in preclinical models is batimastat, a 
synthetic hydroxamate, with a broad spectrum of activity on 
MMPs including on MM P-1, -2, -3, -7 and -9. Batimastat was 
tested as a suspension administered by intracavity injection 
to patients with malignant ascites and pleural effusion. 
Its clinical development was suspended owing to its poor 
solubility and poor local tolerability. 


M arimastat (BB-2516) 


Related to batimastat, this compound is orally available 
and is currently under investigation in several phase II-III 
clinical trials. Phase | studies in healthy volunteers showed 
plasma levels exceeding the concentrations required to inhibit 
M MP-2. Phase II studies have been conducted on patients 
with advanced ovarian, colorectal, pancreatic and prostatic 
cancers, all tumour types for which high expression of 
MMP-2 and MMP-9 has been described. In these studies 
the combined analysis of the modulation of serum tumour 
markers and of drug-related toxicity has been proposed to 
select the dose range for long-term studies. The main reported 
drug-related adverse event is a reversible musculoskeletal 
syndrome. M arimastat is the first MM PI to have completed 
phase III studies (Brown, 2000). In the first phase III study, 
on patients with advanced pancreatic cancer, the survival of 
patients receiving marimastat was not superior to that of 
patients receiving gemcitabine. In a second phase III trial, 
on patients with gastric cancer, there was a modest, but 
nonsignificant, improvement in survival in the marimastat- 
treated arm compared with placebo. Two marimastat SCLC 
studies are due to report very soon. 


Prinomastat (AG -3340) 


Another synthetic hydroxamate, prinomastat, inhibits M M P- 
2, -3, -9 and -13, but it is poorly active on MMP-1. It 
was selected among a series of structurally related inhibitors 
of MMPs, synthesized using a protein structure-based drug 
design. In patients with advanced cancer, phase | studies with 
AG-3340 given orally twice daily showed no dose-limiting 
toxicity. However, also for this hydroxamate, at higher doses 
reversible joint-related complaints were reported. Phase 
III trials in combination with chemotherapy in hormone- 
refractory prostate cancer and advanced non-small-cell lung 
cancer (NSCLC) did not meet primary efficacy objectives. 


CGS 27023A 


Designed as a stromelysin (M M P-3) inhibitor, this compound 
has a broad-spectrum activity. Phase | clinical studies 
indicate that the drug is generally well tolerated; the major 
toxicity was cutaneous rash. It is believed that this is one of 


the factors that prevented the progression of the compound 
to advanced clinical trials. 


BMS-275291 
This compound has completed phase | dose escalation in 
normal volunteers and is expected to enter phase II-III trials 


on advanced cancer. BMS-275291, structurally different 
from and more selective than the first generation of MM PIs, 
is expected to have an improved safety profile. 


BAY 12-9566 


This nonpeptidic, noncollagen-mimicking, biphenyl M M PI 
with a carboxylic zinc binding group is an example of an 
MMPI that claims a selective spectrum of activity mainly 
against M M P-2 but not M M P-1. Phase I clinical studies indi- 
cated that the compound is generally well tolerated. D rug- 
related adverse effects were transient, with asymptomatic 
transaminase elevation and mild thrombocytopenia; no mus- 
culoskeletal pain has been reported. H owever, the main phase 
III trials of BAY 12-9566 in small-cell lung and pancreatic 
cancers have been stopped because of negative findings and 
the development of BAY 12-9566 has been halted. 


Neovastat (Æ -941) 


This complex, derived from shark cartilage, has multiple 
mechanisms of action that include the inhibition of MMPs 
and interaction with the VEGF receptor. The lack of a clear 
identification of the MMPI activity in the extract makes its 
development difficult. Phase 1-11 trials are being conducted 
with Æ-941 in refractory lung, prostate and breast cancer. 
No serious drug-related adverse events have been reported 
and a reduction in PSA levels has been observed in prostate 
cancer. Phase III trials in patients with renal cell carcinoma 
and NSCLC are planned. 


Tetracycline Derivatives 


A variety of nonpeptidic natural product MMP inhibitors 
have been discovered by screening. These include the 
tetracyclines minocycline and doxocycline and the newer 
tetracycline analogues that have been chemically modified 
to eliminate the antibiotic activity. M etastat (COL-3) is a 
representative compound of this class currently in early 
clinical trials. 

So far, the results from clinical trials with MM PIs have 
been rather disappointing (Hidalgo and Eckhardt, 2001). As 
indicated by the results on animal cancer models, MM PIs 
are intended to prevent tumour growth and spread, but are 
unable to control heavy tumour burden. Clinical benefit 
with MMPIs in cancer is therefore likely to be confined 
to patients with early stage or low burden cancer. By 
contrast, the majority of the clinical studies with MM Pls are 
placebo-controlled advanced-stage cancer. This was pointed 
out by Brown (2000) in the analysis of the results on 
gastric cancer studies with marimastat. Another observation 
from the preclinical studies is that tumours regrow after 
suspension of the administration of the inhibitor. Given 
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the nature of their mechanism of action, MMPIls are not 
expected to interfere with cell proliferation and, therefore, 
these compounds are not intended to affect tumour cells 
as cytotoxic agents do. These observations have led to 
investigations of the antitumour activity of MMPIls in 
combination with conventional cytotoxic drugs. Several 
experimental studies have shown that the combination of 
MMPI with cytotoxic agents improves tumour response in 
both drug-sensitive and -resistant tumours and increases 
animal survival. These findings strongly suggest the use of 
MMPIs to potentiate the activity of cytotoxic drugs or to 
maintain the response after reductive therapy with a cytotoxic 
drug. Finally, another difficulty in the clinical evaluation of 
the activity of M M Pls has been the absence of valid surrogate 
endpoints to determine the optimum dose and to identify 
responsive tumours. 

Additional preclinical studies are now needed in order 
to investigate the possibility that other MMPs (rather than 
those targeted so far) could be more efficacious targets for 
therapeutic block of the proteolytic activity of tumours. In 
this respect, the recently demonstrated important role for 
MT1-MMP could indicate this protease as one of the new 
targets. In addition, it is crucial to understand at which stage 
of the disease a patient would be more likely to benefit from 
therapy with protease inhibitors (Bergers et al., 1999). 


Inhibitors of the Plasminogen Activation System 


Generation of the serine proteinase plasmin from the plas- 
minogen activation system, which includes the urokinase- 
and tissue-type plasminogen activators uPA and tPA, the 
serpins PA|-1 and PAI-2 and the uPA receptor (uPAR), repre- 
sents a promising target for anti-invasive therapy (M ignatti 
and Rifkin, 2000). This is proved by the documented role 
of uPA -catalysed plasmin generation in cancer cell invasion 
through the extracellular matrix. Moreover, recent findings 
indicate an additional role for this system in inducing cell 
migration and invasion through plasmin-independent mech- 
anisms, due to interactions among uPA, uPAR, PAI-1, ECM 
proteins, receptors and growth factors. The most promis- 
ing results in cancer therapy have been obtained with the 
uPAR blockade. Antibodies, antisense oligonucleotides and 
uPAR antagonists, including small molecular weight peptide 
inhibitors, affect tumour invasion, metastasis, angiogenesis 
and tumour growth in animal models. 


Inhibitors of Cathepsins 


The abnormal extracellular location of these lysosomal 
aspartyl or cysteine proteases in tumours makes these 
enzymes potential targets to block tumour-associated matrix 
degradation. The levels of cathepsins and their endogenous 
inhibitors have been proposed as prognostic markers in 
cancer. Pharmacological inhibitors still have to be developed. 


Bisphosphonates 


These osteoprotective compounds have been shown to 
be effective in preventing osteolytic metastases. Ana- 
logues of pyrophosphate, they bind to hydroxyapatite on 


bone surface, preventing bone resorption. In addition, they 
also inhibit tumour cell adhesion to mineralized matrices, 
reduce the expression of MT1-MMP and are cytotoxic for 
macrophages and osteoclasts. Clinical trials (with clodronate 
and pamidronate) have indicated that bisphosphonates have 
low toxicity and, albeit with some contradictory results, sug- 
gest the effectiveness of these compounds in adjuvant therapy 
in patients at high risk of developing metastases to bone (Diel 
and Mundy, 2000). Unexpectedly, adjuvant clodronate has 
been reported to decrease visceral metastasis in women with 
breast cancer at high risk of distant metastasis. This finding 
confirms the preclinical evidence that, apart from the known 
osteoprotective effects, bisphosphonates also have a direct 
effect on the adhesion and invasiveness of tumour cells. 


Inhibitors of Heparanase 


Heparanases are heparan sulphate-degrading endoglycosi- 
dases, the expression of which correlates with the metastatic 
potential of tumour cells. Heparanases are also involved 
in angiogenesis, both directly (by stimulating endothelial 
cell invasion) and indirectly (by releasing and promoting 
the activity of matrix-bound angiogenic factors) (Vlodavski 
et al., 1999). Heparanase inhibitors, non-anticoagulant hep- 
arin species or sulphated oligosaccharides (which are struc- 
tural mimics of heparan sulphate), decrease the primary 
tumour growth, metastasis and vascularity of experimental 
tumours. The heparanases inhibitor P1-88 has been shown to 
be a potent inhibitor of metastasis and angiogenesis. It has 
received approval for trials in cancer patients. 


USE OF MATRIX-RELATED MOLECULES FOR 
SELECTIVE DELIVERY OF THERAPEUTIC 
AGENTS 


Molecules targeting the matrix or receptors can be employed 
to improve the delivery of therapeutic agents, such as 
cytotoxic drugs and vectors for gene therapy. The use of 
vehicles that have a high affinity for molecules specifically 
expressed at the tumour site allows the selective delivery 
of an effective dose of therapeutic agent to the neoplastic 
tissue with the advantage of reduced general toxicity and 
dose-limiting side effects. 


Anti-Integrin Antibodies 


Cytotoxic drugs have been conjugated to anti-integrin 
antibodies, in order to achieve more efficient targeting of 
the integrin-expressing tumour cells. Coupling a doxorubicin 
derivative to the LM609 antibody, which recognizes the 
avB3 on melanoma cells, improved the antineoplastic effect 
of the drug in mice. 


RGD-Related Peptides and Matrix Binding 
Sequences 


Peptides recognizing adhesive receptors of tumour cells 
have been used as vehicles to improve the targeting of 
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cytotoxic drugs to the neoplastic tissues. The RGD-related 
NGR peptide has been selected for high tumour-homing ‘in 
vivo’ using a phage-displayed peptide library. This peptide, 
which binds to aminopeptidase N (CD13) on the tumour 
vasculature, when coupled to doxorubicin has been shown 
to increase the antitumour properties of the cytotoxic drug in 
an experimental model (Arap et al., 1998). 

R eceptor-recognizing sequences of matrix components can 
control tissue tropism of gene therapy. Integrin-binding 
peptides synthesized with a polylysine chain to form an 
electrostatic complex with DNA can function as a DNA 
vector. This has been found useful in the design of nonviral 
vectors for gene therapy; the presence of specific peptides 
directs gene delivery to selected cell types. 

Incorporation of peptides or matrix-binding sequences 
by molecular engineering of envelope ‘escort’ proteins 
has been used to improve tissue tropism of viral vectors. 
Incorporation of NGR peptides in envelope proteins has been 
used to improve the specific targeting of retroviral vectors to 
the tumour vasculature, in experimental models. Similarly, 
retroviral vectors bearing the collagen-binding sequences of 
von Willebrand factor have been shown to accumulate at 
the tumour site (where collagen matrix is exposed), strongly 
enhancing the therapeutic effect of the gene therapy. 


Antibodies Recognizing the ECM of Tumour Vessels 


Antibodies recognizing tumour matrix molecules selectively 
expressed in tumours have been proposed for diagnostic 
imaging or as selective vehicles for treatment, coupled to 
toxic agents. The technology of antibody phage display 
libraries has led to the development of recombinant antibody 
fragments to be used as tumour-targeting agents. Potential 
targets include fibronectin and tenascin isoforms. A human 
antibody fragment that recognizes the spliced repeat C 
of tenascin has been shown to localize in vivo around 
vessels and proliferating cells in malignant tumours (high- 
grade astrocytoma). A high-affinity human antibody fragment 
(L19) that recognizes the fibronectin isoform containing 
the ED-B oncofoetal domain has been shown to localize 
selectively to newly formed blood vessels in tumour tissues. 
Recently, L19 antibody fused to tissue factor has been shown 
to induce the selective infarction and eradication of solid 
tumours in mice (Nilsson et al., 2001). 


Tumour-Associated Proteases 


As mentioned above, high production of proteolytic enzymes 
is a hallmark of aggressive tumours. The possibility has 
therefore been explored of using these tumour-associated 
enzymes as local activators of prodrugs. Peptide prodrugs 
activated by MMPs, plasmin and y-glutamyltranspeptidases 


have been shown to have a protease-dependent cytotoxic 
effect in preclinical studies. 


Fibronectin 


A fragment of fibronectin greatly increases the efficiency of 
retroviral-mediated gene transfer into human haematopoietic 
cells, ex vivo, through a mechanism probably involving 
colocalization of retroviral particles and target cells. A 
protocol using a recombinant fibronectin fragment used to 
assist in ex vivo retroviral transduction is currently being 
subjected to clinical trials. 


MATRIX-TARGETED AGENTS CAN ACT WITH 
MULTIPLE MECHANISMS OF ACTION 


An important concept that emerges from the above descrip- 
tion of matrix-targeting compounds is that many of them act 
through multiple mechanisms. Therefore, they can be pro- 
posed for different therapeutic approaches. 

In some cases, the same compound can act on different 
molecular targets. Halofuginone inhibits the synthesis of 
collagen al(l) and of the protease MMP-2 (see the 
section Molecules that Modulate the Deposition of M atrix 
Components, above). Heparin-like molecules can affect 
coagulation, block the binding of growth factors to cells and 
act as inhibitors of heparanase (see the sections M olecules 
that Mimic Functional Domains of ECM Components and 
(2.4.5), above). The differentiating agents retinoids also 
modulate the expression of integrins and the production of 
proteases and matrix components (see the section M olecules 
that M odulate the Deposition of M atrix Components, above). 

The complexity of activities can also occur at the level 
of cellular targets. Since similar molecular mechanisms 
govern the invasive processes of tumour and endothelial 
cells, compounds acting on these common mechanisms 
can affect both tumour invasion and angiogenesis. The 
final antineoplastic activity of collagen fragments, integrin 
antagonists, halofuginone and inhibitors of matrix-degrading 
enzymes (see the section Inhibitors of M atrix Degradation, 
above) is ascribable to a combined antimetastatic and 
antiangiogenic activity. 

Naturally occurring examples of functional complex 
molecules are provided by the ADAMTS. As indicated 
by the acronym (A D isintegrin And M etalloproteases with 
ThromboS pondin motifs), these molecules include dif- 
ferent active sequences and consequently exert multiple 
activities. Two of them, METH-1/ADAMTS1 and METH- 
2/ADAMTS8, have been reported to inhibit angiogenesis 
(Vazquez et al., 1999). 

A large family of dietary constituents that, on the 
basis of epidemiological studies, are suggested to exert 
a cancer chemopreventive effect, have been described 
as acting through multiple mechanisms. Among these, 
epigallocatechin-3-gallate, the major flavonoid of green tea, 
has been reported to inhibit proteases involved in tumour cell 
invasion and angiogenesis. 
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CONCLUSION 


Targeting tumour matrix-associated molecules and, more in 
general, tumour stroma is a relatively new way of thinking 
in cancer treatment. Interactions between ECM and tumour 
cells on the one hand and between ECM and host cells on the 
other play a pivotal role in tumour progression. M etastasis 
formation, the angiogenic process and the host response to 
tumour transformation are affected by the environment, of 
which ECM is a major component. This has stimulated the 
development of a range of antagonists of matrix receptors 
and their ligands and inhibitors of ECM -associated functions. 
The complexity of the underlying molecular mechanisms 
(multiple classes of molecules interact with each other) and 
the involvement of distinct pathways at different stages of 
tumour progression make the development of successful 
therapy difficult. The identification of selective tumour- 
associated ECM targets, the development of compounds with 
suitable pharmacological characteristics and their use in the 
correct combinations will constitute the main focus of future 
research efforts. 

Although at this time the development of successful 
drugs is clearly more arduous than suggested by preclinical 
studies, agents targeting the tumour environment can be 
considered good candidates to potentiate, rather than replace, 
conventional antitumour therapies. 
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INTRODUCTION 


The fundamental advances in molecular genetics in the last 
two decades have introduced a number of new tools in our 
armamentarium for the manipulation of gene expression. 
Chief among these are the use of antisense molecules 
initially, and ribozymes subsequently, for the manipulation 
of mammalian gene expression. Not surprisingly, some of 
the most important demonstrations of the utility of antisense 
and ribozyme targeting have occurred in the realm of cancer. 
Moreover, recent advances in understanding the molecular 
basis of cancer have defined a plethora of new targets for 
antisense and ribozyme-based inhibition. More recently, the 
maturation of this technology to the clinical oncological 
arena is being achieved with the completion of a number 
of clinical trials using a broad array of targets in cancer. In 
short, the biological and therapeutic potential of antisense 
and ribozyme technology is being explored. We therefore 
take the opportunity in this chapter to review the scientific 
basis for this technology and discuss its broad utility in 
cancer-related applications, including the progress made and 
problems encountered in this field in its march toward the 
clinical arena. 


SCIENTIFIC BACKGROUND 


Antisense 


The principal appeal of antisense therapy is its inherent 
simplicity. With the knowledge that a particular stretch 
of DNA encodes an mRNA molecule which is then the 
template for protein synthesis, it was hypothesized that 
an antisense DNA or RNA strand would hybridize to the 
mRNA in complementary Watson-Crick fashion, thereby 
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resulting in blockage of translation and sequence-specific 
inhibition of expression. Antisense molecules are commonly 
composed of single-stranded DNA, where they are termed 
antisenseoligodeoxynucleotides (ODNs). Alternatively, DNA 
encoding the antisense can be expressed as antisense RNA by 
an expression cassette. With antisense ODNs, the presumed 
mechanisms of action include blockage of translation, 
RNA transport and splicing. M ost importantly, perhaps, the 
RNA-DNA hybrid can be recognized and cleaved by RNase 
H, yielding an additional mechanism of repression of gene 
expression. Finally, antisense RNA generated by expression 
cassettes or viral vectors can also block target gene 
expression through activation of double-stranded RN ase. The 
first demonstration of the ability of antisense molecules to 
inhibit target gene expression (Zamecnik and Stephenson, 
1978) raised considerable interest in the potential of antisense 
molecules not just as a molecular tool in biomedical research, 
but also as a novel class of therapeutic agent. 

With the further testing of antisense oligonucleotides in 
preclinical models, a number of problems surfaced which 
threatened the theoretical appeal and presumed scientific 
mechanisms of action of these compounds. Over time, 
however, a clearer picture has emerged regarding the 
practical realities of antisense targeting. M oreover, the issues 
of nonsequence- specific and/or non-antisense activity need to 
be fully addressed before a particular antisense molecule is 
to enter the clinical arena in order to maximize the potential 
of antisense compounds. 


Ribozymes 


Catalytic RNAs (known as RNA enzymes or ribozymes) 
were discovered initially as self-cleaving entities in two 
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Figure 1 Conserved sequences of the hammerhead ribozyme and position 
relative to its target RNA. 


disparate systems, the ribonuclease P of Escherichia coli 
(Guerrier-Takada et al., 1983), and the intervening sequence 
of Tetrahymena thermophila (Zaug and Cech, 1986). The 
hammerhead ribozyme was identified in the virusoid from 
lucerne transient streak virus, and the hairpin ribozyme from 
the ‘minus’ strand of satellite RNA of tobacco ringspot virus. 
The initial demonstration of trans-acting catalytic activ- 
ity and in vitro mutagenesis studies of the hammerhead 
ribozyme (Haseloff and Gerlach, 1988) paved the way for 
use of ribozymes as tools to manipulate the expression of 
potentially any gene. The therapeutic potential of hammer- 
head ribozymes was subsequently examined in the setting 
of human immunodeficiency virus (HIV) infection (Sarver 
et al., 1990) and cancer (Scanlon etal., 1991). Figure 1 
depicts the secondary structure of the hammerhead ribozyme, 
including conserved sequences required for catalytic activity, 
as well as the proposed interaction with its target mRNA. The 
hammerhead ribozyme is composed of two regions: (1) the 
catalytic core, effecting the cleavage reaction, and (2) three 
hybridizing regions. Stems | and III represent the hammer- 
head flanking sequences that hybridize to the target RNA in 
complementary fashion. Hammerhead ribozymes have been 
shown to recognize and cleave target sequences containing 
XUN, with X being any nucleotide and N being A, C or 
U. In general, targets containing GUC, GUA, GUU, CUC 
and UUC sequences are favoured. M odifications in the ham- 
merhead have been shown to yield the ability to cleave 
AUA sequences in trans. Recently, in vitro selection tech- 
niques were utilized to expand further the range of cleavable 
triplets by the hammerhead ribozyme to include AUG and 
even AAG, rendering the central U nonessential. Therefore, 
itis likely that further advances will continue to increase the 
range of targets amenable to hammerhead ribozyme cleavage. 

The hairpin ribozyme has also undergone a similar path of 
development and progress. The hairpin ribozyme (depicted in 
Figure 2) consists of 50 bases and cleaves corresponding 14- 
base RNA substrates. The ribozyme consists of four helices 
separated by two internal loop sequences. The hairpin binds 


to the substrate through helices 1 and 2 and cleaves 5’ 
to a guanosine within loop A separating helices 1 and 2. 
Mutagenesis studies have defined the B4, N°, G®, U7, C8 
sequence in the target RNA as optimal for recognition and 
cleavage by the hairpin ribozyme. In this scheme, cleavage 
occurs between N° G®, and B represents C, U or G, whereas 
N represents C, U, A or G. Following the identification 
of transacting activity by hairpin ribozymes, their potential 
therapeutic utility was examined initially in the setting of 
HIV (Ojwang et al., 1992). 

Finally, in addition to cleavage activity, ribozymes can 
result in inhibition of target gene expression through 
antisense mechanisms, namely blockage of translational 
machinery or through activation of RNase recognizing 
double-stranded RNA. 


DESIGN, FORMULATION AND DELIVERY OF 
ANTISENSE ODNs AND RIBOZYMES 


Since the initial reports demonstrating the utility of antisense 
and ribozymes in suppressing gene expression, a number 
of issues have emerged which deserve further attention in 
the optimization of antigene strategies. These issues relate to 
(1) optimal design, (2) optimal formulation and (3) optimal 
delivery of antisense ODNs and ribozymes. 


Design of Antisense ODNs and Ribozymes 


Although numerous studies have demonstrated the successful 
implementation of antisense- and ribozyme-based strategies, 
with certain exceptions the optimal design of such molecules 
still remains largely empirical. Thus, proof of target gene 
inhibition, catalytic activity (in the case of ribozymes), 
sequence-specific effects (in the case of ODNs), biological 
activity and the inclusion of convincing control sequences is 
required for each new molecule that is being examined. N ev- 
ertheless, certain patterns have emerged, attention to which 
will probably increase the possibility of a successful endeav- 
our. In the design of antigene strategies, issues regarding 
both the target and the antigene must be considered. 

With respect to the target gene to be inhibited, several 
factors are of paramount importance. First, selection of a 
target that plays a key role in a cellular pathway, or in a 
biological phenotype, is crucial. In short, the more important 
the target gene, the more likely it is that antigene strategies 
will be successful (see the next section on optimal targets 
tested thus far in cancer). M oreover, the half-life of the target 
RNA and protein may play a key role in the kinetics of 
the desired inhibition, especially in studies that allow for 
transient inhibition of the target gene. Therefore, targeting 
an immediate-early gene (with a short protein half-life) 
such as c-fos was shown to reverse drug resistance more 
rapidly than targeting the mdr-1 gene, whose protein is 
more stable. Thus, the stability of the target protein may 
dictate the relative utility of transient studies with ODNs as 
opposed to achieving prolonged inhibition with the use of 
stable transformants. 
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Figure 2 Consensus sequences of the hairpin ribozyme and position relative to its substrate. 


The next critical issue concerns the selection of the 
appropriate stretch of mRNA within the target gene. This 
issue differs from target to target and must be tested with the 
design of each new molecule. Both antisense and ribozyme 
strategies have been shown to be successful whether they 
target the 5’ end of the mRNA, the 3’ untranslated region or 
regions in between. M ore important than the actual site is the 
accessibility of the target RNA region to antigene sequences. 
In this regard, the formation of stem-loops or lariats within 
the target mRNA as well as protein- RNA interactions may 
severely limit the accessibility of the target RNA to antisense 
ODNs or ribozymes. In fact, double-stranded regions of 
folded single-stranded RNA and sites of interaction with 
RNA-binding proteins have been shown to be less accessible 
to ribozymes. In one study, a ribozyme expression library 
demonstrated that effective target sites for ribozymes were 
limited to single-stranded gaps of mRNA. As an illustration, 
screening the human acetylcholinesterase transcript for GUC 
and CUC triplets revealed that only five of the 55 potential 
sites were accessible to hammerhead ribozyme-mediated 
cleavage. To address this concern, several groups have 
utilized RNA folding predictions prior to the selection of 
sites for ribozyme cleavage. In the case of ribozymes, several 
groups have utilized in vitro cleavage of target RNAs to 
screen ribozymes recognizing different areas of the same 
gene. However, the kinetics observed with in vitro studies 
is not always predictive of ribozyme activity in vivo, thus 
underscoring the need for empirical testing. 

With respect to the design of the antisense or ribozyme 
molecule itself, several additional factors must be considered. 
The first is the optimal length of antigene sequences. A gain, 
as with the selection of the inhibition site, no universal rule 
can be stated. In general, most studies have used ODNs (or 
flanking sequences in the case of ribozymes) as small as 
12- 20 bases in length. However, longer antisense molecules, 
in certain cases including the entire gene, have been shown 
to retain activity. This issue may be especially important in 
the case of ribozymes where the trade-off between specificity 
(necessitating longer sequences) and rapid dissociation that 
allows multiple turnover (favoured by shorter sequences) 


may help determine success. A more recent study examining 
this issue found a minimum length of 51 nucleotides in 
the 3’ antisense arm to be necessary for inhibition of HIV 
replication. Conversely, short-chain ribozymes were superior 
when microinjected into the cytoplasm or when transcribed 
in vitro. Therefore, there may be different requirements for 
ribozyme length dependent on the site of inhibition (nucleus 
vs cytoplasm). 

In the case of antisense ODNs, recent studies have shed 
light on additional considerations in the inclusion of specific 
sequences within the antisense moiety. The most troubling 
initial finding was the observation of biological activity by 
nonantisense mechanisms with the use of phosphorothioate 
ODNs. First, ODNs with four contiguous guanine residues 
(also Known as G quartets) were shown to display a high 
affinity for proteins (K rieg et al., 1995) and to be capable of 
mediating anti-proliferative effects through a nonantisense 
mechanism (Burgess etal., 1995). Subsequently, several 
reports indicated significant interactions between antisense 
ODNs and heparin-binding proteins. Mac-1, also known as 
CD11b/CD18, a member of the integrin family, was shown to 
act as a cell-surface receptor for ODNs, capable of mediating 
their internalization (Benimetskaya et al., 1997). Moreover, 
ODNs were shown to interact nonsequence specifically with 
two other heparin-binding proteins, the vascular endothelial 
growth factor (VEGF) receptor known as flk-1 and the 
epidermal growth factor receptor. In the case of flk-1, ODN 
binding resulted in perturbations of ligand-induced activation 
and receptor phosphorylation. To address these concerns, 
guidelines for the appropriate testing and development of 
specific antisense ODNs have been established (Stein and 
Krieg, 1994). 

More recently, so-called ‘second generation’ antisense 
ODNs have been developed in order to improve activity 
and reduce toxicity. These have included modifications 
in the base, the sugar or the phosphate backbone. A 
prominent example is the 2’-alkyl substitution in the ribose 
moiety. Therefore, the prototypical ODN has been defined 
to consist of a 20-mer with 2’-alkyl-modified bases and 
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phosphorothioate linkages on the 5’ and 3’ ends of the ODN 
with a phosphodiester backbone. 


Formulation of Antisense/Ribozymes 


Given the inherent instability of RNA and the susceptibility 
of DNA to serum nucleases, the utility of several modifica- 
tions has been examined in order to optimize the half-life 
of antigene molecules. In general, these have fallen into 
two major categories: (1) chemical modifications of oligonu- 
cleotides for exogenous delivery and (2) use of expression 
cassettes to generate antisense or ribozyme RNA. 

The most commonly used modification to the phosphodi- 
ester ODN is the phosphorothioate ODN, in which a single 
sulphur substitutes for oxygen at a nonbridging position at 
each phosphorus atom. This resulted in improved serum 
half-life but was compounded by the nonantisense effects 
discussed in the preceding section. In the case of ribozymes, 
several other modifications have been examined to improve 
exogenous delivery studies. Briefly, these include 2’-fluoro, 
2’-amino, 2’-O -allyl and 2’-O -methyl substitutions. A nother 
modification is the so-called chimaeric ribozyme, which 
includes both DNA and RNA moieties. Despite encouraging 
results in vitro, extensive in vivo testing of these modifica- 
tions has been lacking in appropriate model systems. There- 
fore, for in vivo ribozyme studies, expression of the ribozyme 
by plasmid DNA or viral vector still represents the best-tested 
method. 

In in vitro systems, long-term expression of ribozymes 
has been achieved by stably transfecting ribozyme DNA 
into the desired cell line. In this manner, transformant 
clones can be selected with high-level ribozyme expression, 
thereby increasing the chances of observing an altered 
phenotype (reduced cell growth, angiogenesis or resistance 
to chemotherapeutic agents). One of the major factors in 
modulating ribozyme expression is the selection of an 
appropriate promoter. As is common for many gene therapy 
applications, viral promoters represent a popular approach 
for use in expression cassettes. Ribozyme expression has 
been achieved using several viral promoters, including the 
dexamethasone-inducible mouse mammary tumour virus 
promoter, the SV40 promoter, the herpes simplex virus 
thymidine kinase promoter, the HIV and Rous sarcoma 
virus long terminal repeats and the cytomegalovirus (CMV) 
promoter- enhancer. Cellular promoters utilized to drive 
ribozyme expression have included the -actin promoter 
and the melanocyte-specific tyrosinase promoter. Ribozymes 
have also been incorporated into tRNA genes to take 
advantage of RNA polymerase III-mediated transcription. 
Finally, ribozymes have been embedded in the 3’ untranslated 
region of other genes. Interestingly, even though the 
ribozyme RNA sequences transcribed intracellularly are 
typically enhanced by the addition of poly(A) tails, these non- 
complementary sequences do not appear to alter significantly 
substrate cleavage in vivo. Nevertheless, a common approach 
to circumvent this potential problem is the use of cis-acting 


ribozymes to cleave and liberate the desired trans-acting 
ribozyme upon transcription. 


Delivery of Antisense ODNs and Ribozymes 


The development of appropriate delivery vehicles represents 
the single largest impediment to the successful application 
of gene therapy. Not surprisingly, limitations in vector 
technology have also slowed the progress of antisense and 
ribozyme approaches to the clinic. While a detailed overview 
of gene therapy vectors currently in use is beyond the scope 
of this chapter and is undertaken elsewhere, this section 
will discuss the strategies used to date to deliver potential 
antisense and ribozyme therapeutics. 

With respect to antisense ODNs, given that the oligonu- 
cleotide is the active moiety itself (without a requirement 
for gene expression), there may not be a formal requirement 
for a delivery vector. Thus, these compounds have been more 
actively studied and have matured most rapidly to the clinical 
arena (see Clinical Trials section). Antisense ODNs are usu- 
ally tested either alone or complexed with cationic liposomes. 
Optimizing antisense ODN delivery both to the appropriate 
tissues and in order to facilitate efficient intracellular (and 
intranuclear) uptake is of paramount importance. Uptake in 
nonspecific tissues can lead to increased toxicity, whereas 
poor cellular uptake will result in diminished activity. Given 
that antisense ODNs are polyanionic structures, they diffuse 
poorly across lipophilic cellular membranes. Therefore, their 
cellular uptake occurs mainly through absorptive and fluid- 
phase endocytosis. Following internalization, ODNs enter the 
endosomal compartment, where they are susceptible to enzy- 
matic degradation. 

Several strategies have been tested to circumvent these 
potential obstacles. To improve intracellular delivery, mul- 
tiple cations have been utilized to balance the net negative 
charge of ODNs. These have included cationic lipids, polyly- 
sine, polyethylenime and transferrin polylysine complexes. 
A recent report suggested that a new transfection reagent, 
cytofectin, was capable of destabilizing the endosomal com- 
partment, thereby facilitating ODN release to the cytoplasm. 
Second, specific cell or tissue targeting has been attempted 
to direct ODN uptake. These approaches have included the 
use of receptors such as folate or transferrin. M ore recently, 
immunoliposomes were developed by coupling monoclonal 
antibodies directed against the disialoganglioside GD» to 
cationic liposomes. Phosphorothioate antisense OD Ns target- 
ing the c-myb oncogene were shown to bind selectively to 
neuroblastoma cells when complexed to these immunolipo- 
somes, resulting in antiproliferative effects in vitro (Pagnan 
et al., 2000). In the case of ribozymes, when used as oligonu- 
cleotides, similar strategies have been employed as described 
for antisense ODNs. In addition, a recent report demonstrated 
efficient in vitro transport of ribozymes to the cytoplasm and 
nucleus when complexed to liposomes fused with haemag- 
glutinating virus of J apan. 

In the case of ribozymes expressed intracellularly, how- 
ever, other delivery techniques have been examined. These 
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have largely included the use of viral vectors. Parallel- 
ing the progress in the gene therapy field, early studies 
utilized retroviral vectors for ribozyme delivery. However, 
given the inability to transduce non-dividing cells efficiently 
and to generate high-titre virus particles, the ribozyme field 
has quickly moved to second-generation vectors. These 
have largely included recombinant adenoviruses and, more 
recently, adeno-associated viruses. Examples of viral target- 
ing of ribozymes will be provided in the following section. 
Finally, in recent studies, cationic liposome-DNA com- 
plexes have been utilized to deliver ribozymes to tumour- 
bearing animals. 


PRECLINICAL MODELS AND RESULTS 


Antisense 


It is beyond the scope of this chapter to discuss every study 
utilizing antisense technology with potential utility to cancer. 
Therefore, we will limit the discussion to those targets that 
have been shown to have significant therapeutic promise 
through vigorous in vitro and/or in vivo testing and thus 
may be closest to clinical application. In general, the type of 
cellular genes targeted can be categorized into the following: 
(1) oncogenes; (2) cell cycle regulatory genes; (3) drug- 
resistance genes; (4) angiogenic genes; (5) growth factor 
receptor genes; and (6) genes in cell signalling pathways. The 
targets representing these groups are summarized in Table 1. 

With respect to oncogenes, some of the earliest stud- 
ies utilizing antisense technology targeted oncogenes with 
known defects in particular tumours, thus potentially rep- 
resenting tumour-specific agents. A prominent example of 
this approach included antisense targeting the BCR-ABL 


Table 1 Use of Antisense Therapy in Preclinical Models of Human Cancer 
Target gene Sequence 
BCR-ABL ODN 


Results 
Inhibition of leukaemic but not normal 


gene formed by the chromosome 9 to 22 translocation 
(the Philadelphia chromosome) in chronic myelogenous 
leukaemia (CML). Several studies have examined the utility 
of targeting BCR-ABL with antisense ODN (Szczylik et al., 
1991), such that this approach has reached the clinic (see 
the following section). A second targeted approach to spe- 
cific tumour types is the use of antisense targeting of the 
mutant ras gene family. Specifically, antisense RNA against 
the entire K-ras gene was delivered by a retroviral vector 
to nude mice bearing human lung carcinoma cells, resulting 
in inhibition of tumour growth (Georges et al., 1993). Anti- 
sense ODNs have also been used to target mutated H-ras, a 
strategy which is under clinical investigation. 

A second strategy for selecting oncogenes for antisense 
targeting concerns those that are activated by virtue of 
overexpression in multiple cancers without translocation or 
mutation. The most prominent examples of this approach 
have included antisense ODNs targeting c-myb in CML 
(Calabretta et al., 1991) and melanoma and targeting the 
c-raf-1 kinase in human bladder and breast carcinoma 
xenograft models (M onia et al., 1996). 

A somewhat related strategy has concerned the use of 
antisense approaches to inhibit expression of growth factor 
receptors in different tumours. Examples of targets have 
included the insulin-like growth factor | receptor, the EGFR 
and the HER-2/neu receptor overexpressed in breast cancers 
(see Table 1). 

M ore recently, the identification of cyclins and their role in 
normal and neoplastic cell growth has generated a new array 
of targets for cancer. Antisense targeting of cyclin D1 has 
been extensively studied in different preclinical models of 
carcinomas, and has been shown to enhance cytotoxicity to 
cisplatin. A recent study utilizing antisense to p21"AF1/CIP1 


Reference 
Szczylik et al. (1991) 


haematopoietic colonies in vitro and in vivo 


Intratracheal installation decreases lung 


Georges et al. (1993) 


carcinoma growth in nude mice 


K-ras Retrovirus; antisense RNA 
NF-«B ODN 

c-myb ODN; immunoliposomes 
c-raf ODN 

ILGF-R Stable transformant 
EGF-R ODN; folate- PEG liposomes 
HER-2/neu ODN 

Cyclin D1 Stable transformant 
VEGF Stable transformant 
Protein kinase A, Caw ODN 

bcl-2 ODN 





Regression of HTLV -1 Tax-transformed 
fibrosarcomas in mice 

Reduced growth of CML and neuroblastoma in 
vitro and of melanoma in vivo 

Reduced growth of human bladder and breast 
tumour xenografts 

Inhibition of tumorigenicity of He La cells 

Inhibition of keratinocyte proliferation in vitro 

Inhibition of breast cancer cell growth; 
induction of apoptosis 

Decreased cell growth and tumorigenicity; 
sensitization to cisplatin 

Diminished melanoma cell growth, 
angiogenesis and metastasis 

Reduced tumour cell growth in vivo; synergy 
with chemotherapeutic agents 

Reduced growth of lymphomas in SCID mice; 


Calabretta et al. (1991) 
Pagnan et al. (2000) 
Monia et al. (1996) 


Dean and McKay 
(1994) 
Jansen et al. (1998) 


improved response of melanoma to 
dacarbazine in vivo 
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showed increased sensitivity of colon cancer cell lines to 
radiation therapy. 

Finally, other studies have examined and demonstrated 
the utility of targeting signalling molecules such as Nuclear 
Factor Kappa B and protein kinase Cw (Dean and McKay, 
1994). More recent uses of antisense technology have tar- 
geted V EGF to inhibit angiogenesis and growth of melanoma 
cells in vivo and bcl-2 to chemosensitize melanomas in SCID 
mice (Jansen et al., 1998). 


Ribozymes 


Ribozyme targeting of genes associated with cancer shares 
some common features with antisense, but interesting 
differences also exist (see Table 2). The most obvious area 
of overlap is the use of ribozymes targeting oncogenes. The 
most extensively studied system includes ribozymes targeting 
the activated H-ras gene at codon 12, in which the GUC 
sequence in the tumour (encoding valine) is recognized by 
ribozyme cleavage, whereas the wild-type GGC sequence 
(encoding glycine) is not. Ribozymes targeting mutated ras 
genes have been investigated in a number of preclinical 
model systems (K ashani-Sabet et al., 1994). Delivery of anti- 
ras ribozymes has been accomplished by both retroviruses 
and adenoviruses. 

BCR-ABL is another gene that has been extensively 
analysed in ribozyme studies. Several investigators have 
examined the exogenous delivery of modified ribozymes 
targeting BCR-ABL for CML (Snyder et al., 1993). Finally, 
other oncogenes targeted by ribozymes are listed in Table 2. 

The second area of overlap with antisense and ribozyme 
targeting is in reversal of drug resistance, although the targets 


Table 2 Use of Ribozyme Therapy in Preclinical M odels of Human Cancer 


Target gene Ribozyme/delivery method Results 


c-fos HH; stable transformant; 
inducible promoter 


Reversal of cisplatin resistance; elucidation of 
downstream DNA repair pathway 

Decreased ras gene expression in tumours; 
reversed invasive phenotype; decreased 
growth of xenografts, melanoma and 


utilized have differed. The first demonstration of ribozyme 
targeting in cancer showed the reversal of resistance to 
cisplatin in ovarian carcinoma cells (Scanlon etal., 1991). 
The use of the anti-fos ribozyme was subsequently broadened 
to cover the multidrug-resistant (MDR) phenotype also. 
Along these lines, several investigators demonstrated the 
utility of hammerhead ribozymes targeting the mdr-1 gene 
to reverse resistance to a variety of chemotherapeutic agents 
associated with the MDR phenotype. 

The third common category concerns targeting angiogenic 
genes. Once again, the genes selected for ribozyme target- 
ing differ from those discussed in the antisense section. 
Hammerhead ribozymes have been shown to reduce angio- 
genesis by targeting the pleiotrophin gene (Czubayko et al., 
1996) and the gene encoding the basic fibroblast growth 
factor-binding protein. In the case of pleiotrophin, melanoma 
cell lines expressing the ribozyme had a reduced capacity 
for metastasis. Recently, continuous infusion of a synthetic 
hammerhead ribozyme oligonucleotide targeting the VEGF 
receptor flt-1 (termed ANGIOZY ME), was shown to produce 
anti- metastatic effects in murine models (Pavco et al., 2000). 

Antimetastatic activity is another well-documented use 
of hammerhead ribozymes. This potential has been amply 
demonstrated in studies using ribozymes to target the 
CAPL/Mts 1 gene, the integrin gene a6 and the matrix 
metalloproteinase MMP-9 gene. 

Finally, two additional targets of ribozyme therapy not pre- 
viously discussed with antisense include cancer-associated 
viral genes and telomerase. Ribozymes have been shown 
to suppress the transformed phenotype associated with 
the human papillomavirus E6 and E7 genes and the 
Epstein- B arr virus nuclear antigen-1. Finally, several groups 
have reported on the use of ribozymes targeting telomerase 


Reference 
Scanlon et al. (1991) 


K ashani-Sabet et al. (1994) 


transformed 3T3 cells 


Diminished expression and in vitro cell growth 
Reversal of MDR phenotype 
Reduced protein, in vitro and in vivo cell 


Snyder et al. (1993) 


Suzuki et al. (2000) 


Proliferation-independent inhibition of 





metastatic activity 
Targeting splice site mutation reduces tumour 
growth in nude mice 
Reduced angiogenesis and growth of xenograft 
Reduced angiogenesis and metastasis in nude 
Decreased lung metastasis; cell growth 


Reduced adherance, invasion and metastasis 


H-ras/N-ras HH; transformants, 
retroviral and adenoviral 
delivery 
BCR-ABL HH; exogenous delivery 
Mdr-1 HH; stable transformant 
HER-2/neu HH; adenoviral delivery; 
stable transformant growth 
CAPL/mts 1 HH; stable transformant 
EGFR HH; stable transformant 
FGFBP HH; stable transformant 
tumours 
Pleiotrophin HH; stable transformant 
mice 
MMP-9 HH; stable transformant 
unaffected 
a6 integrin HH; stable transformant 
EBNA HH; adenoviral 


“HH: hammerhead. 


Blocked virus-induced B cell proliferation 


Czubayko et al. (1996) 
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sequences. However, to date, no effects on the neoplastic 
phenotype have been reported. 


CLINICAL TRIALS OF ANTISENSE AND 
RIBOZYMES 


As alluded to in the preceding section, with the completion 
of preclinical studies using antisense ODNs and ribozymes 
in a number of model systems, the stage was set for these 
compounds to enter the clinical arena. In fact, a number of 
studies using antisense ODNs in cancer have been completed, 
and many others are currently under way (see Table 3). 
Intravitreal administration of an antisense ODN targeting the 
cytomegalovirus genome (CMV) has been approved by the 
US Food and Drug Administration for CM V -induced retinitis 
associated with HIV infection. Ribozymes are also entering 
the clinical arena, as a clinical trial of hairpin ribozyme 
is under way in the treatment of HIV infection. In this 
section, the results of antisense studies described thus far 
will be reviewed, and the potential of ribozymes as anticancer 
therapeutics will be further explored. 

The first report of a clinical trial of antisense therapy 
in cancer involved the use of an antisense ODN targeting 
p53 (Bishop etal., 1996). In this phase | trial, 16 patients 
with advanced haematological malignancies (either refrac- 
tory acute myelogenous leukaemia or advanced myelodys- 
plastic syndrome) were treated by continuous intravenous 
infusion of a 20-mer phosphorothioate oligonucleotide com- 
plementary to p53 mRNA for 10 days. Five dose levels, 
ranging from 0.05 to 0.25mgkg-th—! were examined. No 
specific toxicity was found to be directly related to the 
administration of the antisense ODN. Pharmacokinetic stud- 
ies revealed that plasma drug concentrations increased with 
dose, and that 36% of the administered dose was recovered 
in the urine. While there was diminished in vitro expansion 
of leukaemic cells following ODN therapy, no clinical com- 
plete responses were observed. A second study examined 
the pharmacokinetic profile of an antisense ODN targeting 
intercellular adhesion molecule-1. A phase | dose escalation 
study was conducted in volunteers with single or multiple 
intravenous infusions of ISIS 2302. Laboratory abnormalities 
included dose-related increases in activated partial thrombo- 
plastin time and insignificant increases in C3a. The plasma 
half-life was found to be 53-54 min for intact drug and 


Table 3 Antisense Ribozyme Compounds in Clinical Trials of Cancer 


Target gene Target cancer 


c-raf Multiple 
p53 Haematological malignancies 
bcl-2 Non-Hodgkin lymphoma; prostate 
cancer; melanoma 
c-myb CML 
PK C-a Multiple 
Ovarian 
H-ras Solid tumours 
fit-1 Breast cancer, melanoma 


67-74 min for total oligonucleotide. No adverse effects were 
related to drug treatment. 

Subsequently, the results of two phase | trials of antisense 
ODNs targeting bcl-2 and c-raf-1 have been published at 
the time of this writing. The preliminary results of several 
other trials have been reported in abstract form. In the 
case of bcl-2 antisense ODN, a phase | study examining 
daily subcutaneous infusion of an 18-mer phosphorothioate 
oligonucleotide for 2 weeks was performed in five patients 
with bcl-2-positive non-Hodgkin lymphoma (Webb etal., 
1997). This dose escalation study investigated doses ranging 
from 4.6 to 73.6mg/m* . With the exception of local 
inflammation at the injection sites, no treatment-related 
adverse events were noted. One patient had a complete 
response of nodal disease lasting 4 months. A nother patient 
had improved tumour burden that did not qualify as a 
partial response. Two patients had improvements in their 
constitutional symptoms with antisense ODN treatment, 
and several patients had a reduction in the number of 
circulating lymphoma cells or serum concentration of lactate 
dehydrogenase. Importantly, Bcl-2 expression was assayed 
using flow cytometry, and was reduced in the peripheral 
blood and bone marrow aspirates of one patient and in 
the lymph node aspirates of another patient (Webb etal., 
1997). 

More recently, the results of a phase | clinical, pharma- 
cokinetic and pharmacodynamic trial of ISIS 5132 targeting 
c-raf -1 kinase have been reported (Stevenson et al., 1999). 
Thirty-one patients with advanced malignancies underwent a 
dose-escalation trial of a 20-base phosphorothioate antisense 
ODN complementary to 3’ untranslated sequences of c-raf -1 
mRNA with nine dose levels ranging from 0.5— 6.0 mg kg-t} 
as a 2-h intravenous infusion three times weekly for three 
consecutive weeks. In this study, a maximum tolerated dose 
was not achieved, and toxicities included fever and fatigue. 
Laboratory toxicities included elevations in the activated par- 
tial thromboplastin time and levels of C3a. The potential for 
complement activation resulted in closure of the study ata 
dose of 6.0mgkg~?. One patient with metastatic colorectal 
carcinoma was observed to have minor response in a liver 
metastasis. Another patient with metastatic renal cell carci- 
noma had stable disease during 10 courses of treatment prior 
to progressive disease. 

Pharmacokinetic studies, similar to prior studies, revealed 
a linear increase in mean plasma concentrations with 
increasing dose. The mean half-life of ISIS 5132 was 


R eference/status 


l; dl Stevenson et al. (1999) 
| Bishop et al. (1996) 
I; Ul Webb et al. (1997) Ongoing 


| Ongoing 


| Ongoing 
I Ongoing 
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59.8 min. In this study, patients’ circulating peripheral 
blood mononuclear cells were used as a surrogate to study 
expression of c-raf-1 during ISIS 5132 administration. 
Reductions of c-raf-1 expression were noted in 13 of 14 
patients by day three of treatment, with a median decrease of 
42% of initial values. Interestingly, higher doses of antisense 
ODN did not result in more prolonged gene expression. 
In the two patients with possible clinical benefit noted 
previously, c-raf-1 mRNA levels were reduced during the 
period of disease stability, but became elevated with disease 
progression. 

A few reports have described the preliminary experience 
with antisense ODNs in other oncological settings. A study 
of antisense c-myb ODN in 18 patients with refractory 
leukaemia showed minimal toxicity and one response in a 
patient with CML in blast crisis who reverted to chronic 
phase. Two trials of antisense ODN targeting protein kinase 
Ca to patients with refractory cancer have been performed. 
Early analysis of these trials shows tolerability of the 
antisense therapy, and clinical responses were observed in 
ovarian cancer patients. This has resulted in a phase II 
trial in ovarian carcinoma. More recently, a trial of G3139, 
an antisense ODN targeting bcl-2 mRNA combined with 
dacarbazine in patients with metastatic melanoma showed 
responses in three of 14 evaluable patients. Study treatment 
was associated with transient fever, flushing, rash and liver 
function abnormalities. Reduction of Bcl-2 protein in tumour 
biopsy samples and induction of apoptosis of melanoma cells 
was observed. 

Taken together, the studies performed to date allow a 
number of conclusions to be drawn. First, antisense ODN 
therapy appears to be remarkably safe, even in the setting of 
advanced malignancies. Several dosing and administration 
schedules have been analysed, and further optimization 
is required. Antisense ODN therapy appears to have a 
short half-life and a fairly predictable pharmacokinetic 
profile. Demonstration of inhibition of gene expression 
has been provided in a few instances, but needs to be 
examined more closely. To date, the presence of nonantisense 
effects in humans is unknown. Transient clinical benefits 
and/or responses have been observed. These studies suggest 
the readiness of antisense ODNs for phase II trials, in 
which a more accurate assessment of clinical response 
is possible. Moreover, no conclusions can yet be drawn 
regarding the specific genes targeted. Furthermore, the exact 
nature of the malignancies that would represent the most 
suitable targets for antisense therapy has yet to be defined. 
Nevertheless, the results amassed to date are encouraging 
to permit the continued clinical maturation of antisense 
technology. 

With respect to ribozymes, further optimizations in gene 
delivery techniques will probably be required prior to 
initiation of widespread clinical testing. Recent studies 
using systemic delivery and expression of ribozymes using 
cationic lipid- DNA complexes with vectors that permit 
sustained transgene expression to tumour-bearing animals 


offer a possible improvement to currently existing ribozyme 
therapeutics for cancer. 


NEW USES FOR ANTISENSE AND RIBOZYMES IN 
CANCER 


In addition to the use of antisense/ribozymes to down- 
regulate gene expression for therapeutic purposes, novel uses 
of these compounds are emerging, with potential applications 
to human cancer. One intriguing use of these compounds is 
in the functional genomics of cancer. With the completion 
of the human genome project, a myriad of candidate 
genes will emerge with possible roles in the initiation, 
progression, prevention, and/or treatment of human cancer. 
The use of antisense and/or ribozymes to suppress a target 
gene of interest in tumour cell lines or in tumour-bearing 
animals may represent a powerful strategy to define the 
role of previously uncharacterized genes in cancer. Second, 
antisense/ribozyme technology has been adapted to achieve 
repair of mutated genes. While this represents an evolving 
technology at the present time, the theoretical appeal to the 
treatment of the primary genetic defects of human disease 
(including cancer) are obvious. 


CONCLUSION 


In this chapter we have reviewed the evolution of antisense 
and ribozymes from tools in molecular biology to tools in 
the clinical management of cancer. It is clear that there 
is enormous potential in antisense/ribozyme therapy, but 
also that there are significant pitfalls and obstacles yet 
to be overcome. However, these technologies are being 
increasingly tested in clinical trials of human cancer. The 
coming decade is sure to see the continued progress and 
development of antisense and ribozymes as therapeutics. 
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INTRODUCTION 


The long-term understanding of cancer growth is that it is 
a net result of uncontrolled multiplication of cells that out 
paces the rate of natural cell death within the tumour mass. 
The ultimate aim of the tumour is survival by overcoming 
the many barriers in its path. The imperative need for 
continual supply of nutrients to new growth areas, for 
instance, is met through sustained angiogenesis. Another 
major factor for growth and survival is limitless replicative 
potential, requiring continued biosynthesis of the genetic 
material to provide a complementary set of chromosomes in 
each of the daughter cells following cell division. Inhibiting 
DNA replication, therefore, affords a logical approach for 
retarding tumour growth. For this reason, DNA has become 
a critical target in cancer chemotherapy. Indeed, many of 
the antitumour agents currently in the cancer armamentarium 
are DNA-interactive. Among them, the DNA alkylators or 
cross-linkers, which includes the platinum-based drugs, are 
the most active available for effective cancer management. 
Historically, nitrogen mustard was introduced in 1942 as 
the first alkylating agent to have clinical utility (Gilman 
and Phillips, 1946). It was an analogue of the highly toxic 
sulphur mustard gas, which had been used as a weapon in 
1917 during the First World War and later as a therapeutic 
agent against squamous cell carcinoma (Adair and Bagg, 
1931). The advent of nitrogen mustard was the beginning 
of modern cancer chemotherapy, and it spawned a series 
of more effective and less toxic alkylating agents that are 
still in use today. Five major structural classes of alkylating 
agents are of considerable interest: the nitrogen mustards, 
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the aziridines, alkyl sulphonates, the nitrosoureas and the 
mechanistically distinct platinum-containing drugs. 


GENERAL MECHANISM OF ACTION 


By virtue of their high chemical reactivity, either intrinsic 
or acquired in a biological environment, all alkylating 
agents form covalent linkages with macromolecules having 
nucleophilic centres. They have no specificity, but the chance 
reaction with DNA forms the basis for the antitumour 
effects. Bifunctional alkylating agents form covalent bonds 
at two nucleophilic sites on different DNA bases to induce 
interstrand (between two opposite strands) and/or intrastrand 
(on same strand) cross-links. Such cross-links can have 
either a 1,2 or 1,3 configuration (Figure 1). M onofunctional 
agents have only one alkylating group and, therefore, cannot 
form crosslinks. The traditional alkylators interact with DNA 
(usually the N7 position of guanine) through an alkyl group, 
and this is distinct from a platinum-containing drug, which, 
although loosely referred to as an alkylating agent, forms 
covalent links between adenine and/or guanine bases via 
the platinum atom. Irrespective of the specific mechanisms 
involved in the formation of adducts, the end effect of 
these DNA-interactive agents is to inhibit DNA replication, 
which in turn may affect the production of RNA and protein 
(Lawley and Brookes, 1965). These reactions, unfortunately, 
do not discriminate between normal and tumour DNA, which 
is a characteristic of all antitumour agents that leads to 
side effects and the associated low therapeutic indices. A ny 
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Figure 1 Monofunctional adducts and 1,2- and 1,3-interstrand and 
intrastrand cross-links induced by DNA interactive agents. X = antitumour 
agent. 


antitumour selectivity that is observed is dependent on the 
extent of covalent interactions induced by the drug that 
affects distortions and unwinding in DNA. Such changes 
in the superhelical structure are then processed as distinct 
signals that determine whether a cell lives or dies. When 
DNA is damaged, these signals inhibit cell cycle progression, 
which is a process that the cell activates to allow DNA repair 
to proceed and, thereby, prevent replication of new DNA on 
a damaged template or prevent damaged chromosomes to 
be passed on to daughter cells. Thus, as a rule, drugs that 
interact with DNA affect the cell cycle, and whether a cell 
survives or dies depends on the extent of interaction between 
the drug and DNA, and how rapidly the adverse effects 
of that interaction can be neutralized through DNA repair. 
Indeed, one of the mechanisms of resistance of tumour cells 
to alkylating and platinum agents is attributed to enhanced 
repair of cross-links. 

In this chapter, the mechanism of action of some 
established DNA interactive agents will be discussed, but 
for many the detailed information is scant and very little is 
known regarding events following DNA damage. For this 
reason, emphasis will be placed on cisplatin, which has 
been studied in greater detail and, therefore, allows us to 
appreciate the complexity of the molecular pathway from 
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Figure 2 Structures of selected members of the nitrogen mustard family 
of drugs. 


DNA damage to cell death. Similar or overlapping pathways 
probably exist for the other DNA-interactive drugs. 


NITROGEN MUSTARDS 


Since the mid-1940s, hundreds of nitrogen mustard-based 
alkylating agents have been evaluated for their potential 
as antitumour agents. However, only a handful have found 
a place in medical oncology as therapeutic agents. These 
include nitrogen mustard (mechlorethamine), chlorambucil, 
melphalan, cyclophosphamide and its activated prodrug form 
4-hydroperoxycyclophosphamide and ifosfamide (Figure 2). 
The common structural feature is the bischloroethy! group, 
which is the precursor for the activated function that 
predominantly alkylates the N7 of guanine, although minor 
alkylation reactions can also occur at other sites, including 
the O6 position of guanine, and N3 and N7 of adenine 
(Colvin etal., 1999). Mechlorethamine reacts with guanine 
following spontaneous activation at physiological pH. The 
rapid rate of activation of this agent, however, is the major 
cause of side effects. For this reason, other members of 
the nitrogen mustard family are of greater interest as they 
have been structurally modified to regulate the generation 
of the active species. Cyclophosphamide, for instance, is 
highly stable and requires the hepatic mixed function oxidase 
system to activate the molecule metabolically (Sladek, 1987). 
Although the metabolism of cyclophosphamide is complex, 
the product 4-hydroxycyclophosphamide is considered the 
most significant. This metabolite distributes throughout the 
body, including the tumour where spontaneous degradation 
occurs to form phosphoramide mustard or nornitrogen 
mustard (Figure 3). It is useful to note that a byproduct of 
cyclophosphamide activation is acrolein, which is responsible 
for haemorrhagic cystitis as a serious side effect (Cox, 1979). 

The chloroethy!l group of the biotransformed mustard is 
very important in the reaction that ensues with macro- 
molecules. Before its reaction, however, the group cyclizes 
to the imonium (aziridinium) ion, which is the highly reac- 
tive alkylating moiety that interacts with the DNA molecule 
(Figure 4). However, it is uncertain whether alkylation by 
the imonium occurs directly or via rearrangement to the reac- 
tive carbonium ion intermediate (Colvin et al., 1999). Since 
the two chloroethyl groups in the nitrogen mustard drugs 
are retained in phosphoramide and nornitrogen molecules, 
a bifunctional reaction with macromolecules ensues. Thus, 
each drug molecule forms adducts with two individual 
nucleotide bases through a sequential alkylation process; 
that is, a monofunctional adduct is formed first and this 
is followed by the second adduct in the opposite strand 
of the DNA. This bifunctional reaction, thereby, gener- 
ates an interstrand cross-link between the two strands of 
DNA in the helix. Both 1,2- and 1,3-cross-links are feasi- 
ble from an energetic consideration, but it appears that the 
1,3-cross-link is favoured by the mustards (Colvin etal., 
1999). The interstrand cross-link is considered critical in 
preventing the two opposing strands from separating dur- 
ing replication, which leads to inhibition of DNA synthesis. 
Cross-links can also occur on the same strand of DNA and 
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Figure 4 Mechanism of DNA alkylation by a reactive nitrogen mustard molecule and formation of interstrand cross-link. (Adapted from Sladek, 1987 


and Pratt et al., 1994.) 


between DNA and protein, but for mustards these lesions are 
not considered to be cytotoxic (Colvin et al., 1999). Simi- 
larly, if the second alkylating reaction is with glutathione, 
the resulting monofunctional lesion in the DNA also has 
reduced cytotoxicity. From these considerations, it is rea- 
sonable to conclude that the interstrand DNA cross-link 
is essential for maximal cell killing (Garcia et al., 1988). 
Indeed, bifunctional interstrand adducts are as much as 100- 
fold more cytotoxic than monofunctional adducts (Roberts 
et al., 1968). 


Like cyclophosphamide, the closely related ifosfamide also 
requires metabolic activation along an identical pathway 
(Sladek, 1987), but the structural variation in the analogue 
is such that the rate of hepatic activation is reduced, 
which, thereby, decreases drug potency. For this reason, 
about four times as much drug is required to give the 
same cytotoxic effects as cyclophosphamide (Colvin, 1982). 
However, the cumulative amount of acrolein produced is 
substantially greater, which becomes a dose-limiting factor 
that requires the clinical use of the thiol-containing agent 
Mesna to inactivate the toxic product. The presence of 
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the electron-withdrawing aromatic ring in melphalan and 
chlorambucil also reduces the rate of formation of the 
imonium ion. As a result, the potency of these molecules 
is also reduced. Metabolic activation appears not to be 
necessary for these specific nitrogen mustards. However, 
melphalan is actively transported in certain tumour cells 
by a high-affinity carrier system that can increase the 
activity of the molecule (Vistica, 1979). An alternative 
application of nitrogen mustards in purging leukaemic cells 
from bone marrow aspirates has required the design of 
the prodrug 4-hydroperoxycyclophosphamide. This drug 
does not require metabolic activation for activity, and is, 
therefore, very effective in an ex vivo setting (Y eager et al., 
1986). 


AZIRIDINES 


The aziridines, also known as ethylenimines, are a family 
of alkylating agents that contain three-membered aziridine 
rings. Members of this family include triethylenemelamine, 
triethylenethiophosphoramide (thio-tepa), and mitomycin C 
(Figure 5). Hexamethylmelamine (Altretamine), which is 
a close relative of triethylenemelamine, is also a family 
member, although the classical aziridine ring is absent. 
The aziridine ring is structurally similar to that present 
in the reactive imonium ion formed by nitrogen mustards. 
However, since the aziridine ring does not carry a charge, 
these drugs are much less reactive than the mustards. 

The aziridines are activated spontaneously or by an enzy- 
matic oxidative reaction. Following activation, alkylation can 
occur at a number of nucleophilic sites in DNA, RNA, pro- 
tein and other molecules such as glutathione. With DNA, 
alkylation reactions of thio-tepa have been reported at a 
number of sites, including N1 of thymine, O2 of cyto- 
sine, N1, N6 and N7 of adenine, and N1, N7 and 06 
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Figure 5 Structures of aziridines and hexamethylmelamine. 


of guanine (Maanen etal., 2000). However, the preferen- 
tial target is the N7 position of guanine, with subsequent 
formation of guanine- guanine (GG) and adenine- guanine 
(AG) 1,2-interstrand cross-links (Andrievesky et al., 1991). 
Two possible pathways for the formation of DNA adducts 
with aziridines are exemplified with thio-tepa (Figure 6). 
One pathway (pathway A in Figure 6) involves a sequen- 
tial reaction that results in cross-link formation. In the sec- 
ond reaction pathway (pathway B), resolved using radiola- 
belled drug in L1210 leukaemic cells (Egorin and Snyder, 
1990; M usser et al., 1992), hydrolytic cleavage liberates the 
aziridine groups, which induce monofunctional adducts 
that subsequently lead to DNA strand breaks and cell 
death. In this respect, thio-tepa functions as a pro- 
drug for the alkylating aziridine molecule (M aanen et al., 
2000). 

Triethylenemelamine probably undergoes reactions with 
DNA that are similar to thio-tepa. Mitomycin C, on the 
other hand, requires an enzymatic reduction to activate 
the aziridine ring before reaction can occur with DNA 
initially to form a monofunctional adduct (D'Incalci et al., 
1992; Pratt etal., 1994). The preferential alkylation site 
for this initial reaction appears to be the N2 position of 
guanine. A second alkylation reaction with the opposite DNA 
strand follows the spontaneous intramolecular elimination 
of the carbamate group and results in interstrand cross- 
links between guanine bases (Figure 7). However, alkylation 
is preferred in 5’C-G3’ sequences to give the 1,2-GG 
cross-links in DNA. Metabolic activation also plays an 
important role in activating hexamethylmelamine. H epatic 
mixed function oxidases sequentially metabolize the methyl 
groups in the molecule to alcohol derivatives, which 
rearrange to reactive iminium ions that then alkylate guanine 
bases. In Figure 8, the conversion of hexamethylmelamine 
to pentamethylmelamine is demonstrated, but subsequent 
metabolism of this product can lead to the loss of all six 
methyl groups and potential generation of an iminium ion 
from each methyl group metabolized. Hexamethylmelamine 
derivatives, such as trimelamol, have also been designed 
that do not appear to require metabolic activation for 
generation of the reactive iminium ion (Siddik and Newman, 
1994). 


ALKYL SULPHONATES 


Busulphan is the best known of the alkyl sulphonates, and 
has a linear symmetrical chemical structure that facilitates 
cross-link formation. However, the mechanism of alkyla- 
tion of this molecule is different. Unlike the mustards and 
the aziridines, which must first generate reactive species, 
busulphan interacts directly with the N7 position of guanine 
and leads to the formation of DNA mono- and then bi- 
adducts, with release of methyl! sulfonate groups (Figure 9). 
Interstrand cross-links between guanines have been demon- 
strated for busulphan (Tong and Ludlum, 1980) and, as with 
the mustards, this is considered the cytotoxic lesion (Bedford 
and Fox, 1983). 
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Figure 6 Mechanisms involved in the formation of DNA interstrand cross-links (pathway A) and monofunctional adducts (pathway B) by thio-tepa. 


(Adapted from M aanen et al., 2000.) 
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Figure 7 Reaction of mitomycin C with DNA to form cross-links between guanine bases. (Adapted from Pratt et al., 1994.) 


NITROSOUREAS 


Much of the early focus on nitrosoureas as antitumour 
agents came from studies of Montgomery and co-workers 
at the Southern Research Institute in Birmingham, AL, USA 
(Reed, 1987). The extensive structure- activity studies over 
many years established the foundation that eventually led to 
the discovery of the more useful 2-chloroethylnitrosoureas 


(CENUs) that are currently in clinical use. A number of 
nitrosoureas are of clinical interest, and include BCNU 
(carmustine), CCNU (lomustine), methyl-CCNU (semustine) 
and chlorozotocin (Figure 10). 

In general, the CENUs are highly unstable and rapidly 
undergo spontaneous transformation to yield a number of 
products (Figure 11). A most significant product, how- 
ever, is the highly unstable 2-chloroethyldiazene hydroxide, 
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Figure 8 Conversion of HMM to an iminium ion and the formation of DNA adduct. (Adapted from Pratt et al., 1994.) 
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Figure 9 Mechanism of formation of DNA interstrand cross-links induced by busulphan. 


which transforms to the alkylating 2-chloroethylcarbonium 
ion (Ludlum, 1997). Although this reactive ion can alky- 
late nucleophilic sites in DNA to yield a number of mod- 
ified DNA bases, the N7 position of guanine appears to 
be a predominant site for alkylation, particularly when this 
base is in the middle of a run of three or more gua- 
nines in DNA (Reed, 1987; Lemoine etal., 1991). In 
contrast to other DNA-reactive agents, the CENUs also 
alkylate the O6 site of guanine to a large extent. The 
significance of O6 alkylation can be recognized from the 
knowledge that cytotoxicity correlates inversely with cellular 
activity of the DNA repair enzyme 0 ®-alkylguanine- DNA 
alkyltransferase, which removes the monofunctional 06 
adduct from the DNA (Pratt et al., 1994). Thus, when the 


O ®-alkyltransferase is overexpressed, sensitivity of tumour 
cells to CENUs diminishes. The DNA monoadducts are 
chloroethyl derivatives, but substantial amounts of hydrox- 
yethyl adducts are also formed (Figure 11). It is possible 
that hydroxyethyl adducts could arise from hydrolysis of 
chloroethylated bases, but it appears more likely that other 
reactive intermediates of CEN Us are involved in the transfer 
of hydroxyethyl groups to DNA. One likely explanation is 
that the CENUs can cyclize (Figure 11), and during decy- 
clization the chloride group is replaced by the hydroxyl 
group, which can then form the alkylating 2-hydroxyethyl 
carbonium ion (Eisenbrand et al., 1986). 

The initial monofunctional adduct formed by the CENU 
is converted to an alkyltransferase-resistant 1,2-cross-link 
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through labilization of the alkylating chloroethy! group 
on the initial site and reaction with a nucleophilic site 
on a second DNA base (Figure 12, pathway A). This 
explains why CENUs, such as CCNU, with only a single 
chloroethy! side chain have the capacity to cross-link DNA. 
Reaction kinetics indicate that the initial alkylation to form 
the DNA monoadduct occurs very rapidly (usually within 
minutes), whereas the conversion to the cross-link can take 
6-12h. Chemical structures of two DNA lesions have been 
identified as guanine- guanine (through N7 positions) and 
N 3-cytosine-N !-guanine (CG) 1,2-cross-links. Although the 
chemical reaction leading to the bisguanine (GG) cross-link 
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Figure 10 Structures of selected 2-choloroethy!nitrosourea antitumour agents. 
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at the N7 positions is consistent with the characterized N 7- 
guanine monofunctional adduct, the CG cross-link through 
the N1 position of guanine is not as straightforward to 
comprehend, particularly since alkylation at the N1 site is 
rare. It is most likely that the CG crosslink occurs through 
an initial O ĉ-guanine adduct, which cyclizes to the 0 °- 
ethanoguanine intermediate that then reacts with cytosine 
(Figure 12, pathway B). Steric considerations suggest that 
the CG cross-link is interstrand and the GG cross-link is 
intrastrand (Ludlum, 1997). Irrespective of their nature, both 
GG and CG cross-links correlate strongly with cytotoxicity. 
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from Eisenbrand et al., 1986, Pratt et al., 1994 and Ludlum, 1997.) 
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General reaction of a 2-chloroethylnitrosourea (CENU) with DNA to form monoadducts as the initial step in cross-link formation. (A dapted 
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Figure 12 Mechanisms responsible for the conversion of monofunctional adducts of CENU to GG intrastrand (pathway A) and CG interstrand (pathway 


B) cross-links. (Adapted from Ludlum, 1997.) 


A second interesting product of spontaneous CENU trans- 
formation is the isocyanate species (Figure 11), which is 
formed in varying amounts depending on the chemical struc- 
ture of the CENU. Although isocyanates can carbamoylate a 
range of proteins at the «-amino group of lysine, includ- 
ing nuclear histone and nonhistone proteins, there is no 
correlation between carbamoylation activity and cytotoxic- 
ity (Lemoine et al., 1991). Chlorozotocin, for instance, has 
low carbamoylating activity, but retains antitumour activ- 
ity. However, there is disagreement whether carbamoyla- 
tion reaction contributes to the side effects of CENUs. 
Although the rate and extent of carbamoylation of protein 
may not be associated with bone marrow toxicity of some 
nitrosoureas (Reed, 1987), this does not necessarily preclude 
other CENUs that possess a distinctly different carbamoy- 
lating isocyanate function in the molecule from inducing 
myelotoxicity (Ali-Osman et al., 1985). 


PLATINUM-BASED AGENTS 


The platinum drug cisplatin (cis-diamminedichloro- 
platinum(ir)) is perhaps one of the most effective antitu- 
mour agents currently in clinical use. Although the drug 
had previously been known as Peyrone’s salt for over 100 
years, it was not until 1969 that its antitumour effects were 
first recognized through a serendipitous finding. In an exper- 
iment designed to determine how E. coli would behave 
in an electric field, Rosenberg and colleagues (Rosenberg, 
1980) passed an electrical current via platinum electrodes 
through a bacterial culture, which contained nutrients that 
included ammonium chloride as a source of nitrogen. It was 
noted that the bacteria stopped dividing, but continued to 
grow and became filamentous. Subsequent investigations to 
explain this observation led to the isolation from the culture 


of several divalent and tetravalent platinum-containing prod- 
ucts that formed from the reaction between the electrodes 
and the culture medium (presumably ammonium chloride). 
The most effective of the agents was identified as cisplatin, 
which was subsequently developed as an antitumour agent. 
The drug became approved for clinical trials in 1972. 
There is no question that cisplatin has had a major impact 
in the treatment of several important cancers, such as those 
of the ovary, testes and head and neck (Prestayko et al., 
1979), but its clinical utility can often be compromised by 
side effects and the onset of tumour drug resistance. It was 
indeed the dose-limiting nephrotoxicity that led to the search 
for aless toxic platinum analogue. The eventual identification 
of the clinically active carboplatin in the early 1980s by 
Harrap and his colleagues was a result of an intensive 
laboratory-based effort that required an initial examination 
of over 300 analogues (Kelland etal., 1999). Although 
carboplatin has been important in overcoming the irreversible 
renal damage and the peripheral neuropathy associated with 
cisplatin use in patients, it is, however, fully cross-resistant 
with the parent molecule (Gore etal., 1989; Eisenhauer 
et al., 1990). Therefore, greater attention has been devoted 
recently to identify analogues capable of circumventing 
cisplatin resistance, and a few have been introduced into 
clinical trials with various degrees of success (K elland 
et al., 1999). The 1,2-diaminocyclohexane (DACH)-based 
oxaliplatin is fulfilling its potential against specific refractory 
cancers (Faivre et al., 1999), but the underlying basis for 
its activity is yet to be defined. Indeed, this and other 
analogues, such as ZD0473 (Kelland etal., 1999), are still 
under active clinical investigations and, regardless of the 
fact that current investigations are intense, it may be some 
time before their mechanism of action will become fully 
appreciated. However, it is useful to note that according to 
the results of the DISCOVERY computer program analysis 
by the National Cancer Institute in the USA, cisplatin and 
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Figure 13 Structures of cisplatin and selected analogues of clinical and mechanistic interests. 


its analogues fall into at least 13 clustered regions, each 
reflecting a distinct mechanism of action (Tanimura et al., 
1995). These mechanisms are also not known at the present 
time. Indeed, almost 30 years after its clinical acceptance as a 
potent antitumour drug, we are still searching for answers to 
explain exactly how cisplatin works. Therefore, this section 
will focus primarily on our present understanding of the 
mechanism of action of cisplatin. 

Some of the platinum drugs of interest, either clinically 
or from the perspective of understanding the mechanism of 
action, are shown in Figure 13. Cisplatin is a square-planar 
inorganic molecule, which has the central platinum in a 
divalent state. Other platinum(1) agents have similar config- 
urations. In contrast, the tetravalent platinum(1v) compounds, 
such as ormaplatin (tetraplatin), have an octahedral structure, 
but they are considered as prodrugs for the corresponding 
active platinum(m) structures. Cisplatin has a rigid structure, 
with two labile chloro and two stable ammine ligands in a cis 
configuration. This is critical for antitumour activity, as the 
isomer transplatin, with a trans geometry, is relatively inef- 
fective. A few active experimental trans-platinum(m) agents, 
however, transcend the absolute requirement for a cis config- 
uration (Perez et al., 1999), but the reason for this is unclear. 
The cytotoxic activity of cisplatin has sparked considerable 
interest in other metal-based agents, but none of the pos- 
sible metal alternatives, including gold, ruthenium, rhodium 
and palladium, provide the optimal chemical environment for 
active antitumour drugs. 


Chemistry of Cisplatin as a Basis for Activity 


Cisplatin is considered a very potent antitumour agent, yet 
from a chemical perspective the molecule itself is inert, and 
unable to react with biological macromolecules. Like some 
alkylating agents, the neutral drug molecule needs to be 
converted to a reactive form. This occurs nonenzymatically 
in solution, where displacement reactions result in stepwise 
exchange of the labile chloro ligands with water molecules 
(el K hateeb et al., 1999; K elland, 2000). Such aquations also 
occur with other platinum analogues, and lead to several 


species that exist in equilibrium, as exemplified with cisplatin 
in Figure 14. The charged aquated species are highly reactive, 
but the chloro-monoaquo species is the most significant from 
the perspective of interaction with DNA at physiological pH. 
The reactive aquated species, however, can also be inacti- 
vated through nonspecific interaction with many endogenous 
nucleophilic molecules and macromolecules, such as glu- 
tathione, methionine, metallothionein and protein. In the case 
of carboplatin, which has a more stable bidentate cyclobu- 
tanedicarboxylate ligand, the aquation reaction is much 
slower. This reduces drug potency, which thereby requires 
a greater dose for an equivalent antitumour effect. Indeed, 
since the final reactive species arising from cisplatin and car- 
boplatin are identical, the slower rate of aquation may be the 
underlying basis for the reduced renal toxicity and peripheral 
neuropathy of carboplatin. This has led to the concept that 
high peak plasma concentrations of cisplatin are cytotoxic to 
both normal and tumour cells, whereas low sustained levels 
are equally effective against tumour cells but less toxic to 
normal cells. Support for the concept has come from clinical 
studies, which demonstrate the potential for an increase in the 
therapeutic index when cisplatin is given as a slow continu- 
ous infusion over several days (Salem et al., 1978, 1984). 

Although activation is essential for activity, a substantially 
rapid generation of the reactive species is in general not 
conducive to antitumour effects. This may be particularly 
relevant in understanding why the highly reactive gold- or 
palladium-based agents are ineffective as antitumour agents. 
It is likely that these compounds are rapidly inactivated 
during nonspecific random interactions with plasma proteins 
and other components, and are therefore unable to reach 
the tumour site in sufficient concentrations to have any 
effect. Similarly, the clinical failure of the platinum(rv) agent 
ormaplatin could be ascribed to its rapid reduction to the 
platinum(1) form in the plasma and immediate inactivation 
of the transformed species through irreversible, noncytotoxic 
interactions with macromolecules such as plasma proteins 
(Siddik et al., 1999). 
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Figure 14 Conversion of cisplatin to positively charged reactive species via reversible aquation reactions. 


DNA as a Target of Platinum Drugs 


Studies conducted by several investigators, including R oberts 
and Pera (1983), leave little doubt that DNA is the 
primary target of cisplatin and other platinum agents. 
However, very little is known regarding the chemical form 
of cisplatin that reaches the nucleus. It is likely that the 
neutral uncharged species is the form that traverses the 
nuclear membrane. Although cisplatin enters cells through 
a predominantly nonsaturable passive diffusion process 
(Kelland, 2000), it is not known if a similar process also 
operates in nuclear drug uptake. Once inside the nucleus, 
the activated form of cisplatin interacts sequentially with 
nucleophilic sites on purine bases in DNA. First, as soon 
as the monoaquated species of cisplatin is formed, it reacts 
immediately with a DNA base (preferentially N7 of guanine) 
to form a monofunctional adduct. Such platinated adducts 
are considered inactive, as ascertained, for instance, from 
the inability of monofunctional adducts of cisplatin or 
transplatin to terminate RNA synthesis by bacterial RNA 
polymerases on DNA templates (Lemaire etal., 1991; 
Brabec and Leng, 1993). The remaining chloride ligand 
linked to platinum in the monoadduct is then hydrolysed, 
and the resulting aquated species interacts with a second 
nucleophilic site to form DNA and DNA-protein cross- 
links (Figure 15). Both 1,2- and 1,3-intrastrand DNA 
cross-links have been observed. The 1,2-interstrand DNA 
cross-links between opposite guanine bases are formed 
preferentially in 5'G -C3 (G-C) sequences of both strands 
of linear DNA, but not in 5’C-G3’ (C-G) sequences 
as preferred by mitomycin C. The preference for G-C 
sequence for the formation of interstrand platinum cross-link 
is probably due to the relatively shorter distance between 
opposite guanines in G-C sequences (M alinge et al., 1999). 
Interestingly, interstrand cross-links are formed in both G-C 
and C-G sequences in supercoiled DNA, and this suggests 
that DNA topology can regulate interstrand platination 
reaction. 


There is still uncertainty whether interstrand or intrastrand 
DNA cross-links are the cytotoxic lesions. Although inter- 
strand cross-links can lead to biological effects, such as 
inhibition of transcriptional activity of prokaryotic and 
eukaryotic RNA polymerases on a damaged DNA tem- 
plate (Corda et al., 1991), the bulk of the evidence suggests 
that intrastrand adducts provide the strongest basis for the 
cytotoxic action of cisplatin, This is consistent with the 
knowledge that the relatively inactive transplatin cannot form 
intrastrand cross-links (Roberts and Friedlos, 1987). The sub- 
stantial interest in intrastrand cross-links is also a result of 
biochemical analysis, which demonstrate that 1,2-intrastrand 
AG and GG cross-links account for about 85-90% of all 
DNA adducts (K elland, 1993). In contrast, the 1,3-intrastrand 
GXG cross-links (where X is any nucleotide), interstrand GG 
cross-links and monofunctional adducts each make up about 
2- 6% of the platinum bound to DNA. The level of the AXG 
intrastrand adduct, on the other hand, is negligible. Although 
interstrand adduct levels are relatively low, they have also 
been correlated directly to cytotoxicity and, therefore, can- 
not be totally discounted (Roberts and Friedlos, 1987). The 
interstrand cross-links, on the other hand, are relatively unsta- 
ble and convert to the more stable intrastrand form, with a 
half-life of about 29h (Perez etal., 1997; Malinge etal., 
1999). Similar levels of monoadducts and interstrand and 
intrastrand bi-adducts are also found for the analogue DACH- 
sulfatoplatinum(1) in an in vitro system (J ennerwein etal., 
1989). Since cells resistant to cisplatin have only a low 
level of cross-resistance to this and other similar DACH- 
containing analogues (Eastman, 1987), it is reasonable to 
conclude that if the mechanism of action is at the DNA 
level, then the chemically specific adducts of cisplatin and 
DACH-based platinum agents (e.g. oxaliplatin) (Figure 16) 
must be a major determinant of the differential mode of 
action between the platinum drugs. Similarly, the chemi- 
cal nature of adducts formed by cisplatin and carboplatin 
are identical, which is consistent with the knowledge that 
cisplatin-resistant tumours are cross-resistant to carboplatin. 
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Figure 15 Types of DNA adducts and cross-links induced by cisplatin. 


Compared with interstrand and intrastrand DNA cross-links, 
DNA -protein cross-links have been dismissed from playing 
a role in the cytotoxic process, partly on the basis of the find- 
ing that such lesions are formed extensively by the inactive 
agent transplatin (Zwelling et al., 1979). 


Effect of Cross-Links on DNA Structure and Damage 
Recognition 


It is widely understood that cross-linked adducts induced 
by cisplatin disrupt replication and transcriptional processes. 
Even just a few cross-links in the entire genome can be 
sufficient to inhibit DNA replication (Heiger-Bernays et al., 
1990). Such biological effects, however, do not necessarily 
correlate directly with cytotoxic effects. Therefore, formation 
of cross-link lesions should merely be considered as the 
initial step in the complex process leading to cell death. Both 
interstrand and intrastrand cross-links induce local unwinding 
and bending in the DNA double helix. The AG, GG and 
GXG intrastrand bi-adducts of cisplatin unwind DNA by 
13- 23° and bend the double helix by 32- 34° (Bellon et al., 
1991). Interstrand cross-links, on the other hand, induce 
much greater effects: unwinding of 79° and greater, and 
bends of 45- 47° have been reported (M alinge et al., 1999). 
Such physico-chemical characteristics may determine which 
signal transduction pathways are activated by interstrand 
and intrastrand adducts to induce cytotoxicity. Activation 
of these pathways probably occurs through special proteins 
with damage recognition properties that recognize the distinct 
distortions in the DNA and thereby affect cellular events, 
such as cell cycle arrest and apoptosis (a programmed form 
of cell death). 

More than 20 different damage recognition proteins have 
been identified, and some specificity has been demonstrated 
by these proteins for DNA adducts of cisplatin and analogues. 


The mismatch repair (MMR) complex proteins, for instance, 
bind to cisplatin-induced DNA cross-links with much 
greater affinity than to those formed by oxaliplatin. The 
MMR appears to be essential for cisplatin sensitivity but 
is not involved in the mechanism of oxaliplatin-induced 
cytotoxicity (Chaney and Vaisman, 1999). Another important 
protein involved in recognition is the high mobility group 
1 (HMG1) protein that recognizes cross-links of both 
cisplatin and oxaliplatin (Donahue etal., 1990), but the 
relative affinity again appears to be greater for those of 
cisplatin (Chaney and Vaisman, 1999). HMG1 binds to 
both intrastrand AG and GG adducts, but not to intrastrand 
GXG or monofunctional adducts. Interestingly, HM G1 also 
recognizes interstrand cross-links induced by cisplatin, but 
fails to interact with 1,1-cross-link of transplatin formed 
between guanine and the complementary cytosine residue 
(Kasparkova and Brabec, 1995). The TATA-binding protein 
(TBP), on the other hand, binds to adducts of both cisplatin 
and oxaliplatin with similar affinity (Chaney and Vaisman, 
1999). In contrast, other damage recognition proteins, such 
as the Ku subunit of DNA-dependent protein kinase (DNA- 
PK), bind to DNA damage induced by either the active 
cisplatin or the inactive transplatin (Turchi etal., 1999). 
It is highly likely that each recognition protein initiates a 
specific molecular event, which may lead to cell death. Thus, 
differences between platinum analogues in their mode of 
action may be a result of differential recognition of individual 
distortions in DNA caused by drug-distinct bending and/or 
unwinding at the site of platination by the platinum analogue. 
The process, however, is probably more complex. For 
instance, intrastrand GG and GXG adducts induce similar 
bending and unwinding in DNA, but are differentially 
recognized by HM G1. It is very likely, therefore, that other 
factors contribute to the recognition process. 
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Figure 16 Cross-links between guanine bases induced by cisplatin, carboplatin and oxaliplatin. Note that cisplatin and carboplatin form an identical 
cross-link, whereas the cross-link of oxaliplatin is structurally very different by virtue of the bulky 1,2-diaminocyclohexane (DACH) group in the adduct. 


The Role of the Tumour Suppressor p53 


How the damage recognition proteins determine the fate of 
cells is not entirely clear. They have been implicated in 
shielding DNA adducts from repair that has the effect of 
increasing persistence of damage to facilitate cytotoxicity. 
This is consistent with the inverse relationship that an 
increase in nucleotide excision repair capacity of cells leads 
to a decrease in sensitivity of tumour cells to cisplatin. 
On the other hand, damage recognition proteins may play 
a role in activating signalling pathways, which affect a 
number of molecular events, including regulation of the 
tumour suppressor p53 protein (K astan et al., 1991; Hainaut, 
1995; Jayaraman et al., 1998). Normally, p53 is maintained 
intracellularly at very low levels or in an inactive state 
by its binding to the Mdm2 protein (Lakin and Jackson, 
1999). When DNA is damaged by cisplatin, binding between 


M dm2 and p53 is disrupted by phosphorylation of the tumour 
suppressor and results in p53 induction by virtue of a greater 
metabolic stability of the free p53 than of the p53-Mdm2 
complex (Fritsche et al., 1993; Shieh etal., 1997; Lakin 
and Jackson, 1999). Once induced by the DNA damaging 
agents, p53 can transcriptionally activate DNA in a sequence- 
specific manner, eventually to give rise to other regulatory 
proteins such as p21@fl/Cipl or Bax that can facilitate cell 
cycle arrest or cell death, respectively (Sionov and Haupt, 
1999). However, the transcriptional activation by p53 is 
carefully orchestrated to provide a sequence of events that 
first results in cell cycle arrest through activation of cell cycle 
checkpoints to prevent not only DNA synthesis on a drug- 
damaged DNA template, but also segregation of damaged 
chromosomes during mitosis. If the cell cannot repair the 
damaged DNA, then apoptotic events are activated. 
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That p53 is a critical protein in protecting the genome 
and in preventing mutations in DNA from being passed 
on to daughter cells, comes from the realization that about 
50% of all cancers have mutated p53, which has lost 
normal regulatory functions (Hollstein etal., 1991; Kas- 
tan etal., 1991; Hartwell and Kastan, 1994; Oltvai and 
Korsmeyer, 1994). In cancer chemotherapy, the intrinsic 
function of p53 to induce cell death and prevent dam- 
aged DNA to be propagated to normal daughter cells is 
exploited. It is not surprising, therefore, that the presence 
in tumours of mutant p53, compared with wild-type p53, 
reduces survival rates in patients treated with cisplatin for 
stage III/IV ovarian cancers (van der Zee etal., 1995). In 
such cases, combining cisplatin with gene therapy to restore 
wild-type p53 has become a viable therapeutic option. Pres- 
ence of wild-type p53 in tumours, however, does not neces- 
sarily ensure greater sensitivity to cisplatin. Indeed, some 
tumour cell lines bearing wild-type p53 are highly resis- 
tant to cisplatin, and this has been attributed to a defec- 
tive signalling pathway that fails to activate p53 following 
DNA damage as a result of cross-link formation. Interest- 
ingly, aDACH-containing analogue, (1R ,2R )-DACH-(trans- 
diacetato)(dichloro)platinum(rv), is able to activate the dor- 
mant p53 and induce cytotoxicity (Hagopian etal., 1999; 
Siddik et al., 1999), which consolidates the belief that sig- 
nalling transduced by DNA damage are different for cisplatin 
and such mechanistically distinct analogues. Although the 
activity of this DACH-based platinum(rv) compound was 
dependent on wild-type p53, it is known that cell cycle 
arrest and cell death can also occur in a p53-independent 
manner, which is not well understood (M ichieli et al., 1994; 
Zhang et al., 1995; Segal-Bendirdjian et al., 1998; H aapa- 
jarvi etal., 1999). Furthermore, under certain conditions, 
inactivation of p53 can enhance cytotoxic sensitivity to cis- 
platin (Fan et al., 1995; Hawkins et al., 1996). These find- 
ings add credence to the understanding that cisplatin-induced 
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cell death is a very complex process that will require greater 
knowledge to unravel the interplay between several sig- 
nalling pathways that eventually determine whether a cell 
lives or dies. (See the chapter G enomic Instability and DNA 
Repair.) 


Induction of Apoptosis 


Members of the Bcl-2 family are also involved in the 
mechanism of action of cisplatin. Specific members are 
localized in the mitochondria and have either proapoptotic 
(Bax, Bak, Bid, Bim) or antiapoptotic (Bcl-2, Bcl-X,, Bcl- 
W) functions (Farrow and Brown, 1996; Hanahan and 
Weinberg, 2000). These proteins form either homodimers 
(such as Bcl-2/Bcl-2) or heterodimers (e.g. Bcl-2/Bax) 
depending on the levels present of each component. Only 
an excess level of homodimers can either inhibit (e.g. Bcl- 
2/Bcl-2) or induce (e.g. Bax/Bax) apoptosis. Although there 
is no information available to indicate whether cisplatin 
can directly modulate levels of the antiapoptotic protein, 
there is evidence of a significant drug-mediated effect on 
Bax levels through transactivation of the bax. gene by 
wild-type p53. Thus, an increase in the Bax to Bcl-2 
ratio by cisplatin-induced p53 has been reported to activate 
the apoptotic process (Eliopoulos etal., 1995). However, 
caution needs to be exercised in extrapolating experimental 
results to the clinic. For instance, the demonstration that 
experimental overexpression of bcl-2 in tumours leads 
to the expected cisplatin resistance (Strasser etal., 1994; 
Herod etal., 1996; Miyake etal., 1999) is in sharp 
contrast to a clinical study, which reported that cisplatin 
surprisingly improved survival of patients with ovarian 
cancer that demonstrated increased bcl-2 gene expression 
(Herod et al., 1996). Our present understanding indicates that 
proapoptotic homodimers affect cisplatin-induced apoptosis 
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Figure 17 A general scheme for DNA -interactive agents that proposes critical events leading to DNA damage and subsequent cell survival or apoptotic 


form of cell death. 
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by first stimulating the mitochondria to release cytochrome 
c, which in turn activates a series of proteases that includes 
caspase-1, -3 and -9 (K ondo et al., 1995; H enkels and Turchi, 
1999; Gebauer et al., 2000; Hanahan and Weinberg, 2000). 
These proteases appear to be the final effectors of drug- 
mediated apoptotic cell death. (See the chapter A poptosis.) 


CONCLUSION 


From the above discussions, we can formulate a general 
understanding for the mechanism of action of alkylating 
and platinating agents. Although much of the informa- 
tion has been derived from studies with platinum-based 
drugs, the general principles most likely apply to alkylat- 
ing agents also. Once these antitumour agents are activated, 
they damage DNA by forming monofunctional adducts and 
interstrand and intrastrand cross-links, which cause DNA 
to unwind and/or bend. Such distortions are then recog- 
nized by specialized DNA damage recognition proteins, 
and a cascade of events is activated that leads to p53- 
dependent or -independent cell cycle arrest to allow time 
for DNA repair. If repair is incomplete, p53-dependent or 
-independent programmed cell death (apoptosis) is initi- 
ated to complete an orderly process of cell destruction. 
Figure 17 summarizes this general sequence of events, and 
suggests that any factor interfering with this scheme, such 
as reduced adduct formation (e.g. drug inactivation by glu- 
tathione) or persistence (e.g. enhanced repair), reduced recog- 
nition of damage (e.g. mutation in mismatch repair com- 
plex), aberrant signal transduction pathways (e.g. mutation 
in p53), and reduced apoptotic activity (e.g. p53 mutation 
or increased bcl-2 overexpression), will lead to resistance to 
alkylating and platinating drugs. 
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INTRODUCTION 


Topoisomerases are key cellular enzymes that prevent DNA 
strands from becoming tangled. They cutDNA and cause it to 
wind and unwind. Topoisomerases adjust DN A's topological 
structure, transcription, replication and chromosome structure 
and are regarded as housekeeping genes. Cells die when 
topoisomerases are inhibited, making topoisomerases targets 
for the chemotherapy of human cancers. Topoisomerase 
inhibitors are among the most active anticancer agents, and 
inhibitors of DNA gyrase are widely used as anti-infectious 
agents. 

Elucidating the mechanisms of action of topoisomerase 
inhibitors against cancer cells and how some cancer cells 
acquire resistance is important in increasing their antitumour 
efficacy. This chapter describes recent advances in under- 
standing how topoisomerase inhibitors work against cancer 
cells. 


TOPOISOMERASES 


DNA replication, repair and recombination are essential 
for the maintenance of life. Topoisomerases are essentially 
located in the nucleus of cells and function to prevent entan- 
glement of DNA strands during DNA replication, RNA 
synthesis from DNA (transcription), exchanges of DNA seg- 
ments between chromosomes (recombination) and elimina- 
tion of erroneous DNA sequences (repair). Topoisomerase 
inhibitors block these essential processes, leading to cell 
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death. DNA topoisomerases catalyse the topology of double- 
stranded DNA. In mammalian cells, they are classified into 
two types: topoisomerase (topo) | and II. Topo | breaks sin- 
gle strands of DNA, whereas topo II breaks double strands 
of DNA and induces topological changes in DNA. Topo II 
occurs in the form of œ and £ isotypes. Differences between 
topo I, Ila and II are listed in Table 1. 


CLASSES OF TOPOISOMERASES IN MAMMALIAN 
CELLS 


Simple organisms contain topo | (EC 5.99.1.2), which makes 
a single cut. Higher organisms also contain topo II (EC 
5.99.1.3), which makes double cuts, resulting in four base 
pairs (similar to many restriction enzymes). Both types of 
topoisomerase have some degree of redundancy in their 
functions, and their expression is induced in response to 
inhibition by topoisomerase poisons (Whitacre and Berger, 
1997). Inhibition of just one type of topoisomerase is enough 
to lead to cell death by apoptosis. 

When both types of topoisomerase are inhibited, syner- 
gistic cytotoxicity is observed. Both types of topoisomerase 
break DNA by a catalytic tyrosine attack on a phosphodiester 
bond on the DNA backbone. 

Two types of topo II, Ila and II£, are known to exist 
in humans. They are located on separate chromosomes, at 
17q21 and 3p24, respectively. Topo II 6 is highly homologous 
to Ila, and its expression is induced by damage to topo 


Table 1 Differences between Topoisomerase |, Ila and Il 8 
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| Ia lp 
Function Relaxation of DNA supercoiling and Relaxation, catenation and decatenation, knotting Same as Ila 
recombination of DNA and unknotting 
Cell cycle Fairly constant but higher in S phase Gradually increasing during S phase to a peak at Constant 
during transcription gap 2, just before mitosis replication. Low in 
differentiated cells 
Location along DNA Transcribing areas Uniform 
During interphase Nucleus Spotted Reticular 
During mitosis Distributed through chromosomes Chromosome axes centrioles Cytosol 
Gene 20q11.2- 13.1 17q21- 22 3p24 
Nearby oncogene src erbB2, RAR MLH1, erbB4, hOGG1 
Protein size (human) Mr 765 (91kDa) monomer M r 1530 (174kDa) dimer M r 1626 (180 kDa) dimer 
No. of cuts 1 2 (4bp overlap) Same as Ila 
lon Mg (2 mmol L71) Mg (7.5 mmol L71) 
pH optimum 8.9 7.9 
Energy None ATP to religate Same as Ila 
Inhibitors Camptothecin 2-4 planar rings 
Quinolones 
Flavones 


Inhibition CPT: late S accumulation 


Ila. Gieseler etal. reported that anthracycline treatment 
was associated with increased topo II6 expression in nine 
relapsed leukaemia patients (Gieseler etal., 1997). It is 
generally accepted that functional loss of one of this pair 
of topoisomerases can be partially substituted by the other. 
Topo Ila and II 6 form heterodimers. 


CHROMOSOMAL LOCALIZATION OF 
TOPOISOMERASE GENES 


The gene encoding topo Ila is located at chromosome 
17q21 close to HER2/neu (also designated, erbB2) and RAR. 
Because of this, coexpression of topo Ila and HER2/neu was 
investigated in breast cancer cells stimulated with oestrogen, 
and the results showed that oestrogen stimulation induces 
topo Il synthesis (Epstein etal., 1989). Jarvinen etal. 
demonstrated that topo Ila expression was elevated in 11% of 
230 breast cancers, but undetectable in nonmalignant breast 
epithelium (J arvinen et al., 1996), and lung adenocarcinoma 
cell line Calu3 has been found to contain coamplified 
HER2/neu and topo Il aw. It can be speculated that tumours 
that exhibit coamplification of HER2/neu and topo Ila 
may benefit from treatment with topo II inhibitors and 
the recent success of breast cancer treatment with the 
anti-HER2/neu antibody (Herceptin™) or small molecules 
targeting HER 2/neu suggests that combination therapy with 
HER2/neu targeting agents and topo II inhibitors may be 
effective against breast carcinoma. In view of the fact that 
HER2/neu, p185 protein has been detected not only in 
breast cancer but also in stomach, ovarian and lung cancer, 
and that HER2/neu expression is inversely correlated with 
survival (Slamon et al., 1989), combination therapy appears 
to be promising against a broad range of tumours. The 
gene encoding retinoic acid receptor œ is located nearby 
chromosome 17 and can be coamplified with HER2/neu 
and topo Ila. The topo II gene is located at chromosome 


Etoposide: G2 arrest 


3p24, and MLH1, a mismatch repair gene located at 
3p21.3- 23, is close to the topoisomerase || 6 gene. M utations 
in MLH1 are associated in part with hereditary nonpolyposis 
colorectal cancer. The MLH1 gene encodes a protein of 756 
residues, 84.6kDa in size, that is localized in the nucleus. 
MLH1 protein binds to mismatched DNA sequences and is 
associated with G2 arrest. It would be very interesting to 
know to what degree a binder of mismatched DNA works 
with topoisomerase. It has been reported that the sensitivity 
of cisplatin may be modulated by reduced hMLH1, and that 
an MLH1-deficient cell line, HCT116, is twice as resistant 
to cisplatin (Aebi et al., 1996). hOGG1, human oxoguanine 
glycosylase, another repair enzyme, is encoded at 3p25/26, 
a region commonly deleted in cancers, and erb4B is in the 
vicinity at 3p22-24.1. Distinct homozygous deletion near 
3p21.3 is a critical event in the pathogenesis of lung cancer. 
Of 49 NSCLC tumours examined for loss of heterozygosity 
(LOH), LOH was found at 3p21 in 43% (13 of 30 informative 
cases), and more specifically, at the hMLH1 locus in nine of 
the 11 (82%) informative cases (Wieland et al., 1996). LOH 
on the 3p gene at the D3S2 locus has also been observed 
in a large percentage of small groups of cervical cancer 
patients, and deletions of that region appear to be a higher 
risk factor for cervical cancer than HPV. The topo | gene at 
chromosome 20q11.2- 13.1 is close to one of the genes of the 
Src signal transduction tyrosine kinase family, and although 
some deletions in this region are associated with tumour 
progression (Asimakopoulos et al ., 1994), coamplification of 
the Src family and topo | in tumour samples has never been 
reported. 


TOPO II INHIBITORS 


By creating transient breaks in both strands of double- 
stranded DNA and allowing passage of a second DNA 
strand, topo II relieves the torsional strain that occurs in 
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DNA during replication and transcription. Topo II is also 
regarded as an important structural component of interphase 
nuclei and believed to function during recombination and 
chromosome condensation. Topoisomerase-induced strand 
breaks are temporary, and the enzyme must protect the loose 
ends from undesirable recombination until the reaction is 
reversed and religates the break. The DNA supercoiling 
becomes either slightly tighter or looser, which is a 
difficult endpoint to measure. It can be detected by gel 
mobility assays with isolated closed-circle PBR322 DNA 
or kinetoplasts but not with normal linear DNA. The 
cleavable complex-trapping type of inhibitor allows the 
first trans-esterification, which cuts DNA, but prevents 
the second, which religates it. Based on functions of the 
compounds to DNA, topo II inhibitors are classified into three 
groups (Table 2). The first are the intercalating compounds, 
such as anthracyclines, amsacrines and ellipticines, which 
stimulate the formation of the cleavable complex. The second 
are the epipodophyllotoxins, which form the cleavable 
complex but do not induce intercalation into DNA. The 
third class of compounds, which inhibit topoisomerase 
II activity but do not intercalate or induce formation 
of the cleavable complex, has been identified over the 
past years and includes dioxopiperazine and coumarin 
derivatives merbarone and novobiocin (Andoh and Ishida, 
1998). These topo Il-interactive agents act through a variety 
of different mechanisms, including prevention of topo 
Il from binding to DNA, inhibition of strand passage, 
stabilization of the enzyme- DNA complex and interference 
with religation of the DNA strands. Topo II inhibitors 
tend to be strong clastogens in mammalian cells, and they 
have been shown to induce sister chromatid exchanges and 
illegitimate recombination, and also to inhibit chromosome 
separation and DNA and RNA synthesis. Topo II inhibitors 
have also been demonstrated to delay cells in the G2 to 
M phases of the cell cycle, altering differentiation and 
perturbing the topoisomerase enzyme. It was understood 
from brass rod models as early as 1961 that planar 
aromatic AMSA intercalated between the bases of DNA. 
That was only a few years after the DNA structure was 
determined, and long before topoisomerase was identified. 
Nevertheless, intercalation is insufficient for trapping topo 
Il, as indicated by several lines of evidence. o-AMSA 
is a slightly better intercalator than m-AMSA (Pommier 
etal., 1987), but virtually inactive as a topoisomerase 
poison (Zwelling etal., 1981). The DNA binding and the 
activity of topo II inhibitors do not correlate well, leading 
to speculation that DNA binding is necessary but not 
sufficient. 


Table 2 Three Categories of Topoisomerase I1 Inhibitors 


Group Mechanism 
1 Intercalators/stabilization of cleavable complex 
2 Nonintercalators/stabilization of cleavable complex 


3 Nonintercalators/nonstabilization of cleavable complex 


SELECTIVE INHIBITORS OF TOPO Ila AND IIB 


Topo Ila is present in all eukaryotes, whereas topo ll 
is found only in vertebrates. Topo II6 appears to be 
more associated with cell differentiation than proliferation. 
Decatenation assay with topo II has shown two optimal 
buffer pH peaks, 7.9 and 8.9. Activity at pH 8.9 (Ila) is 
inhibited by daunorubicin, doxorubicin and etoposide, but 
not activity at pH 7.9. Although topo Ilæ is clearly inhibited 
by topoisomerase drugs, cell death is well correlated with 
topo IIB: cells with high topo II expression survive drug 
treatment (Gieseler et al., 1997). 

Considering the evidence that II6 has potential as a 
response to drug resistance, it would be worth pursuing these 
differences in drug development. In line with this thinking, 
there was an interesting report that etoposide, doxorubicin 
and mitoxantrone have a greater inhibitory effect on topo 
Ila than 118, while the effect of amsacrine was almost the 
same. A new class of anticancer compounds generating wide 
interest in cancer research and already undergoing clinical 
trials with hundreds of patients also shows great promise for 
the treatment of cancer patients. 


VP-16 (Etoposide) 


Etoposide is one of the most active antitumour agents against 
solid tumours. Etoposide and teniposide are derivatives of 
podophyllotoxin and were evaluated in the 1970s. Etoposide 
is now widely used as a standard drug to treat various solid 
tumours, such as small cell lung cancer and ovarian cancer. 
Etoposide is a typical topo II inhibitor that stabilizes the 
cleavable complex formation with DNA topo II without 
an intercalating action. The exact process of cell killing 
is not fully understood, although induction of etoposide is 
generally observed in tumour cells. Etoposide shows high 
affinity for P-glycoprotein and multidrug-resistant cells show 
cross-resistance to etoposide. Decreased topo II activity is 
also a cause of resistance to etoposide. The combination of 
etoposide and cisplatin exhibits a synergistic effect against 
lung cancer both in vitro and in vivo, and the modulatory 
effect of cisplatin on topo II activity is thought to be 
responsible for the synergistic antitumour effect (Kondo 
et al., 1994). 


NK-109 


The benzo[c]phenanthridine derivative NK109 induces 
single- and double-strand breaks without cleavable complex 


Topoisomerase I! inhibitors 


Anthracycline, ellipticine, doxorubicine, daunomycin, 
mitoxantrone, m-AM SA, actinomycin D, amonafide, 
NK-109 

Etoposide, teniposide, saintopin, genistein 

Merbarone, suramin, MST-16, ICRF-193, ICRF-154 
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formation. NK 109 was developed by Nihon-K ayaku Co. and 
displays high antitumour activity against etoposide-resistant 
cells (K anzawa etal., 1997). A phase | clinical evaluation 
has been conducted in J apan. 


TOP-53 


The podophyllotoxin derivative TOP-53 is a potent topo II 
inhibitor. Because TOP-53 accumulates in lung tissues, it is 
expected to be active against primary and metastatic lung 
carcinoma. A phase | trial has been conducted in J apan. 


$16020-2 


Topo II was identified as the target of a new compound, 
$16020-2 (an olivacin derivative developed by Servier Lab- 
oratories), which has remarkable antitumour activity, espe- 
cially on certain experimental solid tumours. Its properties 
are being studied at the Institut Gustave-Roussy, and it is 
currently undergoing phase | clinical trials. S16020-2 pos- 
sesses the unique property of inhibiting topo II in a strictly 
ATP-dependent manner, and its toxicity in vivo is approxi- 
mately 100 times greater than that of all similar derivatives 
of the ellipticin series. Cells resistant to this agent have been 
selected to investigate the cytotoxic mechanisms and very 
potent antitumour activity of this compound (M alonne and 
Atassi, 1997). A phase! study has been conducted in Europe. 


Determinants of Cellular Sensitivity to Topo II 
Inhibitors 


Anthracyclins, such as doxorubicin and daunomycin, and 
podophyllotoxins, including etoposide and teniposide, were 
developed as antitumour DNA topo II inhibitors before topo | 
inhibitors. The cellular determinants of sensitivity to topo II 
inhibitors are (1) decreased topo II activity, (2) decreased 
level of expression of topo II, (3) point mutation of the 
topo II gene, (4) alteration of the intracellular distribution 
of topo II and (5) phosphorylation status of topo II protein. 
Because topo II-targeting drugs act as poisons, their action 
is often directly proportional to the enzyme levels of the 
cells. Rapidly proliferating cells, which contain relatively 
high levels of topo II are very sensitive to topo II poisons, 
whereas differentiated cells with relatively low topo II levels 
are resistant to them. In line with this evidence, tumour 
cells resistant to topo II inhibitors often have low topo II 
levels, whereas tumour cells with high levels of expression 
of topo II are sensitive to topo II inhibitors (Davies et al., 
1988). Overexpression of topo II in tumour samples has 
also been reported in several types of tumours, including 
lung cancer, ovarian cancer and lymphoma (K oomagi et al., 
1996). By contrast, a defect of topo II has been reported 
in Li-Fraumeni syndrome, and an inherited susceptibility 
to a variety of cancers has been suggested in this syndrome 
(Cunningham et al., 1991). Sensitivity to topo II inhibitors is 
greatest during the proliferative mid-logarithmic stage of cell 


culture, and the topo II level of HL-60 human promyelocytic 
leukaemia cells has been found to be high and to decrease 
substantially when induced to mature. The bone marrow of 
healthy volunteers contains about the same level of topo 
Il as the bone marrow of HL-60 leukaemia patients, and 
thus there is a longstanding dilemma: the toxicity of cancer 
drugs for normal cells, not just cancer cells, limits the use 
of topoisomerase poisons to the special situations in which 
the topoisomerase levels are high. A reduced level of topo 
Il mRNA is one of the mechanisms responsible for drug 
resistance (Withoff et al., 1996) and can be considered a 
contraindication to the use of topo Il-inhibiting drugs. 

Heat shock is one of the few known stimulators of topo 
Ila levels. Human epidermoid cancer cells exposed to 42°C 
for 3h showed a fivefold increase in the mRNA, and shorter 
heat treatment resulted in increased and enhanced sensitivity 
to etoposide (Matsuo etal., 1993). Hyperthermia has been 
assessed as a cancer therapy, and topoisomerase poisons 
appear to be a sensible adjunct (Sherar etal., 1997). Two 
DNA segments identified as potential binding sites for c- 
M yb, the haematopoietic transcription factor associated with 
cell proliferation, plus a possible site for c-Myc, are located 
immediately upstream of the human topo Ila gene, at —37 to 
—10 bp, and transfection of c-myb increases topo Ila levels 
(Brandt and Kroll, 1997). 

Evidence for this model is based on a piecemeal assembly 
of many molecular biological studies, which illustrates the 
complexity of events when topoisomerase is inhibited. The 
gradual increase in the topo II level during the S phase 
is indicated by a widening band in the cell cycle circle 
(Figure 1). The three key components conveying the damage 
by topo II inhibitors are p53, Bax, and poly(ADP-ribose) 
polymerase (PARP). A number of other modulatory factors 
have also been reported. 


p53 and Topoisomerase Inhibitors 


Intact p53 is required for G, arrest by cytotoxins, including 
topoisomerase-inhibiting etoposide and doxorubicin (Fan 
et al., 1994). p53 phosphorylation and cell viability are 
decreased by topoisomerase-inhibiting ellipticine (Ohashi 
etal., 1995). p53 can down-regulate the expression of 
topo Ila promoter (attached to luciferase) 15-fold (Wang 
et al., 1997), indicating the existence of a feedback loop 
that may be difficult to disentangle. p53 mutant cells are 
resistant to doxorubicin but maintain sensitivity to cis- 
diamminedichloroplatinum (Vikhanskaya et al., 1995). It can 
be concluded from this evidence that tumours possessing 
mutant p53 are not good candidates for treatment with 
topoisomerase inhibitors. The Bax/Bcl-2 ratio needs to be 
high for etoposide to induce apoptosis (Chresta et al., 1996) 
(Figure 1), and increasing the ratio with antisense oligomers 
to bcl-2 mRNA is a strategy that is being investigated by 
Genta (San Diego, CA, USA). Cells transfected with bcl-2 
cDNA had fewer etoposide-induced DNA cross-links and 
apoptosis (Lock and Stribinskiene, 1996). The Bax/Bcl-2 
ratio is regulated by p53, and PARP activation into p85 
endonuclease is inhibited by Bcl-2 (Bonfoco et al., 1996). It 
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Figure 1 


Topo II inhibitors need a high Bax/Bcl-2 ratio to induce apoptosis. The Bax/Bcl-2 ratio is regulated by p53 and PARP activation into p85 


endonuclease is inhibited by Bcl-2. An intact apoptotic signalling pathway is speculated to be necessary for topo I|-targeting agents to be effective. 


can be speculated that an intact apoptotic signalling pathway 
is necessary for topo ||-targeting agents to be effective. 


TOPO I INHIBITORS 


Topo | inhibitors constitute a new class of anticancer agents. 
Topo | inhibitors, such as camptothecin and its derivatives, 
convert topo | into a cellular poison by inhibiting the 
religation step of the nicking-closing reaction, thereby 
trapping topo | in a covalent complex with DNA. The 
cytotoxic lesions are probably produced by stable topo | 
covalent complexes associated with double-strand breaks that 
are generated after collision of DNA and RNA polymerase 
with the topo | cleavable complex. Irinotecan sulphate 
(CPT-11) was recently approved for clinical use in many 
types of cancers, including lung, ovarian, and colorectal 
cancer. The cytotoxicity of topo | inhibitors is S-phase 
specific, and in vitro and in vivo studies have suggested that 
prolonged exposure might be more important for efficacy 
than short-term exposure at high concentrations. The clinical 
development of topo | inhibitors that have reached this 
stage is ongoing in relation to schedules aiming to achieve 
prolonged exposure for maximum efficacy. 


Camptothecin 


Wall et al. described how the US National Cancer Institute 
(NCI) discovered camptothecin while screening thousands 
of plants in the late 1950s (Wall et al., 1986). Only one 
of the plants screened in that programme, Camptotheca 
acuminata, a small tree native to China, showed significant 
activity. The paper also noted that the plant had not been 


used in Chinese traditional medicine. Considerable research 
on camptothecin has been carried out in China since its 
anticancer activity was discovered. The early clinical trials 
by the NCI failed because of adverse events, including 
severe haematological toxicity and haemorrhagic cystitis, and 
subsequent clinical testing was abandoned. In the 1980s, 
camptothecin was demonstrated to inhibit topo | activity, 
and a series of camptothecin derivatives have subsequently 
been developed for clinical application. Liu et al. discovered 
that camptothecin inhibited bovine thymus topo | (Liu et al., 
1989). Camptothecin has a high affinity for the cleavable 
complex of topo | and stabilizes it. The stable cleavable 
complexes are stored in the nucleus, inhibit the replication 
process and break the double strands. The specificity of topo 
| inhibitors against tumours has been suggested by their high 
activity in tumour regions as compared with normal tissue. A 
major review published in 1993 (Slichenmyer et al., 1993) 
noted that the sodium salt of camptothecin, which had been 
abandoned 20 years earlier was found to have poor efficacy, 
because of the open-ring structure used to make the drug 
soluble. Other topo | inhibitors, namely 20-S -camptothecin, 
9-nitrocamptothecin, 9-aminocamptothecin, topotecan and 
G1147211, are in the process of clinical development, and the 
data have suggested that prolonged exposure may be related 
to their antitumour activity. However, optimal schedules have 
yet to be determined. 


CPT-11 


CPT-11, —_7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbo- 
nyloxycamptothecin, was synthesized by Sawada et al. as a 
water-soluble camptothecin analogue (Sawada et al., 1991), 
and in vivo antitumour potency has been demonstrated by 
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K unimoto et al. (1987). Irinotecan is converted to SN-38 by 
carboxylesterase, and SN-38 binds to topo | and prevents 
ligation or promotes cleavage of single-stranded DNA. CPT- 
11 (also called irinotecan) was approved in J apan on J anuary 
18, 1994, for the treatment of lung, cervical and ovarian can- 
cer. It was the first topoisomerase | inhibitor ever approved 
for clinical use. CPT-11 is a prodrug with a long half-life in 
humans, which simplifies administration; the active forms of 
all of the compounds have a shorter half-life. CPT-11 was 
recently approved in the USA for the treatment of colorectal 
cancer. 

Pharmacological information has been accumulated in 
numerous studies. CPT-11 is converted to SN-38 in the 
liver by carboxylesterase, and SN-38 is predominantly 
eliminated via hepatobiliary excretion. Adverse events are 
nausea, vomiting, diarrhoea, cholinergic syndrome and 
myelosuppression. The dose-limiting toxicity in early clinical 
studies was severe diarrhoea, but this is now controlled, e.g. 
with loperamide, in clinical settings. 


Topotecan 


There are a number of other camptothecin derivatives in early 
development. Topotecan, a camptothecin derivative being 
developed by SmithKline Beecham, inhibits purified topo | 
without modification, whereas CPT-11 is a prodrug of SN- 
38 and is currently undergoing phase II and III trials in a 
number of countries as a potential treatment for many kinds 
of cancers. Topotecan is already being used in the USA for 
the treatment of cisplatin-refractory ovarian carcinoma and as 
second-line therapy for small-cell lung cancer (Bailly etal., 
1999). 


NB-506 


Some topo | inhibitors are not camptothecin derivatives, 
and may have different mechanisms of action. NB-506, an 
indolocarbazole derivative, is a potent topo | inhibitor and 
shows high antitumour activity in vitro and in vivo. A phase 
| clinical study was conducted in Japan, and an in vivo study 
demonstrated that this compound was associated with fewer 
adverse events. NB-506 forms a cleavable complex with 
DNA -topo | and intercalates DNA, and it also inhibits DNA 
polymerase. Cellular sensitivity is determined by cellular 
topo | activity, and decreased topo | expression and activity 
have been observed in NB-506-resistant cell lines (K anzawa 
et al., 1995). Decreased intracellular accumulation has also 
been observed in the resistant cells. Fukuda et al. (1996) 
reported a synergistic effect of the combination of NB506 
and cisplatin. It was recently reported that an isomer of NB- 
506 showed potent inhibitory action against topo | without 
an intercalating action. The isomer appears to be a novel topo 
| inhibitor (Ren et al., 2000). 


J-107088 


J-107088 is an antitumour indolocarbazole derivative devel- 
oped as a backup compound of NB-506, and its topo | 


inhibitory action and antitumour activity are more potent 
than those of NB-506. J-107088 stabilizes the intracellu- 
lar cleavable complex more strongly than CPT-11, and the 
cleavable complex has been demonstrated to be released in 
the presence of NaCl. Although J-107088 is an indolocar- 
bazole compound, it exerts no inhibitory effect on kinases. It 
displays high antitumour activity against multidrug-resistant 
cells, and an antimetastatic action has been demonstrated 
in a model of micrometastasis to the liver. Other NB-506 
derivatives are in the process of development (Ohkubo et al., 
1999). A phase! study of J-107088 is under way in the USA 
and J apan. 


DX8951f 


DX -8951f is a novel water-soluble derivative of CPT-11, and 
exhibits potent topo | inhibitory activity. An in vivo study 
in a mouse model showed fewer adverse events, especially 
diarrhoea. DX 8951f is undergoing clinical evaluation in the 
USA, Japan, and Europe. The topo | activity and topo | 
expression level of DX -8951f-resistant cells (SB C-3/DCL-1) 
are the same as in the parent cells, but decreased cleavable 
complex formation by DX-8951f has been observed in the 
resistant cells. The exact qualitative change in topo | in these 
cells remains unclear (Nomoto et al., 1998). 


BNP1350 


BNP1350 is a lipophilic derivative of CPT-11 and has 
indicated promise of being active against head and neck 
tumours. Cell lines resistant to BNP1350 show decreased 
topo | activity with no decrease in expression level. Increased 
efflux of the drug mediated by MRP1 has been observed 
in the resistant cells, and an effect of BNP1350 on cell 
cycle progression of the tumour cells has been reported (Y in 
et al., 2000). They showed that low-dose treatment with 
BNP1350 induced G2 phase accumulation and that high- 
dose treatment resulted in S phase accumulation. Low-dose 
treatment has also been reported to increase cyclinB/cdc2 
and chk1 expression. 


Determinants of Cellular Sensitivity to Topo I 
Inhibitors 


As described above, topo | inhibitors, such as CPT-11 and its 
derivatives, and the indolocarbazole derivative NB-506 were 
developed as antitumour DNA topo | inhibitors later than 
topo II inhibitors. Clinical application of the camptothecin 
derivative CPT-11 was achieved in the 1980s, and CPT-11 
was demonstrated to have a high antitumour effect on various 
solid tumours. Because topo | inhibitors also act as poisons, 
their action is often directly proportional to the enzyme levels 
of the cells. Reduced levels of topo | mRNA are one of the 
mechanisms responsible for drug resistance. Tumour cells 
resistant to topo | inhibitors often possess low topo | levels 
(K anzawa et al., 1995), although that is not always the case 
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(Nomoto et al., 1998). A point mutation of topo | has been 
reported in tumour cells resistant to topo | inhibitors (K ubota 
etal., 1992), and overexpression of topo | in tumour cells 
has also been reported. In contrast to topo II, the level of 
expression of topo | seems to be constant during the cell 
cycle progression. As described above, the topo 1 gene is 
located at chromosome 20q11.2- 13.1 and is close to one 
of the genes of the Src signal transduction tyrosine kinase 
family. However, the coamplification of the Src family and 
topo | in tumour samples has not been reported. 


Carboxylesterase 


CPT-11 is converted to SN-38 by carboxylesterase, and 
SN-38 is 1000-fold more potent than CPT-11. Gastrointesti- 
nal toxicity (diarrhoea) is a frequent dose-limiting toxic- 
ity of CPT-11 (irinotecan) and is thought to be related to 
the biliary excretion of CPT-11 and its metabolites. Con- 
version by carboxylesterase is therefore considered to be 
one of the determinants of sensitivity and resistance, and 
decreased carboxylesterase activity has been observed in 
CPT-11-resistant cell lines PC-7/CPT and HAC-2/CPT (K an- 
zawa etal., 1990). Kojima etal. demonstrated that car- 
boxylesterase gene transfection increased cellular sensitivity 
against CPT-11. The substrate specificity of carboxylesterase 
has not been fully clarified. HAC-2/CPT cells exhibit cross- 
resistance to another carboxylesterase-sensitive drug, KW- 
2189, and taxane derivatives have been reported to be con- 
verted by the same carboxylesterase. No gene mutations, 
including single nucleotide polymorphisms, however, have 
ever been reported. Therefore, direct measurement of the 
expression level or activity of carboxylesterase should be 
predictive of sensitivity to CPT-11. Carboxylesterase gene 
transfer is one way of reversing the resistance, and reversal 
of the CPT-11 resistance of lung cancer cells by adenovirus- 
mediated gene transfer of human carboxylesterase cDNA has 
been reported (K ojima et al., 1998a,1998b). 
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Metabolizing Enzymes 


SN-38 and CPT-11 are glucuronized by UDPGT, but the 
definitive isoforms remain to be identified. Glucuronized 
CPT-11 and SN-38 can be excreted outside the body, and 
the metabolic pathways can influence their pharmacokinetics 
and antitumour activity. CPT-11 is metabolized via several 
pathways to produce conjugated and unconjugated deriva- 
tives that can be excreted. The metabolites of CPT-11 induce 
SN-38, SN-38-G, 7-ethyl-10-[4-N -(5-aminopentanoic acid)- 
1-piperidino]carbonyloxycamptothecin (APC), and 7-ethyl- 
10-(4-amino-1-piperidino) carbonyloxycamptothecin (NPC), 
and three additional oxidized metabolites were recently iden- 
tified in the urine of two children and two adults. Cytochrome 
P450 (CYP) 3A4 produces both APC and NPC by oxidiz- 
ing the piperidinylpiperidine side chain of CPT-11 along 
with metabolite M2 (M r 602). CYP3A plays a major role 
in the metabolism of CPT-11, with some differences of the 
metabolic profile exhibited by CY P3A4 and CY P3A5. 


Topo I Levels 


Topo | activity and protein expression levels are the cellular 
determinants of sensitivitiy to CPT-11. Decreased expression 
of topo | protein and its activity are frequently observed 
in CPT-11-resistant cell lines (Kanzawa etal., 1990) and 
alteration of the topo | gene has been observed in cells 
resistant to topo | inhibitors. K ubota et al. reported that CPT- 
11-resistant human lung cancer cells (PC-7/CPT) contained 
a point mutation of the topo | gene, and the mutation had 
been reported to be located in the C-terminal portion of the 
topo | gene (Kubota et al., 1992). Other studies have also 
demonstrated that topo | gene mutation is one of the causes 
of resistance to topo | inhibitors (Figure 2). In a clinical 
setting, Ohashi et al. investigated the frequency of topo | 
gene mutations, but found none in lung cancer tissue (Ohashi 
et al., 1996). Lung cancer cells transfected with cyclin- 
dependent kinase p16!N** have shown increased sensitivity 
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Figure 2 Structure of topo | and mutation sites for CPT resistance. All the indicated mutation sites are in the human topoisomerase | gene. 
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to CPT-11 (Fukuoka etal., 2000), and the modulatory 
molecules that affect topo | levels or activity influence 
sensitivity to topo | inhibitors. 


Intracellular accumulation 


Decreased intracellular accumulation of topo | inhibitors was 
also observed in resistant cells. Increased efflux by active 
transporters, such as the MRP family and MOAT family, has 
been suggested as the reason, but the responsible transporter 
has not been identified. The efflux pumps participate in phase 
III metabolism in the body, and they are therefore thought 
to influence the pharmacokinetics. 


Combined Effect of Topo Inhibitors and Other Drugs 


Combination of CPT-11 with conventional drugs has been 
assessed in preclinical and clinical settings, and synergistic 
effects of CPT-11 and cisplatin have been demonstrated in 
vitro and in vivo. A high response to this combination is 
expected in patients. 

Non-CDDP regimens with CPT-11 and taxanes have also 
been investigated in several solid tumours by some groups, 
and thus CPT-11 has been used as one of the key drugs 
in combination chemotherapy. Recent clinical topics have 
been described in the US mass media: ‘Phase III Study 
Reports Increased Survival vs Current Standard Treatment.’ 
According to data from a phase III study presented at the 
36th Annual Meeting of the American Society of Clinical 
Oncology (ASCO) in 2000, CPT-11 in combination with 
cisplatin increased survival over current standard treatment in 
patients with extensive small-cell lung cancer. The study was 
a randomized, multicentre Japanese trial that enrolled 154 
patients and had increased survival as the primary endpoint, 
and the results showed that 60% of patients who received 
CPT-11 and cisplatin survived for 1 year or more, compared 
with only 40% of those treated with the standard etoposide 
plus cisplatin regimen. The study was stopped at a preplanned 
interim analysis point because of the survival benefit seen in 
the treatment group given CPT-11. Patients who received 
the regimen containing CPT-11 had a median survival of 
390 days, compared with 287 days in the comparison arm. 


Dual Inhibitors 


New types of topoisomerase inhibitors have been developed. 
Dual inhibition of topo | and II is an ideal strategy for 
targeting topoisomerases. TAS-103, developed by Taiho 
Pharmaceutical, shows dual inhibitory action against both 
topo | and topo II. It is active not only against multidrug- 
resistant phenotypes that overexpress P-glycoprotein, MRP 
and LRP, but also against cells resistant to CPT-11 
(Minderman et al., 2000). A phase | study is in progress in 
the USA. A high additive effect has been observed in lung 
cancer cells in combination with cisplatin (Sunami et al., 
1999). 

The epipodophylloid F11782 is a nonintercalating agent 
that does not stabilize cleavable complexes. It inhibits the 


binding of topoisomerases and DNA, and does not have 
high inhibitory activity against topo Il-linked ATPase (Perrin 
et al., 2000). 
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COMMON ACTIVITIES OF ANTIMICROTUBULE 
DRUGS 


Introduction 


Antimicrotubule agents, also known as microtubule-active 
drugs or antimitotic agents, are important modilities of many 
current chemotherapeutic regimes. Antimicrotubule agents 
such as vincristine, vinblastine, paclitaxel, docetaxel, dolas- 
tatin and vinorelbine are divided into two groups depending 
on whether they polymerize or depolymerize microtubules. 
Despite differences in structures, binding sites and kinetics 
of binding, all antimicrotubule agents impair microtubule 
functions and arrest cells in mitosis. Thus, higher concen- 
trations of polymerizing agents (e.g. paclitaxel, docetaxel) 
are required to increase the total polymer in cells than is 
required to inhibit microtubule function. Similarly, antimi- 
crotubule agents that at high concentrations depolymerize 
microtubules (e.g. vinblastine, vincristine) have been shown 
to inhibit microtubule functions in mitosis at low concentra- 
tions, with little accompanying microtubule depolymeriza- 
tion (Jordan and Wilson, 1998). Thus, it has been proposed 
that the common cytotoxic mechanism of all antimicrotubule 
agents is kinetic stabilization (inhibition) of microtubule 
dynamics (growing and shortening of microtubules) rather 
than depolymerization or excessive polymerization of the 
microtubules (Jordan and Wilson, 1998). Since the mech- 
anisms of the cytotoxic effects of all antimicrotubule agents 
are very similar, their common activities will be discussed 
in this section. 
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Microtubules and Their Functions 


Microtubules are a network of fibres crisscrossing the 
cytoplasm of all eukaryotic cells. Microtubules serve as rails 
for the movement of intracellular vesicles and organelles 
such as the Golgi apparatus, chromosomes and mitochondria. 
One of the most important functions of microtubules 
is segregation and movement of chromosomes during 
mitosis. The subunit of microtubules is a dimer of two 
related polypeptides, a-tubulin and 6-tubulin (Figure 1). In 
microtubules, dimers of these polypeptides are organized 
to form a hollow cylinder. y-Tubulin, which is less 
abundant, is localized in the centromeres. Microtubules 
are dynamic structures, in that they microtubules grow 
by the addition of tubulin dimers to their ends (Figure 
la). Both œ- and f-tubulin may undergo post-translational 
modifications, including acetylation, that may account for 
functional differences of microtubules in various tissues. 
Both œ- and -tubulin exist in the form of isotypes, 
which are distinguished by slightly different amino acid 
sequences. H owever, the degree of the functional specificities 
of -tubulin isotypes remain controversial. Microtubules 
provide sites for microtubule-associated proteins (MAPs), 
which stabilize microtubules against disassembly and interact 
with other cellular components. A class of microtubule- 
depolymerizing drugs, such as vincristine and vinblastine, 
binds to tubulin dimers preventing them from polymerizing 
(Figure 1b). Another class (stabilizing agents such as 
paclitaxel and docetaxel) binds to microtubules, preventing 
them from depolymerizing (Figure 1c). Microtubule turnover 
is much faster in mitotic than interphase cells, leading 
to reorganisation of microtubules and formation of shorter 
microtubules of the mitotic spindle. At doses lower than 
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Figure 1 Microtubules dynamics. (a) Dynamic equilibria of 


tubulin- microtubules. Microtubules are hollow cylinders that grow 
by the addition of tubulin dimers to their ends. (b) Depolymerizing agents 
(vincristine, vinblastine, dolastatin, vinorelbine) bind to tubulin dimers, 
preventing them from polymerizing. (c) Stabilizing agents (paclitaxel, 
docetaxel, epothilones) bind to microtubules, preventing them from 
depolymerizing. 


those that affect the amount of polymerized tubulin, all 
antimicrotubule drugs affect the ability of microtubules to 
function during mitosis, leading to arrest of growing cells in 
mitosis. 


Regulation of Mitosis 


Cell division (mitosis) is followed by interphase during 
which a growing cell duplicates its mass and chromosomal 
material (DNA and proteins). Duplication of DNA occurs 
in S phase of the cell cycle (Figure 2). The cell cycle of 
rapidly growing cells usually lasts 24h, whereas mitosis is 
a brief phase, lasting less than 1h. There are two points 
in the cell cycle at which a decision may be taken on 
whether to proceed: before DNA synthesis in G4 phase, 
or before mitosis in Gz phase. The activation of Gı 
and G2 checkpoints by physiological and pharmacological 
stimuli including anticancer agents arrests the cell cycle. 
Progression through the cell cycle is driven by the activation 
of cyclin-dependent kinases (CDK s), the activation of which 
is regulated by accumulation of cyclins in sequence. Thus, 
accumulation of cyclin B at the end of G phase leads 
to activation of Cdc2 (Figure 2). Cdc2 is a kinase that 
initiates mitosis, and the phosphorylation of laminin by Cdc2 
causes breakage of the nuclear membrane. When the nuclear 
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Figure 2 The cell cycle. Progression through the cell cycle is driven by 
the activation of cyclin-dependent kinases (CDKs and cdc2), activation 
of which is regulated by accumulation of cyclins in sequence. The 
accumulation of cyclic B and the activation of the cyclin B1/Cdc2 kinase 
complex leads to mitosis, and then the destruction of cyclin B1 and 
inhibition of cdc2 kinase initiates exist from mitosis. 


envelope dissolves, chromosomes condense and move toward 
the cell equator. During the metaphase of mitosis, the 
chromosomes are aligned at the equator of the cell, and 
then mitotic spindles pull them toward the poles (anaphase). 
The spindle consists of microtubules, reorganized from 
the tubulin comprising the microtubules of the interphase 
cell. Assembly of the mitotic spindle requires regulation 
of microtubule dynamics, a process which is accomplished 
by phosphorylation- dephosphorylation reactions. Type 2A 
phosphatases are required to maintain the steady-state 
length of microtubules in mitosis by regulating the level 
of microtubule catastrophes, in part by controlling the 
microtubule-destabilizing activity and serine phosphorylation 
of numerous proteins. 


Mitotic Arrest Caused by Antimicrotubule Drugs 


Mitosis is initiated by the activation of the cyclin B1/Cdc2 
kinase complex, and destruction of cyclin B1 and inhibition 
of cdc2 kinase initiates the mitotic exit. At low doses (less 
than one molecule of drug for each molecule of tubulin), 
antimicrotubule agents affect microtubule dynamics without 
causing tubulin depolymerization or polymerization (J ordan 
and Wilson, 1998). Therefore, at low doses that induce 
mitotic arrest and cell death, all antimicrotubule drugs share 
the ability to reduce microtubule dynamics without affecting 
the amount of polymerized tubulin. Since the cell cycle 
usually lasts 24h, cells accumulate in mitotic arrest during 
16- 24h (duration of the cell cycle). When a cycling cell 
enters mitosis, antimicrotubule drugs arrest the cell at the 
metaphase/anaphase transition of mitosis (J ordan and Wilson, 
1998). Following nuclear envelope breakdown, no spindle 
forms. Chromosomes condense but remain scattered within 
the mitosis-arrested cell (Figure 3). Mitotic arrest may last for 
many hours, while cyclin B levels remain high, and proteins 
are phosphorylated on serine. Such cells undergo cell death. 
Alternatively, cells may eventually initiate exit from mitosis 
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Figure 3 DAPI staining of chromosomes. (a) Interphase nucleus. (b) 
Antimicrotubule agent-caused mitotic arrest. The nucleus is dissolved and 
chromosomes are condensed. 


without segregation of chromosomes, a condition known as 
mitotic slippage. 

Serine residues on numerous proteins are phosphory- 
lated during mitotic arrest (Table 1). This includes proteins 
involved in microtubule dynamics, proteins of the dissolved 
nuclear envelope such as lamin B2 and Bcl-2. Bcl-2 is also 
a mitochondrial protein that inhibits apoptosis, cell death 
mediated by caspases. The partial list in Table 1 under- 
scores the extent of serine protein phosphorylation of reg- 
ulatory proteins that occurs in normal mitosis and/or in 
mitotic arrest. Numerous studies have demonstrated activa- 
tion of protein kinases during mitosis. Raf-1 is activated 
during mitotic arrest and undergoes mitotic hyperphospho- 
rylation on multiple serines. Also, c-M os, a serine/threonine 
kinase which is crucial for meiosis, accumulates in mitosis 
in somatic cells and phosphorylates tubulin and intermedi- 
ates of the MAP kinase pathway. It has been shown that 
c-M os causes metaphase arrest and cytotoxicity. The phos- 
phorylation state of a protein is determined by the balance 
of protein kinase and phosphatase activity. Both activation 
of kinases and inhibition of phosphatases were observed 
in cells following treatment with microtubule-active drugs. 
M itosis is associated with inhibition of serine/threonine pro- 
tein phosphatase 2A (PP2A). Inhibition of PP2A induces 
mitotic-like microtubule dynamic instability and arrest cells 
in mitosis, causes Bcl-2 phosphorylation and induces apop- 
tosis. Three residues (Ser70, Ser87 and Thr69) within the 
unstructured loop of Bcl-2 are phosphorylated in response 
to microtubule-damaging agents. Changing these sites to 
alanine conferred more antiapoptotic activity on Bcl-2 fol- 
lowing paclitaxel, indicating that phosphorylation is inacti- 
vating. Phosphorylation of Bcl-2 may cause a susceptibility 
to death signals of mitotic cells, as a Ser70A la substitution 
restored resistance to apoptosis (Yamamoto et al ., 1999). It is 
important to emphasize that mitotic kinase pathways are dis- 
tinct from classical interphase pathways. In interphase cells, 
the mitogen signalling is directed from the plasma mem- 
brane to the nucleus, culminating in gene expression. In 
mitotic cells, the nucleus does not exist and gene expres- 
sion is reduced or absent. For example, in interphase Raf-1 
is activated by protein kinase C and Ras on the cellular mem- 
brane. Activated Raf-1 then transduces signals to mitogen- 
activated pathways leading to gene expression such as F os 
and Jun. In mitotic cells, Raf-1 is cytoplasmic, and does 
not signal via the mitogen-activated pathways (Blagosklonny 
et al., 1999). In such cells, microtubules are associated with 


Table 1 Proteins Phosphorylated on Serine during M itotic Arrest 
Protein Function 

MAP-2 Microtubule dynamics 
MAP-4 Microtubule dynamics 
Metabolism Microtubule dynamics 
E-MAP-115 Microtubule dynamics 
Lamin B2 Nuclear envelope 


Bcl-2 Regulates apoptosis 


Bcl-X Regulates apoptosis 
p34cdc2 Serine kinase 

Raf-1 Serine kinase 

Mos Serine kinase 

p38 Serine kinase 

Casein kinase 2 Serine kinase 
cdc25C Serine phosphatase 
PTP 1B Tyrosine phosphatase 


serine/threonine kinases and phosphatases, and microtubule 
dynamics at mitosis depend on serine/threonine phospho- 
rylation of microtubule-associated proteins. Severe micro- 
tubule dysfunction during mitosis may lead to chromosomal 
losses, and such cells must be eliminated. Mitochondria are 
located on microtubules. Mitochondria play a key role in 
drug-induced apoptosis. Therefore, hyperphosphorylation of 
key regulators of apoptosis on the mitochondrial membrane 
(Bcl-2, Bcl-X_, etc.) may link microtubule disruption and the 
apoptotic machinery (Figure 4). (See the chapter Apoptosis. ) 


Mechanisms of Cell Death 


Inhibition of mitotic progression and mitotic arrest cor- 
relate with cytotoxicity of antimicrotubule drugs (Jordan 
etal., 1993; Donaldson etal., 1994). It is important that 
cells may die by apoptosis or by nonapoptotic slow cell 
death after exposure to antimicrotubule agents. Apoptosis 
was initially described as an alternative to necrosis during 
the programme of development of organisms. M orphologi- 
cal features of apoptosis include nuclear fragmentation, DNA 
degradation, cell shrinkage, membrane blebbing, and chro- 
matin condensation. Chromosome condensation is an espe- 
cially troublesome feature when measuring apoptosis caused 
by antimicrotubule drugs because these drugs cause chro- 
mosome condensation as part of mitotic arrest. Currently 
apoptosis tends to be defined as cell death mediated by cas- 
pases, the family of cysteine proteases that cleave numerous 
cellular proteins causing cell death. Therefore, the cleav- 
age of these proteins, e.g. cleavage of poly (ADP-ribose) 
polymerase (PARP), is the most reliable marker of apop- 
tosis. A poptosis-resistant cells are commonly cross-resistant 
to different cytotoxic agents because of failure of caspase 
activation. Although duration of mitotic arrest with persis- 
tent Bcl-2 phosphorylation is crucial for the cytotoxic effects 
caused by antimicrotubule agents, whether a cell undergoes 
apoptosis or slow cell death depends also on the readiness 
of the caspase apparatus. A drug can induce apoptosis in 
apoptosis-prone cells. In leukaemia cells, microtubule-active 
drugs such as paclitaxel induce caspase activation culminat- 
ing in cell death in 16- 36 h (Figure 5). As is evident from the 
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Figure 4 Progression of molecular events from microtubule dysfunction caused by antimicrotubule agents to cell death: apoptotic or nonapoptotic (slow 


cell death). 


mobility shift, Raf-1 and Bcl-2 phosphorylation, markers of 
mitotic arrest, are associated with PARP cleavage, a marker 
of caspase activation. Above 10ng mL ~+, paclitaxel causes 
cell death in HL60 leukaemia cells. The same pattern was 
observed with Raf-1 and Bcl-2 mobility shift. Like paclitaxel, 
other microtubule-active drugs, vinblastine and nocodazole, 
induced apoptosis in 16-30h in these leukaemia cells. In 
most cancer cell lines, however, antimicrotubule drugs cause 
more slow cell death during 3- 6 days without caspase acti- 
vation. The p53 tumour suppressor and the Bcl-2 family 
proteins are the best studied regulators of apoptosis, cell 
death mediated by caspases. It is important to emphasize 
that paclitaxel-induced apoptosis is p53-independent (Bhalla 
et al., 1993). Inhibition of caspases by caspase inhibitors 
brought about micronucleation due to mitotic slippage. 


Mechanisms of Nonmitotic Arrest 


Mitotic slippage results in the re-entry of cells into Gj 
after mitotic block (Long and Fairchild, 1994). Following 
mitotic slippage, cells may form multiple micronuclei, with 
a nuclear envelope developing around each chromosome 
or group of chromosomes (Long and Fairchild, 1994). 
This micronucleation should not be confused with nuclear 
fragmentation, since the latter is a morphological marker of 
apoptosis. M ultinucleated cells are viable. Following escape 


from proper cell division, the cell can then proceed to S 
phase, yielding cells with 8C DNA content. Alternatively, 
a cell may be arrested in the G; phase of the cell cycle 
(Figure 4). The p53 status (wild type (wt) versus mutated 
(mut)) of the cell may determine a scenario. Wt p53 
participates in G; and G2 checkpoints to ensure that mitosis 
occurs before DNA replication. Thus, fibroblasts lacking p53 
become polyploid after exposure to antimicrotubule drugs 
whereas normal fibroblasts do not. Loss of p53 correlates 
with micronucleation and apoptosis (Wahl etal., 1996). 
Exposure of A549 human lung cancer cells to low doses of 
paclitaxel may generate multinucleated cells, accompanied 
by wt p53 and p21"AFUCIP1 induction (Torres and Horwitz, 
1998). However, HCT116 human colon cancer cells, despite 
a wt p53 status, were able to progress to S phase without 
chromosome segregation in the presence of paclitaxel (Long 
and Fairchild, 1994). 

Wt p53 may inhibit cell cycle progression following 
mitotic exit (Sorger et al., 1997). Nanomolar concentrations 
of antimicrotubule drugs induce wt p53 with maximum 
levels achieved by 24h. Like DNA damage, paclitaxel 
induces wt p53 by protein stabilization. This induction is 
cell type specific and is not observed in many cell types. 
Following paclitaxel exposure, normal fibroblasts accumulate 
in the next G; phase, coincident with an increase in 
p53 and p21WAF1/CIP1 (Wahl etal., 1996). An involvement 
of p21WAF1CIP1 jn mitotic exit after paclitaxel treatment 
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Figure 5 Raf-1 and Bcl-2 Phosphorylation as an early hallmark of 
cytotoxicity of paclitaxel. Correlation between cell survival (a) measured 
by the MTT assay) and Raf-1/Bcl-2 phosphorylation in leukaemia cells (b). 
HL60 leukaemia cells were incubated with increasing doses of paclitaxel. 
After 16h, the status of Raf-1, Bcl-2 and PARP proteins was determined 
by immunoblotting. The MTT assay for live cells was performed after 3 
days. Absence of living cells by day 3 (scored by the MTT assay) was 
preceded by caspase activation (scored by PARP cleavage) as a hallmark 
of apoptosis. (From Blagosklonny etal., 1999, Leukemia, 13, 533-539.) 


has also been demonstrated. Whereas p53-mediated growth 
arrest depends on p21/4F /C!P1 induction, p53 induces other 
genes, including Bax., that enhance cytotoxicity to paclitaxel 
(Figure 4). p53-inducible genes, such as p21, may oppose 
the effects of Bax on paclitaxel sensitivity. In fact, p21 
contributes to resistance to paclitaxel-induced apoptosis. 
Several studies reported that certain cell lines lacking wt p53 
exhibited hypersensitivity to paclitaxel. 


Additional Effects of Antimicrotubule Drugs at Very 
High Concentrations 


In addition to mitotic arrest, micromolar concentrations of 
antimicrotubule drugs such as 10-100 umolL~! paclitaxel 
have additional effects, including the activation of gene 


expression and tyrosine kinases, and stimulation of cytokine 
secretion. Most of the these effects occur after 15- 30min, 
long before a mitotic arrest. It should be emphasized 
that transcription is blocked in mitosis. Furthermore, these 
effects are commonly observed in nondividing cells, such as 
macrophages. Thus, paclitaxel activates the tumour necrosis 
factor (TNF) receptor and also releases numerous cytokines 
including TNF-a, and several interleukins (ILs): IL-la, IL- 
18, IL-8. Paclitaxel at 30 umol L-} activates the AP-1 and 
NF-kappaB transcription factors and stimulates expression of 
‘early-response’ genes, including transcription factors with 
tumour-suppressor activities. High doses of paclitaxel also 
increase tyrosine phosphorylation of kinases of the mitogen- 
activated pathway, enhancing the production of nitric oxide 
synthase. All these effects are observed at doses that exceeds 
those clinically achievable, and the clinical significance of 
these effects is disputed. 


Combinations of Antimicrotubule Agents with Other 
Drugs 


Given that cytotoxicity of antimicrotubule drugs is primarily 
related to mitotic arrest, combination with any other drug 
that prevents mitotic arrest will antagonize the cytotoxic 
effects of antimicrotubule drugs. For example, low doses 
of DNA-damaging drugs arrest cells in G2 or Gı phase 
of the cell cycle. This precludes mitosis and mitotic arrest 
otherwise caused by antimicrotubule drugs. Thus, such cells 
arrested in interphase become insensitive to antimicrotubule 
drugs. Differences in the ability to arrest normal and cancer 
cells can be exploited for selective G1/G2 growth arrest 
of normal cells, thus protecting them from the cytotoxicity 
caused by antimicrotubule drugs (Blagosklonny et al., 2000). 
In contrast, when antimicrotubule agents are applied first, 
the cytotoxicity of the second drug is usually increased. 
Mitotic cells are more sensitive to DNA-damaging drugs 
and radiation. When added after antimicrotubule drugs, 
when cells are arrested in mitosis, DNA-damaging agents, 
including radiation and doxorubicin, are synergistic with 
antimicrotubule drugs. Numerous reports of combining 
paclitaxel, docetaxel, and vinblastine with other agents 
support this paradigm. Thus, an additive response has 
been most often found when an antimicrotubule drug 
is administered first and DNA-damaging agent (cisplatin, 
doxorubicin, radiation) is administered second. Antagonism 
has been found in combinations when paclitaxel is second. 
Sequence dependence of the combinations of antimicrotubule 
drugs with other anticancer drugs is important in clinical 
applications. 


Resistance to Antimicrotubule Drugs 


Resistance to microtubule drugs can be described on three 
different levels, as follows. 


1. Expression of drug transporters that efflux (pump out) 
drugs from a cell. In this peripheral type of resistance, 
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the drug does not reach its target (tubulin/microtubules). 
There are numerous drug efflux pumps that can be 
overexpressed in a cell, thus decreasing intracellular drug 
concentrations. M ultidrug resistance protein (MRP) is an 
efficient transporter of the Vinca alkaloids (vincristine, 
vinblastine) but not of taxanes (paclitaxel and docetaxel), 
and cells that overexpress M RP are sensitive to paclitaxel. 
Both the Vinca alkaloids and taxanes are substrates for 
the Pgp/MDR1 pump. Epothilones, however, are not 
substrates of Pgp, and cells overexpressing Pgp/MDR1 
are still sensitive to epothilones. Cells overexpressing so- 
called ‘lung resistance-related protein’ are resistant to 
vincristine, whereas the breast cancer resistance protein 
(BCRP) transporter does not confirm resistance to either 
paclitaxel or vincristine. 

2. Tubulin mutations. Although the most studied resistance 
to paclitaxel is mediated by P-glycoprotein, resistance 
could also result from alterations in its intracellular target, 
tubulin. Such alterations include decreased tubulin, point 
mutations, different expression of 6-tubulin isotypes and 
acetylation of a-tubulin. Acquired £-tubulin mutations in 
human cancer cells can confer resistance to taxanes and 
epothilones by impairing their binding to microtubules 
(Giannakakou etal., 2000a). These mutations develop 
following exposure to paclitaxel in the presence of the 
Pgp antagonist verapamil. The paclitaxel-resistant cells 
are cross-resistant to epothilones and more sensitive 
to vinblastine. Furthermore, tubulin point mutations are 
linked to paclitaxel resistance in human tumours in the 
clinical setting (M onzo etal., 1999). One study found 
a lack of response to drug treatment and poor survival 
among patients with 6-tubulin mutations. 

3. Apoptosis-resistant phenotype. Although some cancer 
and leukaemia cells undergo apoptosis following mitotic 
arrest, other cells initiate mitotic exit with subsequent 
‘slow cell death’ without involvement of caspases. Also, 
in apoptosis-resistant cells, drug-induced apoptosis may 
be delayed upstream of caspase-3 activation, as itis linked 
to intrinsic cellular characteristics mapping between B cl-2 
phosphorylation and cytochrome c release. Bcl-2 and B cl- 
X, overexpression does not affect antimicrotubule agent- 
induced p34/cdc2 activity leading to G2/M transition, 
which temporally precedes cytochrome c release, and 
subsequent activation of caspase 9 and 3 and apoptosis. 
The Aktl oncogenes are amplified or A kt1 kinase activity 
is constitutively elevated in several types of human 
malignancy. PK B/Aktl phosphorylates Bad and prevents 
it from binding to Bcl-X_. Furthermore, overexpression 
of PKB/Aktl can inhibit the release of cytochrome c 
induced by paclitaxel. It is important that apoptosis that 
is caused by antimicrotubule agents is p53-independent 
(Woods et al., 1995). 


p53 and Sensitivity/Resistance to Antimicrotubule 
Agents 


Wt p53 is induced by different stimuli such as DNA damage 
and, in some cell lines, antimicrotubule agents. Wt p53 can 


induce apoptosis or growth arrest. For example, wt p53 
protein transcriptionally induces p21WAF¥CIP1 which inhibits 
cell cycle progression in G; and G2 phases. Loss of wt p53 
function is the most common genetic alteration in cancer. 
Although some clinical data implicate p53 mutations in 
cancer resistance to paclitaxel, other studies show that loss 
of p53 function does not determine sensitivity to paclitaxel 
or even increase sensitivity. Lack of correlation between 
sensitivity to paclitaxel and p53 status was found in 60 
cell lines in an NCI drug screen. The role of p53 in 
sensitivity to paclitaxel is very cell type specific. Thus, 
wt p53 also can be protective against cell death caused 
by antimicrotubule agents by inducing p21 and causing 
growth arrest in the interphase. In an alternative scenario, 
wt p53 can increase sensitivity to antimicrotubule agents 
by inducing Bax, a proapoptotic protein. However, loss of 
p53 can play an indirect role in the development of the 
drug resistance, in that a high background of spontaneous 
mutagenesis has been demonstrated in the cells that lost 
p53. Since loss of the p53 function leads to genomic 
instability, such cells had a much better chance of acquiring 
mutations that will confirm resistance to antimicrotubule 
drugs. Therefore, paclitaxel-resistant cells originated from 
cells lacking functional p53 (Giannakakou etal., 2000b). 
Acquiring additional changes, including mutations in tubulin, 
makes this process irreversible. 


INDIVIDUAL DRUGS AND THEIR CLINICAL 
APPLICATIONS 


Historical Perspective 


Antimicrotubule agents have been used in internal medicine 
since the sixth century. Plant extracts containing colchicine 
have long been used in the treatment of gout and familial 
mediterranean fever (FMF), and colchicine therapy modifies 
the natural history of FMF disease. Also, this drug has 
been shown to have beneficial effects in cutaneous diseases, 
including psoriasis. However, colchicine has never been 
utilized in the treatment of cancer. Plant extracts containing 
the Vinca alkaloids were early medicaments for controlling 
scurvy, toothache, and diabetes. Screening for antidiabetic 
activities underscored their cytotoxic properties, and the 
Vinca alkaloids, including vincristine and vinblastine, were 
developed as anticancer drugs. In addition, estramustine 
was synthesized in the 1960s as an alkylating agent for 
the treatment of advanced prostate carcinoma. It became 
apparent later that the anticancer effects of estramustine are 
mediated through the inhibition of microtubule assembly. 
Next, as an agent with a unique mechanism of action 
(stabilizing instead of destabilizing microtubules), paclitaxel 
(Taxol) was introduced in clinical trials in the mid- 
1980s. Encouraged by the success of this drug in the 
treatment of metastatic breast and ovarian cancer, there 
was great enthusiasm to develop additional antimicrotubule 
drugs. Numerous antimicrotubule drugs including docetaxel, 
dolastatin, vinorelbine have been introduced commercially or 
are undergoing clinical trials. 
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Side effects of antimicrotubule agents include the toxi- 
city due to mitotic arrest of proliferating cells and to the 
disruptions of tubulin functions in interphase. Thus, antimi- 
crotubule drugs affect proliferating progenitor cells of the 
bone marrow, causing neutropenia. M ucositis, alopecia (loss 
of hair) and gastrointestinal effects are also common. Antimi- 
crotubule drugs also affect microtubules in interphase cells, 
especially neuronal cells. The important role of microtubules 
in axonal transport contributes to the neurological toxicity of 
antimicrotubule drugs in the clinic. 


Microtubule-Destabilizing Drugs 


The Vinca Alkaloids 


The Vinca alkaloids such as vincristine and vinblastine bind 
directly to microtubule ends with high affinity and with lower 
affinity to tubulin sites located along the surface of the micro- 
tubule cylinder. These alkaloids bind to tubulin rapidly and 
high concentrations are accumulated in cells. As with all 
antimitotic agents, the cytotoxic effect of the Vinca alkaloids 
is due to mitotic arrest of dividing cells. The inhibition of 
proliferation at the lowest effective drug concentrations of 
vinblastine or vincristine occur with no microtubule depoly- 
merization. Despite identical mechanisms of action, the main 
toxicities of these two agents are different. M yelosuppres- 
sion, particularly neutropenia, is the principal toxicity of 
vinblastine. In contrast, peripheral neurotoxicity is the prin- 
cipal toxicity of vincristine. Other toxicities include gas- 
trointestinal (abdominal pains, vomiting, diarrhoea, intestinal 
necrosis) and dermatological (alopecia and rashes). Stomati- 
tis and pharyngitis are more common with vinblastine than 
vincristine. Pharmacokinetic differences between in Vinca 
alkaloids may also account for differences in site effects. The 
higher cellular retention of vincristine than vinblastine may 
explain why vincristine is more potent during short treatment 
periods. Recently, two semisynthetic derivatives of vinblas- 
tine, vinorelbine and vinzolidine, have been introduced in 
clinical use. As an advantage, both agents may be adminis- 
tered orally, in contrast to vinblastine and vincristine which 
are administered parentally. 


Dolastatins 


The dolastatins are peptides isolated from the sea hare 
Dolabella auricularia. These compounds, bind to the ‘vinca’ 
binding sites of tubulin. Among these compounds, dolastatin 
10 and dolastatin 15 exhibit the most promising cytotoxic 
properties and are currently under evaluation in clinical trials. 
A cyclic analogue of dolastatin 10 also has been synthesized. 
Dolastatin 10 has been studied in clinical trials, and a dose- 
limiting toxicity is neutropenia. 


Other Microtubule-Destabilizing Drugs 


Several other products that are structurally unrelated to the 
Vinca alkaloids but bind at ‘vinca’ or ‘near-vinca’ binding 


sites have been identified. At very low concentrations, 
these antimicrotubule agents, including maytansine, rhizoxin, 
phomopsin A and halichondrin B, cause mitotic arrest. 


Microtubule-Stabilizing Drugs 


Paclitaxel 


Paclitaxel, a natural product from the bark of the Western 
yew, was the first microtubule-stabilizing agent to be 
identified. As a single agent, paclitaxel was found to be 
effective in metastatic breast cancer (with a response rate 
as high as 62% in some studies), ovarian cancer, lung cancer 
and squamous cell carcinoma of the head and neck. The 
mechanism of action of paclitaxel was initially considered to 
be fundamentally different from that of previous antimitotic 
compounds, in that paclitaxel increased polymer mass and 
stabilized the microtubules (Schiff and Horwitz, 1980), 
leading to tubulin bundles (Figure 6). However, a higher 
concentration of paclitaxel is required to increase the 
total microtubule polymer mass than is required to inhibit 
microtubule function (Jordan and Wilson, 1998). Paclitaxel 
stabilizes microtubules by suppressing dynamic changes, 
such as growing and shortening, leading to mitotic arrest 
(Jordan and Wilson, 1998). Paclitaxel binds to microtubules 
which contain one paclitaxel site per tubulin heterodimer, 
rather than to free tubulin dimers. At higher doses than those 
which cause mitotic arrest, paclitaxel causes the formation of 
microtubule bundles in interphase cells. The primary effect 
of paclitaxel is to interfere with the assembly of the mitotic 
spindle, resulting in the failure of chromosomes to segregate 
(Long and Fairchild, 1994). Paclitaxel accumulates in cells 
at very high levels and the cellular uptake of this drug is 
almost irreversible. 

Paclitaxel entered phase | trials in 1983. Phase | trials 
found myelosuppression (neutropenia) to be the dose-limiting 
side effect. Paclitaxel was used in different schedules of infu- 
sions to patients from 1 to 120h in duration (Rowinsky, 
1994). The neutropenic toxicity of paclitaxel was schedule- 
dependent and more pronounced with prolonged infusions. 
Mucositis, another side effect that probably depends on 
the mitotic arrest of rapidly proliferating epithelial cells, 
was more severe with prolonged administration. In contrast, 
myalgia and neuropathy were significant dose-related effects 
with shorter duration. In addition, alopecia and gastrointesti- 
nal effects were observed. While shorter paclitaxel infusions 
may cause less haematological toxicity, the severity and fre- 
quency of neurotoxicity and myalgias are higher. Longer 
infusions (96 h) can cause a response in breast cancer patients 
who previously did not respond to or progressed following 
a shorter infusion duration (Sackett and Fojo, 1997). 

The clinical development of paclitaxel has moved to 
combination regimes, in which paclitaxel was administered 
with numerous agents previously shown to be active in 
metastatic breast cancer, e.g. fluorouracil, mitoxantrone, 
cisplatin, cyclophosphamide and epirubicin. In addition 
to its well-documented activity in ovarian and breast 
cancer, paclitaxel has also shown activity in non-small-cell 
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Figure6 Tubulin immunofluorescence of human cancer cells treated with antimicrotubule agents. (a) Cell were treated with 100 ng mL +t paclitaxel (Taxol) 
for 2 h. Paclitaxel induces the formation of bundles of microtubules (arrows). (b) Cell were treated with 100 ng mL ~} vincristine for 2 h. Depolymerization 
results in the absence of microtubules [Figure kindly provided by Dr P. Giannakakou (NCI, NIH, Bethesda, MD, USA).] 


lung cancer, urothelial carcinoma, adenocarcinoma of the 
endometrium, primary peritoneal carcinoma and malignant 
glioma. 


Docetaxel (Taxatere) 


Docetaxel is a more water-soluble analogue of paclitaxel and 
it is slightly more potent than paclitaxel. Docetaxel entered 
clinical trials in 1990. These trials were aimed at finding 
the difference in docetaxel compared with paclitaxel, and 
although a few differences were described, their significance 
are unclear. Given their similar mechanisms of action and 
common binding sites on microtubules, one would not 
expect superiority of docetaxel over paclitaxel or vice 
versa. Although experience with paclitaxel exceeds that with 
docetaxel, an increasing number of studies have shown that 
docetaxel is active in a range of malignancies similar to that 
in which paclitaxel was previously found to be active: breast 
cancer, squamous cell carcinoma of the head and neck, non- 
small-cell lung cancer. 


Epothilone A and B 


Among nontaxanes, there are several promising classes 
of natural products including the soil bacteria-derived 
epothilone A and B, the coral-derived sarcoictyns and the 
marine sponge-derived discodermolide. Epothilones bind 
to similar binding sites to paclitaxel, and epothilones 
shares a common pharmacophore (active molecular structure) 
with taxanes (Giannakakou etal., 2000a). Therefore, the 


mechanism of action of epothilones is not likely to be 
different from that of the taxanes. Epothilones display 
some superior qualities: these drugs retain activity against 
multidrug-resistant cells that express Pgp, a pump. Also 
important is the fact that epothilones are soluble in water. 
Epothilones are currently under clinical development and 
undergoing clinical trials. 


Combinations of Stabilizing and Destabilizing 
Antimicrotubule Agents 


Using clinically relevant concentrations of vinblastine and 
paclitaxel, it has been shown that both depolymerizing 
and stabilizing agents exert antimitotic effects by reducing 
spindle microtubule dynamics, with no significant alteration 
of tubulin between the soluble and the polymerized forms. 
Accordingly, some combinations of Vinca alkaloids and 
taxanes may be beneficial in terms of antitumour activity 
(Dumontet and Sikic, 1999). In animals, the combination 
of vinorelbine and paclitaxel increased long-term cures 
and reduced the toxicity of these agents for the animal. 
However, substantial haematological and mucosal toxicity of 
the combination of docetaxel and vinorelbine was observed 
in patients. In a recent clinical trial, docetaxel at 60 mg/m? 
and vinorelbine at 45 mg/m?, both given every 2 weeks, was 
a highly active combination for the treatment of advanced 
non-small-cell lung cancer. The occurrence of certain late 
toxicities can limit its use in some cases and suggests that 
the combination could also be beneficial in settings requiring 
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briefer, fixed periods of treatment, such as in induction or 
postoperative therapy. 


Antimicrotubule Agents That Are Not Used in 
Oncology 


The most studied antimicrotubule agents such as colchicine, 
colcemide and nocodazole are not used in the treatment 
of cancer. Although, like the Vinca alkaloids, these agents 
depolymerize microtubules, they have a distinct ‘colchicine 
site’ on tubulin. Perhaps colcemide and nocodazole were 
too well known, as laboratory reagents for studying mitosis, 
to be introduced into the clinic. These drugs, however, are 
widely used for the investigation of mitosis, mitotic arrest and 
tubulin functions. Furthermore, tubulin was initially purified 
using colchicine as a biochemical marker. 
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INTRODUCTION 


For most primary tumours the treatment of choice is 
surgery and/or radiotherapy. These measures might be very 
effective for controlling localized tumours. However, at the 
time of diagnosis the majority of cancers have already 
microscopically metastasized throughout the body, leading 
to recurrent disease in 60-70% of the cancer patients. In 
view of this, systemic chemotherapy with anticancer drugs 
is required to control outgrowth of metastases. Although 
for some invasive tumours in advanced disease stages 
chemotherapy might be administered up front to allow better 
surgery, in essence currently the chemotherapy of cancer 
is the treatment of metastases, either known or assumed 
(DeVita, 2001). Chemotherapy of cancer started after the 
Second World War, and although its concept is fairly simple, 
i.e. killing cancer cells, the chemotherapeutic armamentarium 
for the treatment of cancer is still rather limited. In the 
early days, anticancer drugs were successfully obtained 
from plants and fungi, and remarkably these anticancer 
drugs are still among the more potent ones. Indeed, the 
history of the so-called antitumour antibiotics began in the 
late 1930s when a pigmented compound, actinomycin A, 
isolated from Streptomyces cultures, was found to exhibit 
antitumour properties (Waksman and Woodruff, 1940). 
Subsequently, a variety of antitumour antibiotics (including 
doxorubicin, daunorubicin, actinomycin D, mitomycin C and 
bleomycin) were isolated from fermentation broth of various 
Streptomyces species. The notion that these compounds had 
unique structural features with antitumour activity initiated 
analogue research. Despite decades of attempts to beat 
nature by rationally designing new semisynthetic and fully 
synthetic analogue compounds, the results have been rather 
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disappointing, and only a few new antitumour antibiotics 
(epirubicin, idarubicin, and mitoxantrone) have made it to 
the clinic. 

In this chapter, we will discuss the anthracyclines (doxoru- 
bicin, daunorubicin, epirubicin, idarubicin), anthracenediones 
(mitoxantrone) and the related antitumour antibiotics actino- 
mycin D, mitomycin C and bleomycin with respect to their 
mode of action, clinical utility and toxicity. 


ANTHRACYCLINE ANTIBIOTICS 


Of the anticancer anthracycline drugs, doxorubicin and 
daunorubicin are among the most important in terms 
of clinical activity. The isolation of anthracyclines from 
Streptomyces peucetius and structural identification took 
place in Italy and France during the 1960s. For a full account 
of the history of the discovery, synthesis and analogue 
analysis of doxorubicin, readers are referred to the excellent 
monograph by Arcamone et al. (1997). Daunorubicin was 
isolated first and after demonstration of its activity in 
acute leukaemias, the search for biosynthetic analogues 
resulted in the identification of doxorubicin as an anticancer 
agent. Doxorubicin is the generic name for adriamycin, 
and daunorubicin is also referred to as daunomycin. The 
anthracyclines are composed of a four-ring structure linked 
to the amino sugar daunosamine by a glycosidic bond 
(Figure 1) (Arcamone et al., 1997). This four-ring structure 
is the chromophore of the anthracycline molecules, and 
aqueous solutions of doxorubicin and daunorubicin are red. 
Doxorubicin and daunorubicin only differ in the C14 position 
of the anthracycline ring where doxorubicin has an additional 
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Anthracycline Ri Ra Ra Ry 
Doxorubicin OCH; OH H OH 
Daurorubécin OCHS H H OH 
Epirubicin OCH; OH OH H 
idarubscan H H H OH 

Figure 1 Structures of clinically important anthracycline antibiotics. 


hydroxyl group. The chromophore-ring structure has two 
phenolic groups and a quinone function. From a biological 
point of view, the amino sugar is most important. The pK a 
value of the amino group is around 8, and in aqueous solution 
at pH lower than 7 the protonated form is predominant. 
At physiological pH, the molecules dissociate protons, and 
approximately half of the molecules are neutral, and are 
in equilibrium with the charged molecules. The idea is 
that only the uncharged molecules can enter the cell by 
passive diffusion. in vitro studies have shown that cellular 
anthracycline uptake and retention are strongly influenced by 
both extracellular and intracellular pH. Since solid tumours 
might become acidic owing to reduced oxygen supply, this 
phenomenon is probably of clinical importance. 


Mechanisms of Action 


Anthracyclines are highly reactive molecules with a variety 
of intracellular targets, explaining the pleiotropic effects of 
anthracyclines on cell physiology. First of all they have 
a high affinity for DNA (binding constants of the order 
of 10°L mol-!), both in its purified form in solution and 
in its natural form in the chromatin complex where it 
intercalates in the major groove between the base pairs of the 
DNA double helix. These DNA interactions of anthracycline 
molecules are noncovalent in origin. There seems to be no 
base specificity for the DNA intercalation of doxorubicin 
and daunorubicin. The intercalation probably leads to local 
unwinding of the DNA double helix owing to separation 
of the purine and pyrimidine bases by the intercalating 
moiety. The anthracyclines also bind to RNA, proteins and 
lipids, together leading to interference with DNA replication, 
RNA transcription and translation, and inhibition of enzyme 
activities and proper membrane functioning. Clearly, the 
mechanisms underlying cell kill by anthracycline drugs are 
manifold, complex and only partly understood. M ost likely, 
a very important cytotoxic determinant of anthracycline 
drugs is their interaction with the nuclear enzyme DNA 


topoisomerase I1. Both prokaryotic and eukaryotic cells have 
a class of enzymes called topoisomerases (EC 5.99.1), 

There are two types of topoisomerases (type | and type 
Il), both of which are targets for cytotoxic drug treatment. 
The topoisomerases are essential for proper cellular handling 
of DNA knots and twists formed during DNA replication 
and transcription. They function by inducing transient 
DNA strand breaks, making strand passage and relaxation 
possible. Type | enzymes act by making a break in one 
strand of DNA, whereas the type II enzymes introduce 
a transient double-strand break. In the last few decades, 
a whole class of (primarily) naturally occurring cytotoxic 
compounds (e.g. epipodophyllotoxins, anthracyclines and 
camptothecins) has been identified that interact with the 
topoisomerases. Normally, the single- and double-strand 
breaks induced by the topoisomerases are resealed by 
the same topoisomerases. The so-called ‘topoisomerase 
inhibitors’ inhibit the topoisomerases by trapping DNA 
strand-passage intermediates that can be detected as protein- 
associated DNA single- and double-strand breaks linked to 
the enzyme, the so-called ‘cleavable complex.’ In that way, 
the anthracyclines give rise to DNA double-strand breaks. 
First, the cell will try to repair these DNA strand breaks, 
but when the DNA damage is too severe for repair, a 
programmed pathway of cell death (mostly referred to as 
apoptosis) will be triggered (Hickman and Dive, 1999). 
Extensive DNA damage may also occur as a consequence 
of redox reactions of the quinone ring of the anthracyclines. 
These reactions may lead to the formation of superoxide and 
hydroxyl free radicals, and hydrogen peroxide that can cause 
oxidative damage of cell membranes and DNA. 

Drugs might be cell cycle phase specific because their 
intracellular target is only involved in cell physiology at a 
specific phase of the cell cycle. However, for most anticancer 
drugs cell cycle phase specificity has not been unequivocally 
demonstrated. An obvious reason, of course, is that these 
drugs have multiple intracellular targets. Along this line, the 
anthracyclines indeed do not exhibit clear cell cycle phase 
specificity, although exponentially growing cells might be 
more susceptible for the cytotoxic effects of doxorubicin and 
daunorubicin than plateau phase cells. 


Clinical Activity and Pharmacology 


The anthracyclines are very active agents with a broad 
spectrum of antitumour efficacy. Traditionally, in Europe 
doxorubicin is used for the treatment of solid tumours 
and daunorubicin for acute lymphocytic and myelocytic 
leukaemias. However, in the USA doxorubicin is also 
used for haematological malignancies. Doxorubicin shows 
clinical activity against carcinomas of the breast, lung 
(small-cell lung cancer), ovary and bladder, sarcomas of 
bone and soft tissues, various childhood malignancies 
(neuroblastoma, Wilms’ tumour, Ewing sarcoma), acute 
leukaemias, Hodgkin and non-Hodgkin lymphomas and 
multiple myeloma. Polychemotherapy is the basis of modern 
anticancer drug treatment, and decades of clinical experience 
have shown that doxorubicin and daunorubicin can be 
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adequately combined with other anticancer drug classes 
such as spindle poisons (taxanes and Vinca alkaloids), 
platinum-based drugs (cisplatin and carboplatin), nucleotide 
analogues (cytarabine and 5-fluorouracil), alkylating agents 
(cyclophosphamide) and antifolates (methotrexate) (D eV ita, 
2001). 

Doxorubicin and daunorubicin are usually given as a rapid 
intravenous infusion. Oral administration is not effective, 
mainly because of local gastrointestinal toxicity, and a low 
and variable bioavailability of approximately 5%. In addition, 
the anthracyclines are known to be degraded in the stomach 
as a result of the low pH, because the glycosidic bond 
joining the amino sugar and the anthracycline C4-ring 
structure is pH labile. Plasma pharmacokinetics and urinary 
and hepatic excretion of the anthracyclines have been studied 
extensively in humans, but for studying tissue distribution, 
small laboratory animals (mice, rats, rabbits) have necessarily 
been used. The anthracyclines bind to plasma proteins to a 
great extent (~76%). However, this binding is noncovalent 
with a low affinity constant and is independent of the 
drug concentration. This suggests that the total plasma 
concentration of anthracyclines, which is routinely measured, 
is reflective of the unbound (free drug) concentration. 

Numerous analytical methods have been described for 
the determination of anthracyclines and their metabolites in 
biological matrices, including assays based on radiolabelled 
drug measurement, fluorometry, thin-layer chromatography 
or high-performance liquid chromatography (HPLC). This 
latter method is considered the method of first choice, 
and has generally employed ultraviolet, electrochemical or 
fluorescence detection, combined with solvent or solid-phase 
extraction techniques. 

Following intravenous injection, the anthracyclines are 
rapidly taken up by the tissues that are easily accessible, 
such as the heart, liver, spleen, kidneys, and lungs, and, 
owing to the high affinity for nuclear DNA, tissue retention 
is high. The drugs hardly pass the blood- brain barrier, and 
do not accumulate in brain tissues. Owing to the extensive 
tissue uptake, the plasma decay curve of both doxorubicin 
and daunorubicin in humans after a rapid intravenous bolus 
dose is typically triphasic with a very short a-phase (T 1/2 
= 10-20 min), a longer 6-phase (T 1/2 = 3-4h) and a much 
longer y-phase (T 1/2 = 30- 40h) (Riggs and Bachur, 1983). 
The a- and B-phases might be regarded as drug distribution 
phases, while the y-phase primarily represents the drug 
elimination phase (Figure 2). 

Of the total dose administered, renal elimination accounts 
for about 10-20% and hepatobiliary and intestinal secretory 
routes for about 40-50%. The liver is a preferential site 
of cancer metastases, and the outgrowth of metastases 
can easily lead to impaired liver function. In the case of 
hepatic dysfunction, the hepatic elimination of anthracycline 
drugs is decreased, leading to increased tissue exposure and 
an increased chance of toxicity. For this reason, patients 
with impaired liver function cannot tolerate full doses 
of anthracyclines, and dose adjustment is recommended, 
although specific guidelines have not been defined. Owing 
to the small contribution of the kidneys to the total body 
clearance of anthracyclines, renal dysfunction rarely is a 
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Figure 2 Representative plasma concentration versus time profiles of 
doxorubicin (o) and its metabolite doxorubicinol (e) in a single cancer 
patient treated with an intravenous bolus dose of doxorubicin at a dose 
level of 75 mg m~?. 


reason not to use anthracycline therapy and dose reduction 
is generally not applied. 

Doxorubicin and daunorubicin are extensively metabolized 
in mammals. The first metabolic reaction that takes place in 
the tissues is a reduction of the side-chain carbonyl group to 
asecondary alcohol, to form doxorubicinol and daunorubici- 
nol, respectively. Cytoplasmic aldo-keto reductases, ubiqui- 
tously present in tissues, catalyse this reduction. Doxorubi- 
cinol and daunorubicinol are the predominant metabolites in 
humans. Since daunorubicin is a better substrate than doxoru- 
bicin for the aldo-keto reductases, the metabolite daunorubi- 
cinol is more abundantly present than doxorubicinol in the 
plasma. Doxorubicinol plasma concentrations are approxi- 
mately 50% of those of the parent compound, whereas for 
daunorubicinol this figure is much higher, and its concentra- 
tion can even exceed that of the parent compound several 
hours after drug administration. Doxorubicinol and daunoru- 
bicinol are also cytotoxic to cells, but are less potent on 
a molar basis. It is not very likely that doxorubicinol con- 
tributes that much to the therapeutic efficacy of a doxorubicin 
administration. For daunorubicinol, it might be expected that 
it does contribute to the therapeutic gain, because of the high 
concentrations it may achieve. 

Another important metabolic reaction is the deglycosida- 
tion of the free amino sugar from the parent compounds or 
their reduced forms by liver NADPH-dependent cytochrome 
P-450 reductase, leading to the formation of pharmacolog- 
ically inactive aglycones. Demethylation of the methoxy 
group of the aglycone takes place as an essential step for 
conjugation in phase II metabolic reactions to the sulfate and 
glucuronide esters, which are finally excreted by the hepato- 
biliary route. 


Toxicity 


Anthracyclines are mutagenic and carcinogenic, and hospi- 
tal pharmacists and nurses handling the drugs should take 
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proper care not to be exposed involuntarily. The classical 
approach to anticancer drug discovery used rapidly grow- 
ing tumour models. No wonder that normal tissue toxicity 
is primarily against rapidly proliferating tissues. In principle, 
curative anticancer chemotherapy is given at the maximum 
tolerated dose. Therefore, anticancer chemotherapy is often 
accompanied by severe organ-specific side effects, requiring 
multidisciplinary treatment approaches. J ust like most other 
anticancer drugs, the anthracyclines have acute and chronic 
side effects on rapidly dividing tissues such as bone marrow, 
aerodigestive mucosa, gonads and hair follicles (for more 
detailed reading on anticancer drug toxicity, see Lipp, 1999). 
The anthracycline-induced myelosuppression (primarily leu- 
cocytopenia and to a lesser extent thrombocytopenia) is dose- 
related, and occurs in the majority of patients. Bone marrow 
toxicity is primarily on the rapidly dividing early progenitor 
cells and it takes approximately 2 weeks before the peripheral 
blood count decrease becomes fully manifest. Full recovery 
of peripheral blood cells counts normally requires 3- 4 weeks 
from start of therapy with little or no evidence of residual 
bone marrow toxicity. In principle, chemotherapy-induced 
myelosuppression can become life threatening because it 
increases the risk of occurrence of opportunistic infections. 
In clinical practice, myelosuppression is often the reason for 
treatment delay or dose reduction. In those cases, the pro- 
phylactic administration of haematopoietic growth factors 
can speed up haematopoietic recovery in time, although the 
extent of the leucocytopenia is not affected. M ucositis is also 
a dose-related side effect, but occurs much less frequently. 
The formation of sperm in men and of ovarian follicles in 
women is also affected by anthracycline chemotherapy. As 
a result, men receiving chemotherapy often have decreased 
sperm production and might become infertile. Therefore, as a 
general rule that also holds for anthracycline-containing treat- 
ment regimes, men subjected to chemotherapy with curative 
intent are recommended to bank sperm. 

A complicating factor of the use of anthracycline drugs is 
cardiotoxicity. An acute, transient, cardiac dysfunction may 
occur in about 10-40% of patients immediately after drug 
administration. M ore severe is the chronic cardiotoxicity that 
develops later, up to 6 months after administration of the 
last anthracycline dose. It is life threatening and consists 
of severe cardiomyopathy leading to congestive heart fail- 
ure. The clinical symptoms include tachycardia, arrhythmia 
and cardiomegaly. The cardiomyopathy is cumulative and 
dose dependent, and there is now general agreement on the 
total dose of anthracycline that should not be exceeded dur- 
ing a patient's entire life. For doxorubicin and daunorubicin 
this dose is set at 550 mg/m?. Patients with prior or con- 
current mediastinal radiotherapy or cyclophosphamide treat- 
ment and patients with pre-existing cardiac problems may 
have an increased risk of anthracycline-induced heart fail- 
ure, and dose reduction is recommended. The pathogenesis 
of anthracycline-induced cardiotoxicity is probably complex 
and has not been fully elucidated. H owever, evidence is accu- 
mulating that the cardiotoxicity is related to the quinone 
function of the anthracyclines. In the presence of NADPH, 
flavoprotein can transfer an electron to the quinone group of 
the aglycone. The resulting semiquinone can in turn transfer 


the electron to free oxygen molecules, and reactive superox- 
ide anion radicals are formed. These give rise to the highly 
toxic hydroxyl radicals that cause DNA damage and lipid 
peroxidation. Peroxidation of mitochondrial cardiolipin may 
lead to inhibition of mitochondrial function. Heart tissues 
seem to have low levels of free radical scavengers and high 
levels of cardiolipin in the mitochondrial membranes, two 
observations that might account for the specific cardiotoxic- 
ity of the anthracyclines. Several attempts have been made to 
reduce anthracycline-induced cardiotoxicity. These include 
the use of free radical scavengers (e.g. a-tocopherol) and 
other compounds that inhibit their formation (e.g. dexrazox- 
ane), avoidance of high peak plasma concentrations by using 
longer infusion periods and the use of liposomes containing 
the drugs, as a kind of slow-release devices. However, the 
best way still is to stick to the recommended dosing. 
Another anthracycline-specific clinical problem is severe, 
long-lasting local tissue necrosis upon extravasation of drug 
at the injection site. These necrotic sites are extremely long 
lasting and have the tendency to enlarge, probably because 
cells killed by the local high drug concentrations, pass on 
the anthracycline molecules to the surrounding tissues. The 
drug cannot be washed out of the tissues because of the tide 
binding with nuclear DNA. The only effective measure is 
surgical excision and grafting of the extravasated site. 
Other toxicities associated with anthracyclines include 
alopecia (universal), nausea, vomiting, diarrhoea, anorexia, 
fever and radiation-recall dermatitis, i.e. sensitization of nor- 
mal tissues that have been exposed to irradiation previously. 


Mechanisms of Resistance 


Most chemotherapeutic protocols have been developed by 
trial and error. This approach has been shown to be very 
powerful for developing optimum treatment strategies with 
regard to drug combinations, dosing and schedules. To 
circumvent the early appearance of drug-resistant cell clones, 
polychemotherapy involving two or more non-cross-resistant 
drugs with different mechanisms of action and different 
side effects has been developed. However, the appearance 
of drug resistance is fairly common in the treatment of 
cancer. Resistance to anthracycline therapy either can be 
intrinsic (de novo right from the beginning), as is seen in 
colon cancers, or can be acquired during repeated courses 
of chemotherapy. The former is frequently found in the 
treatment of solid tumours and the latter in the treatment of 
acute leukaemias. In acute leukaemias, complete remission is 
easily induced with current protocols. However, a substantial 
fraction of the treated patients relapse, with a much lower 
chance of response on subsequent chemotherapy. Eventually, 
these patients die from drug-resistant leukaemia. Apparently, 
the chemotherapeutic protocols selected for drug-resistant 
leukaemia cells and/or induced drug-resistant mechanisms 
themselves. 

In vitro studies have elucidated a number of cellular mech- 
anisms by which cells can become drug resistant. T he anthra- 
cyclines are excellent drugs for in vitro studies because of 
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their intrinsic fluorescence properties that make intracellu- 
lar accumulation easy to monitor by flow cytometry (N ooter 
et al., 1994). Membrane transport of the anthracyclines is 
by passive diffusion of the nonionized free base, which is 
in equilibrium with the ionized drug. Since daunorubicin is 
much more polar than doxorubicin, cells take up daunoru- 
bicin much more rapidly than doxorubicin. The intracellular 
accumulation shows saturation kinetics, and for daunorubicin 
it takes about 60 min to be at a plateau level, whereas doxoru- 
bicin continues to accumulate for a couple of hours before an 
equilibrium is reached between drug influx and drug efflux. 

Energy-dependent, unidirectional outward drug pumps 
facilitate the cellular efflux of anthracycline drugs. Thus far, 
three drug pumps, referred to as P-glycoprotein, multidrug 
resistance protein (MRP) and breast cancer resistance protein 
(BCRP), have been characterized that might play a role in 
clinical drug resistance. In Figure 3a, the energy dependence 
of intracellular anthracycline efflux is demonstrated. The 
drug pumps transport not only anthracyclines but also other 
naturally occurring anticancer agents, among which are the 
Vinca alkaloids, epipodophyllotoxins, taxanes and some of 
the campthotecins (Ambedkar and Gottesman, 1998). These 
proteins belong to the superfamily of ATP-binding cassette 
(ABC) transporters that are found in all prokaryotic and 
eukaryotic cells. The human genome may contain a large 
number of such ABC transporters, and currently at least 50 
human ABC genes have been identified (although for the 
majority their function is still obscure). The anticancer drug 
pumps are upregulated upon cellular stress, and are part of 
the cell’s defence mechanism against xenobiotic substances. 
Some normal tissues such as the colon and lungs have 
high levels of constitutive expression of P-glycoprotein and 
MRP, respectively, illustrating their role in detoxification. 
As indicated, anthracyclines do not normally accumulate in 
brain tissue upon intravenous inoculation. By the use of so- 
called knockout mice, i.e. mice with homozygous deletions in 
the genes encoding P-glycoprotein, it could be demonstrated 
that P-glycoprotein present in the endothelial cells of the 
small capillary vessels surrounding the brain protects them 
for anthracycline accumulation. Elevated P-glycoprotein and 
MRP expression is frequently found in solid tumours of the 
colon, lung, oesophagus and kidneys, and in haematological 
malignancies, including lymphomas, multiple myeloma and 
acute and chronic leukaemias. H owever, the question to what 
extent these mechanisms contribute to clinical drug resistance 
appears to be very difficult to answer, since there is as yet 
no consensus on this item. 

In the past decade, a number of noncytotoxic agents have 
been identified by the use of in vitro studies, including 
verapamil and cyclosporin A, that can restore sensitivity 
of resistant tumour cells to P-glycoprotein substrate drugs 
by competing with drug binding sites and/or transport of 
the anticancer agent (Figure 3b). Initial attempts to improve 
the therapeutic response in patients with P-glycoprotein- 
overexpressing tumours using combination treatment of 
anthracyclines with such modulating agents had only limited 
success owing to the intrinsic toxicity to the patient. 
Recently, however, modulators have become available that 
lack the severe toxicity and usually possess higher affinity 
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Figure 3 Daunorubicin accumulation (expressed as fluorescence intensity 
in arbitrary units) by P-glycoprotein-expressing cells. (a) Ex vivo ovarian 
carcinoma cells expressing P-glycoprotein in the absence and presence of 
energy. The cells had been preincubated for 30 min in glucose-free medium. 
At time zero, daunorubicin (2 umol L-1) was added to the cell suspension. 
Arrows indicate time points of addition of sodium azide (10 umol L-1). (b) 
Ex vivo leukaemia cells from a patient with acute myelocytic leukaemia. 
The upper curve was made at the time of diagnosis, when the patient was 
responsive to therapy and had no P-glycoprotein expression. The lower 
curve was made when the patient had become resistant to therapy and the 
leukaemia cells had abundant expression of P-glycoprotein. After addition 
of cyclosporin A (arrow), drug accumulation in the leukaemia cells was 
restored. 


for P-glycoprotein. Currently, clinical trials with these 
compounds given combined with anthracyclines are under 
way, and preliminary findings suggest potential clinical 
benefits particularly for the treatment of haematological 
malignancies. 


Anthracycline Analogues 


For decades anthracycline analogues have been synthesized 
and tested in the clinic with the idea of developing anticancer 
drugs with reduced toxicity and a broader spectrum of 
clinical activity. So far, only two anthracycline analogues 
(epirubicin and idarubicin) have made it to the status of 
standard anticancer agents. In many respects these analogues 
resemble their parent compounds very closely, and much of 
what has been stated for doxorubicin and daunorubicin also 
applies to epirubicin and idarubicin. 
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Epirubicin 


In the epirubicin molecule, the daunosamine sugar is replaced 
by the semisynthetic acosamine, which is a configurational 
isomer of daunosamine. The only difference between dox- 
orubicin and epirubicin is in the amino sugar moiety in 
which the hydroxyl group is in the L-configuration. In many 
respects, epirubicin behaves like the parent compound dox- 
orubicin. Epirubicin is primarily used in the treatment of solid 
tumours, especially breast cancer. The clinical pharmacology 
of epirubicin is comparable to that of doxorubicin, includ- 
ing tissue distribution, plasma pharmacokinetics, metabolism 
and urinary and hepatic elimination. After an intravenous 
bolus administration, substantial tissue accumulation and a 
triphasic disposition profile from plasma are observed. The 
terminal elimination half-life of epirubicin might be shorter 
than that observed for doxorubicin, probably associated with 
metabolism, and is estimated to range from 18 to 45h. In 
vitro and in vivo, epirubicin is less potent and probably less 
effective than doxorubicin. However, it also causes fewer 
a haematological and cardiac problems than doxorubicin, 
when calculated on an equimolar basis. Qualitatively, the 
cardiotoxic profiles of epirubicin and doxorubicin are iden- 
tical, and for epirubicin the recommended cumulative dose 
not to be exceeded is 850- 1000 mg m~*. Epirubicin exhibits 
the same cross-resistance pattern as doxorubicin, so it is not 
an alternative for the treatment of drug-resistant tumours. 


Idarubicin 


Idarubicin (4-demethoxydaunorubicin) is a novel semisyn- 
thetic daunorubicin derivative for which therapeutic use has 
not been fully evaluated. It differs from daunorubicin by the 
lack of a methoxy group in the four-ring anthracycline struc- 
ture (Figure 1). The lack of the methoxy group gives a yellow 
instead of red colour to aqueous solutions of idarubicin. 
Idarubicin is used in the treatment of acute leukaemias. 
The drug is more hydrophobic than the other anthracyclines, 
and can pass the blood-brain barrier by passive diffusion. 
Idarubicin has been found to accumulate in brain tissue 
in cancer patients, and might therefore be applicable for 
the treatment of malignant glioma. In contrast to the 
other anthracyclines, idarubicin can also be given orally. 
Apparently, idarubicin has an improved acid stability caused 
by the substitution of the methoxy group by a hydrogen 
atom. After intravenous administration, idarubicin shows 
basically comparable pharmacokinetics to daunorubicin, 
although it might have a higher tissue-binding capability 
and increased potency. The bioavailability of idarubicin 
is around 30% when given orally. After oral dosing, 
large interindividual variability in plasma pharmacokinetics 
occurs as a consequence of variability in oral absorption, 
a typical problem associated with orally delivered drugs. 
The highest plasma levels are found 1-4h after intake 
of the drug, and the half-life of the terminal elimination 
phase ranges between 30 and 40h. After oral dosing, a 
substantial first-pass effect is observed. Being a typical 
anthracycline molecule, idarubicin can undergo reduction of 
the side-chain carbonyl function leading to the formation 


of idarubicinol, and reductive cleavage of the amino sugar 
to give the aglycone 4-demethoxydaunomycinone. As the 
plasma level of the parent compound decreases with time, 
that of idarubicinol rapidly increase, and soon exceeds that 
of idarubicin. Since idarubicinol is as cytotoxic as the parent 
compound, the high levels of idarubicinol might contribute 
to the therapeutic efficacy of an idarubicin dose. Again, renal 
pathways are minor routes of elimination of the unchanged 
drug and the metabolites, and biliary excretion is most 
dominant. The use of idarubicin is accompanied by the 
typical anthracycline toxicity, however, after oral use, mostly 
with reduced severity. Idarubicin probably also is a substrate 
for the P-glycoprotein and MRP drug pumps. 


ANTHRACENEDIONE ANTIBIOTICS 


Mitoxantrone belongs to the class of anthracenedione 
antibiotics and is composed of a fully synthetic tri- 
cyclic anthracenequinone ring that can intercalate into the 
DNA double helix (Figure 4). It has a typical quinone- 
semiquinone structure, but lacks the fourth ring of the anthra- 
cyclines, including the amino sugar. Instead it has two sub- 
stituted aminoalkylamino groups, which under physiological 
conditions are positively charged. Mitoxantrone is a typical 
topoisomerase II inhibitor, and free radical production seems 
to be of less importance for its mechanisms of action. On a 
molar basis mitoxantrone is much more cytotoxic than the 
anthracyclines. 


Clinical Aspects 


Mitoxantrone is used in the palliative treatment of solid 
tumours (prostate and breast cancer) and in haematological 
malignancies for remission induction in acute leukaemias in 
adults and in the treatment of lymphomas. It is mostly used in 
combination with other drugs and can replace anthracyclines 
in combination chemotherapy. M itoxantrone was originally 
launched as an anticancer agent because of its supposed 
lower cardiotoxicity, and was thought to be competitive 
with the anthracyclines. However, in clinical practice, 
mitoxantrone does not seem to have clear advantages over 
the anthracyclines, with the possible exception of prostate 
cancer. 
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Figure 4 Structure of the anthracenedione antibiotic mitoxantrone. 
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Upon intravenous inoculation, mitoxantrone has a stronger 
tissue accumulation and binding than the anthracyclines, 
especially in the bone marrow. Again, plasma binding is 
reversible and extensive (in excess of 95%). Mitoxantrone 
has a terminal disposition plasma half-life of about 40 h and 
is metabolized extensively in the liver to primary oxidation 
products. Excretion of unchanged and metabolized drug is 
primarily by the biliary route (30-40% of total administered 
dose) and to a lesser extent by the kidneys (5- 10%). 

M itoxantrone has a toxicity profile identical with that of 
the standard anthracyclines, including gastrointestinal toxic- 
ity, dose-limiting myelosuppression and chronic cardiotoxic- 
ity. Nausea and alopecia tend to be less severe, but repeated 
dosing of mitoxantrone may lead to prolonged cytopenia, 
probably related to the long persistence in the bone marrow. 
In second-line treatment, previous histories of anthracycline 
treatment should be taken into account with regard to car- 
diotoxicity. 


Mechanisms of Resistance 


When cells in vitro are selected with mitoxantrone, a unique 
drug-resistant phenotype is obtained. This phenotype is 
characterized by resistance to mitoxantrone, cross-resistance 
to doxorubicin and daunorubicin and to some topoisomerase 
| inhibitors, including topotecan, and sensitivity to Vinca 
alkaloids, taxanes and cisplatin. In these resistant cells, drug 
accumulation is reduced owing to efflux by an energy- 
dependent drug pump. This drug pump is referred to 
as breast cancer resistance protein (BCRP), mitoxantrone 
resistance protein (MXR) or ABC transporter placenta- 
specific (ABCP), and belongs to the superfamily of ABC 
transporters. The BCRP/MXR/ABCP peptide has the very 
interesting characteristic of a ‘half-transporter,’ that is, it only 
has a single ATP-binding domain and a single hydrophobic 
region containing transmembrane domains. In contrast, P- 
glycoprotein and MRP are composed of two homologous 
halves in tandem repeat, each with an ATP-binding cassette 
and transmembrane regions. These half-transporters can 
dimerize or connect with other half-transporters, possibly 
creating new combinations of full transporters, thereby 
enlarging the diversity of transporters enormously. Among 
the normal tissues, BCRP/MXR/ABCP reaches extremely 
high expression levels in the placenta, and almost no 
expression elsewhere. Although its expression is associated 
with resistance to mitoxantrone and anthracyclines in breast, 
colon and gastric cancer and fibrosarcoma cell lines (Ross 
et al., 1999), a role in clinical drug resistance has still to be 
proved. (See the chapter on Drug Resistance and Reversal.) 


NON-ANTHRACYCLINE ANTIBIOTICS 


Actinomycins 


Actinomycin D (also known as dactinomycin), the first anti- 
tumour antibiotic introduced into the clinic, was originally 
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Figure 5 Structure of actinomycin D. Sar = scarcosine; M eval = N - 
methyl valine. 


derived in the 1940s from Actinomyces yeast species and is 
presently obtained as a fermentation product of Streptomyces 
parvulus (Cragg and Newman, 1999). Actinomycin D has a 
unique structural feature in the presence of a tricyclic phe 
noxazone chromophore, essential for its cytotoxic properties, 
which is linked to two identical cyclic polypeptides that may 
differ among the various naturally occurring actinomycins 
(Figure 5). The clinically used drug preparation is composed 
of a hygroscopic, bright yellow - red, crystalline powder that 
is almost insoluble in water below 37°C, freely soluble in 
ethanol and slightly soluble in diethyl ether. 


Mechanisms of Action 


Structural information obtained by X-ray crystallographic 
studies and nuclear magnetic resonance spectroscopy has 
shown that the chromophore of actinomycin D, a planar 
phenoxazone actinocin, permits intercalation between base 
pairs in DNA, while the polypeptide side chains lie in 
the minor groove of DNA. The most stable complex of 
actinomycin D with DNA is formed by interaction of the 
drug with the sequence dG pdC (i.e. a guanine- cytosine base- 
pair specificity) on one DNA strand and the complementary 
sequence on the other strand, and thus the domains of DNA 
enriched in this sequence will be most affected by this drug. 
The summation of these interactions provides great stability 
to the actinomycin D-DNA complex, and this binding is 
responsible for its biological activity and cytotoxicity. In 
addition to the binding to double-stranded DNA, actinomycin 
D is also Known to bind to single-stranded DNA. Eventually, 
the binding of actinomycin D to DNA results in inhibition 
of RNA and protein syntheses. More recently, it has been 
shown that actinomycin D can be activated to a free radical 
state and, as such, the compound can function, like the 
anthracyclines, as an intermediate electron acceptor and 
facilitate the transport of free electrons directly to oxygen. 
As described earlier, the resulting activated oxygen species 
(Superoxide and hydroxy! radicals) are highly toxic and can 
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produce double-stranded breaks in DNA with subsequent loss 
of function. 


Clinical Activity and Pharmacology 


The most important clinical use of actinomycin D is in 
the treatment of rhabdomyosarcoma and Wilms’ tumour 
in children, where it is curative in combination with 
primary surgery, radiotherapy and other drugs, particularly 
vincristine and cyclophosphamide. In the palliative setting, 
actinomycin D has shown antitumour activity in Ewing 
and nonepidemic Kaposi sarcomas, childhood soft tissue 
sarcomas and carcinomas of breast, bladder and ovary. The 
drug also produces consistent responses in combination with 
chlorambucil and methotrexate in patients with metastatic 
testicular cancer, but this regimen is not as effective as those 
that incorporate vinblastine or etoposide plus cisplatin and 
bleomycin. 

Only very limited data are available on the clinical phar- 
macological behaviour of actinomycin D, and most of the 
available information is based on the use of 3H-labelled drug 
in combination with assays based on thin-layer chromatogra- 
phy and electrophoresis. C oncentration- time profiles of acti- 
nomycin D are characterized by a biexponential decay pat- 
tern, with a very rapid a-phase, suggesting extensive uptake 
into peripheral tissues, and a terminal disposition half-life of 
36- 48 h, that is slightly prolonged with hepatic dysfunction. 
This observation has led to the current clinical recommen- 
dations of giving actinomycin D by intermittent intravenous 
bolus injections, rather than by daily, divided-dose adminis- 
trations. Urinary and faecal excretion of unchanged drug have 
been shown to account for about 20 and 14% of the adminis- 
tered dose, respectively, with minor amounts of metabolites 
present in urine. Structural identification and determination of 
biological activity of any of the metabolites has not been per- 
formed. Although the usual route of actinomycin D adminis- 
tration is by intravenous injections, isolated-limb perfusions 
by intra-arterial injections have been described for treatment 
of extremity metastases from a variety of primary tumours. 


Toxicity 


Actinomycin D inhibits rapidly proliferating cells of nor- 
mal and neoplastic origin and, on a molar basis, is among 
the most potent antitumour agents known. Toxic manifesta- 
tions of actinomycin D include, as for most of the antitumour 
antibiotics, anorexia, nausea and vomiting, usually beginning 
a few hours after drug administration. Haematological toxi- 
city, primarily leucocytopenia, may occur in the first week 
after completion of therapy, but is rarely severe enough to 
produce complete aplastic anaemia. Dermatological toxici- 
ties include alopecia and erythema, sometimes progressing 
to necrosis, desquamation and increased inflammation and 
pigmentation in areas previously or concomitantly subjected 
to irradiation, similar to that observed with doxorubicin and 
daunorubicin. Similar tissue manifestations can be observed 
in the lungs and gastrointestinal mucosae. The drug is also 


known to produce extravasation injury to the skin and sub- 
cutaneous tissues, and may result in soft tissue necrosis. 


Mechanisms of Resistance 


As for most other cytotoxic agents, cellular sensitivity 
is clearly dependent on the intracellular concentrations 
of actinomycin D at the site of action (DNA), while 
resistance to this drug appears to be related to reduced 
accumulation by tumour cells. Although initial studies 
suggested that resistance to actinomycin D was related 
to reduced uptake associated with decreased membrane 
permeability, more recent work has implicated increased 
efflux mediated as the principle mechanism. In cultured 
cells, resistance to actinomycin D is associated in some 
lines with increased expression of the MDR1 gene and 
its product, P-glycoprotein, resulting in cross-resistance to 
other drugs such as the Vinca alkaloids, epipodophyllotoxins 
and anthracyclines. The basis of clinical drug resistance is 
unknown, although it has been suggested that multidrug 
resistance is a potential major obstacle in differentiation 
therapy for rhabdomyosarcoma. 


Mitomycins 


Mitomycin C is the prototype of bioreductive alkylating 
compounds, and was first isolated from a broth culture of 
Streptomyces caespitosus in 1958. Chemically, mitomycin 
C has a unique stereochemical configuration in which 
three cytotoxic functional groups, i.e. a quinone (like the 
anthracyclines doxorubicin and daunorubicin), an aziridine 
and a carbamate moiety, are arranged around the same 
pyrrolo-1,2-indole nucleus. The relatively inactive functions 
need to be activated through quinone reduction, which makes 
the indole nitrogen richer in electrons, from which the 
aziridine and carbamate groups in turn derive alkylating 
properties. Mitomycin C is a violet- blue crystalline powder 
readily soluble in water and a number of organic solvents 
(e.g. acetone, methanol and cyclohexanone). In aqueous 
solutions, the compound is stable at pH 6-9, although 
pronounced acidic and alkaline conditions have been shown 
to result in opening of the aziridine group with cleavage of 
the carbamate and destruction of the quinone chromophore, 
respectively. Because of the chemically labile functions, 
the clinical formulation of mitomycin C is composed of a 
lyophilized powder containing either mannitol or sodium 
chloride as excipients that needs to be reconstituted and 
administered within 5 days. 


Mechanisms of Action 


The initial studies on the molecular pharmacology of mit- 
omycin C pointed to a cross-linking of the two comple- 
mentary strands of DNA and evidence was also obtained 
for attachment of the compound to single DNA strands, 
the so-called monofunctional alkylation. It has been demon- 
strated that mitomycin C exerts its activity primarily as DNA 
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replication inhibitor, and DNA interstrand cross-linking is 
regarded as the most highly lethal type of drug-induced dam- 
age, although monofunctional alkylation is by far the most 
frequently observed interaction (Tomasz and Palom, 1997). 
DNA cross-linking and alkylating activity requires the chem- 
ical or enzymatic reduction of the quinone function, trans- 
forming the drug into a highly reactive alkylator. Although 
the initial hypothesis regarding the mechanism of this pro- 
cess pointed to a central role of the C1 aziridine and the 
C10 carbamate groups of the molecule, more recent research 
specified several other reactive electrophiles, featuring a 
quinone methide and the oxidized forms aziridinomitosene 
and leuco-aziridinomitosene (Figure 6). The chemical iden- 
tity of the DNA cross-links induced by reduced mitomycin 
C has been determined by isolating cross-linked nucleosides 
from treated DNA. Monofunctionally alkylated nucleosides 
(monoadducts), formed alongside the cross-linked adduct, 
were also isolated, in addition to a DNA intrastrand cross- 
link by amitomycin C that results from 2,7-diaminomitosene, 
a major metabolic product of enzymatic activation lacking 
the aziridine function. This latter adduct was found to be 
sequence-specific to guanines in the (G), tract of DNA, 
indicating that selective removal of the aziridine function 
of mitomycin C results in a switch from minor to major 
groove alkylation of DNA. Acidic activation of mitomycin 
C is the second mechanism by which DNA alkylation can 
be produced. It has also been speculated that mitomycin C 
may participate in direct electron transfers to suitable accep- 
tor molecules such as molecular oxygen to give superoxide, 
but the impact of these reactions on cytotoxicity remains 
unknown. 


Clinical Activity and Pharmacology 


Initial clinical investigations with mitomycin C used daily 
low-dose schedules, which resulted in unacceptably severe, 
cumulative haematological toxicity. More recently, the dos- 
ing schedules of the drug have been adjusted applying inter- 
mittent bolus injections every 4-8 weeks to ameliorate the 
severe myelosuppressive side effects. The most usual routes 
of administration are by either intravenous or intraarterial 
injection, since absorption after oral delivery is low and 
unpredictable. However, the narrow therapeutic window of 
systemic administration of mitomycin C has prompted a rel- 
atively wide use of local drug administration, with the ratio- 
nale to obtain selectively higher activity against locally con- 
fined tumours and/or lower systemic toxicity without loss of 
antitumour activity. One of the most commonly applied alter- 
natives of systemic drug delivery is intravesical instillation 
for prevention of recurrence and stage progression of superfi- 
cial bladder cancer after transurethral resection. I ntrapleural 
drug administration has been shown to cause considerable 
local pain and is not recommended. Intraperitoneal mito- 
mycin C, however, is well tolerated and causes neither sig- 
nificant local peritoneal irritation nor abdominal skin and 
subcutaneous problems. However, mitomycin C administered 
intraperitoneally is very rapidly absorbed through the serosal 
surface into plasma, hence effective control of local lesions 


through high drug levels in the peritoneal cavity is unfeasi- 
ble. A variety of drug-delivery systems have been devised to 
achieve sustained intraperitoneal delivery of mitomycin C, 
including activated carbon particles and galactoxyloglucan 
gels. More recently, formulation work has focused on rec- 
tal (suppository) administration of mitomycin C and hypoxic 
pelvic perfusion, but no clear pharmacological benefits could 
be found. 

At present, the only indications in which mitomycin C 
therapy is considered to be curative are combination sched- 
ules in the treatment of squamous cell carcinoma of the anus 
(with 5-fluorouracil and irradiation) (cure rates 60- 80%) and 
intravesical therapy for superficial transitional cell carcinoma 
of the bladder (cure rates 30- 40%). For palliative intent, mit- 
omycin C could be considered, mainly as an integrated com- 
ponent of combination regimens (e.g. FAM, SMF, MVP), in 
unresectable head and neck squamous cell carcinoma, pleu- 
ral mesothelioma and recurrent or metastatic carcinomas of 
the colon, breast, stomach, pancreas, oesophagus and lung. 

Studies of the clinical pharmacology of mitomycin C were 
originally hampered by the absence of suitable analytical 
methodologies with sufficient assay sensitivity. Analytical 
methods based on bioassays measuring cytotoxicity in 
repair-deficient mutant CHO cells, ATP bioluminescence or 
HPLC with ultraviolet, polarographic or mass spectrometric 
detection have been developed in recent years, and are more 
sensitive than the microbiological assays used in earlier 
work. The plasma pharmacokinetics of mitomycin C in 
cancer patients have been reviewed (Verweij etal., 1999) 
and are characterized by a biexponential decline of plasma 
concentrations with time, showing a rapid distribution phase 
(T 1/2=2-10min) and a much longer terminal disposition 
phase (T 1,2=25- 90 min), leading to a relatively rapid overall 
plasma clearance. Pharmacokinetic parameters appear to be 
linear over a wide dose range, and are dose independent 
with similar half-lives for the lower and higher doses tested. 
Mitomycin C is distributed throughout the body tissues, 
with high concentrations in muscle, heart, lung and kidney 
and low levels in liver, spleen and skin. Similarly to 
the anthracyclines, mitomycin C is almost absent in the 
brain following systemic drug administration. No conclusive 
relationships between pharmacokinetic data for mitomycin 
C and a wide variety of clinical parameters have yet been 
established. 

Urinary recovery of mitomycin C after intravenous 
administration ranges between 1 and 20% of the dose 
within a few hours, whereas metabolic degradation has 
been postulated to be the principal elimination route of 
the drug. Although the liver is thought to be the principal 
organ involved in biotransformation, more recent work has 
shown that the spleen, kidney and heart also play a role. 
Interestingly, the presence of oxygen markedly reduced 
metabolic transformation rates of mitomycin C in liver 
homogenates, suggesting that metabolic activation, required 
for antitumour activity, is more pronounced under anaerobic 
conditions. M ost important, impaired liver and renal function 
does not seem to change the clinical pharmacokinetic 


10 THE TREATMENT OF CANCER 


2 
FJ “a, 





Semiquinone 


Electrophilic 
L2cisandtranslfydroxy pathway 
2,7 -diaminomitesene “ho 









OH CHy0CONH, 
HN 
Hal H 

OH NH» OH NH3 
2,7 Diaminomitosene DNA monoadduct DMA bisadduct 


Figure 6 Reductive activation of mitomycin C and DNA alkylation by the reactive intermediates. 


behaviour of mitomycin C, and thus neither change requires 
reduction of the administered dose. 


Toxicity 


As for most antitumour agents, side effects of mitomycin 
C treatment are substantial and sometimes unpredictable. 
Most commonly and frequently observed is a delayed 
form of myelosuppression, especially leucocytopenia and 
thrombocytopenia, which seems to be directly related to 
schedule and total dose applied. In the case of intravenous 
drug administration, this side effect frequently necessitates an 
8-week interval between consecutive doses after the second 
and third 4-week injections. Delayed nausea and vomiting, 
similar to those reported for anthracyclines, can occur, and 
also diarrhoea, but these are mostly mild. Prolonged anorexia 
is relatively common. Extravasation injury and subsequent 
necrosis with very disabling ulcers have been reported 
and may require plastic surgery. In addition, erythema, 
induration and skin ulceration have been reported to occur 


at a distance from the injection site and should be treated as 
for extravasation. 

A variety of pulmonary reactions, including interstitial 
pneumonitis and progressive dyspnea, induced by mito- 
mycin C have been observed that can be fearsome and 
fatal. Although discontinuation of mitomycin C treatment 
may occasionally lead to recovery from this side effect, 
there is often progressive respiratory failure. Congestive car- 
diomyopathy can also complicate mitomycin C therapy, and 
suggests that scrupulous attention should be paid to pretreat- 
ment cardiac evaluation and prospective monitoring of car- 
diac function in patients during combination treatment with 
other cardiotoxic drugs such as doxorubicin. Another poten- 
tially lethal side effect is a microangiopathic- haemolytic 
anaemia syndrome with fever, thrombocytopenia, renal fail- 
ure, anaemia and consumptive coagulopathy. While the pre- 
cise pathophysiology of this syndrome remains unknown, 
endothelial injury from mitomycin C is suspected to be 
the initial insult, with other consequences cascading from 
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that. Although there appears to be no effective treat- 
ment for this syndrome, the use of intensive, combined 
prednisone- captopril- heparin therapy with dialysis and vig- 
orous blood component support has proved beneficial to 
some patients. 


Mechanisms of Resistance 


The mechanisms of resistance to mitomycin C are still 
not completely understood, but in most cases, the various 
mechanisms of action have been shown to provide a rationale 
for understanding the modes by which tumour cells acquire 
resistance to mitomycin C. Cells that repair damaged DNA 
rapidly and efficiently have been shown to resist and recover 
from mitomycin C-induced cytotoxicity more readily. The 
experimental evidence for synergy between mitomycin C 
and agents that are known to interfere with DNA repair, 
such as caffeine and etoposide, further underscores the 
relevance of this so-called DNA excision repair mechanism. 
As with the anthracycline antibiotics, changes in intracellular 
drug accumulation resulting from (active) outward drug 
transport lead to less cellular damage from binding of 
mitomycin C to the sites of action and its intracellular 
activation. In a number of cell lines, mitomycin C has been 
shown to share in the multidrug-resistant phenotype that is 
mediated by P-glycoprotein. Another potential mechanism 
involved in mitomycin C resistance is related to changes 
in bioactivation resulting from a deficiency in specific 
enzyme systems implicated in the bioreductive activation 
of mitomycin C. These include the enzyme DT-diaphorase, 
an obligate two-electron reductase which is characterized 
by its ability to utilize both NADH and NAD(P)H as 
electron donors and by its inhibition by dicoumarol. Finally, 
inactivation of the alkylating species required for mitomycin 
C-induced cytotoxicity, e.g. by cellular systems expressing 
the glutathione-S -transferase genes, can cause resistance to 
mitomycin C by way of radical-detoxifying properties of 
reduced sulphydryl compounds such as glutathione. The 
clinical relevance of each of the proposed mechanisms of 
resistance to mitomycin C is unknown. 


Bleomycins 


Bleomycins belong to an important group of antitumour 
agents discovered initially as fermentation products of Strep- 
tomyces verticillus. The drug currently employed clinically 
is a mixture of two copper-chelated peptides, referred to as 
bleomycin Az and bleomycin B2 (Figure 7). These com- 
pounds differ in the terminal amine substituent, which can 
be altered by adding various amines to the fermentation 
medium. With respect to antitumour activity and toxicity 
profile, the various bleomycins produced by fermentation 
have been shown to vary markedly. Bleomycins are highly 
water soluble, with a core structure composed of basic gly- 
copeptides containing a pyrimydine chromophore linked to 
propionamide, a B-aminoalanine amide side chain and L- 
glucose and 3-0 -carbamoyl-p-mannose. To this core struc- 
ture is attached a tripeptide chain and a terminal bithiazole 


carboxylic acid. The bleomycins have been shown to form 
equimolar complexes with a number of metals, including 
Cu*+ and Fe*+. The clinically used preparation, bleomycin 
sulphate, is freely soluble in water or aqueous solutions and 
stable for at least 24h at room temperature. 


Mechanism of Action 


Although the bleomycins have a number of interesting bio- 
chemical properties, their cytotoxic action results primarily 
from their ability to cause fragmentation of DNA (mainly 
single-strand scissions) (Mir etal., 1996). Various experi- 
mental studies indicated that bleomycin causes accumulation 
of cells in the Gz phase of the cell cycle, and many of 
these cells display chromosomal aberrations including chro- 
matid breaks, gaps and fragments, as well as translocations. 
Bleomycin-induced fragmentation of DNA is dependent on 
the intracellular pH, and requires a metal ion cofactor. In the 
presence of oxygen and a reducing agent, such as dithiothre- 
itol, the metal- drug complex becomes activated and then 
functions mechanistically as a ferrous oxidase, transferring 
electrons from the metal to molecular oxygen to produce 
activated species, including the superoxide anion. Bleomycin 
binds to DNA through its amino-terminal peptide, and the 
activated complex generates free radicals that ultimately lead 
to lethal DNA damage. Recent work has demonstrated that 
bleomycin can lead to mitochrondrial damage with a charac- 
teristic histopathological picture of swelling and hypertrophy. 


Clinical Activity and Pharmacology 


Bleomycin is highly effective against germ cell tumours of 
the testis and ovary. In testicular cancer it is curative when 
used in combination with cisplatin and vinblastine or cis- 
platin and etoposide. Bleomycin has also demonstrated sig- 
nificant activity when used with cisplatin and other agents in 
combination chemotherapy for treatment of squamous carci- 
nomas of the head and neck, oesophagus and genitourinary 
tract. The most common use for bleomycin, however, is as 
a component of multiagent therapy schemes in Hodgkin and 
non-Hodgkin lymphomas as both first- and second-line thera- 
pies and most have demonstrated curative potential. In most 
cases, bleomycin is given weekly or twice weekly by the 
intravenous or intramuscular route, although subcutaneous 
injection or intrapleural, intravesical and intracystic instilla- 
tion have also been advocated, and can be regarded as prac- 
tical alternatives to intravenous infusion for local antitumour 
treatment. Intrapleural and intraperitoneal administrations are 
used mainly for local treatment of malignant effusions. 
Most clinical pharmacological studies with bleomycin 
have been performed by use of radioimmunoassays. A fter 
intravenous administration, the drug distributes extensively to 
several tissues, including skin and lung, but does not cross the 
blood- brain barrier. Bleomycin is unusual among antitumour 
agents for not binding to plasma proteins. Drug elimination 
from the central compartment is characterized, as for many 
other peptide agents, by a relatively short terminal disposition 
half-life of approximately 3- 4h in patients with normal renal 
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Figure 7 Structures of bleomycin Az and bleomycin Bo. 


function. B ased on this behaviour, the use of continuous infu- 
sion schedules has been proposed to increase the likelihood 
that target tumour cells will pass through a sensitive phase of 
the cell cycle when therapeutic concentrations of bleomycin 
are present. Approximately 50- 70% of intravenously admin- 
istered bleomycin is normally excreted in the urine within 
the first 24h after dosing, most likely by glomerular filtra- 
tion, pointing to a prominent role of the kidneys in drug 
elimination processes. Indeed, it has been recommended to 
reduce bleomycin doses by 50-75% in patients with renal 
dysfunction (creatinine clearance <25ml min-?), because of 
observations of increased incidence in pulmonary and other 
toxicities in such patients. Biliary secretion does not con- 
tribute significantly to overall elimination of bleomycin. 


Toxicity 


Bleomycin is only minimally myelo- and immunosuppres- 
sive, which has encouraged research into the role of this 
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compound in combination chemotherapy protocols that con- 
tain very myelosuppressive agents (see the previous section). 
However, it does cause significant chronic skin reactions, 
including linear hyperpigmentation of the trunk, hyperker- 
atosis, erythema and even ulceration. The cutaneous toxicity 
of bleomycin has been linked to low levels of a hydrolase 
that is able to metabolize and inactivate it, thereby pre- 
venting continued formation of toxic radicals that produce 
DNA damage. Clinically, the most serious and potentially 
lethal (in about 1-2% of treated patients) adverse reaction 
is pulmonary fibrosis, the incidence of which increases with 
increase in the total cumulative dose. The pathology is inter- 
stitial fibrosis, similar to the pattern of idiopathic diffuse 
interstitial pneumonitis. There is no known specific ther- 
apy for bleomycin-induced lung injury except for standard 
symptomatic management and pulmonary care. Additional 
toxic side effects include fever (within 24- 48h following 
administration), headache, nausea and vomiting, as well as 
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a peculiar anaphylactoid reaction that presents almost exclu- 
sively in patients with lymphomas. This reaction is charac- 
terized by profound hyperthermia, hypotension and sustained 
cardiorespiratory collapse and may be related to release of 
an (unknown) endogenous pyrogen. Raynaud phenomenon 
and coronary artery disease have also been reported during 
bleomycin therapy in patients with testicular tumours, but are 
not frequent. 


Mechanisms of Resistance 


Mechanisms of resistance to bleomycin in human tumour 
cells include metabolic inactivation by a particular detox- 
ifying enzyme system referred to as bleomycin hydrolase, 
which catalyses the removal of specific amide groups from 
the intact peptide. Expression of this enzyme has been shown 
to be elevated in some resistant cells, and, as indicated (see 
the previous section), bleomycin hydrolase activity is low 
in lung and skin, the two major sites of toxicity to normal 
tissues. Enhanced DNA repair may also be a mechanism 
of resistance to bleomycin, because of the requirement for 
oxygen in the active drug complex. Although bleomycin is a 
natural product, it is not cross-resistant in experimental mod- 
els of multidrug resistance associated with the MDR1 gene 
and P-glycoprotein. 


CONCLUSION 


Antitumour antibiotics are clearly part of the backbone 
of chemotherapy, and they are used as part of treatments 
with curative potential. In this respect, the unique feature 
they share of inducing different types of organ toxicity 
is more of concern than the mostly predictable reversible 
myelosuppression that most of them cause. Thirty years of 
intensive research in analogue development, however, has 
had only a minimal yield. The few relevant analogues that 
have been discovered, although being less toxic than the 
parent compounds, were also less active without exception. 
It is therefore likely that further efforts in analogue 
development will have a similar low yield. Only significant 
changes to the chemical structure, in essence creating totally 
different new classes of anticancer agents, might stand a 
chance of being successful. 


REFERENCES 


Ambedkar, S. V. and Gottesman, M. M. (eds) (1998). ABC Transporters: 
Biochemical, Cellular, and Molecular Aspects. (Academic Press, New 
Y ork). 

Arcamone, F., et al. (1997). New developments in antitumor anthracyclines. 
Pharmacology and Therapeutics, 76, 117-124. 

Cragg, G. M. and Newman, D. J. (1999). Discovery and development of 
antineoplastic agents from natural sources. Cancer Investigations, 17, 
153- 163. 

DeVita, V. T. (2001). Principles of chemotherapy. In: DeVita, V. T., 
et al. (eds), Principles and Practice of Oncology, 6th edn. (Lippincott, 
Williams & Wilkins, Philadelphia). 

Hickman, J. A. and Dive, C. (1999). Apoptosis and Cancer Chemotherapy. 
(Humana Press, Totowa, NJ). 

Lipp, H. P. (1999). Anticancer Drug Toxicity: Prevention, Management, and 
Clinical Pharmacokinetics. (Marcel Dekker, New York). 

Mir, L. M., etal. (1996). Bleomycin: revival of an old drug. General 
Pharmacology, 27, 745- 748. 

Nooter, K., et al. (1994). On-line flow cytometry: a versatile method for 
kinetic measurements. In: Darzynkiewicz, Z., et al. (eds), Methods in 
Cell Biology. 509-525. (Academic Press, New York). 

Riggs, C. E. and Bachur, N. R. (1983). Clinical pharmacokinetics of anthra- 
cycline antibiotics. In: Ames, M. M., etal. (eds), Pharmacokinetics of 
Anticancer Agents in Humans. 229- 278. (Elsevier, Amsterdam). 

Ross, D. D., etal. (1999). Atypical multidrug resistance: breast cancer 
resistance protein messenger RNA expression in mitoxantrone selected 
cell lines. J ournal of the National Cancer Institute, 91, 429- 433. 

Tomasz, M. and Palom, Y. (1997). The mitomycin bioreductive antitumor 
agents: cross-linking and alkylation of DNA as the molecular basis of 
their activity. Pharmacology and Therapeutics, 76, 73- 87. 

Verweij, J., etal. (1999). Mitomycins. Cancer Chemotheraphy and 
Biological Response Modifiers, 18, 46-58. 

Waksman, S. A. and Woodruff, H. B. (1940). Bacteriostatic and bacteri- 
ocidal produced by a soil actinomyces. Proceedings of the Society for 
Experimental Biology and Medicine, 40, 609-614. 


FURTHER READING 


Fischer, D.S., et al. (1997). The Cancer Chemotherapy Handbook. (M osby 
Year Book, New York). 

Priebe, W. (1995). Anthracycline Antibiotics: New Analogues, Methods 
of Delivery, and Mechanisms of Action. (American Chemical Society, 
Washington, DC). 

Remers, W. A. (1988). Chemistry of Antitumor Antibiotics, Vol. 2. (Wiley, 
New York). 


Growth Factor Receptor Blockade 


Marissa Shrader and Matthew H. Herynk 
University of Texas M. D. Anderson Cancer Center, Houston, TX, USA 


Robert Radinsky 
AMGEN, Inc., Thousand Oaks, CA, USA 


INTRODUCTION 


Cancer is the second leading cause of death in the United 
States today. Its development is a complex process in 
which malignant cells proliferate to form a tumour or a 
large progeny of transformed cells. This involves multiple 
genetic alterations resulting in phenotypic changes to the 
cell characteristic of the malignant process such as increased 
survival, proliferation and invasion. Although the individual 
steps in tumorigenesis are not completely understood, the 
fundamental process involves cells undergoing a series 
of successive genetic changes, each of which alters the 
cell genome in a way that confers a selective growth 
advantage to a specific cellular clone. These genetic changes 
lead to altered cellular signalling or to an imbalance of 
proteins that stimulate the cell cycle. The identification 
and characterization of oncogenes and tumour-suppressor 
genes have enhanced our understanding of the biochemical 
pathways associated with the tumour progression. 

A major limitation of current cancer therapy is the ability 
of cancer cells to metastasize. Metastasis, the spread of 
cells from a primary neoplasm to a distant site, is not a 
random process. This process involves a number of highly 
regulated steps, which are influenced by both host factors 
and the intrinsic properties of the tumour cells (reviewed 
by Radinsky, 1995). The essential steps in the formation of 
a metastatic lesion include: (1) growth of neoplastic cells 
after the initial transforming event(s) that is first supported 
with nutrients supplied from the local microenvironment; 
(2) neovascularization must occur next for a tumour mass 
to exceed approximately 2mm? in volume; the regulation, 
synthesis and secretion of tumour angiogenesis factors play a 
vital role in this process; (3) local tumour cell invasion of the 
surrounding host stroma occurs next via blood and lymphatic 
vessels and is enhanced by the production of lytic enzymes 
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such as matrix metalloproteinases (MMPs) and urokinase 
from either tumour cells or host inflammatory cells; (4) once 
the tumour breaches the stroma of the circulatory system, 
detachment and embolization of small tumour cell aggregates 
occur, with the majority of tumour cells being rapidly 
destroyed; for most tumours, fewer than 0.1% of tumour cells 
that enter the circulation survive to form metastases owing 
to blood turbulence and the trauma associated with arrest, 
transcapillary passage and lysis by lymphocytes, monocytes 
and natural killer (NK) cells; (5) the tumour cells must arrest 
in the capillary beds of distant organs, either by adhering 
to capillary endothelial cells or by adhering to the exposed 
subendothelial basement membrane; (6) extravasation occurs 
next, by mechanisms similar to those that influence initial 
invasion; (7) tumour cell survival and proliferation within 
the organ parenchyma complete the metastatic cascade. To 
grow in the organ parenchyma, the metastases must develop 
a vascular network and evade the host immune system. 
For production of clinically relevant metastases, each of the 
outlined steps must be completed. Failure to complete one 
or more steps (e.g. inability to invade host stroma, a high 
degree of antigenicity, inability to grow in a distant organ’s 
parenchyma) eliminates the cells. 

Numerous examples exist in which malignant tumours 
metastasize to specific organs (Fidler, 1990). In 1889, Paget 
proposed that the growth of metastases is influenced by the 
interaction of particular tumour cells (the ‘seed’) with the 
unique organ’s environment (the ‘soil’) and that metastases 
resulted only when the seed and soil were compatible (Paget, 
1999). Common regional metastatic involvements have been 
attributed to anatomical or mechanical considerations such 
as efferent venous circulation or lymphatic drainage to 
regional lymph nodes but distant organ metastases represent 
a unique pattern of organ specificity. Experimental and 
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Table 1 


Receptor family Family members 


Epidermal growth factor receptor (EGFR) EGFR 


HER 2/neu/c-erbB 2 


HER 3/c-erbB 3 
c-erbB 4 

X mrk 

c-Met 

Sea 

Ron 


Hepatocyte growth factor receptor (c-M et) 


Insulin growth factor receptor 


Growth Factor Receptor Families and Their Properties in M alignancy 


Insulin receptor (I-R) 
Insulin-like growth factor 1 receptor (IGF-1R) 


Action 
Epithelial cell growth 


Mesenchymal cell growth Proangiogenic 
Plasma cell growth 

Enhancement of cell invasion and motility 
Proliferation 

Antiapoptosis 


Insulin receptor related protein (IRR) 


c-Ros 
PDGFR-A 
PDGFR-B 


Platelet-derived growth factor receptor (PDGFR) 


Mesenchymal/smooth muscle proliferation 
Mast cell growth 


Colony stimulating factor 1R (CSF-1R) 


c-Kit 
FGFRI/flg 
FGFR2/bek 
FGFR3 
FGFR4 


Fibroblast growth factor receptor (FGF-R) 


Proangiogenic 
Epithelial cell growth 


K eratinocyte growth factor receptor (K GF-R) 


NGF-R 
trkB 


Neurotrophin growth factor receptor (NGF-R) 


“For a review, see Blume-]ensen and Hunter (2001). 


clinical confirmation of these observations advocates that the 
microenvironment of each organ influences the implantation, 
invasion, survival and growth of distinct tumour cells 
(Fidler, 1990; Radinsky, 1995). The mechanistic basis 
of this interaction remains under intense investigation. 
What influences a tumour cell’s response to specific organ 
environments? W hat enables one tumour cell to survive and 
ultimately proliferate as a metastatic lesion and another to 
lie dormant in some cases for years? The properties of the 
tumour cell and host factors play a key role in this process. 
For example, during the metastatic cell’s interactions with 
a number of host cells and systems, biochemical signals 
from endocrine, paracrine or autocrine pathways, alone and 
in combination, stimulate or inhibit tumour cell survival and 
proliferation, with the eventual outcome dependent on the 
net balance of positive and negative regulators. Hence the 
successful metastatic cell, referred to three decades ago as 
the ‘decathlon champion’ (Fidler, 1990), must also be viewed 
as a cell receptive to its environment (Radinsky, 1995). 
Membrane-bound receptor tyrosine kinases (RTKS) and 
their corresponding growth factor ligands participate in this 
process in multiple solid tumour types and their metastases. 
This chapter focuses on current and novel therapeutic 
strategies targeting RTKs and/or their corresponding growth 
factor ligands in the therapy of primary solid tumours and 
their resulting metastases. Emphasis is given to strategies 
using monoclonal antibody and small molecule kinase 
inhibitor approaches targeting specific members of the ErbB 
family of RTKs including the epidermal growth factor (EGF) 
and the ErbB2/HER2 receptors. Use of the RTK targeting 
agents alone and in combination with cytotoxic compounds 
or radiation is discussed in the context of antitumour effects 


Neurite growth and survival 


in terms of mechanisms affecting tumour cell survival, 
proliferation, invasion and angiogenesis in preclinical animal 
tumour models and in human clinical trials. (See also chapter 
on Signalling by Tyrosine K inases.) 


GROWTH FACTOR RECEPTOR TYROSINE KINASES 


Cell surface molecules carry information from the microen- 
vironment to the cell. Cells communicate by way of cell 
surface receptors that recognize and respond to signals from 
the environment. One major family of cell surface molecules 
is composed of transmembrane proteins with intrinsic tyro- 
sine kinase activity. The superfamily of RTKs is organized 
into subfamilies depending on structural and sequence simi- 
larities (Blume-] ensen and Hunter, 2001). These include the 
epidermal growth factor receptor (EGFR) family, the platelet- 
derived growth factor receptor (PDGFR) family, the insulin 
receptor (IR) family, the fibroblast growth factor receptor 
(FGFR) family, the hepatocyte growth factor receptor (c- 
Met) family and the neurotrophin growth factor receptor fam- 
ily (Table 1). These RTKs contain several discrete domains, 
including an extracellular ligand-binding domain, a trans- 
membrane domain, a tyrosine kinase catalytic domain and 
a C-terminal domain. Interaction of a growth factor with 
its receptor at the cell surface leads to a tight association 
enabling growth factors to mediate their activities at nanomo- 
lar concentrations. 

Receptor tyrosine kinases have activity against tyrosine 
residues present both within the receptor itself and in down- 
stream adaptor molecules. RTK s bind to specific ligands trig- 
gering a conformational change resulting in dimerization of 
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the receptors. R eceptor dimerization brings together the tyro- 
sine kinase catalytic domains (intracellular domains), which 
phosphorylate each other on tyrosine residues, and activate 
intracellular signal transduction pathways (Blume-] ensen and 
Hunter, 2001). The mitogenic pathway is mediated through 
the growth factor receptor binding protein (Grb2) and acti- 
vation of the Ras and the mitogen-activated protein kinase 
(MAPK) signalling pathways. Some growth factors, partic- 
ularly insulin-like growth factor | (IGF-I), can promote cell 
survival by activating the phosphatidylinositide-3-OH kinase 
(PI3’K) and its downstream target, the serine- threonine 
kinase Akt, also known as PKB (protein kinase B ), thus pro- 
moting cell survival through the activation of antiapoptotic 
pathways. 


BIOLOGICAL PROPERTIES OF EPIDERMAL 
GROWTH FACTOR RECEPTOR (EGFR) 


The epidermal growth factor receptor (EGFR; also known as 
HER, human epidermal growth factor receptor, and c-erbB 1) 
is a representative member of the tyrosine kinase family of 
receptors. EGFR was the first receptor described to have 
tyrosine kinase activity and the first member of the receptor 
tyrosine kinase family to be sequenced (Mendelsohn, 1997; 
Wells, 1999). The EGFR responds to multiple factors from 
the EGF family of ligands. Each ligand can elicit a different 
activating or deactivating response that is dependent on 
ligand and cell type. The overactivation of EGFR can have 
dramatic effects on a cell’s normal functions, leading to 
uncontrolled migration, survival and proliferation. Egfr gene 
knockout mice usually die in the blastocyst stage or in utero, 
but may live to 20 days post-birth depending on the genetic 
background of the mice (Wells, 1999). EGFR has a variety 
of ligands with redundant signalling pathways. EGF is well 
characterized and can be a potent activator of epithelial cells. 
Transforming growth factor œ (TGF-a) is a potent activator 
during liver regeneration and normal epithelial growth and is 
often expressed in an autocrine manner by different tumour 
cells (Radinsky, 1995). Mice deficient in TGF-a or EGFR do 
not die early in development, indicating redundancy in the 
EGFR/TGF-a signalling pathways that can compensate for 
the loss of either protein. Other members of the EGF family 
of ligands include amphiregulin (AR), heparin-binding EGF- 
related growth factor (HB-EGF) and betacellulin (BTC). 

Following stimulation by ligand, the EGFR (ErbB1) is 
able to heterodimerize with other members of the EGF/ 
c-erbB family of receptors, namely ErbB2 (Her2/neu), 
ErbB3 and ErbB4 (Blume-Jensen and Hunter, 2001). This 
heterodimerization allows EGFR to respond to another 
family of growth factor ligands, the neuregulins (Wells, 1999; 
Kirschbaum and Yarden, 2000). Activation of intracellular 
signalling pathways occurs when the RTK binds to one or 
a few intracellular proteins with Src homology 2 (SH2) 
domains via typical docking sites containing phosphotyrosine 
residues (Blume-Jensen and Hunter, 2001). These effector 
molecules include the adaptor proteins Grb2, Shc, Crk, Vav 
and Nck and proteins that regulate second messengers such 
as Pl3-kinase, P!-4,5-kinase and PLC-y (Table 2). 


Table 2. EGFR Intracellular Binding Partners 


Name Function Reference 

Grb2 Adaptor protein Batzer et al. (1994) 
Shc Adaptor protein 

Crk Adaptor protein 

Crk II Adaptor protein 

Vav Adaptor protein Dougall et al. (1996) 
Nck Adaptor protein 

Gab-1 Adaptor protein 

GAP ras GTPase 

-Catenin Cell- cell adhesion Runge et al. (1999) 
Actin Cytoskeletal interaction 

STAT la/1p Transcription factor 

STAT 5 Transcription factor 

PTP 1B Protein phosphatase Liu and Chernoff (1997) 
SHPTP2 Protein phosphatase Dougall et al. (1996) 
Jak2 Tyrosine kinase 

SRC Tyrosine kinase 

PKC Serine kinase Dougall et al. (1996) 
PKA Serine- threonine kinase Chen et al. (1996) 
PI-3 kinase Lipid kinase 

PLC-y Phospholipase 


THE ROLE OF RTKs AND EGFR IN HUMAN 
CANCER 


The most common cellular lesions found in human cancers 
involve the overexpression of RTKS in combination with 
autocrine stimulation of the receptor by ligand. These include 
TGF-a, PDGF A and B, acidic fibroblast growth factor 
(aFGF), basic fibroblast growth factor (bFGF) and their 
specific receptors (Tables 1 and 2). Epidermal growth factor 
receptors are present on many normal and tumour cells 
(Wells, 1999; Ciardiello et al., 2001). Elevated levels and/or 
amplification of the EGFR has been found in many human 
tumours and cell lines, including breast cancer, gliomas, lung 
cancer, bladder cancer (Dinney etal., 1997; Perotte et al., 
1999; Inoue etal., 2000), tumours of the female genital 
tract, the A431 epidermoid carcinoma, prostate carcinoma, 
pancreatic carcinoma and colon carcinoma (Radinsky, 1995). 
These results suggest the physiological significance of 
inappropriate expression of members of the RTK family 
including EGFR in abnormal cell growth control, making 
it and other receptor tyrosine kinases prime targets for 
anticancer therapy. 


EGER Signal Transduction and Bladder Cancer 
Progression 


Transitional cell carcinoma (TCC) of the bladder is the fourth 
most common malignancy in the United States. Clinical 
studies evaluating the significance of EGFR expression 
in human TCC have shown that >50% of human TCCs 
overexpress EGFR, and that the level of expression directly 
correlates with tumour grade, stage and survival (Dinney 
et al., 1997; Perrotte et al., 1999; Inoue et al., 2000; Brons 
et al., 2000). In patients with superficial bladder cancer, 
EGFR expression correlates with multiplicity, time to disease 
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recurrence and overall recurrence rates. EGFR expression 
also predicted disease progression to muscle invasive or 
metastatic TCC and was an independent prognostic factor 
for death in a multivariate analysis. EGFR expression also 
has prognostic significance for patients with advanced TCC. 
Patients with muscle-invasive TCC which overexpress EGFR 
have a 20% probability of long term cancer-specific survival 
which is significantly worse than the survival of those whose 
tumours did not express EGFR. These studies establish the 
importance of EGFR overexpression in the development and 
progression of human TCC of the bladder. 


EGFR Signal Transduction and Pancreatic 
Carcinoma Progression 


The EGFR and its ligands (including EGF, AR and TGF- 
a) are also commonly overexpressed in pancreatic cancer 
and their expression is associated with a worse prognosis 
(Evans etal., 1997). This coexpression of both receptor 
and ligand and the fact that EGF, AR and TGF-a are 
mitogens for pancreatic cancer cell lines have led to the 
hypothesis that an EGFR-dependent loop contributes to the 
malignant phenotype of this disease. Its importance in the 
biology of pancreatic cancer is supported by experiments 
targeting either EGFR or its ligands (see below) (Bruns et al., 
2000a,b). Immunohistochemical analysis of 87 pancreatic 
tumours for EGFR, TGF-a and EGF found that coexpression 
of these proteins correlated with a more rapidly progressive 
pancreatic cancer in comparison with tumours that failed to 
express the receptor and its ligands. Similarly, a statistically 
significant decrease in the survival of patients overexpressing 
the EGFR and at least one of its ligands was observed. No 
correlation between survival and the presence of Ki-ras or 
the p53 tumour-suppressor gene mutations was observed. In 
addition, a longer median survival in unresectable pancreatic 
cancer patients treated with the anti-EGFR Mab 425 was 
reported and one complete response was observed in a patient 
who remained in an unmaintained remission for 3 years 
(Evans et al., 1997). These studies establish the importance 
of EGFR overexpression in the development and progression 
of human pancreatic carcinoma and collectively implicate the 
EGFR asa potential target in the therapy of carcinomas from 
multiple origins. 


GROWTH FACTOR RECEPTOR BLOCKADE 
THERAPY 


There are several methods of RTK blockade therapy designed 
to interrupt signal transduction selectively. These thera- 
peutic approaches targeting RTKs include strategies using 
monoclonal antibodies (MAbs) targeted to the extracellu- 
lar domain, tyrosine kinase inhibitors that are preferential 
for individual RTKs, bispecific and single-chain antibodies, 
overexpression of dominant negative mutant receptors, lig- 
ands conjugated to toxins, inhibitors of receptor dimerization 
or antisense RNA. Each of these approaches will be outlined 


below in the context of specific therapeutic effects alone and 
in combination with cytotoxic drug therapy or radiation in 
preclinical experiments and in some cases clinical trials. 


Monoclonal Antibody Therapy of Human Cancers 


Directing monoclonal antibodies (MAbs) towards a specific 
RTK represents a promising anticancer therapeutic strategy. 
By selectively targeting the extracellular portion of a recep- 
tor, ligand binding and subsequent intracellular signalling can 
be prevented. Also, some antibodies subsequent to receptor 
binding evoke a host immune response to the tumour. Sev- 
eral MAbs are currently in clinical trials or in use in the 
clinic, including Rituximab (anti-CD 20), Trastuzumab (anti- 
ErbB2/Her2) and C225 (anti-EGFR). In 1997, the US Food 
and Drug Administration (FDA) approved the first MAb 
for the treatment of human cancer. This was anti-CD20 
mouse/human chimaeric antibody, Rituximab/Rituxan™ , 
used to treat human B cell lymphomas. Clinical trials using 
this MAb showed a 15-60% objective response rate when 
administered as a signal agent and a 95- 100% response rate 
when combined with chemotherapy (Coiffer et al., 1998). 

In 1998, the FDA approved the second MAb for 
the treatment of human cancer. Trastuzumab, commonly 
known as Herceptin™, is a chimaeric mouse/human 
anti-ErbB2/HER2/neu receptor monoclonal antibody. This 
was the first antibody approved to treat solid tumours. 
ErbB2/HER-2/neu regulates normal epithelial cell growth. 
Amplification and/or overexpression result in increased 
receptor activity and increased tumour growth. Clinically, 
ErbB2/HER-2 overexpression is associated with a more 
rapid rate of tumour growth, increased rates of metastasis 
and decreased patient survival. However, overexpression of 
ErbB2/HER-2 is seen in approximately 20-30% of breast 
cancer patients and a small number of patients with other 
solid tumours such as lung, bladder, ovary and pancreas (Sla- 
mon et al., 1989). 

Binding of the Herceptin MAb antibody to the HER-2 
receptor results in competitive inhibition of ligand binding 
to the receptor. in vitro, anti-ErobB2/HER-2 antibodies 
have been shown to downregulate the kinase activity 
of the receptor, decrease cell proliferation and increase 
chemosensitivity in HER-2 overexpressing cells (Benz 
and Tripathy, 2000). As a single agent in phase II 
Clinical trials, 17% of patients with metastatic breast cancer 
achieved a 50% or greater reduction in tumour size. In 
phase III trials when Herceptin was given with paclitaxel 
or doxorubicin/cyclophosphamide, objective response rates 
increased to 44 and 53%, respectively (Burris, 2000; Benz 
and Tripathy, 2000). 

Monoclonal antibodies have also been developed to the 
EGFR. An example is anti-EGFR humanized MAb C225, 
which is currently in multiple clinical trials (Mendelsohn, 
1997). C225 binds to the extracellular domain of EGFR, 
blocking ligand binding and resulting in blockade of receptor 
activation (and in some cases increased internalization 
of the nonactivated receptor) (Figure 1; see colour plate 
section), decreased proliferation and cell-cycle arrest. C225 
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Activated EGFR 


Total EGFR 


T ‘ 





Control 





Gemcitabine 


C225 





C225 + 
Gemcitabine 





Figure 1 |mmunohistochemical analysis of activated and total EGFR 
in tumour sections of L3.6p! cells growing in the pancreas of nude 
mice 30 days after therapy. Tumour sections were immunostained with 
MAb antibodies specific to activated EGFR (tyrosine phosphorylated) or 
total EGFR. Tumour sections from control and gemcitabine treated mice 
show immunoreactivity specific for both activated EGFR and total EGFR, 
whereas tumour sections from anti-EGFR MAb C225 and anti-EGFR 
MAb C225 plus gemcitabine (C + G)-treated animals show no change in 
total EGFR immunostaining, but undetectable immunostaining for activated 
EGFR. H and E, haematoxylin and eosin. (Adapted from Bruns etal., 
2000a.) 


also exhibits additive to synergistic effects when given in 
combination with chemotherapy or radiation versus either 
agent alone. Recent preclinical studies in our laboratory have 
shown that the treatment of human bladder and pancreatic 
cancer with C225 results in significantly decreased primary 
tumour growth and incidence of lung, liver and lymph node 
metastases (Perotte etal., 1999; Bruns etal., 2000; Inoue 
et al., 2000). 


Anti-EGFR Therapy of Human Pancreatic Cancer in 
Preclinical Models 


Cancer of the exocrine pancreas is characterized by extensive 
local invasion and early development of metastasis (Evans 
et al., 1997). At the time of diagnosis, more than 80% of the 
patients present with either locally advanced or metastatic 
disease. The inability to detect pancreatic cancer at an 
early stage, its aggressiveness and the lack of effective 
systemic therapy are responsible for rapid death from this 


disease. In fact, only 4% of all patients with adenocarcinoma 
of the pancreas will survive 5 years after diagnosis. For 
patients with advanced pancreatic cancer, even the recent 
introduction of the deoxycytidine analogue gemcitabine does 
not extend median survival beyond 6-9 months. Therefore, 
new therapeutic modalities such as RTK blockade therapy 
are needed for this disease. 

As described above, an association exists between pancre- 
atic tumour progression and the expression and function of 
the EGFR. The pancreas is one of the richest sources for 
expression of prepro-EGF, thereby raising the question of 
autocrine growth stimulation of pancreatic cancer by EGF 
production (Bruns et al., 2000a,b). EGF has been shown to 
promote pancreatic carcinogenesis in hamsters and the in 
vitro growth of human pancreatic cancer cells (Evans et al., 
1997). In addition to EGF, several cultured human pancreatic 
cancer cell lines produce TGF-a. TGF-aw has been shown 
to be 10-100 times more potent than EGF in stimulating 
anchorage independent growth of these cell lines; 3-, 15- and 
10-fold increases in the mRNA levels of EGFR, EGF and 
TGF-a, respectively, have been reported in pancreatic car- 
cinomas as compared with normal pancreatic tissue. These 
data suggest that overexpression of the EGFR and its lig- 
ands may contribute to the malignant phenotype in human 
pancreatic cancer (Yamanaka et al., 1993). 

We recently reported that therapy with the anti-EGFR 
humanized MAb C225 inhibited the growth of established 
human pancreatic carcinomas growing in the pancreas 
of athymic nude mice (Bruns etal., 2000a) (Table 3). 
These data show that targeting the EGFR in established 
disease with anti-EGFR MAbs alone or in combination 
with gemcitabine results in significant antitumour effects 
(Table 3). The abrogation of tumour growth and distant 
lymph node and liver metastases was due in part to blockade 
of EGFR tyrosine kinase activation (Figure 1) and reduction 
of tumour-induced neovascularization (Figure 2; see colour 
plate section) secondary to the downregulation of tumour cell 
expression of the angiogenic factors VEGF and IL-8 (Parker 
et al., 1998; Dinney et al., 1997) (Figure 3; see colour plate 
section). These studies confirm that systemic administration 
of the chimaeric anti-EGFR MAb C225 inhibits growth 
and metastasis of human pancreatic cancer established in 
the pancreas of athymic nude mice. Therapy with MAb 
C225 has a significant antitumour effect mediated by direct 
effects on the tumour cells with respect to inhibition of 
proliferation, and by inhibition of angiogenesis mediated 
by downregulation of tumour cell produced angiogenic 
factors, which are potentiated when used in combination with 
gemcitabine. 


EGFR Signalling and Regulation of Angiogenesis 


The downregulation of angiogenic factors produced by 
the tumour restores the balance between stimulating and 
inhibitory factors that keeps angiogenesis dormant under 
normal conditions. The observation that downregulation of 
the angiogenic stimulus of the tumour cells inhibits the 
host angiogenic response emphasizes the complexity of 
tumour- host interactions. The experiments outlined above 
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Table 3 Therapy of Human Pancreatic Tumours in Nude Mice with Anti-EGFR M ab C225 and Gemcitabine. (Adapted from Bruns et al., 2000a.) 


Therapy“ Incidence of macroscopic tumours? 
Pancreas Liver Regional LN 
tumour metastasis“ metastasis? 
Control 10/10 5/10 10/10 
Gemcitabine 10/10 3/10 6/10 
C225 5/10 2/10 8/10 
C225 + gemcitabine 0/9 0/9 1/9 


Total pancreas Median tumour volume M edian body weight 


weight (mg) (mm?) (range) (g) (range) 
(range)! 
923 (660-1371) 539 (254- 860) 22 (16-24) 
297 (205-485) 152 (59-365) 22 (18-29) 
119 (97-157) 0.3 (0-13) 25 (21-28) 
130 (93-173) 0 (0) 23 (20-27) 


“1 x 10° L3.6pl cells were implanted into the pancreas. Therapy began on day 7 when the median tumour size was 18 mm?. Anti-EGFR MAb C225 
(1mg); gemcitabine (250 mg/kg) alone or in combination was injected i.p. biweekly for 4 weeks. Control mice received saline. Tumour volume, weight 


and extent of metastases were evaluated at necropsy on day 32 
bN umber of tumour-positive mice per number of injected mice 


“Number of mice with visible nodules (>1mm in diameter) per number of injected mice 

4Number of mice with enlarged regional lymph nodes per number of injected mice 

ep < 0.0001 (unpaired Student's t-test) control versus all three therapy groups 

/Tumour volume was calculated using the equation v = ab2/2, where a is the longest diameter and b is the shortest diameter of the tumour. p < 
0.0001 control versus all three therapy groups and anti-EGFR MAb C225 versus anti-EGFR MAb C225 plus gemcitabine therapy group. 








Figure 2. |mmunohistochemical analysis of human pancreatic tumours for 
CD31 after 18 days of therapy. Control, gemcitabine-, anti-EGFR MAb 
C225- and anti-EGFR MAb C225 plus gemcitabine-treated tumours were 
analysed with anti-CD31 antibodies directed against mouse endothelial 
cells. Note the significantly increased microvessel density in the control and 
gemcitabine- treated human L3.6pl pancreatic tumours compared with that 
of the anti-EGFR MAb C225- and anti-EGFR MAb C225 plus gemcitabine- 
treated specimens. (Adapted from Bruns et al., 2000a.) 


demonstrate that inhibition of angiogenesis characterizes, in 
part, the antitumour effect of therapy directed at inhibiting 
EGFR signalling pathways in human pancreatic tumour cells. 
This observation was first reported by Petit et al. (1997) 
and later confirmed by several groups, including our own 
in multiple tumour systems (Perrotte etal., 1999; Bruns 
etal., 2000a,b; Ciardiello etal., 2001). Both EGF and 
TGF-a, which are ligands for EGFR, induce angiogenesis. 
Therefore, downregulation of EGFR signalling pathways 
could inhibit tumour growth by inhibiting tumour-mediated 
angiogenesis, independent of any direct cytostatic effect 
on tumour growth. Preclinical data suggest that EGFR 
blockade therapies alone and in combination with cytotoxic 


therapies (e.g. gemcitabine, paclitaxol) inhibit the growth 
of established human carcinomas growing orthotopically in 
immunodeficient mice (Table 3). The abrogation of tumour 
growth and distant metastasis was due, in part, to a reduction 
in tumour-induced neovascularization secondary to the 
downregulation of tumour cell expression of the angiogenic 
factors vascular endothelial growth factor (VEGF), bFGF and 
interleukin-8 (IL-8), leading to endothelial and tumour cell 
apoptosis and ultimately to regression of established tumours 
(Figures 2 and 3). Thus, the presence of the proangiogenic 
factors VEGF, bFGF and IL-8 were necessary to maintain 
a viable microcirculation and maintain tumour growth. The 
withdrawal of the angiogenic stimulus by EGFR blockade 
therapy resulted in regression of the tumour’ s neovasculature 
and ultimately tumour cell death. 

The mechanisms by which EGFR signalling pathways 
regulate VEGF and IL-8 are unclear, but it is established 
that upregulation of these factors follows activation of the 
EGFR signalling pathways by EGF or TGF-a. Transcription 
of VEGF is potentiated by activation of the four AP- 
1 transcription factor binding sites within its promoter; 
the IL-8 promoter has one AP-1 site (Petit etal., 1997). 
After activation of EGFR signalling pathways, ras and 
raf are activated, resulting in phosphorylation of c-Fos 
and c-Jun, leading to increased AP-1 activity (Petit et al., 
1997). This increase in AP-1 transcription factor activity 
leads to transcription of genes with AP-1 sites in their 
promoter. Since VEGF and IL-8 all share A P-1 binding sites, 
they are potential targets for therapies that downregulate 
EGFR signalling pathways and reduce AP-1 activity. EGFR 
activation has also been shown to stimulate VEGF expression 
in multiple tumour cells (Ciardiello etal., 2001). Petit 
et al. (1997) reported that in vitro treatment of the human 
epidermoid carcinoma cell line A431 with MAb C225 
downregulated VEGF and that after in vivo therapy tumours 
showed a reduction in microvessel density counts (Petit 
et al., 1997). Similar observations have now been reported 
in multiple tumour models (Ciardiello et al., 2001). 
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Figure 3 Immunohistochemical analysis of human pancreatic xenografts 
for VEGF and IL-8 after 18 days of RTK blockade therapy. Control, 
gemcitabine-, anti-EGFR MAb C225- and anti-EGFR MAb C225 plus 
gemcitabine-treated tumours were stained with anti-VEGF and anti-IL- 
8 antibodies demonstrating higher immunoreactivity and hence protein 
production in the control and gemcitabine-treated versus anti-EGFR MAb 
C225- and anti-EGFR MAb C225 plus gemcitabine-treated human L 3.6pl 
pancreatic tumours. (Adapted from Bruns et al., 2000a.) 


Alternative Mechanisms for the Tumoricidal Effect of 
EGFR Blockade 


A cooperative growth inhibitory and cytotoxic effect of C225 
in combination with several chemotherapeutic agents and 
radiation has recently been shown to augment antitumour 
activity in several mouse xenograft models and in human 
clinical trails (Wells, 1999). Anti-EGFR MAb C225 sub- 
stantially enhanced the cytotoxic effects of doxorubicin, cis- 
diammine-dichloroplatinum, gemcitabine and paclitaxol on 
well-established xenografts (Baselga et al., 1993; M endel- 
sohn, 1997). Furthermore, clinical trials with squamous cell 
carcinoma of the lung have demonstrated the capacity of the 
anti-EGFR MAb C225 to localize in such tumours and to 
achieve saturating concentrations in the blood for >3 days 
without toxicity. The molecular pathways for this effect are 
unclear, but those affecting DNA repair, multidrug resis- 
tance, cell cycle checkpoint control or as discussed above 
angiogenesis, may be involved. For example, treatment with 
C225, but not EGF, triggered a specific physical interaction 


between the internalized EGFR and DNA-dependent protein 
kinase (DNA-PK) implicated in the repair of DNA double- 
strand breaks (M endelsohn, 1997). This significantly reduced 
the level and activity of DNA-PK in the nucleus with a 
concomitant increase in DNA-PK levels in the cytosol, sug- 
gesting that EGFR blockade and downregulation by C225 
may impair DNA repair by reducing the nuclear level of 
DNA-PK. The capacity of C225 to modulate tumour cell 
cycle distribution may also play a central role regulating the 
increased sensitivity to chemotherapeutic agents (e.g. gemc- 
itabine, paclitaxol) and radiation. This may involve cell cycle 
checkpoint control as an activator of cell death (Wells, 1999). 
EGFR blockade results in cellular arrest at the G4 restriction 
point, and cells damaged by chemotherapy or radiation typi- 
cally arrestin G2-M to repair DNA alterations. M endelsohn 
(1997) hypothesized that when tumour cells simultaneously 
ignore two checkpoint signals (e.g. activated by EGFR block- 
ade and cytotoxic drug or radiation treatment), cell death 
occurs. Nonmalignant epithelial cells, which obey check- 
point control signals, may be less susceptible to the cytotoxic 
effects of these combination treatments. These data indicate 
that inhibition of EGFR signalling probably acts through 
several potential mechanisms to sensitize tumour cells to 
cytotoxic agents or radiation and provides possible mech- 
anisms for enhanced effects of therapy of human carcinomas 
with EGFR blockade agents in combination with cytotoxic 
agents or radiation. 


Receptor Tyrosine Kinase Inhibitors 


RTK-specific inhibitors are small molecules that directly 
inhibit RTK activity and hence phosphorylation by physically 
interacting with the kinase domain and blocking ATP binding 
or inhibiting tyrosine phosphorylation. Newer generation 
compounds compete at the ATP-binding site and prevent 
phosphorylation by blocking the phosphate source, ATP. 
These compounds are also very receptor specific. Most RTK 
inhibitors are targeted against the EGFR family (Noonberg 
and Benz, 2000). 

In an attempt to block selectively EGFR signalling, 
Buchdunger etal. (1995) synthesized a new class of 
dianilinophthalimide (DAPH) tyrosine kinase inhibitors. 
DAPH2,4,5-bis(4-fluoroanilino)phthalimide, is a potent and 
selective inhibitor of the EGFR tyrosine kinase and the 
PKC $2 enzyme. in vivo, DAPH2 significantly reduced 
the growth, in a dose-dependent manner, of human A431 
and 253) B-V bladder carcinoma xenografts growing in 
immunodeficient mice (Dinney etal., 1997; Parker etal., 
1998). 

Bos et al. (1997) found that PD 153035, an RTK inhibitor, 
suppresses the growth of a number of EGFR -overexpressing 
human cancer cell lines. Administration of the RTK inhibitor 
in combination with MAb C225 further increased the 
antitumour activity of PD153035. The effects of ethyl 2,5- 
dihydroxycinnamate (EtDHC), a novel EGFR TK inhibitor, 
were tested on human glioblastoma cell lines expressing 
different EGFR mutants. They found that EtDHC was 
more potent in inhibiting EGFR tyrosine kinase activity 
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in cell lines overexpressing the wild-type EGFR gene, 
resulting in decreased cell growth and DNA synthesis. 
In cell lines expressing truncated EGFR, a higher dose 
of EtDHC was required to achieve similar effects. This 
finding was in contrast to work with another EGFR TK 
inhibitor, tyrophostin AG 1478, that preferentially inhibited 
glioblastoma cells expressing truncated EGFR (Han etal., 
1996). 

A new class of irreversible RTK inhibitors were recently 
engineered against EGFR and ErbB2/HER-2 (Fry, 2000). 
The inhibitor PD168393 inactivates the EGFR tyrosine 
kinase by covalently modifying a cysteine residue in 
the ATP binding pocket. It was also found that the 
irreversible inhibitor was nine times more effective than a 
similar reversible compound (PD 174265) in a human A431 
epidermoid carcinoma xenograft model. An even greater 
difference (30-fold) was seen against HER -2 phosphorylation 
in MDA-MB-453 human breast carcinoma cells. 

The efficacy of RTK inhibitors has recently been 
described. Faust et al. (1999) found that PD 153035, an RTK 
inhibitor against the EGFR TK, caused apoptosis and growth 
inhibition in vitro of human squamous cell carcinoma of the 
head and neck (SCCHN). Murakami et al. (1999) described 
the activity of Sporostatin, a novel and specific inhibitor 
of the EGFR tyrosine kinase. Sporostatin was isolated from 
a fungus of Sporomiella sp. M5032 and is noncompetitive 
with either substrate or ATP. They also reported that sporo- 
statin inhibits the autophosphorylation of the EGFR in A431 
cells. More recent reports describe similar results with RTK 
inhibitors of the EGFR and ErbB2/HER-2 receptor. To date, 
multiple EGFR-preferential RTK inhibitors from a number of 
companies including AstraZeneca, OSI, Novartis and Pfizer 
are in human clinical trials (Cassinelli et al., 2000); Fry, 
2000; Kirschbaum et al., 2000 and Vincent et al., 2000). 

Bruns et al. (2000) recently published a study of a novel 
EGFR RTK inhibitor, PK1166, from Novartis Pharma. They 
found that administration of PK1166 significantly inhibited 
the growth and liver and lymph node metastases of human 
pancreatic cells growing in the pancreas of nude mice. As 
a single agent, PK1166 reduced the growth of pancreatic 
tumours by 45%. Primary tumour growth was further reduced 
when PK1166 was combined with gemcitabine (85% versus 
control). Combination therapy also resulted in a decreased 
incidence of liver and lymph node metastases and prolonged 
survival. These results are similar to those seen with 
anti-EGFR MAb C225 administered in combination with 
gemcitabine (see above). The observed decrease in tumour 
growth was due, in part, to a decrease in tumour microvessel 
density that was attributed to increased endothelial cell death 
following therapy with PK1166 alone and in combination 
with gemcitabine. 


Bispecific and Single-Chain Antibodies 


Bispecific antibodies (BsA b) are recombinant proteins that 
contain one bivalent variable region (Fv) arm targeting 
an epitope on the surface of a tumour cell and another 
targeting an immune effector cell, such as a T lymphocyte. 


BsAb recruit immune effector cells to the tumour target and 
generate an increased host- tumour interaction, leading to 
tumour-cell death. 

Negri etal. (1995) tested the antitumour effect of the 
anti-EGFR/anti-CD3 BsAb M 26.1 with the constant region 
removed. They found that the BsAb M 26.1 targeted human 
T lymphocytes to the EGFR in an ovarian cancer xenograft 
immunotherapy model (IGROV 1) and increased the survival 
of the treated animals. Valone et al. (1995) used BsA b M DX- 
210 in a phase la/lb clinical trial in patients with advanced 
breast or ovarian cancer that overexpresses ErbB2/HER- 
2/neu receptor. MDX-210 binds to type | Fc receptors 
for immunoglobulin G (IgG) (Fc gammaRI) and to the 
HER-2/neu receptor. M DX -210 targets Fc gammaR|-positive 
immune effector cells such as monocytes and macrophages 
to tumour cells that overexpress HER-2. In the phase | 
Clinical trial, one partial and one mixed tumour response 
were observed among 10 assessable patients receiving M DX - 
210. Goldstein et al. (1997) developed a similar antibody 
that targets the EGFR and Fc gammaRl-positive immune 
cells. This BSAb, H22-EGF, inhibited the growth of EGFR- 
overexpressing cells and mediated the cytotoxicity of these 
cells in the presence of Fc gammakR|-positive cells. Similar 
results have been seen with single-chain antibody therapy. 

Single-chain antibodies (scFv) are recombinant proteins 
composed only of immunoglobulin heavy- and light-chain 
variable regions linked by a short, flexible polypeptide. 
Single-chain antibodies have rapid tumour penetration in 
vivo owing to their small size. These antibodies can be 
exogenously administered or generated within a tumour cell. 
ScFv are able to inhibit ligand binding and kinase activity or 
prevent receptor maturation and cell surface expression. The 
development of scFv is still in an immature stage as problems 
with delivery, stability and gene transfer are considered. 

Beerli et al. (1994) developed a secreted form of an 
scFv that competes with EGF binding to the EGFR. This 
antibody was expressed in EGFR-transformed cells and was 
shown to inhibit receptor activation in an autocrine manner. 
This group also developed scFv against the extracellular 
domain of the ErbB2/HER-2 receptor using a different 
approach from above. The single-chain antibodies were 
expressed intracellularly and targeted to the lumen of the 
endoplasmic reticulum (ER). By binding the extracellular 
domain of the newly synthesized ErbB2/HER-2 receptor, 
the scFvs prevented the transit of the receptors through 
the ER to the cell surface, thus inactivating the receptors. 
Similar approaches have been utilized to inactivate HER- 
2 in T47D human mammary carcinoma cells. EGF and 
neu differentiation factor (NDF) induced the activation 
of mitogen-activated protein kinase (MAPK) and growth 
stimulation by NDF was inhibited in cells devoid of cell 
surface ErbB2/HER-2 receptors. 


Dominant-Negative Mutant Receptors 
Previous work has provided evidence that structurally 


defective receptors can suppress the action of wild-type 
receptors, thus behaving as dominant-negative mutations. 
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This causes various decreased receptor responses resulting 
in decreased cell proliferation, cell migration, etc. Wells 
(1999) found that the kinase-negative mutant EGFR K 721A 
was internalized following ligand binding but was then 
recycled to the cell surface. Wild-type receptors, however, 
were degraded following internalization. Based on this 
information they determined that intracellular trafficking of 
the EGFR was determined by a sorting mechanism that 
recognizes EGFR molecules based on their kinase activity. 
Therefore, the mutant receptors were causing the suppression 
of the wild-type receptors. In culture, EGF stimulated the 
dimerization of both types of receptors in cultured NIH/3T 3 
cells that coexpressed human wild-type EGFR and a mutant 
EGFR that was lacking most of its cytoplasmic domain. 
However, only homodimers of wild-type receptors were 
activated by tyrosine autophosphorylation following ligand 
binding. Heterodimerization with mutant receptors resulted 
in the inactivation of the wild-type receptors, resulting in 
decreased kinase activity (K ashles et al., 1991). 

More recent studies have shown that NIH/3T3 cells 
transformed with the activated HER-2 oncogene could 
be phenotypically reverted by a dominant-negative mutant 
HER-2 receptor (M esserle et al., 1994). These variants were 
mutated in the transmembrane region and the ATP-binding 
site of the kinase domain. The authors also found a significant 
decrease of mutant growth in soft agar (80-90%) compared 
with the transformed cells. Qian et al. (1994) showed that a 
kinase-deficient HER-2 could suppress the function of wild- 
type EGFR in transformed mouse fibroblast cells. EGFR 
normally heterodimerizes with HER-2 following ligand 
activation and becomes cross-phosphorylated. However, 
heterodimers formed by HER-2 mutants and wild-type EGFR 
resulted in a lack of kinase activity. The kinase-deficient 
ErbB2/HER-2 receptor protein behaves as an antioncogene 
factor and causes reversion of the transformed phenotype. 


CONCLUSIONS 


A primary goal of cancer research is an increased under- 
standing of the molecular mechanisms mediating the process 
of tumour progression and metastasis. Experimental analysis 
of the interaction between cancer cells and the microenvi- 
ronment has increased our understanding of the biological 
mechanisms mediating tumour formation and organ-specific 
metastasis. Insight into the molecular mechanisms regulat- 
ing these processes has produced a foundation for new 
therapeutic approaches. As reviewed here, RTKs and their 
corresponding ligands act to influence tumour cell growth, 
differentiation, invasion, metastasis and angiogenesis. Taken 
together, the abundance of growth-promoting factors, the 
disturbance of growth-inhibitory pathways, tumour-induced 
angiogenesis and the presence of gene mutations combine 
to give cancer cells a distinct growth advantage which clini- 
cally contributes to rapid tumour progression, metastasis and 
poor survival. The analyses presented here of new and novel 
RTK blockade therapies add new evidence to support the 
concept that tumour progression and metastasis are not a 
random process; they constitute a regulated process that can 


be analysed at the molecular level in the context of the rel- 
evant organ environment. This new knowledge will lead to 
the further design and implementation of more effective RTK 
blockade therapies alone and in combination with cytotoxic 
compounds or radiation for this dreaded disease. 
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INTRODUCTION 


One of the major obstacles to the ultimate success of 
cancer chemotherapy is the ability of malignant tumours to 
develop resistance to cytotoxic compounds and this can affect 
patients with a variety of blood cancers and solid tumours, 
including breast, ovarian, lung, and lower gastrointestinal 
tract cancers. Resistance may be to a single drug, eg. 
resistance to methotrexate due to gene amplification of 
dihydrofolate reductase, or to a number of drugs. Clinical 
oncologists were the first to observe that cancers treated 
with a number of different anticancer drugs were able to 
develop cross-resistance to many other cytotoxic agents to 
which they had never been exposed, greatly decreasing 
the chance of curing these tumours with chemotherapy. In 
many cases, cells grown in culture from such multidrug- 
resistant tumours demonstrate similar patterns of resistance 
in vitro to those seen in situ. This observation suggests 
that multidrug resistance (MDR) is, in many cases, the 
result of heritable changes in cancer cells causing altered 
levels of specific proteins, or mutant proteins, which allow 
cancer cells to survive in the presence of many different 
cytotoxic agents. These genetic changes within the tumour 
cell population that confer drug resistance may affect cell 
cycle dynamics, uptake and efflux of drugs, cellular drug 
metabolism, susceptibility of cells to apoptosis, intracellular 
compartmentalization of drugs or repair of drug-induced 
damage (usually to DNA). Tumours usually consist of a 
mixed population of malignant cells, and as such multidrug 
resistance in tumours may develop owing to a selecting 
out of drug-resistant cells during the course of treatment, 
or indeed may be due to direct genetic changes within 
the population caused by exposure to the chemotherapeutic 
agents. 

Multidrug resistance of tumours has been correlated to 
the expression of at least two molecular efflux pumps in 
tumour cell membranes, which actively expel chemother- 
apeutic drugs from the cell. The active efflux of drugs 


Drug efflux by Pep 





Drug efflux by MRP 


Figure 1 Summary of the major mechanisms of multidrug resistance. 


from the cell allows the cell to avoid the cytotoxic effects 
of the compounds. The two efflux pumps most commonly 
found in multidrug-resistant tumours are P-glycoprotein 
and the multidrug resistance-associated protein (MRP). 
Although most research has concentrated on efflux trans- 
port mechanisms of resistance, other possible mechanisms 
of resistance have been suggested including the expres- 
sion of the metabolizing enzyme glutathione S-transferase 
P1, which is often overexpressed in multidrug-resistant 
tumours. 

A summary of the major mechanisms of MDR is shown 
in Figure 1. 
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TRANSPORT PROTEINS 


The efflux transport of chemotherapeutic drugs and its role 
in multidrug resistance is well established, and this section 
will focus on the two major transport proteins involved 
in multidrug resistance, those members of the ATP-binding 
cassette superfamily, P-glycoprotein and MRP. 


The ATP-Binding Cassette Superfamily 


The ATP-binding cassette ((ABC)-ATPase) proteins consti- 
tute a very large and highly conserved superfamily found 
in large numbers in all organisms. This particular class of 
ATPase is usually found linked to transport protein, with all 
ABC systems made up of a highly conserved ABC-AT Pase, 
and at least one cognate, but much less conserved membrane 
domain (MD). In these systems the ABC-AT Pase acts as an 
energy generator and the membrane domain as a transport 
pathway. 

One of the outstanding features about members of 
the ABC transporters is the huge range of compounds 
transported by different members of the family, from 
ions to large polypeptides, polysaccharides and xenobiotics. 
Another feature of this family of transporters is the ability 
of the transporters to act as either export or import 
pumps. 

The binding and hydrolysis of ATP is the key to the 
energization of movement of substrates across the membrane 
by the ABC transporters. Many studies have shown that 
the two ABC domains of Pgp function cooperatively and 
that inactivation of one catalytic site completely abolishes 
all ATPase activity (Holland and Blight, 1999). Studies of 
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Figure 2 Proposed structures of P-glycoprotein and multidrug resistance- 
associated protein. 
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Figure 3 Schematic diagram of the proposed structure of P-glycoprotein, 
which functions as an energy-dependent drug efflux pump. 


vanadate trapping of ADP in the specific catalytic sites, 
ABC1 or ABC2, have led to the development of a model 
of ATP hydrolysis alternating equally between the two ABC 
domains, implying that ATP bound at one ABC site prevents 
hydrolysis at the second site. This model of the ATP catalytic 
cycle is still widely held and can be considered likely to hold 
for many ABC transporters. 

The two transmembrane domains of ABC transporters are 
highly hydrophobic. Each is predicted, from its sequence, 
to consist of multiple œ-helical segments that could span 
the membrane. The majority of transporters are predicted 
to have six membrane-spanning segments per domain, with 
the N- and C-termini on the cytoplasmic side of the 
membrane and three extracellular and two intracellular loops 
per domain. An example of this classical structure of ABC 
transporters is that of P-glycoprotein, which is discussed in 
greater detail in the next section and is shown in Figure 3. 
Not all ABC transporters have this classical structure; 
MRP1 (discussed later) is believed to have an unusual 
arrangement of the membrane domains with five additional 
transmembrane domains at the N-terminus, making a total 
of 11 for MD1 and six for MD2 (Figure 2) (Borst et al., 
1999). 


P-Glycoprotein 


Introduction 


The best-studied mechanism of multidrug resistance is that 
due to the overexpression of P-glycoprotein (Pgp). Pgp was 
first detected as a surface phosphoglycoprotein overexpressed 
in cultured cells selected for MDR (Juliano and Ling, 
1976), and was subsequently cloned from human cells based 
on amplification of the MDR locus (Chen etal., 1986). 
Since its discovery, the overexpression of human MDR1 
cDNA has been shown to confer resistance to a number of 
cytotoxic anticancer drugs, and also many other hydrophobic 
pharmacological agents. 
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Table 1 Classes of MDR Genes Found in a Number of Species 
Class | Class II Class III 
Human MDR1 MDR3 
M ouse mdr3 mdr1 mdr2 
Hamster Pgpl Pgp2 P gp3 
MDR1 Gene 


The human MDR1 gene, which encodes for Pgp, has been 
localized to chromosome 7, band q21.1. Pgp is composed of 
two homologous halves, each containing six transmembrane 
domains and an ATP-binding domain, separated by a flexible 
linker polypeptide (Figure 3). The protein-coding portion of 
the gene contains 27 exons: 14 coding for the left and 13 
coding for the right half of the protein. There is no clear 
correlation between individual exons and specific structural 
units of the protein. Genetic analysis in a number of species 
has revealed the existence of a number of MDR genes 
(Table 1) (Juranka et al., 1989). 


Expression in Normal Human Tissues 


Expression of MDR1 mRNA has been observed in a 
number of normal human tissues, with the highest levels 
of expression being found in adrenal gland, kidney, liver 
and colon (Gottesman et al., 1991), while lower levels were 
found in lung, jejunum, rectum, brain and prostate. Pgp 
shows specific localization within the plasma membrane of 
cells and has been immunolocalized on the apical surface 
of the brush border of the proximal tubule of the kidney, 
the apical mucosal surface of the colon, the luminal biliary 
canilicular surface of hepatocytes and ductular epithelium in 
the liver (Thiebaut et al., 1987). 


Possible Normal Functions of P-Glycoprotein 


The localization of Pgp on the luminal surface of secretory 
organs such as the liver and kidney may have evolved to 
protect animals against toxic hydrophobic natural products, 
many of which are found in foodstuffs. Pgp can be viewed as 
a transmembrane energy-dependent drug efflux pump which 
uses energy derived from nucleoside triphosphates to pump 
hydrophobic amphipathic drugs, which have defused into the 
proximal tubule cells of the kidney, or the pericanalicular 
hepatocytes, into the urine or the bile. Another possible 
function for Pgp in the liver would be to act as a pump 
for normal metabolites that are excreted in the bile. The 
liver is an active modifier of circulating metabolites and 
also produces bile salts (which are hydrophobic, amphipathic 
molecules), some of which may be substrates for Pgp. 
Expression of Pgp in the mucosal cells of the jejunum and 
colon may be involved in the prevention of reabsorption 
of compounds excreted in bile, and indeed the prevention 
of absorption of dietary toxins. (See chapter on Dietary 
Genotoxins and Cancer.) 

The function of expression of Pgp within the adrenal 
gland is more uncertain. The high level of expression of Pgp 


observed in the adrenal cortex may suggest a role for Pgp 
in steroid transport. Progesterone has been shown to interact 
with Pgp in multidrug-resistant cells and in the endometrium 
gravid uterus (Yang et al., 1989). 

Expression of Pgp in the placenta could act as a 
barrier protecting the foetus from xenobiotics. Experiments 
using mice, which had no placental M drla (Pgp), showed 
increased foetal exposure to [7H ]digoxin, [14C ]saquiniavar 
and paclitaxel, indicating that placental expression of Pgp 
is important in limiting the foetal penetration of various 
potentially harmful or therapeutic compounds (Smit et al., 
1999). 

Similarly expression of Pgp on the luminal surface of 
specialized endothelial capillary cells of the brain and testis 
indicates that Pgp may have an important function as part of 
the blood- brain or blood- testis barrier. 


Structure and Function of P-Glycoprotein 


One of the first and most consistent alterations observed in 
MDR tumour cells was a decrease in cellular chemother- 
apeutic drug accumulation. There is considerable evidence 
that Pgp is involved in removal of chemotherapeutic drugs 
from the cell; however, the exact mechanism by which this 
occurs is still open to debate. 

The most prevailing hypothesis is that Pgp functions as 
a transmembrane pore-forming protein, which acts in an 
energy-dependent manner to export compounds. The iden- 
tification of ATPase activity associated with P-glycoprotein 
provides a mechanism by which energy may be transduced 
for active drug efflux. This hypothesis of drug efflux through 
a single pore formed by Pgp leaves a number of aspects 
not fully explained, such as the broad substrate specificity 
observed for Pgp (see the next section), and the inability to 
correlate the initial rate of transport with the Pgp concen- 
tration. Gottesman and Pastan hypothesized that the MDR1 
transporter might act as a ‘hydrophobic vacuum cleaner’ 
by removal of compounds directly from the plasma mem- 
brane before they reached the cytosol (Gottesman and Pastan, 
1993). Under the model proposed by Gottesman and Pastan 
the primary determinant of substrate specificity would be the 
ability of a compound to interact with the lipid bilayer and 
the secondary determinant would be its ability to interact with 
the binding site of the transporter. This is consistent with the 
observation that substrates for Pgp are lipophilic compounds 
and that the major determinant of a particular substrate to 
be transported by Pgp is its relative hydrophobicity (Zamora 
et al., 1988). 

Photoaffinity labelling, mutational analysis and inhibitor 
studies indicate that transport of compounds by Pgp occurs 
through a single barrel of the transporter as illustrated 
in Figure 3. This model does not imply that different 
compounds enter the transporter in the same way, as 
the initial point of contact may vary from compound to 
compound, but it limits the passage of compounds through 
the transporter to a single transport channel. 

Very little is known about how the energy of ATP is 
harnessed by Pgp in order to facilitate drug transport, 
although it is know that binding of ATP to both binding 
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sites is required for transport to occur efficiently (Azzaria 
et al., 1989). A number of hypothetical mechanisms of action 
for Pgp have been put forward, including possible action 
as a flippase (Higgins and Gottesman, 1992), or action 
as a proton pump and chloride channel providing motive 
force (Gottesman and Pastan, 1993). So far none of these 
mechanisms of action have fully explained all aspects of Pgp 
structure and function. 


Substrates of P-Glycoprotein 


Pgp confers resistance against a wide spectrum of compounds 
that are hydrophobic, amphipathic natural product drugs 
(Table 2). These compounds include not only anticancer 
drugs, but also therapeutic agents. These compounds are 
chemically diverse, some of them may carry a positive 
charge at physiological pH and, because all of them are 
hydrophobic, they enter cells by passive diffusion. Substrates 
and antagonists for Pgp have been shown to interact with 
Pgp in different ways (Scala etal., 1997). In this study 
the interactions of a number of substrates and antagonists 
were examined, 35 compounds were identified as substrates 
only, while 42 were identified as antagonists only, with just 
seven compounds showing features of both substrates and 
antagonists. This suggests that antagonists bind to Pgp, but 
failing to be transported they block the binding and transport 
of other compounds, while substrates, in being transported, 
do not affect the transport of other compounds. Interestingly, 
this study noted that compounds in the antagonist group 
were relatively less toxic than compounds in the substrate 
group, with a median 1C50 value of 22.5umolL~! for the 
antagonist group, compared with 0.157umolL~! for the 
substrate group. 


Modulation of P-Glycoprotein Activity 


Not surprisingly, owing to the diverse nature of substrates 
for Pgp, the number of compounds that have been shown 
to be capable of modulating Pgp is also large and diverse, 
with the list including detergents, anthracycline analogues, 
progestational and antioestrogenic agents, antibiotics, anti- 
hypertensives and immunosuppressives. Some of the more 
commonly used modulators of Pgp are listed in Table 3. 
Perhaps the most important observation in the field of Pgp 
modulation came when Tsuruo et al. noted that verapamil, 
a membrane-active drug used in cardiology, could sensi- 
tize vincristine-resistant cells to the cytotoxic effects of 
vincristine and vinblastine (Tsuruo et al., 1981). Since ver- 
apamil blocks voltage-gated Ca**+ channels, other calcium 
channel blockers were studied and many such as nifedipine 
were also found to inhibit Pgp. 

Many modulators, however, are not specific to Pgp, 
and may inhibit other transporters such as the multidrug 
resistance-related protein MRP (discussed later). For this 
reason, specific inhibitors have been sought. One such 


Table 2 Common Examples of Substrates for P-Glycoprotein 





Compound type Examples 





Vinca alkaloids 
(vincristine, vinblastine) 

Anthracyclines 
(doxorubicin, epirubicin) 

Epipodophyllotoxins 
(etoposide, teniposide) 

Paclitaxel (Taxol) 

Actinomycin D 

Topotecan 

Mithramycin 

Mitomycin C 

Colchicine 


Anticancer agents 


Other cytotoxic 
agents 

Emetine 

Ethidium bromide 

Puromycin 

Granicidin D Valinomycin 
N -A cetylleucy!leucylnorleucine 
Yeast a-factor pheromone 

Ritonavir 

Indiavir 

Saquinavir 

Hoechst 33342 

Rhodamine 123 

Calcein-A M 


Cyclic and 
linear peptides 


HIV protease inhibitors 


Other compounds 





Table 3 Commonly Used M odulators of P-Glycoprotein A ctivity 





Type of modulator Compound 

Calcium channel inhibitors Verapamil 
Nifedapine 

| mmunosuppressants Cyclosporin A 
PSC 833 

Other inhibitors LY 335979 





inhibitor is LY 335979, which has been shown specifically 
to inhibit Pgp (Dantzig et al., 1999). 


Expression of P-Glycoprotein in Tumours 


High intrinsic expression of MDR1/Pgp has been observed 
in a number of human tumours derived from tissues that 
normally express Pgp, including the kidney, the colon, the 
adrenal gland, and liver (Fojo et al., 1987; Gottesman et al., 
1991). Examination of the level of expression of Pgp during 
various stages of colorectal carcinogenesis has shown that 
despite the initial high level of Pgp expression found in 
normal colorectal tissue, the progression of normal tissue 
to adenomas and then to carcinomas shows a concordant 
stepwise increase in Pgp expression (M eijer et al., 1999). 
Some other untreated cancers often show high levels 
of MDR1 RNA, despite the tissue of origin not express- 
ing MDR1. These cancers can include acute and chronic 
leukaemias of children and adults, non-Hodgkin lymphoma, 
neuroblastoma and sarcomas. The expression of the MDR1 
gene in tumours derived from tissues which do not normally 
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express Pgp suggests that the process of malignant trans- 
formation in carcinogenesis can activate expression of the 
MDR1 gene. This seems to have been confirmed in a study 
showing the MDR1 promoter can be stimulated by Ras and 
mutant p53, two proteins commonly associated with tumour 
progression (Chin et al., 1992). 

A group of tumours exist which show low or undetectable 
levels of Pgp, including breast cancers, non-small-cell lung 
cancer (NSCLC), small-cell lung cancer (SCLC), bladder 
cancer, oesophageal carcinoma, melanoma, ovarian cancer 
and prostate cancer. Despite low or undetectable expression 
of Pgp, some of these tumours often show a degree 
of multidrug resistance, indicating the possibility of the 
involvement of other mechanisms of drug resistance. 

Increased or acquired expression of Pgp is commonly seen 
in tumours treated with chemotherapeutic drugs that have 
relapsed either during or after treatment (Fojo et al., 1987). 
The expression of Pgp in these tumours is thought be due 
to either selection of a small number of MDR1-expressing 
cells, present at the onset of treatment, or a direct induction 
of MDR1 gene expression. There has been only limited study 
in this area owing to the difficulty in obtaining samples both 
before and after treatment, and for this reason most research 
has concentrated on the development of acquired resistance 
in vitro. 


Expression of P-Glycoprotein In Vitro 


The intrinsic and acquired expression of Pgp in vitro has 
been studied extensively, through the use of both in vivo 
and in vitro selection procedures. (See chapters on Basic 
Tissue Culture in Cancer Research; Models for Drug 
Development and Drug Resistance.) 


Intrinsic M ultidrug-Resistant Cell Lines 


Many cell lines have been isolated from multidrug-resistant 
tumours from both humans and rodents. These cell lines often 
show classical characteristics of multidrug-resistant tumours, 
with increased expression of Pgp. 


In Vivo Selection of MDR Cell Lines 


Several MDR rodent tumour cell lines have been established, 
generally with transplantable tumour cell lines/grafts being 
inserted into an animal that is then exposed to a chemother- 
apeutic drug. For example, the murine leukaemia cell line 
P388 has been used to establish a doxorubicin-resistant sub- 
clone, by treating P388-inoculated mice with doxorubicin 
over repeated transplantation periods (Johnson et al., 1976). 
Generally, in vivo resistant cell lines show 10- 100-fold resis- 
tance to various anticancer agents. 


In Vitro Selection of Cell Lines 


Another procedure for the isolation of MDR cell lines is the 
exposure of cultured cells to a selective drug in vitro. There 
are two types of drug selection, first continuous exposure to 
a sublethal drug concentration, followed by gradual increases 


in the drug concentration. The second method of selection is a 
short exposure to a relatively high dose of the drug, followed 
by subsequent propagation of the cells in drug-free medium. 
The selection pressures under these circumstances are not the 
same as those experienced during the development of MDR 
during tumour chemotherapy, but a number of similarities are 
seen between cells selected in this manner and drug-resistant 
tumours. 

An example of the in vitro establishment of a multidrug- 
resistant cell line is the selection of the doxorubicin- 
resistant human laryngeal carcinoma cell line HEp2A, from 
HEp2 cells (Redmond etal., 1990). In this case, human 
laryngeal carcinoma cells were exposed to increasing doses 
of doxorubicin over a 14-month period. HEp2A cells were 
found be 100-fold more resistant to doxorubicin compared 
with HEp2 cells, and they were 10- 20-fold more resistant to 
the Vinca alkaloids vinblastine and vincristine. Pgp is usually 
found to be overexpressed in the in vitro-selected multidrug- 
resistant cell lines compared with the relevant drug-sensitive 
parental cell line. 


Multidrug Resistance-Associated Protein 


Introduction 


The multidrug resistance-associated proteins (MRPs) are 
members of the ATP-binding cassette superfamily of trans- 
port proteins. Although Pgp overexpression has been asso- 
ciated with multidrug resistance in many tumours and cell 
lines, there are a number of examples of multidrug-resistant 
cell lines and tumours where Pgp is not involved. Proba- 
bly the most extensively characterized of these cell lines 
is H69AR, a small-cell lung cancer cell line derived from 
the H69 parental line, through stepwise selection in dox- 
orubicin (Mirski et al., 1987). Through the use of differ- 
ential hybridization, a 6.5-kb mRNA sequence was identi- 
fied as being approximately 100-fold higher than in parental 
cells. Sequencing of cDNA clones derived from this mRNA 
revealed that it had the potential to encode a 1531 amino 
acid protein that was predicted to be a member of the 
ABC transporter superfamily and was subsequently named 
the multidrug-resistance protein (MRP) (Cole et al., 1992). 
The MRP gene has been mapped to chromosome 16 at band 
p13.13- 13.12, and is amplified relatively frequently in drug- 
selected human cell lines that overexpress MRP mRNA. 


The Mammalian MRP Family 


Since the discovery and cloning of MRP in 1992 by Cole 
and Deeley (Cole et al., 1992), at least seven members of 
the MRP family have been discovered in mammals (Borst 
et al., 1999). The original MRP cloned by Cole is now 
known as MRP1, complicating early expression data for 
tissues, tumours and cells, with the specificity of early studies 
on MRP towards MRP1 not being clear. The next MRP 
transporter to be cloned was MRP2 in 1996 (Buchler et al., 
1996), although it had been characterized as the canalicular 
multispecific organic anion transporter (CMOAT) a number 
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of years earlier. Within the M RP family the greatest sequence 
homology is between MRP1, -2, -3 and -6 (Borst etal., 
1999). 


Expression of MRPs in Normal Tissues 


The expression of M RPs in normal tissues has been examined 
using both mRNA and protein analysis (Borst et al., 1999). 
MRP1 and MRP5 have been found to be ubiquitously 
expressed in normal tissues, with only relatively low levels 
of MRP1 in the liver. M RP2 is found in the liver, the kidney 
and the gut, while M RP3 has been shown to be expressed in 
liver, adrenals, pancreas, kidney and gut. M RP4 is expressed 
in prostate, lung, muscle, pancreas, testis, ovary, bladder and 
gall bladder, while M RP6 is only found in liver and kidney. 

The localization of some MRPs in transfected polarized 
kidney epithelial cells has shown MRP1, MRP3 and M RP5 to 
localize to the basolateral membrane, while M RP2 localizes 
to the apical membrane (Borst et al., 1999; Konig etal., 
1999). 


Physiological Functions of MRPs 


M RPs are thought to be like Pgp, having both physiological 
roles and a protective role against xenobiotics. 

M RP1 is the major high-affinity transporter of leukotriene 
C4 (LTC4), as shown by biochemical experiments and the 
knockout (KO) mice (Wijnholds et al., 1997). Interestingly, 
in KO mice the absence of this major LTC, pathway does 
not have any observed negative effect on the mice within the 
confines of an animal house; on the contrary, the KO mice 
are more resistant than wild-type mice against inflammatory 
stimuli. This suggests that there may be a possible overlap 
in function between MRPs, with another MRP being able 
to compensate for a lack of MRP1; evidence for such a 
hypothosis may lie with MRP2, which has also been shown 
to be capable of transporting LTC, (Cui etal., 1999). 

As MRP1 is located at the basolateral side of epithelial 
cells, it tends to pump drugs into the body, rather than 
away from it via the bile, urine or the gut in the way 
that Pgp does. However, MRP1 has been shown to protect 
vital cell layers from destruction, e.g. the basal stem cell 
layer in the oral mucosa (Wijnholds etal., 1998). There 
are also other important organs in the body that require 
a basolateral transporter for protection, eg. the testicular 
tubules, where a ring of Sertoli cells protects the male germ 
cells, with their apical surface towards the lumen. The high 
concentration of MRP 1 in the basal membrane of the Sertoli 
cells helps to protect the germ cells by pumping out drugs 
from the testicular tubule. A nother position in the body where 
a basolateral transporter is required for protection is the 
choroid plexus, which protrudes into the cerebrospinal fluid 
(CSF) and is essential for exchange of metabolites between 
blood and CSF. The epithelial layers of the plexus contain 
high levels of MRP1 and the absence of MRP1 in KO mice 
results in the accumulation of etoposide in the CSF, as well 
as in brown adipose tissue, colon, salivary gland, heart and 
the female urogenital system (Wijnholds et al., 2000). 


In the liver MRP2 is localized in the biliary canalicular 
membrane, and there is a lot of evidence that both MRP1 
and MRP2 provide a major route for the secretion of 
organic anions such as bilirubin glucuronides from the liver. 
Rats and humans lacking MRP2 develop the liver disease 
Dubin-Johnson syndrome, mainly owing to the inability 
of the liver to excrete bilirubin glucuronides (K onig et al., 
1999). 

The expression of MRP3 on the basolateral membrane 
in the intestine and liver suggests a role for MRP3 in the 
intestinal uptake of organic anions and the removal of organic 
acids from bile and liver cells under conditions of cholestasis 
(Borst et al., 1999). 


Substrates of MRPs 


Following the demonstration in 1994 that MRP1 func- 
tions as a unidirectional ATP-dependent efflux pump 
for the endogenous glutathione S-conjugate LTC, (Jedl- 
itschky etal., 1994), the substrate specificity of MRPs 
has been intensively studied. The substrate spectrum 
comprises amphiphilic anions, particularly conjugates of 
lipophilic compounds with glutathione, glucuronate or sul- 
fate, including cysteinyl leukotrienes, bilirubin glucurono- 
sides, 178-glucuronosyloestradiol and sulfatolithocholyltau- 
rine as endogenous compounds. 

So far the glutathione S-conjugate LTC, is the substrate 
with the highest affinity for MRP1 (Km = 0.lumolL~?) 
(Konig etal., 1999). The range of substrates for MRP1 
and MRP2 is very similar, although MRP1 exhibits a 10- 
fold greater affinity for the model substrate LTC4, while 
MRP2 has a higher affinity for the bilirubin glucuronides 
(Jedlitschky et al., 1997). 


Modulators of MRPs 


The identification of potent and specific inhibitors of M RP- 
mediated transport function has been sought since the 
characterization of the family. The most potent inhibitors 
reported so far, and tested against MRP1-mediated transport 
in isolated vesicles, are analogues of cysteinyl leukotrienes, 
such as the LTD, analogue MK5/71. This analogue is a 
monoanionic quinoline derivative developed as a LTD, 
receptor antagonist, and has so far been shown to inhibit 
MRP1 transport and to a lesser extent MRP2 transport 
(Buchler et al., 1996). 


MRPs and Multidrug Resistance 


To date MRP1, MRP2 and MRP3 have been shown to be 
expressed in multidrug-resistant tumours and cell lines. 


MRP1 


Since its discovery in the highly resistant H69AR lung 
cancer cell line, MRP1 has been found overexpressed in 
multidrug-resistant cell lines derived from many different 
tissue and tumour types, including small- and large-cell lung 
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cancers, carcinomas of the colon, breast, bladder, prostate, 
thyroid and cervix, glioma, neuroblastoma, fibrosarcoma, and 
various forms of leukaemia. M any of these cell lines have 
been established using selection to various chemotherapeutic 
agents such as doxorubicin and vincristine, although intrinsic 
expression of M RP1 in cell lines derived from tumours has 
also been observed. 

In order to circumvent many of the problems associated 
with the use of drug-selected cell lines, namely the induction 
of multiple proteins such as MRPs, Pgp and xenobiotic- 
metabolizing enzymes, M RP1-mediated multidrug resistance 
has also been investigated through transfection with MRP1 
expression vectors. The resistance profiles of MRP1 trans- 
fected cells are similar to those of cell lines expressing 
Pgp, and typically include resistance to anthracyclines and 
Vinca alkaloids. In contrast to Pgp, human M RP1 expression 
also confers low-level resistance to arsenical and antimonial 
oxyanions. Like Pgp, MRP1-mediated resistance is usually 
linked to a decrease in cellular accumulation of xenobiotics, 
e.g. MRP1-transfected cells accumulate less vincristine and 
daunorubicin than control cells (Cole etal., 1994). Again 
like Pgp, active transport of compounds corresponds to 
ATPase activity, and this has also been shown to be stimu- 
lated in isolated membrane vesicles from M RP 1-transfected 
cells, via the addition of the anthracyclines daunomycin and 
doxorubicin and the Vinca alkaloids vincristine and vinblas- 
tine (Chang et al., 1998). 


MRP2 


Like MRP1, stable transfection of MRP2 has been shown to 
confer resistance to the cytotoxic drugs etoposide (4-fold), 
cisplatin (10-fold), doxorubicin (7.8-fold), and epirubicin (5- 
fold) in human embryonic kidney cells (HEK-293) (Cui 
etal., 1999). Further evidence of a role for MRP2 in 
multidrug resistance was provided by the transfection of 
antisense cDNA in the human hepatoma cell line HEpG2 
in order to reduce MRP2 expression (Koike etal., 1997). 
Upon transfection of the antisense MRP2 cDNA HEpG2 
cells showed increases in intracellular glutathione levels and 
enhanced sensitivity to cisplatin, doxorubicin and vincristine. 


MRP3 


Only a limited amount of data exists on the relationship 
between MRP3 and multidrug resistance. A survey of lung 
cancer cell lines has shown a strong correlation between 
MRP3 expression and doxorubicin resistance (Young et al., 
1999). In the same study a weaker, yet significant, correlation 
between MRP3 expression and resistance to vincristine, 
etoposide and cisplatin was also found. 


Role of Glutathione in MRP-Mediated Drug Resistance 


Despite the link observed between MRP1 expression and 
resistance to various chemotherapeutic agents, the in vitro 
transport of these compounds using MRP1-enriched mem- 
brane vesicles had not been observed. Evidence for the rea- 
sons behind the lack of detectable transport in these models 


first came from studies using buthionine sulfoxamine (B SO). 
BSO is a potent irreversible inhibitor of y-glutamylcysteine 
synthesis, the enzyme that catalyses the first, rate-limiting 
step in the synthesis of glutathione (GSH). Treatment of cells 
with BSO results in reduction of intracellular GSH levels by 
up to 90% within 24h, depending on the cell line exam- 
ined. A number of studies have shown that BSO-treatment 
is capable of enhancing drug accumulation and toxicity in 
MRP 1-overexpressing cell lines (Lautier etal., 1996). The 
mechanism by which BSO inhibits drug transport by MRP 
is believed to be as a direct result of depletion of GSH, and 
not an interaction between BSO and MRP. Evidence sup- 
porting this includes the finding that acute exposure to BSO 
had no effect on drug accumulation (Schneider et al., 1995), 
and treatment with GSH ethyl ester increased cytoplasmic 
GSH and decreased daunorubicin accumulation in two BSO- 
treated M RP1-overexpressing cell lines (Versantvoort et al., 
1995). 

Observations that the glutathione-conjugated chemother- 
apeutic drugs doxorubicin and daunorubicin but not the 
unconjugated drugs were capable of competitively inhibiting 
the MRP-mediated transport of LTC, in vitro (Priebe et al., 
1998) have led to speculation that MRP-mediated drug resis- 
tance occurs by the transport of drug conjugates from cells, 
and in fact MRPs had previously been called MRP/GS-X 
pumps (Ishikawa, 1992). This, however, has been shown to 
be inappropriate since, as previously discussed, M RPs, par- 
ticularly MRP1 and M RP2, have been shown to be capable of 
transporting compounds not conjugated to glutathione such 
as bilirubin mono- and diglucuronides. Although many sub- 
strates for M RPs are conjugated compounds, the conjugation 
is not thought to be critical for transport; there has been some 
evidence suggesting that reduced GSH can also act as either 
a co-substrate or possess the ability to activate MRPs. Evi- 
dence for this came from the observation that unconjugated 
chemotherapeutic agents, such as doxorubicin, daunorubicin, 
vincristine and vinblastine, fail to inhibit LTC, transport in 
isolated vesicles even at very high doses (Loe et al., 1996). 
However, on addition of reduced GSH, the inhibitory potency 
of some of these drugs is markedly increased, with the most 
dramatic effect occurring with vincristine and vinblastine. 
Further to this, vincristine uptake into membrane vesicles 
from MRP1-transfected HeLa cells has been shown to be 
both ATP and GSH dependent and could be inhibited by the 
MRP1-specific mouse antibody QCRL-3 (Loe et al., 1998). 
In this study, vincristine transport in the absence of GSH 
was extremely low and showed no ATP dependence, whereas 
active vincristine transport increased with increasing concen- 
trations of GSH. As GSH appears not to be a substrate for 
M RP1, there is strong evidence for the co-substrate theory, 
provided by a study showing that the ATP-dependent uptake 
of [3H]GSH into membrane vesicles from MRP1-transfected 
cells could be stimulated by vincristine in a dose-dependent 
manner (Loe et al., 1996). 

Taken as a whole, the evidence so far collected on the 
transport of compounds by MRPs suggests that GSH is 
required and may act as a co-substrate during transport of 
compounds. The mechanism by which this occurs is not 
clear, but it may be that GSH acts as a co-substrate with 
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unconjugated compounds, or if the compound is already 
conjugated, the conjugate attached to the compound acts as a 
co-substrate, negating the need for a second GSH molecule. 


Expression of MRPs in Tumours 


To date, most studies on the expression of MRPs in human 
tissues and tumours have examined MRNA levels through 
the use of Northern blot analysis and reverse transcriptase 
polymerase chain reaction (RT-PCR). There are inherent 
problems involved in the use of these techniques, owing 
to the lack of quantification of protein expression and 
function by these techniques. Bearing this in mind, mRNA 
of MRPs has been detected in various tumours including 
many leukaemias, non-small-cell lung cancers, squamous 
cell carcinomas of the lung, neuroblastomas, oesophageal 
squamous cell carcinomas and colon carcinomas. 

Expression of MRP1 in a number of human cancers shows 
that MRP1 expression in tumours falls into three groups. 
The first are tumours with frequently high M RP1 expression 
above those of normal tissues, including chronic lymphocytic 
leukaemia and polymorphocytic leukaemia. The second 
group of tumours described were those that often exhibit 
low expression but on occasions can express high levels; 
these included oesophageal squamous cell carcinoma, non- 
small-cell lung carcinoma and acute myelocytic leukaemia. 
The third group were those tumours with predominantly 
low levels of MRP1 expression, comparable to those found 
in normal tissues, and these included soft tissue tumours, 
melanomas and cancers of the prostate, kidney, bladder, 
testis, ovary and colon. Interestingly, this study found 
no significant difference in the expression of MRP1 in 
chemotherapy-treated versus untreated tumours, suggesting 
that MRP1 does not play a significant role in acquired 
multidrug resistance, and is more important in the intrinsic 
resistance of particular types of tumours. 

The expression of MRPs in lung tumours has been 
extensively studied, primarily due to the high levels of 
expression found in normal lung tissues. Analysis of the 
expression of MRP1 to MRP5 mRNA by RT-PCR showed 
expression of MRP1 in 88% of small cell lung cancer 
samples and 100% of non-small-cell lung cancer samples 
(Young et al., 1999). MRP2 was detected in 75% of small- 
cell lung cancer samples and 57% of non-small-cell lung 
cancer samples, while MRP3 was found in only 12% of 
small-cell lung cancer samples and 86% of non-small- 
cell lung cancer samples. Expression of MRP4 and MRP5 
was found in 100% of small-cell lung cancer samples and 
71% and 100% of non-small-cell lung cancer samples, 
respectively. Interestingly, analysis of expression of MRPs 
in unselected cell lines established from patients at various 
stages of treatment in the same study showed a strong 
correlation between MRP1 and MRP3 mRNA levels in 
these cells and doxorubicin and vincristine resistance, as 
determined by a modified MTT method. 

Analysis of the expression of MRPs has been carried out 
in normal colorectal tissue and tumours, showing M RP1 and 
MRP3 to be expressed at high levels in both normal and 


tumour tissues. In contrast, MRP2 expression is generally 
lower in normal tissue than in tumour samples. 


Other Possible Mediators of Multidrug Resistance 


Despite most research into the field of multidrug resis- 
tance focusing on mechanisms of drug transport, other fac- 
tors should also be considered. One such factor is that of 
drug-metabolizing enzymes, and in particular glutathione 
S-transferase isoforms. In a variety of experimental mod- 
els, increased tolerance to toxic xenobiotics and in partic- 
ular chemotherapeutic compounds has been associated with 
increased GST expression. Examples of models include the 
multidrug-resistant phenotype of preneoplastic hepatocyte 
nodules in the rat (Farber, 1990), the analyses of tumour 
cells from patients before and after the onset of clini- 
cal drug resistance (Lewis et al., 1988), selection of resis- 
tance to chemotherapeutic agents in tumour cell lines (Wang 
et al., 1999), transfection of GST into mammalian cell lines 
(Puchalski and Fahl, 1990) and transfection of antisense 
genes causing increased drug sensitivity (Niitsu et al., 1998). 
Despite the large body of evidence supporting the involve- 
ment of glutathione S-transferase isoforms in resistance to 
chemotherapeutic drugs, the area remains controversial, with 
many groups failing to show the involvement of GSTs in 
drug resistance (Townsend et al., 1992). 


Expression of GST Isoforms in Tumours 


The overexpression of GSTs in tumours has been observed 
in tumours derived from a number of tissues. Howie et al. 
showed increased total GST activity as measured by the 
CDNB assay in tumours of the lung, colon, stomach and 
breast (Howie et al., 1990). Expression of GSTs is not always 
increased in tumours, however, with the same study reporting 
a decrease in total GST activity in tumours of the kidney and 
liver compared with normal tissue. The increase observed 
in total GST activity seems to be due to an increase in 
the level of expression of the P1 isoform, which showed 
approximately a 2-fold increase in protein expression in 
lung, colon and stomach tumours. The decrease in total GST 
activity observed in kidney and liver tumours coincided with 
a decrease in the expression of the a-isoforms Al and A2. 
Total GST activity measured in normal, peritumoral and 
tumoral colonic tissue supports the observations of Howie 
et al. showing a significant increase in activity in tumoral 
tissue compared with normal and peritumoral tissue, with a 
concurrent increase in GSTP1 expression in tumoral tissue 
(de Waziers et al., 1991). 


In Vitro Expression of GSTs in Resistant Cells 


Many groups have found that GSTs are overexpressed in a 
variety of human and rodent cell lines selected for resis- 
tance in vitro to doxorubicin, etoposide, cyclophosphamide, 
vincristine and vinblastine (Hayes and Pulford, 1995). In 
addition to changes in GST expression in acquired drug resis- 
tance, studies in cell lines showing differential intrinsic drug 
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Table 4 Altered GST Expression Observed in Drug-Resistant Cell Lines 

















Drug Resistance (-fold) Cell line Cross-resistance Changes in GST 

Doxorubicin 32 H69AR human small lung Colchicine, daunomycin 10-fold increase in hGSTP1 

Doxorubicin 75 SW 620-ADR human colon Actinomycin D, puromycin 2-fold increase in hGSTP1 

Doxorubicin 84 P388 murine leukaemia Not stated 2.2-fold increase in hGSTP1 

Doxorubicin 100 HEp2A human laryngeal Vincristine, vinblastine, 2.9-fold increase in hGSTP1 
carcinoma VP-16, VM-26 

Chlorambucil >10 M ouse fibroblast 3T3 (N 50-4) Not stated >10-fold increase in œ class GST 

Cisplatin >18 HeLa human cervix Not stated 6-fold increase in 
(HeLa-CPR) hGSTA1 and A2 

Etoposide (V P-16) 14 MCF-7 human breast (V P6E) Vincristine >10-fold increase in hGSTP1 

M itoxantrone 200 Caco-2 human colon Not stated >6-fold increases in hGSTP1, 

Aland A2 

Vincristine 3 M CF-7 human breast (V CR6E) V P-16 >10-fold increase in hGSTP1 

Vincristine T MCF-7 human breast (VCREMS) Adriamycin/ doxorubicin VP-16 >10-fold increase hGSTP1 

Doxorubicin 30-65 M CF7 human breast Not stated Overexpression of hGSTP1 


“(Adapted from Hayes and Pulford, 1995). 


resistance have shown a correlation between resistance and 
increased expression of GST. The majority of resistant cell 
lines show an increase in the hGSTP1-1 isoform (Table 4). 

Unfortunately, in most of the resistant cell lines stud- 
ied there is overexpression of a number of detoxification 
enzymes, making it difficult to be certain that any increased 
resistance observed is due to the overexpression of GST 
isoforms and not a coinduced protein. In order to dis- 
tinguish GST-mediated resistance from other detoxification 
mechanisms a number of studies have been carried out 
in GSH-depleted cells through the use of buthionine sul- 
foximine (BSO). In general, these studies have shown an 
increase in cytotoxicity of a variety of compounds, including 
doxorubicin, vincristine, etoposide, melphalan, cisplatin and 
daunorubicin, following GSH depletion with BSO. It must 
be noted, however, that in addition to the activity of GSTs, 
the depletion of GSH by BSO will affect the activity of glu- 
tathione peroxidase, which may also affect the resistance of 
cells to cytotoxic agents. 

Limited studies have been carried out on the effect of 
inhibitors of GST activity and drug resistance. Ethacrynic 
acid has been shown to produce a 2- 4-fold increase in the 
cytotoxicity of doxorubicin in primary cultures of lymphatic 
malignancies and normal peripheral blood lymphocytes 
(Nagourney et al., 1990). S-Alkyl GSH derivatives have also 
been shown to increase the cytotoxicity of doxorubicin in 
human lung adenocarcinoma cell lines by the inhibition of 
GST activity (Nakanishi et al., 1997). 


Transfection Studies 


As a result of the unpredictable nature of intrinsic and 
acquired resistant cell lines, a number of groups have 
attempted to confer drug resistance by the transfection of 
GST isoforms. Although variable results have been obtained, 
some compelling evidence for a role for GSTs in drug 
resistance has been obtained. It should be noted, however, 
that the transfection of cells with GSTs may also lead to 
changes in other genes within the cell, such as changes in 
heat shock proteins, or enzymes involved in oxidative stress 


responses, which may modulate the intrinsic resistance of the 
cells. 

The first demonstration that GST can confer resistance 
against toxic xenobiotics was reported by M anoharan et al. 
in 1987, who showed that transfection with rGSTA2-2 
in COS cells provided resistance to the alkylating agent 
benzo[a]pyrene (+)-anti-diol epoxide (Manoharan etal., 
1987). The same group later showed, through the use 
of cytotoxicity assays, that transfection with rGSTA2-2 
conferred a 1.3-2.9-fold resistance to chlorambucil and 
melphalan, while expression of rGSTM 1-1 conferred a 1.5- 
fold resistance to cisplatin and hGSTP1-1 conferred a 1.3- 
fold resistance to doxorubicin. Similar results have been 
found using NIH-3T3 and HEp2 cells, where expression 
of hGSTP1-1 conferred a 3-fold resistance to doxorubicin 
(Nakagawa et al., 1990; Harbottle et al., 2001). 

A number of studies have reported no increased resistance 
to a number of chemotherapeutic compounds following the 
transfection of GSTs into MCF-7 cells (Townsend etal., 
1992). It seems that mechanisms to induce the expression 
of GSTs, are very dependent on the type of cell into 
which transfection is carried out. This may indicate that 
other factors are required before GST -mediated resistance to 
cytotoxic compounds can occur. These factors may include 
the level of GSH present in cells or the expression of 
transport proteins from the MRP superfamily, which are 
expressed at very low levels in MCF-7 cells. 


REVERSAL OF MULTIDRUG RESISTANCE 


In an attempt to increase the success of chemotherapy, 
a great deal of research is taking place into methods of 
reversing the resistance of tumours to chemotherapeutic 
agents. These methods range from the development of 
compounds intended to be administered in combination with 
cancer chemotherapeutic drugs, that inhibit the transport 
proteins responsible for the efflux of drugs from target cells, 
to the use of antisense technology to develop drugs to block 
the synthesis of these transport proteins within tumour cells. 
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As a result, a large number of companies currently have 
research programmes in the field of multidrug resistance, 
with a number of compounds being in phase I/II trials 
(Persidis, 2000). 

As understanding of the structure and function of drug 
transport proteins and multidrug resistance increases, it is 
becoming clear that although a large number of chemother- 
apeutic agents are substrates for transport proteins, some 
are not. For example, $16020-2, a novel derivative of oli- 
vacine, has shown significant antitumour activity both in vitro 
and in vivo against multidrug-resistant cells (Pierre etal., 
1998). The COM PARE programme of the US National Can- 
cer Institute (NCI) for the identification of agents in the NCI 
database that would be predicted to be good substrates and/or 
inhibitors of P-glycoprotein may lead to the discovery of 
more potent inhibitors or indeed cytotoxic compounds that 
are not substrates for P-glycoprotein. 
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INTRODUCTION AND RATIONALE FOR 
DIFFERENTIATION THERAPY 


Cancer morbidity and mortality continue to be major prob- 
lems worldwide despite improvements in diagnostic, preven- 
tive and therapeutic strategies. The improved understanding 
of genetic, molecular and cellular aspects of carcinogenesis 
over the last few years has revealed various new targets for 
intervention. A mong these novel approaches is differentiation 
therapy, the subject of this chapter. 

In a developing multicellular organism, cells achieve 
their specialized set of structural and functional character- 
istics through a process called differentiation. This process 
involves concerted changes in gene expression aimed at 
restricting the expression of a diverse repertory of genes in 
pluripotential cells to those required to attain the special- 
ized phenotype in unipotent cells in a specific tissue. Cellular 
differentiation often leads to a mature nondividing cell (ter- 
minally differentiated cells). This is the consequence of the 
modulation of genes that are involved in regulation of cell 
proliferation, senescence, and programmed cell death (apop- 
tosis). 

The development of cancer usually involves aberrations in 
cellular differentiation; dividing cells that have the potential 
to differentiate, senesce or undergo apoptosis become 
immortalized and often fail to complete the differentiation 
programme owing to a block at a stage preceding terminal 
differentiation. That this block can be reversed is indicated 
by reports on tumour cells that undergo ‘spontaneous’ 
or induced differentiation in vitro and in vivo including 
in patients. Thus, neuroblastoma cells have been shown 
to differentiate into ganglioneuroma cells, and germ cell 
tumours (teratocarcinoma) into benign teratomas. In addition, 
keratin pearls characteristic of terminally differentiated 
keratinizing squamous epithelial cells are found within 
squamous cell carcinomas (Pierce et al., 1978). 

A series of elegant studies have demonstrated that the 
malignant phenotype is reversible and can be controlled by 


physiological signals mediated by soluble factors or cell- cell 
contacts provided by an appropriate developmental field. In 
one such experiment, embryonal carcinoma cells injected into 
mouse blastocysts and implanted into pseudopregnant female 
mice developed into normal cells in a variety of tissues of 
the chimaeric offspring. In contrast, the same cells developed 
into tumours when injected subcutaneously (Illmensee and 
Mintz, 1976). Similarly, myeloid leukaemia cells injected 
into embryos in utero at 10 days of gestation developed into 
normal granulocytes in the offspring, neuroblastoma cells 
have lost their tumorigenic properties when injected into 
fragments of neurula-stage embryos then transplanted into 
mice and melanoma cells injected into embryonic skin failed 
to form tumours. Certain human teratocarcinoma cells were 
found to differentiate into a variety of somatic cell types after 
injection into immunodeficient mice. 

Additional support for the contention that the malignant 
phenotype can be reversed has come from in vitro studies, 
which have demonstrated that the aberrant differentiation 
of tumour cells can be restored at least partially to 
normal differentiation by interactions with adjacent normal 
cells (e.g. by epithelial- mesenchymal interactions) or with 
extracellular matrix. Several cell types have been found to 
undergo differentiation in vitro after treatment with cytokines 
that regulate normal differentiation or with other compounds, 
both physiological and pharmacological, that activate various 
differentiation pathways (Table 1). 

Because normal terminal differentiation often results in 
non-proliferating cells that often undergo apoptosis as they 
complete their normal life span, it was plausible to develop 
strategies to activate normal pathways of differentiation 
in premalignant and malignant cells using physiological 
or pharmacological agents that can bypass the epigenetic 
and genetic abnormalities that abrogate differentiation. 
This approach, called differentiation therapy, can be used 
to prevent, suppress or reverse the malignant phenotype 
by inducing differentiation with the associated growth 
arrest, senescence and apoptosis (Figures 1, 2, 3). Even 
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Table 1 


Differentiation-Inducing Agents and Their Suggested M echanisms of Action 





Differentiation-inducing agent 


Mechanism of action 





Short-chain fatty acids (butyrate and derivatives) 


Inhibit histone deacetylase, thereby enhancing gene expression, alter the methylation 


and phosphorylation of nuclear proteins and alter gene transcription 


Aromatic fatty acids (phenylbutyrate, phenylacetate) 


Inhibition of protein prenylation critical for signal transduction; activation of 


peroxisome proliferator-activated receptor, a transcription factor related to the 
steroid nuclear receptor superfamily; hypomethylation of DNA; depletion of 


circulating glutamine which is required for tumour growth 


Trichostain A, SAHA Inhibit histone deacetylase, thereby modulating gene expression 

PPAR ligands Activate nuclear receptors (PPARs) and modulate gene transcription 
Haxamethylenebisacetamide Modulate cell cycle and differentiation related genes 

Vitamin A analogues (retinoids) Activate nuclear receptors (RARs and RXRs) and modulate gene transcription 
Vitamin D3 analogues Activate nuclear receptors (VDR) and modulate gene transcription 

Cytokines (TNF-a interleukins) Act via cell surface receptors to induce signal transduction pathways resulting in 





alterations in gene expression 


Interferons Activate transcription factors (Stats) and thereby alter gene transcription 


5-A za-2’-deoxycytidine 

Diflouromethylornithine 

Staurosporin 

8-Choloro-cyclic adenosine monophosphate (8-Cl-cA M P) 

Etoposide nondamaging (ICRF-193) 

Actinomycin D 

Ultravoilet light; X -irradiation 

Cytosine arabinoside; cyclophosphamides; aclacinomycin 
(at subtoxic concentrations) 


Decreases DNA hypermethylation and thereby restores expression of silenced genes 
Ornithine decarboxylase inhibition 

Protein kinase C inhibition 

Downregulates RI and upregulates the RIIb subunit of protein kinase A 
Topoisomerase II inhibition 

DNA intercalation 

DNA damage, AP-1 activation 

Inhibition of DNA synthesis 
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Figure 1 Targets for differentiation therapy. In a normal differentiation 
pathway, a hypothetical stem cell designated A is required to undergo a 
series of progressive changes in gene expression and resultant phenotypic 
changes represented by the letters B, C and D before reaching the terminally 
differentiated mature cell stage designated E. Cancer development is 
associated with aberrant differentiation. This can be represented by a block 
in differentiation that can occur already in premalignant cells. The scheme 
shows three possible blocks at late stages of the differentiation pathway 
(e.g. at stage D) and at early stages of the pathway (e.g. at stage B). 


if only partially successful, differentiation therapy can 
convert malignant tumours into benign tumours. In this 
chapter, we discuss preclinical and clinical data on selected 
differentiation-inducing agents and their mechanisms of 
action. 


PRECLINICAL ASPECTS OF DIFFERENTIATION 
THERAPY 


A variety of compounds, both natural and synthetic, have 
been found to induce differentiation in vitro in various 
cell lines, including murine erythroleukaemia cells, human 
myeloid leukaemia cells and murine and human embryonal 
carcinoma cells. Some of these agents are presented in Table 
1 and selected ones are described below. 


Histone Deacetylase Inhibitors 


Histone acetylation status appears to be important in the 
regulation of differentiation, cell cycle control, hormone 
responsiveness, senescence and cancer because of its impact 
on chromatin structure and the control of gene transcription. 
The histone acetylation status is regulated by the equilibrium 
of histone acetyltransferase activity and histone deacetylase 
activity. Histone deacetylases (HDACs) are enzymes that 
catalyse the removal of acetyl groups from the N-terminal 
lysine residues of core nucleosomal histones. This action 
results in restoration of a positive charge to the lysine 
residues of the histones, which then bind tightly to the 
phosphate backbone of DNA. The subsequent condensation 
of the structure of the nucleosome inhibits transcription 
because transcription factors and their associated cofactors 
and RNA polymerase do not have access to the gene 
promoters (Marks etal., 2000). Several compounds have 
been found to inhibit HDACs and this is presumed to 
relax the structure of chromatin associated with programmed 
genes allowing them to be expressed. These compounds 
include butyroids (e.g. butyric acid), hydroxamic acids (e.g. 
trichostatin A (TSA) and suberoylanilide hydroxamic acid 


DIFFERENTIATION THERAPY 3 


TA 
a 
ee 


L A—* Bo’ C—O E 


2, A — Boe C — DE 


@ <=> 


Agent characteristics 


Induces partial 
differentiation 


Induces terminal 
differentiation 


"S pò alinduces partial 
"differentiation but enables. 
3 A— B -f C — D — E 


bto induce terminal 
diterentiation 


Figure 2 Characteristics of agents that are used to induce differentiation in malignant cells. In scenario 1 an agent can induce partial differentiation of 
cells blocked at stage B by inducing them to undergo changes to stage D. In scenario 2 the agent can induce cells blocked at stage B to undergo full 
differentiation to the mature cell E. In scenario 3, agent a can induce a partial differentiation (from B to C) but at the same time it renders the resultant 
cell C capable of responding to agent b that can complete the differentiation of cell C to the mature cell E. The latter example can serve as one of the 
rationales for combination of agents for differentiation therapy. The designation of the letters A -E is the same as in Figure 1. 


a: Induces apoptosis without inducing differentiation 
b: Induces terminal differentiation and the mature cells 
eventually undergo apoptosis 


Figure 3 Inter-relations between differentiation and apoptosis. Because 
many cell types undergo apoptosis as a normal consequence of terminal 
differentiation, treatment of cancer cell at stage B with agent b induces cell 
at stage B to undergo differentiation to the mature cell E and eventually to 
apoptosis. This scenario is contrasted with an agent such as a, which can 
induce apoptosis without inducing differentiation. 


(SAHA)), cyclic peptides (e.g. trapoxin and apicidin) and 
benzamides. M ost of these agents have been found to induce 
differentiation and/or apoptosis of transformed cells in vitro 
and some also suppressed tumour growth in vivo (Marks 
et al., 2000). 


Butyroids 


Butyrate, a naturally occurring four-carbon fatty acid 
found in abundance in milk fat, is also produced by 
microbial fermentation of dietary fibre, undigested starch 
and proteins within the colonic lumen of mammals. 
Butyrate has been shown to inhibit proliferation and 
induce differentiation and apoptosis in a variety of tumour 


cell types including erythroleukaemia, embryonal carci- 
noma, colon carcinoma, pancreatic carcinoma, neuroblas- 
toma, glioblastoma and haematopoietic malignancies (N ew- 
mark et al., 1994). Butyrate induced the expression of spe- 
cific differentiation-associated genes characteristic of defined 
pathways of differentiation when used at concentrations 
between 0.5 and 10 mmol L72. 

Specific effects of butyrate on gene regulation have 
been reported, both by transcriptional regulation and post- 
transcriptional modifications. It has been proposed that 
butyrate exerts its effects by a noncompetitive inhibition of 
HDA Cs and the consequent modulation of gene transcription. 
Some of the genes modulated in butyrate-treated cells 
are involved in cell differentiation, growth and apoptosis. 
Butyrate has been shown to induce cell cycle arrest in Gj. 
The mechanism of this arrest may be related to the ability of 
butyrate to increase the transcription of the cyclin-dependent 
kinase inhibitor p21“4F!. In normal and malignant human 
breast cells, butyrate induced differentiation, decreased 
expression of cyclin D1, increased expression of p21WAF1 
and increased hypophosphorylated retinoblastoma protein 
pRB. Butyrate has also been shown to induce apoptosis in 
lymphoid cell lines and colon carcinoma cells. 

Butyrate, delivered in liposomes to human colon carci- 
noma tumours growing in immunodeficient mice, was able to 
suppress tumour growth and enhance differentiation (Otaka 
et al., 1989). This study provided a proof of the principle 
that butyrate has a potential for use in differentiation therapy. 
However, the clinical development of butyrate was limited 
by the requirement for millimolar concentrations for efficacy 
combined with its very short metabolic half-life. 

To overcome this problem, butyrate derivatives (butyroids) 
with a longer half-life than butyrate have been synthesized 
and characterized and some were found to be more potent 
than butyrate in vitro and in vivo. Among these derivatives, 
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tributyrin was about fourfold more potent than either butyrate 
or monobutyrin in inducing monocytic differentiation of HL- 
60 myeloid leukaemia cells and erythroid differentiation of 
murine erythroleukaemia cells. Tributyrin has been shown 
to induce apoptosis in human prostate cancer cell lines 
irrespective of their androgen receptor expression status. 
Butyramide and monobutyrin also induced differentiation 
and inhibited DNA synthesis in hepatoma cells and mouse 
erythroleukaemia cells in vitro. 

Pivaloyloxymethy! butyrate (AN-9), a prodrug of butyric 
acid, is a differentiation-inducing agent in a variety of cells. 
In myelomonocytic cell line (WEHI), AN-9 modulated the 
expression of the early regulatory genes, c-myc and c-jun, 
leading to growth arrest and differentiation. Even a short (4- 
h) pretreatment in vitro resulted in a marked reduction in the 
tumorigenicity of AN-9-treated cells. Similarly, a short (1-h) 
AN-9 treatment of Lewis lung carcinoma cells resulted in 
an almost complete loss of tumorigenicity. In both cell types 
butyric acid did not affect the tumorigenicity of the cells 
even when it was used at concentrations 10 times higher 
than those of AN-9. Thus, some butyroids with longer half- 
life and greater potency than butyrate might be useful for 
cytodifferentiation therapy of human malignancies. 


Aromatic Fatty Acids 


The aromatic fatty acid phenylbutyrate (PB) and its metabo- 
lite phenylacetate (PA) are natural derivatives of phenylala- 
nine. When used at millimolar concentrations, which are 
pharmacologically attainable and nontoxic, these agents have 
been shown to induce differentiation of a variety of cell types 
including leukaemia, erythroleukaemia, prostate carcinoma, 
neuroblastoma, rhabdomyosarcoma, melanoma and neuroec- 
todermal tumours (Samid etal., 1997). Although PB and 
PA are related structurally to butyrate, their mechanisms of 
action are distinct from butyrate and in some respects also 
from each other. 

PA exhibited a marked activity against a highly tumori- 
genic human breast cancer cell line both in vitro and in 
vivo. In vitro, cell growth was inhibited and the antiapop- 
totic protein Bcl-2 was down-regulated in conjunction with 
the appearance of apoptotic cells. In vivo, the treated tumours 
showed growth arrest, Bcl-2 down-regulation and differen- 
tiation. PA-induced growth arrest in human breast carci- 
noma M CF-7 cells was associated with enhanced expression 
of the cyclin-dependent kinase inhibitor p21@f/CiP! and 
dephosphorylation of pRB. The induction of p21WAF1/CIP1 
mRNA by PA was independent of the cellular p53 status and 
appeared to be required for growth inhibition because mouse 
embryonal fibroblasts from a p21—/— knockout mouse failed 
to undergo growth arrest by PA. 

PA treatment of prostate cancer cell line LNCaP resulted 
in an increase in prostatic-specific antigen (PSA) mRNA and 
protein despite inhibition of tumour cell proliferation. A sim- 
ilar increase was noted in rats bearing subcutaneous LN CaP 
tumour implants that were treated systemically with PA. PA 
can alter tumour cell lipid metabolism and ras-encoded p21 
via inhibition of protein isoprenylation. For example, PA 
inhibited protein isoprenylation and p21"? farnesylation and 


induced apoptosis in LNCaP prostate cancer cells transfected 
with the mutated c-Ha-ras gene. PA reduced the cellular lev- 
els of endogenous farnesyl-PP and inhibited activation of 
the p21" downstream target, p42(MAPK)/ERK 2. Exoge- 
nous farnesyl- and geranylgeranyl-PP reduced the effects of 
the drug on proliferation and apoptosis in LNCaP(T 24-ras) 
cells. 

Although both PB and PA promote differentiation in 
human prostate cancer cell lines, PB is more active at inhibit- 
ing growth and inducing programmed cell death in several 
human prostate cancer lines than PA at clinically achievable 
doses. PB caused prostate cancer cells to undergo apop- 
tosis 2-10 times more than PA. Prostate cancer cell lines 
overexpressing P-glycoprotein or possessing p53 mutations 
were also sensitive to the effects of PB. In vivo experiments 
demonstrated that PB administered to rats orally delayed 
growth of an androgen refractory rat prostate cancer sub- 
line by 30-45% in a dose-dependent manner. These results 
demonstrate that PB induces cytotoxicity via apoptosis in 
human prostate cancer, in addition to its differentiating prop- 
erties. The pathway signalling apoptosis in prostate cancer 
cells exposed to PA included reduction in mitochondrial 
transmembrane potential, release of cytochrome c from the 
mitochondria to the cytosol, activation by proteolytic pro- 
cessing of caspase-3 and -7 and cleavage of the death sub- 
strates poly(A DP - ribose) polymerase and DNA fragmenta- 
tion factor. 

The chimaeric fusion product AML1-ETO, which is 
formed in acute myeloid leukaemia (AML) by the (8;21) 
translocation, recruits a transcription repression complex that 
includes the histone deacetylase 1 enzyme. PB could partially 
reverse ETO-mediated transcriptional repression, possibly 
through inhibition of HDAC. PB was also able to induce 
partial differentiation of the AML1-ETO cell line K asumi- 
1. The relief of differentiation repression using PB may prove 
to be therapeutically beneficial. 


Trichostatin A (TSA) 


The fungistatic antibiotic TSA, isolated from the culture 
broth of Streptomyces platensis, was found to be a specific 
inhibitor of the cell cycle of normal rat fibroblasts in the 
Gı and G2 phases. In addition, TSA was found to be a 
potent inducer of erythroleukaemia cell differentiation at 
submicromolar concentrations. TSA inhibited the growth 
or induced differentiation of erythroleukaemia cells, colon 
carcinoma cells, neuroblastoma cells and pancreatic cancer 
cells. The level of histone hyperacetylation and p21afl 
expression increased, as reported also for butyrate. The 
mechanism of these effects was found to be reversible 
inhibition of HDACs presumably mediated by binding of 
the hydroxamic acid moiety of TSA to a zinc in a tubular 
pocket in the catalytic site of HDAC (Marks et al., 2000). 
Although the effect of TSA may appear to be nonspecific and 
could affect many genes, it is of interest that the activity of 
only about 2% of expressed genes is affected (M arks et al., 
2000). 

The (8;21) translocation, found in 12% of AML, creates 
the chimaeric fusion protein AML1-ETO. This protein binds 
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to DNA and recruits a transcription repression complex 
that includes the histone deacetylase 1 enzyme. TSA could 
partially reverse ETO-mediated transcriptional repression 
and this could be the basis for its ability to induce 
differentiation (Ferrara et al., 2001). 

In addition to its effects on established tumour cell lines 
in vitro, TSA has been shown to induce or enhance the 
differentiation of AML cells isolated freshly from clinical 
samples from patients with different AM Ls ranging from M 0 
to M7. 


Suberoylanilide Hydroxamic Acid (SAHA) 


SAHA is the prototype of a family of hybrid polar com- 
pounds that inhibit histone deacetylase and are potent 
inducers of cell differentiation and/or apoptosis in cer- 
tain transformed cells in culture including erythroleukaemia, 
myeloma, leukaemia, bladder carcinoma, breast carcinoma 
and prostate carcinoma (Marks et al., 2000). They inhibit 
HDACs and induce cell differentiation at very low concen- 
trations (0.01- 1 umol L-1). The hydroxamic acid moiety of 
SAHA can bind to the putative catalytic site of HDACs in 
the same fashion as TSA (Marks et al., 2000). 

Like other HDAC inhibitors, SAHA increased the level of 
p21! by enhancing its transcription (Marks et al., 2000). 
The growth of human prostate tumour cells in immunodefi- 
cient mice was suppressed by SAHA at concentrations that 
exerted no toxicity to the animals although histone hyper- 
acetylation was observed in both normal and tumour cells in 
vivo. The selective effect on tumour cells makes SAHA an 
excellent candidate for therapy. Further, the ability of SAHA 
to suppress mammary and lung carcinogenesis makes it also 
a potential chemopreventive agent (M arks et al., 2000). 


Peroxisome Proliferator—Activator Receptor Ligands 


Peroxisome proliferator- activator receptors (PPARs) are 
nuclear receptors that function as ligand-dependent transcrip- 
tional regulators. The PPARs include three receptor subtypes 
encoded by separate genes: PPAR-a, PPAR-ô, and PPAR- 
y. PPARs form heterodimers with the retinoid X receptors 
(RX Rs), which bind to the consensus sequence of nucleotides 
in the regulatory regions of PPAR-regulated genes. Acti- 
vation of PPAR-y by the naturally occurring ligand 15- 
deoxy-A!*14-prostaglandin J2 (15d-PGJ 2), has been linked 
to adipocyte differentiation, regulation of glucose homeosta- 
sis, inhibition of macrophage and monocyte activation and 
inhibition of tumour cell proliferation. PPARs and their lig- 
ands have also been implicated in the control of cell growth 
and differentiation (Roberts-Thomson, 2000). 15d-PGJ2 and 
other PPAR-y activators (e.g. thiazolidinediones such as 
troglitazone and pioglitazone) were found to induce differen- 
tiation in a variety of cancer cell lines including liposarcoma, 
colon carcinoma, breast carcinoma, and prostate carcinoma. 
Treatment with pioglitazone induced terminal differentiation 
in primary human liposarcoma cells. Further, RX R -specific 
ligands were also potent adipogenic agents in cells express- 
ing the PPAR-y/RXR-w heterodimer, and simultaneous 


treatment of liposarcoma cells with both PPA R-y- and RXR- 
specific ligands resulted in an additive stimulation of differ- 
entiation. These results suggested that PPAR-y ligands and 
RX R-specific retinoids may be useful agents for the treatment 
of liposarcoma. Ligand activation of PPAR-y in cultured 
breast cancer cells caused lipid accumulation, changes in 
breast epithelial gene expression associated with a more dif- 
ferentiated, less malignant state and a reduction in growth 
rate and clonogenic capacity of the cells. PPAR-y activation 
in colon cancer cells suppressed growth, increased expression 
of carcinoembryonic antigen and suppressed the expression 
of many genes associated with colon cancer. In addition, ani- 
mal studies have shown that transplantable tumours derived 
from human colon cancer cells show a reduction in growth 
when mice are treated with troglitazone. These results indi- 
cate that the growth and differentiation of the above cancer 
cells can be modulated through PPAR-y. 

Phenylacetate, which is structurally similar to clofibrate, 
a PPAR ligand, was found to activate this receptor. In 
human prostate carcinoma, melanoma and glioblastoma cell 
lines there was a close correlation between drug-induced 
cytostasis, increased expression of the endogenous PPAR and 
PPAR activation. More recently, it was found using in vitro 
models that a close correlation exists between tumour growth 
arrest by phenylacetate and activation of PPAR-y. The ability 
to bind and activate PPAR-y was common to biologically 
active analogues of phenylacetate and corresponded to their 
potency as antitumour agents, whereas an inactive derivative 
had no effect on PPAR-y. These results suggest that PPA R- 
y may mediate tumour growth inhibition by aromatic fatty 
acids. 


Planar—Polar Solvents 


N ,N ’-H examethylenebisacetamide (HM BA) is a hybrid polar 
compound that was found to induce both the differentia- 
tion of murine erythroleukaemia cells and the differenti- 
ation of various other cell lines in vitro and in patients 
(Marks et al., 1995). Detailed investigations using murine 
erythroleukaemia cells have delineated the early and late 
effects of HMBA (reviewed in Marks etal., 1995). The 
induction of differentiation by HMBA required treatment 
at concentations of 3-10mmolL~! for 3-15 days. Sev- 
eral investigations have been carried out with human cancer 
cells. HMBA induced the differentiation of human terato- 
carcinoma, bladder carcinoma and glioma cells. In addition, 
HMBA suppressed cell growth and decreased the tumori- 
genicity of the cells. The effects of HMBA were associated 
with suppression of the expression of growth factors such as 
transforming growth factor alpha, keratinocyte growth fac- 
tor and an autocrine factor teratocarcinoma-derived growth 
factor-1 that is related to epidermal growth factor. HMBA- 
induced cessation of proliferation was mediated, in part, by 
increased expression of the cyclin-dependent kinase inhibitor 
p27, enhanced association of p27 with cyclin E/cyclin- 
dependent kinase 2 (CDK2 complex) and suppression of 
kinase activity associated with cyclin E/CDK 2. The forma- 
tion of E2F complexes with pRB and the protein p130 has 
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also been implicated in growth inhibition. Other effects of 
HMBA include enhancement of gap-junctional intercellular 
communication and induction of cell death, both of which 
can contribute to suppression of growth. 


Vitamin D3 


The metabolically active form of vitamin D, 1la,25- 
dihydroxyvitamin D3 (la,25(OH)2D3) plays a key role in 
calcium homeostasis in the body. In addition, la,25(OH)2D3 
can regulate cell growth and differentiation of normal and 
malignant cells including colon carcinoma cells, prostate can- 
cer cells and neuroblastoma cells. Because the clinical use 
of la,25(OH)2D3 in differentiation therapy was hampered 
by its hypercalcaemic activity, various analogues have been 
synthesized with the hope of identifying some that are as 
potent as or more potent than vitamin D3 in inducing tumour 
cell differentiation but less hypercalcaemic. Indeed, ana- 
logues such as 1,25-dihydroxy-23-ynecholecalciferol (23-D), 
1,25-dihydroxy-A1©-23-ynecholecalciferol (16-23-D) and 
1,25-dihydroxy-22,24-diene-24,26,27-tribromovitamin D3 
(Seocalcitol EB 1089) have reduced action on calcium 
metabolism but high potency in cancer cell growth suppres- 
sion and differentiation induction (Hansen et al., 2000). 

The analogue 19-nor-hexafluoride (1,25-dihydroxy-16- 
ene-23-yne-26,27-difluoro-19-nor-vitamin D3) induced cell 
cycle arrest of prostate cancer cell lines and upreg- 
ulated the cyclin-dependent kinase inhibitor (CDK!) 
p21", Partial differentiation was evidenced by increased 
expression of PSA in LNCaP cells and E-cadherin 
in LNCaP and PC-3 cells. In mouse erythroleukaemia 
cells 1a@,25(OH)2D3 induced haemoglobin and acetyl- 
cholinesterase activity. 1œ,25(0H)2D3 and its analogues, 
20-epi-22-oxa-24a,26a,27a-tribromo-1,25-dihydroxy vitamin 
D3 (KH 1060); 20-epi-1,25(0H)2D3 1,25(OH)2-16-ene-D3, 
and 1,25(OH)2-16-ene-23-yne-D3, especially KH 1060, were 
potent inducers of differentiation of breast cancer cell lines. 
Apoptosis was induced in four of six cells lines. Vitamin D3 
stimulated the differentiation of LA-N-5 neuroblastoma cells, 
which was associated with a decrease in N-myc expression 
and inhibition of cell growth. Two vitamin D3 analogues, 
KH 1060 and EB 1089, can cause the same in vitro effects 
on LA-N-5 human neuroblastoma cells at 1% of the con- 
centration required with vitamin D3, thus making them more 
attractive candidates for clinical use. 

Vitamin D3 and many of its analogues exert their actions 
on cell growth and differentiation through the activation 
of nuclear vitamin D receptor (VDR), a ligand-activated 
transcription factor, which is a member of the superfamily 
of steroid hormone receptors. The ligand-activated VDR 
is found in complex with the retinoid X receptor (RXR) 
and enhances gene transcription from VD response elements 
(VDREs). The transcriptional activity can be enhanced by 
costimulation with vitamin D3 and 9-cis-retinoic acid, the 
RXR ligand. 

The vitamin D receptor has been detected in many types 
of cancer cell, including colon carcinoma, prostate, lung 
cancers, osteosarcomas and other types of cancer. M utations 


and rearrangements do not appear to be associated with the 
development of these cancers. 

Evidence that the antiproliferarive effects of la,25 
(OH)2D3 were mediated by the nuclear receptor VDR was 
obtained from studies of transfection of VDR into receptor- 
less prostate cancer cells thus restoring their response to the 
growth inhibitory effects of D3. The downstream genes that 
may regulate the effects of D3 on cell growth may include 
p21WAF1 and c-fos. In addition, vitamin D3 and its analogues 
are potent inducers of transforming growth factor beta (TGF- 
6) in breast cancer cells and prostate cancer cells and it was 
suggested that TGF-8 may contribute to the mechanism by 
which 1a@,25(OH)2D3 promotes cellular differentiation. 

U937 and THP-1 cell differentiation with 1lw,25(OH)2 D3 
correlated with gene transcription and functional expression 
of inducible nitric oxide synthase (iNOS). Inhibition of 
iNOS activity by N ”-monomethyl-L-arginine significantly 
decreased in vitro cell differentiation with 1a,25(QH)2D3. 
Thus, it appears that NO plays a role in the growth arrest and 
terminal differentiation of promonocytic leukaemia cells. 

Experiments utilizing 1a@,25-(OH)2D3 analogues and 
kinase/phosphatase inhibitors suggested that tyrosine kinase 
and serine/threonine phosphorylation cascades, rather than 
vitamin D3 receptor-mediated signals, were involved in 
some aspects of la,25-(OH)2D3’s actions. Both 1a,25- 
(OH)2D3 and the nongenomic analogue 1@,25-(OH)2D3 (HF) 
increased expression of PK C-@ and PK C-6 and their translo- 
cation to the nucleus of the cell. The effects of HF were 
attenuated by the nongenomic antagonist 18,25-(OH)2D3, 
suggesting that changes in PKC expression are mediated by 
a nongenomic signalling pathway. Enhanced phosphoryla- 
tion of a variety of cellular proteins at serine and threonine 
residues was observed immediately after 1a,25-(OH)2D3 
addition. It was proposed that 1w,25-(OH)2D3 primes acute 
promyelocytic leukaemia cell line NB 4 cells for TPA -induced 
monocytic differentiation by increasing the expression of 
specific PKC isoforms and inducing the specific phosphory- 
lation of key protein signalling intermediates. Indeed, 1a,25- 
(OH)2D3 and some of its conformationally locked (6-s-cis vs 
6-s-trans) analogues, which bind poorly to VDR, increased 
p42M APK phosphorylation in NB4 cells in a time- and dose- 
dependent manner, with the earliest response detectable at 
30s, which excludes a role for nuclear VDR in this effect. 


Retinoids 


Retinoids are naturally occurring and synthetic analogues of 
vitamin A. The physiological functions of naturally occurring 
retinoids include regulation of embryonal development 
and maintenance of the proper differentiation of many 
tissues in the adult. Retinoids also act pharmacologically 
to restore regulation of differentiation in certain malignant 
cells in vitro. The effects of retinoids on cell differentiation 
have been studied extensively in several cultured cell 
lines derived from embryonal carcinoma (EC), normal 
and malignant keratinocytes, premonocytic and myeloid 
leukaemias, neuroblastoma, and melanoma. In most of 
these cell types, retinoids enhance differentiation. However, 
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in cultured keratinocytes and squamous cell carcinomas 
(SCCs), retinoids inhibit squamous differentiation. Because 
in many cases the squamous differentiation of normally 
nonkeratinizing epithelial cells is aberrant, the effect of 
retinoids can be viewed as restoration of the normal 
nonkeratinizing phenotype. 

Retinoids appear to enhance predetermined programmes 
in cells that have the potential to undergo differentiation 
along one or more specific pathways. For example, in F9 EC 
cells, retinoids induce endodermal differentiation, whereas 
in human embryonal carcinoma cells, retinoids induce a 
neuronal differentiation. In P19 EC cells retinoids can induce 
both myogenic differentiation and neuronal differentiation 
depending on the concentration of retinoid used. In HL-60 
myeloid leukaemia cells that have the potential to undergo 
either myeloid or monocytoid differentiation, retinoids can 
only induce the myeloid pathway. In contrast, all-trans- 
retinoic acid (ATRA) was able to induce three different 
pathways, ectodermal, mesodermal and endodermal, in a 
developmentally pluripotent germ cell tumour. 

There are only limited reports on induction of differen- 
tiation of solid tumour cells in vivo and they are restricted 
to murine embryonal carcinoma cells injected into syngeneic 
mice. A significant degree of differentiation was observed 
in teratocarcinomas when RA was injected directly into the 
tumour (Speers and Altmann, 1984) or when several retinoids 
were administered in the diet (McCue et al., 1988). 

The mechanism(s) underpinning the ability of retinoids 
to inhibit proliferation and clonogenicity of malignant cells 
and modulate their differentiation in vitro are thought to be 
related to their ability to modulate gene expression. This 
ability is mediated by retinoic acid receptors (RARs) and 
retinoid X receptors (RX Rs), nuclear receptors which belong 
to the superfamily of steroid hormone receptors (reviewed 
in Chambon, 1996). RARs bind both natural retinoids 
ATRA and 9-cis-retinoic acid (9-cis-RA), whereas the RX Rs 
bind only 9-cis-RA (Chambon, 1996). Retinoid receptors 
modulate the expression of their target genes by interacting 
as either homodimers or heterodimers with specific DNA 
response elements (Chambon, 1996). RXRs dimerize with 
and enhance the transcriptional activity not only of RARs 
but also of thyroid hormone receptor, vitamin D3 receptor, 
PPARs and several orphan receptors (Chambon, 1996). The 
RA nuclear receptors may also interact antagonistically with 
components of other signal transduction pathway such as the 
AP-1 (jun-fos) transcription factor complex in stromelysin, 
collagenase promoters possibly by direct protein- protein 
interactions. 

It appears that RARs may be necessary but not sufficient 
for mediating the effects of most retinoids on cell growth 
and differentiation. For example, RAR-as expressed by most 
human leukaemias (fresh cells and cell lines) regardless 
of their responsiveness to RA. Thus, gene regulation by 
retinoids may depend on the relative concentrations of 
particular RARs, RXRs and cofactors, the nature of the 
RAREs in that gene and the presence of a number of other 
transcription factors. 

Many genes are regulated by retinoids. Some may be 
regulated directly by binding of receptors to their promoter 


region (eg. RAR-6, cytochrome P-450RAI, homeobox 
genes) whereas others may be regulated indirectly by 
antagonism of the transcription factor activator protein 1 (e.g. 
collagenase). Different receptors may regulate the expression 
of distinct subsets of genes related to either growth or 
differentiation. Recently, a systematic study examined the 
expression patterns of genes in the cell line NB4 before 
and after ATRA treatment using complementary DNA 
array, suppression- subtractive hybridization and differential 
display polymerase chain reaction. A total of 100 genes 
were up-regulated 12- 48h after ATRA treatment, while the 
expression of 59 of 69 down-regulated genes was suppressed 
within 8h. The transcriptional regulation of eight induced and 
24 repressed genes was not blocked by cycloheximide, which 
suggests that these genes may be direct targets of the ATRA 
signalling pathway. Several cytosolic signalling pathways, 
including JAKs/STAT and MAPK, have been implicated in 
the effects of ATRA. 


Tumour Necrosis Factor Alpha 


Tumour necrosis factor alpha (TNF-a) is a 17-kDa cytokine 
which can induce differentiation, growth arrest or apopto- 
sis. The effects of TNF on cellular differentiation have been 
demonstrated in malignant haematopoietic cells and cells 
derived from solid tumours. TNF treatment of a human 
rectal adenocarcinoma cell line induced features of early- 
stage differentiation, with goblet-like cell characteristics. The 
cells were growth-inhibited by TNF and exhibited enhanced 
expression of high molecular weight mucin glycoproteins. 
The induction of these differentiation characteristics corre- 
lated with reductions in epidermal growth factor receptor 
(EGF-R) levels and activity. TNF-a reduced proliferation and 
DNA synthesis in a human pancreatic adenocarcinoma cell 
line, without loss of viability. Parallel to these changes was 
an increase in carbonic anhydrase II mRNA, a marker for 
pancreatic cells of ductal origin. Likewise, TNF-a induced 
neuroblastoma cell lines to produce neurofilament proteins 
and adhesion molecules associated with differentiation. This 
induction was mediated by a calcium-independent inducible 
form of nitric oxide synthase and was accompanied by 
growth arrest. In cultured mammary carcinoma cells, TNF-a 
was shown to stimulate MUC1, isoactin and epithelial cell 
adhesion molecule expression. The various biological activ- 
ities of TNF are signalled through two distinct receptors, 
p55 and p75. The differentiation-inducing activity of TNF- 
a was signalled through the TNF receptor, p55, via protein 
kinase C. 


Interferons 


Interferons (IFNs) are a unique class of cytokines in that 
they stimulate antiviral, antitumour and antigen presentation. 
They have been classified as interferon alpha (IFN-qa), 
beta (IFN-8) and gamma (IFN-y) according to their 
cellular origin (leukocytes, fibroblasts and lymphocytes, 
respectively). Because of their ability to inhibit malignant 
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cell growth and phenotypic transformation, promote cellular 
differentiation and enhance apoptosis, they may be useful for 
cancer therapy. 

Interferons inhibit in vitro the proliferation and colony for- 
mation in agar of malignant cells including myeloma, Burkitt 
lymphoma, erythroleukaemia, breast carcinoma, neuroblas- 
toma and lung cancer. IFNs also modulated cell differentia- 
tion; in some cell types, IFNs stimulated differentiation and 
in others inhibited differentiation. IFN-£ stimulated the dif- 
ferentiation of human melanoma cell lines as evidenced by 
increased pigmentation. In human HL-60 myeloid leukaemia 
cells, all three IF Ns inhibited cell proliferation, but only IFN - 
y induced differentiation. IFN-8 suppressed the growth and 
enhanced squamous differentiation and apoptosis in cultured 
NSCLC cells. IFN-8 enhanced squamous differentiation in 
cell lines with squamous features, whereas it induced apop- 
tosis in cell lines with glandular features. IFN-6 and IFN-y 
modulated the growth and differentiation of head and neck 
squamous carcinoma in monolayer culture. 

The interferons exert their multiple effects on cell prolif- 
eration, differentiation and possibly apoptosis by binding to 
cell-surface receptors through which they transmit a signal 
that results in the activation of transcription of numerous 
genes within minutes of receptor occupancy (Darnell etal., 
1994). IFN -æ and IFN-£ share the same cell-surface receptor 
to transmit their signal, whereas IFN-y has its own receptor. 
The signal transduction is initiated by the binding of inter- 
feron to its receptor. In the case of IFN-a, binding to the 
IFN-a/8 receptor results in the activation of two types of 
tyrosine kinases in the cytoplasm: the Janus kinase 1 (J ak 
1) and the tyrosine kinase 2. These kinases phosphorylate 
cytoplasmic proteins that contain Src homology (SH2 and 
SH3) domains called Stats (signal transducers and activators 
of transcription). Stat la is a 91-kDa protein, which can also 
appear as a spliced form of 84kDa (Stat 18), and Stat 2 is a 
113-kDa protein. The Stat proteins undergo phosphorylation 
and form a complex called the ISGF3 (interferon-stimulated 
gene factor 3) with a cytoplasmic protein of 48kDa. The 
complex is translocated into the cell nucleus and there the 
ISGF3 complex binds via the 48-kDA protein to a specific 
DNA sequence (IFN-stimulated response element or ISRE) 
in the promoter region of IFN-stimulated genes (ISGs) and 
activates their transcription (Darnell et al., 1994). The bind- 
ing of IFN-y to its receptor activates JAK 1 andJAK 2, which 
phosphorylate Stat lw. The activated Stat lw then migrates 
into the cell nucleus and binds directly to IFN-y activated 
site (GAS) and stimulates gene transcription (Darnell et al., 
1994). Thus, all three IFNs share Stat 1 and JAK1 in their 
signalling. The STAT signalling pathway can play essential 
roles in cell differentiation, cell cycle control and develop- 
ment. In addition, it has been shown that activation of the 
STAT signalling pathway by IFN-y in cervical and breast 
cancer cells can induce apoptosis through the induction of 
caspase 1 gene expression. 

IFN-y was found to inhibit cell proliferation by blocking 
progression in mid-G; phase associated with a block in Rb 
phosphorylation, which may be responsible for the down- 
regulation of cdk2-6, cyclin A and c-Myc in Daudi Burkitt 
lymphoma cells and in normal epidermal, mammary and 


tracheobronchial epithelial cells. (See the chapter Signalling 
by Cytokines.) 


Combinations of Agents 


The same rationale that has led to the successful application 
of combination of cytotoxic agents with nonoverlapping tox- 
icities and distinct mechanisms of action can be applied to 
differentiation-inducing agents. Extensive studies were car- 
ried out with the myeloid leukaemia cell line HL-60 to 
define the efficacy of combinations of retinoids and other 
agents (Breitman and He, 1990). Such studies have demon- 
strated additive or synergistic effects of retinoids and the 
following agents: dimethyl sulfoxide, dimethylformamide, 
hexamethylenebisacetamide, butyrate, tiazofurin, IFNs, TNF- 
a, 6-thioguanine, 5-aza-2’-deoxycytidine, actinomycin, gran- 
ulocyte colony-stimulating factor and interleukin-6. Studies 
with embryonal carcinoma have shown that a combination of 
ATRA and cyclic AMP and cAMP elevating agents induces 
a distinct pathway of endodermal differentiation compared 
with that induced by RA alone. The combination of RA and 
tamoxifen was found to be more effective in suppressing 
the growth of human breast carcinoma cells than each agent 
alone. 


ATRA Plus IFN 


The efficacy of the combination of IFN-w or IFN-y and 
ATRA in induction of differentiation and growth inhibition 
was detected initially in vitro in established leukaemia 
cell lines (eg. HL60, U937). The effects of IFNs and 
retinoids were either additive or synergistic, depending 
on the cell system evaluated, and distinct differentiation 
pathways could be stimulated in different cell types. Further, 
IFN-q@ restored responsiveness to ATRA in ATRA -resistant 
HL60 cells. Likewise, IFN-y restored responsiveness to 
ATRA in ATRA-resistant v-myc expressing U937 cells. 
Further studies with fresh leukaemic cells from AML 
patients treated in short-term cultures with IFNs and 
ATRA also demonstrated synergistic growth inhibition and 
differentiation induction. In addition, increased inhibition 
of clonal growth and differentiation was observed after 
in vitro RA treatment of cells from patients treated with 
IFN-q@ in vivo. Additive or synergistic growth inhibition of 
various human tumour cell lines in vitro was reported for 
the combination of IFN-a@ or IFN-y and ATRA or other 
retinoids. These effects were sometimes also associated with 
differentiation induction, particularly in neuroblastoma cells. 
Tumour cell types in which the combination of the two agents 
showed greater growth inhibition than each agent alone 
included breast carcinoma, osteosarcoma, ovarian carcinoma, 
squamous cell carcinoma, neuroblastoma, non-small cell lung 
carcinoma and cervical carcinoma. Furthermore, the growth 
of human neuroblastoma tumours in nude mice was inhibited 
synergistically by the combination of IFN-y and ATRA. 

In various cell lines, including those derived from APL, 
ATRA induces directly the expression of two transcription 
factors, Stat 1 and IRF-1 which play central roles in the 
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IFN signal transduction. In addition, ATRA induces IFN -œ 
synthesis and enhances the IFN-induced Stat activation and 
increased the binding of |SGF-3 and the transcription of ISGs 
in embryonal carcinoma and breast cancer cells. 


Retinoids Plus 1,25-Dihydroxyvitamin D3 


Combinations of la,25(O0H)2D3 analogues and ATRA or 
9-cis-RA exhibit additive or synergistic effects on differ- 
entiation of leukaemia cell lines (e.g. HL-60, U937 and 
NB 4). Furthermore, vitamin D3 compounds augment apopto- 
sis induced by 9-cis-RA in HL-60 cells and the combination 
down-regulates the expression of the antiapoptotic gene prod- 
uct Bcl-2 while increasing the proapoptotic gene product 
Bax. The molecular mechanism underlying the effects of 
the combination of these agents involves the interactions of 
the nuclear receptors for vitamin D (VDR) and 9-cis-RA 
(RXR), which are able to form heterodimeric complexes and 
transcriptionally activate or repress target gene expression. 


ATRA and Histone Deacetylase Inhibitors 


TSA acted synergistically with ATRA to enhance the 
differentiation of the leukaemia cell lines U937, HL60 and 
NB4 cells. Further, the combined treatment of TSA with 
ATRA induced differentiation even in ATRA -resistant HL 60 
and NB4 cells. The mechanism of this interaction has been 
elucidated recently and it is related to the finding that 
transcriptional regulation by RARs involves modifications 
of chromatin by HDACs, which are recruited to RA- 
target genes by nuclear corepressors. The differentiation of 
APL cells is blocked by the PML-RAR-a fusion protein, 
which recruits the nuclear corepressor-HDAC complex. 
However, this block can be reversed by high doses of ATRA, 
through the release of HDAC activity from PML-RAR- 
a. Interestingly, inhibitors of histone deacetylase such 
as TSA can potentiate retinoid-induced differentiation of 
ATRA-sensitive and restore the retinoid responses of RA- 
resistant APL cell lines (Lin et al., 1998). Further, TSA was 
shown recently to restore ATRA-dependent transcriptional 
activation and triggered terminal differentiation of primary 
blasts from acute myeloid leukaemia M2 and M4 in which 
the AML-ETO fusion protein blocks ATRA signalling 
(Ferrara et al., 2001). Likewise, TSA enhanced the response 
to ATRA in APL cells with t(11;17) translocation, which 
leads to the production of the fusion protein PLZF - RAR-a 
and a poor response to ATRA. In these cells, TSA inhibits 
the HDAC enzyme that is associated with PLZF-RAR- 
a corepressor complex but cannot be dissociated after the 
addition of high-dose ATRA alone. 


ATRA and Arsenic Trioxide 


Arsenic trioxide induces nonterminal differentiation of 
malignant promyelocytes and promotes apoptosis. In con- 
trast, ATRA induces terminal differentiation that eventually 
leads to apoptosis. Both agents enhance the degradation of 
the leukaemogenic chimaeric protein PM L - RAR-a resulting 


from the t(15;17) translocation characteristic of APL by dif- 
ferent pathways, suggesting a possible therapeutic synergism. 
Indeed, arsenic trioxide synergized with ATRA to induce dif- 
ferentiation in ATRA-resistant APL cells but the dose and 
the sequence of their combination were important. Severe 
combined immunodeficient mice bearing APL-NB4 cells 
showed an additive survival effect after sequential treatment, 
but a toxic effect was observed after simultaneous treatment 
with ATRA and arsenic trioxide. These data suggest that 
combined arsenic trioxide and ATRA treatment may be more 
effective than single agents in ATRA-resistant patients (Jing 
et al., 2001). 


IFN Plus Mezerein 


Treatment of human melanoma cells with a combination 
of recombinant human IFN- and the antileukaemic com- 
pound mezerein (MEZ) results in irreversible growth arrest, 
suppression of tumorigenic properties and terminal cell dif- 
ferentiation by increasing the expression of numerous genes. 


TNF-o Plus 10,25-Dihydroxyvitamin D3 


The combination of TNF-a and la,25(0H)2D3 showed effi- 
cacy in enhancing the differentiation of chemically trans- 
formed human mammary epithelial cell lines as evidenced 
by increased expression of pan cytokeratin, mucin 1 and the 
adhesion molecules CEA, ICAM-1 and CD 44v6. 


CLINICAL ASPECTS 


The potential of agents that stimulate cell differentiation to 
serve for cancer therapy has been studied extensively in vitro 
and in animal models. Such agents can suppress growth and 
enhance differentiation, which may also lead to apoptosis. 
Only a few of the numerous differentiation inducing agents 
shown in Table 1 have been examined in clinical trials 
and even for those that have been investigated, most trials 
were phase | or II. The only definitive demonstration of the 
efficacy of differentiation therapy is the treatment of acute 
promyelocytic leukaemia patients with ATRA. 


HMBA 


A few clinical studies explored the potential of using HMBA 
in cancer therapy. Young et al. (1998) treated 33 patients 
with different types of advanced cancer with HMBA by 10- 
day continuous i.v. infusion courses. Patients with no disease 
progression were given repeat courses of HMBA at 28-day 
intervals. Thrombocytopenia with haemorrhage and disori- 
entation and confusion were the dose-limiting toxic effects 
and the maximal tolerated dose was 28gm~‘day~! for 10 
days. HMBA was cleared from plasma with a mean half- 
life of 2.5h. Mean plasma steady-state HM BA concentra- 
tions of 1mmol L7} could be maintained for 10 days with 
acceptable patient tolerance; however, HMBA concentra- 
tions in excess of 1.4mmol L~! for 10 days were toxic. 
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Nonetheless, objective antitumour effects were observed in 
five patients, with one partial remission in a patient with 
non-small cell lung cancer. Transient regression of cutaneous 
metastases was observed in three patients with breast carci- 
noma and one patient with colorectal carcinoma. Andreeff 
et al. (1992) conducted a phase II clinical trial of HMBA in 
41 patients with myelodysplastic syndrome (MDS) or acute 
myelogenous leukaemia (AML). HMBA was administered 
by continuous infusion for 10 days and repeated after an 
interval of 18-75 days. HMBA induced a complete remis- 
sion (CR) in three patients and a partial remission (PR) in 
six patients. The median duration of CR was 6.8 months 
(range 1.3-16 months) and that of PR was 3.7 months 
(range 1-7 months). The mean HMBA plasma levels were 
0.86+0.04 and 0.8740.12 mmol L—! in responders and non- 
responders, respectively. In certain patients HMBA induced 
differentiation of transformed haematopoietic precursors as 
indicated by morphological and chromosome analyses. The 
most prominent toxicity, thrombocytopenia, was reversible. 
Thus, it appears that it was not possible to achieve in vivo 
HMBA concentrations of 3-5 mmol L~! that are optimal for 
inducing differentiation of a variety of transformed cell lines 
in vitro. This has led to a search for more active compounds 
and a second generation of hybrid polar compounds were 
synthesized and characterized. Among these compounds was 
SAHA, which exhibited a far greater potency in inducing 
murine erythroleukaemia cell differentiation than HMBA. 
SAHA has been evaluated in animal models for antitumour 
efficacy and toxicity phase! human clinical trials are ongoing 
in which analysis of histone acetylation serves as an inter- 
mediate marker of HDAC inhibitory activity (Marks et al., 
2000). 


Butyrate 


Only very few clinical trials have been conducted with 
butyrate or its derivatives. A case report described the results 
of parenteral administration of butyrate (500 mgkg~!day~) 
for 10 days to a child with AML in relapse, who was 
resistant to conventional therapy. This treatment resulted 
in elimination of myeloblasts from the peripheral blood. 
An indication for differentiation has come from an analysis 
of the bone marrow, which showed an increase in mature 
myeloid cells and a reduction in myeloblasts from 80 to 
20%. No impairment of liver or renal function and no 
coagulation abnormalities were observed during butyrate 
treatment at the above dose. Arginine butyrate was given in 
a phase | trial together with interleukin-2 to six patients with 
advanced metastatic colon cancer delivered via continuous 
intravenous infusion on days 1-6 with escalating doses 
starting at 2gkg~!day~*. A daily ArgB dose of 2gkg~! was 
delivered for nine cycles. No clinical responses were seen. 
The dose-limiting toxicities were fatigue and liver function 
abnormalities. 

A clinical trial with the prodrug tributyrin compared the 
toxicities of escalating doses from 50 to 400mg kg~!day~? 
given p.o. after an overnight fast, once daily for 3 weeks, 
followed by a 1-week rest. Thirteen patients with solid 


tumours were treated and showed variable toxicities. Grade 
1 and 2 toxicities included diarrhoea, headache, abdominal 
cramping, nausea, anaemia, constipation, azotaemia, light- 
headedness, fatigue, rash, alopecia, odour, dysphoria and 
clumsiness. Grade 3 toxicities consisted of nausea, vomit- 
ing and myalgia. Peak plasma butyrate concentrations ranged 
from 0 to 0.45mmolL~! (between 0.25 and 3h after dose), 
but butyrate disappeared from plasma by 5h after dose. 
Butyrate pharmacokinetics were not different on days 1 and 
15. Because peak plasma concentrations near those effective 
in vitro (0.5- 1mmol L~!) were achieved, the authors consid- 
ered pursuing dose escalation with dosing three times daily, 
beginning at a dose of 450mgkg-tday~! (Conley etal., 
1998). Thus, there is only one case of differentiation in vivo 
by butyrate. 


Aromatic Fatty Acids 


In a phase | trial, phenylacetate was given to 17 patients with 
advanced solid tumours as a single i.v. bolus dose followed 
by a 14-day continuous i.v. infusion. Twenty-one cycles of 
therapy were administered at four dose levels. Stable PSA 
levels were maintained for more than 2 months in three 
of nine patients with metastatic, hormone-refractory prostate 
cancer. Another patient experienced less bone pain. One 
of six patients with glioblastoma multiforme had functional 
improvement for more than 9 months. Continuous i.v. 
infusion rates resulting in serum phenylacetate concentrations 
exceeding the K m (105.1+ 44.5 ug mL!) often resulted in 
rapid drug accumulation and dose-limiting toxicity (emesis 
and reversible central nervous system depression). Because 
the goal is to maintain serum drug concentrations greater 
than 250ugmL~!, which are required for in vitro activity, 
a subsequent trial was designed. In the second trial patients 
received phenylacetate as a 1-h infusion twice daily at two 
dose levels, 125 and 150mgkg~! for a 2-week period. 
The intermittent exposure to drug concentrations exceeding 
250ugmL~-! allowed time for drug elimination to occur 
between doses to minimize accumulation. Patients who did 
not experience dose-limiting toxicity or disease progression 
received additional cycles of treatment at 4-week intervals. 
Eighteen patients received 27 cycles of therapy. Dose- 
limiting toxicity, consisting of reversible central nervous 
system depression, was observed in three patients at the 
higher dose level. One patient with refractory malignant 
glioma had a partial response, and one with hormone- 
independent prostate cancer achieved a 50% decline in PSA 
level, which was maintained for 1 month. These phase | 
studies have indicated that phenylacetate at 125mgkg-! 
twice daily for two consecutive weeks is well tolerated and 
that high-grade gliomas and advanced prostate cancer are 
plausible targets for phase II clinical trials (Thibault et al., 
1995). 

Recent phase | studies with phenylbutyrate given by 
i.v. or oral routes have shown that this drug is well 
tolerated clinically at concentrations which effect acetylation 
of histones in vitro. However, higher doses lead to reversible 
CNS depression. Although these studies do not allow 


DIFFERENTIATION THERAPY 11 


an assessment of efficacy, the current development of 
phenylbutyrate is for combination with other agents based 
on indications from in vitro studies (Gore and Carducci, 
2000). 


PPAR Ligands 


The finding that PPAR-y agonists can induce terminal dif- 
ferentiation of normal preadipocytes and human liposarcoma 
cells in vitro suggested that such ligands may be useful clin- 
ically because the differentiation status of liposarcoma is 
predictive of clinical outcomes. Thus, enhancement of the 
differentiation status of a liposarcoma may have an impact on 
its clinical behaviour. With this rationale in mind, the PPAR- 
y ligand troglitazone was administered to three patients 
with intermediate- to high-grade liposarcomas. Troglitazone 
induced histological and biochemical differentiation in vivo 
as evidenced by extensive lipid accumulation in tumour cells 
and increases in tumour triglycerides compared with pre- 
treatment biopsies. In addition, differentiation markers in the 
adipocyte lineage were induced and the proliferation marker 
Ki-67 was decreased. These results indicate that differenti- 
ation can be induced pharmacologically in a human solid 
tumour (Demetri et al., 1999). 

A larger phase II study was conducted in 41 patients with 
histologically confirmed prostate cancer and no symptomatic 
metastatic disease. These patients were treated orally with 
troglitazone. Treated patients have shown prolonged stabi- 
lization of PSA. In addition, one patient had a dramatic 
decrease in serum PSA to nearly undetectable levels. These 
data suggest that PPAR-y has the potential to be used for 
differentiation therapy of human prostate cancer and this 
potential should be explored further. 


Vitamin D3 Analogues 


The clinical use of la,25(OH)2D3 in cancer prevention or 
differentiation therapy is hampered by its hypercalcaemic 
activity. To overcome this limitation, new vitamin D 
analogues have been synthesized and screened for exerting 
potent cell regulatory effects, but with weaker effects on the 
calcium metabolism than those of la,25(OH)2D3. Several 
such analogues have been identified including 23-D, 16-23- 
D and Seocalcitol (EB 1089) that have the potential to be 
used clinically owing to their reduced action on calcium 
metabolism. 

Analogues of lw,25(OH)2D3 have been synthesized which 
exhibited at least 10-fold higher potency than the parental 
læ,25(0H)2D3 in inhibition of clonal growth of HL- 
60 myeloid leukaemia cells. (22R)-1a,25-(OH )2-16,22,23- 
triene-D3 had an EDso of approximately 6x10-"mol L71, 
whereas 1la,25(OH)2D3 gave an EDso of approximately 
10-®mol L-} on clonogenic cells from patients with AML. 
It was suggested that clinical trials, especially in a setting of 
minimal residual disease, may be warranted after assessment 
of in vivo toxicity. Ex vivo purging of leukaemic cells 
from normal human peripheral blood mononuclear cells for 


stem cell transplantation has also been proposed with these 
analogues because they inhibited the growth of leukaemia 
cells without affecting normal bone marrow CFU-GM cells 
and only mild inhibiton of clonogenic cells from peripheral 
blood. 

EB 1089 was found to be 50- 200 times more potent than 
la,25(OH)2D3 with respect to regulation of cell growth and 
differentiation both in vitro and in vivo, yet it displayed a 
reduced calcaemic activity in vivo compared with that of 
1a@,25(0H)2D3. Recent clinical evaluation of EB 1089, which 
was focused mainly on establishing a maximum tolerated 
dose in cancer patients, has demonstrated that the low 
calcaemic activity observed in animals can be reproduced 
in cancer patients. Furthermore, EB 1089 induced regression 
of tumours (e.g. hepatocellular carcinoma). Although these 
findings suggest that the development of EB 1089 as an 
anticancer drug is warranted, such a decision must await 
the completion of ongoing controlled clinical trials (Hansen 
et al., 2000). 


Retinoic Acid 


Acute promyelocytic leukaemia (APL), which is desig- 
nated M3 in the FAB classification of acute myeloid 
leukaemias, was found to respond to orally administered 
ATRA (45mg m~?) in vivo (Huang etal., 1988). In contrast 
to classical anthracycline- cytarabine chemotherapy, ATRA 
induced complete remission in about 85% of APL patients by 
inducing differentiation of blast cells to granulocytes with- 
out inducing aplasia of the bone marrow. Although complete 
remissions occur in most APL patients, the response is tran- 
sient, possibly because ATRA induces P-450 enzyme that 
leads to a progressive decline in plasma drug concentrations. 
Consequently, resistance develops and all patients treated 
with ATRA alone eventually relapse. 

In an attempt to overcome this problem, ATRA was 
used in several randomized and nonrandomized trials for 
remission induction followed by several cycles of consoli- 
dation chemotherapy, usually with idarubicin and cytosine 
arabinoside. The results of such studies have shown that 
ATRA significantly increased event-free survival and sur- 
vival and decreased the incidence of relapse by comparison to 
chemotherapy alone in newly diagnosed APL. This approach 
yielded an approximately 2.5-fold increase in the proportion 
of long-term survivors who have presumably been cured of 
this disease (Soignet et al., 1997). A recently completed ran- 
domized long-term European A PL group study has confirmed 
the superiority of the combination of ATRA followed by 
chemotherapy over chemotherapy alone in newly diagnosed 
APL, and concluded that ATRA should be incorporated in 
the front-line treatment of APL (Fenaux et al., 2000). 

Recently, APL patients resistant to ATRA and conven- 
tional chemotherapy were found to respond to arsenic tri- 
oxide. This agent was shown to induce apoptosis in APL 
cells by down-regulating the antiapoptotic protein Bcl-2, 
increasing the activity of caspases and enhancing the degra- 
dation of PML-RAR-a (Chen etal., 1996; Soignet et al., 
1998). 
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ATRA caused in some APL patients a potentially fatal 
retinoic acid syndrome characterized by fever, respiratory 
disease, hypotension and increased leukocyte count (Tallman 
et al., 2000). 

The mechanism of differentiation induction by ATRA in 
APL cells is unique and fascinating. APL is associated 
with a specific t(15:17) translocation. The breakpoint on 
chromosome 17 reciprocally rearranges RAR-a with a 
putative transcription factor on chromosome 15 designated 
PML for promyelocytic leukaemia. Consequently, the APL 
cells produce a fusion protein called PML-RAR-a (de The 
etal., 1990), which retains the DNA binding domain of 
RAR-a and the ability to form homodimers. The formation 
of this fusion protein is thought to be the reason for the 
block in differentiation that drives the leukaemogenesis 
(Randolph, 2000). The fusion protein can form homodimers 
and act as a dominant negative inhibitor of retinoid signalling 
by recruiting a corepressor complex, which includes an 
HDAC (Linand Evans, 2000). Paradoxically, among myeloid 
leukaemias, APL (AML-M3) is the most sensitive to 
induction of differentiation by pharmacological levels of 
ATRA, despite the disruption of retinoid signalling. At the 
higher doses, ATRA causes the dissociation of corepressor 
from the PML-RAR-qa and enhances the degradation 
of the fusion protein. Consequently, the normal RAR- 
a can function in the absence of a dominant negative 
inhibitor to regulate the expression of numerous genes 
associated with differentiation and growth (Zhang etal., 
2000). 


Combination of 13-cis-Retinoic acid and IFN-g 


Several clinical trials using combination of retinoic acid 
and interferons were conducted in patients with skin cancer 
(Lippman et al., 1997), cervical carcinoma (Lippman et al., 
1997), renal cell carcinoma and prostatic carcinoma. In 
a few of these, some efficacy has been demonstrated. 
H owever, there was no evidence that the treatment resulted in 
differentiation induction, and therefore, they are not included 
in this chapter. 


CONCLUSIONS 


The concept of differentiation therapy is a very attractive 
one in that it is based on understanding the block in nor- 
mal differentiation and the mechanisms to overcome the 
block or induce alternative pathways to reach the mature 
phenotype. In vitro studies provided ample support for the 
concept and the elegant mechanistic and clinical studies 
with APL have demonstrated the proof of principle that 
differentiation therapy can be effective in vivo. Unfortu- 
nately, the success observed with APL in 1988 has not been 
reproduced with solid tumours. However, the recent pre- 
liminary studies with PPAR-y ligands and histone deacety- 
lase inhibitors suggest that these agents alone or in com- 
bination with other differentiation agents or with cytotoxic 
agents might show efficacy in clinical trials with various 
malignancies. 
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GENERAL INTRODUCTION 


Few areas of research have raised as much interest and 
introspection, not to mention false optimism, as gene ther- 
apy. Indeed, few subjects can have produced quite so many 
philosophical editorials. The possibility of using DNA as a 
therapeutic tool first became theoretically feasible with the 
isolation and cloning of the genes responsible for inherited 
monogenetic disorders such as cystic fibrosis, Lesch- Nyhan 
syndrome and adenosine deaminase (ADA) deficiency asso- 
ciated with severe combined immune deficiency (SCID). 
These disorders could theoretically be cured by the intro- 
duction and expression of a normal functional copy of the 
faulty gene in the appropriate tissue, although the practi- 
cal requirements for such gene therapy are formidable. A fter 
the gene has been isolated, its regulatory sequences must 
also be identified to ensure that expression of the trans- 
gene occurs in the appropriate tissue and at the appropriate 
time. Second, practical ways have to be found of delivering 
the gene to the requisite organ and, finally, once expres- 
sion is achieved, it must continue indefinitely, to obviate 
the requirement for multiple and repeated treatments. Per- 
haps not surprisingly, initial clinical trials of gene therapy in 
cystic fibrosis and ADA-deficient SCID have met with very 
limited success. 

At a superficial level, cancer is an even less attractive 
candidate for gene therapy than either cystic fibrosis or 
ADA-deficient SCID: the progression from normal tissue to 
invasive malignancy may involve up to six or more separate 
genetic events, all of which, in theory, would have to be 
corrected to reverse the malignant phenotype. Similarly, it 
would also be necessary to restore normal gene function 
to 100% of the cells within a tumour population, which is 
impractical with current vector technology. 

However, novel gene therapy strategies for cancer have 
evolved that do not rely on gene complementation, and which 


thus circumvent some, but by no means all, of the difficulties 
listed above. One such strategy is genetic prodrug activation 
therapy. 


GENETIC PRODRUG ACTIVATION THERAPY 
(GPAT) 


GPAT, which is represented schematically in Figure 1, has 
two fundamental steps. The first is the delivery to tumour 
cells, usually via a recombinant virus, of the gene encoding 
a nonhuman enzyme. The enzyme has been selected for its 
ability to convert a nontoxic prodrug into a cytotoxic species, 
which will then kill the cell in which it has been formed. The 
production of active drug by the tumour cells themselves 
should allow the generation of higher drug concentrations 
within the tumour microenvironment than could be achieved 
by systemic administration alone, and thus lead to a higher 
therapeutic index. 

The concept of GPAT arose from studies in antibody- 
directed enzyme-prodrug therapy (ADEPT) where the 
enzyme itself (rather than its gene) was delivered to 
tumour cells by means of an antibody directed against 
a tumour-specific antigen. The advantages of GPAT over 
ADEPT include the fact that the enzyme is generated within 
the tumour cell itself, rather than being present in the 
interstitium, thus generating higher concentrations of the 
active species inside the cell and allowing ready access to 
any cofactors that may be required for enzyme activity. Also, 
the inherent immunogenicity of antibody - enzyme conjugates 
may preclude multiple administrations. 

The second important feature of GPAT is the so-called 
bystander effect. This describes the ability of active species 
generated in one cell to kill neighbouring, nontransduced 
cells, thereby eliminating the need to transduce every 
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Figure 1 Genetic prodrug activation therapy. 


tumour cell, which is clearly impractical with current vector 
technology. 

The ideal enzyme would consist of a single polypeptide 
species of reasonably low molecular mass and independent of 
post-translational modifications. Fundamentally, the catalytic 
activity or substrate specificity must be distinct from 
any human enzyme and so those in use are derived 
predominantly from bacteria and viruses. The desirable 
parameters of potential enzyme- prodrug combinations are a 
high differential toxicity of the active species relative to the 
prodrug and alow K m and a high K ca, which will maximize 
production of the active species at any given concentration of 
prodrug and enzyme. The physico- chemical properties of the 
prodrug and its cytotoxic species, such as lipophilicity, will 
influence tissue distribution, cellular uptake and bystander 
killing. The half-life of the activated cytotoxic agent will also 
affect its distribution and efficacy: a longer half-life should 
allow a more homogeneous distribution within a tumour, but 
this may be offset by a greater potential to diffuse into the 
vascular compartment, increasing the systemic concentration 
of the cytotoxic agent. 

Many different potential enzyme- prodrug combinations 
have been described, but the general principles can be 
illustrated by consideration of the following systems. 


Thymidine Kinase—Ganciclovir 


In 1986, Moolten described the successful in vitro and in 
vivo sensitization of murine tumour cells to the antiherpes 
drug ganciclovir (GCV), via expression of the herpes simplex 
virus 1 (HSV) thymidine kinase (tk) gene (M oolten, 1986). 
The HSV, but not mammalian, tk enzyme is capable 
of phosphorylating various nucleoside analogues, including 
ganciclovir and its relative acyclovir. Treatment of HSV 
tk-positive cells with ganciclovir leads to the formation of 
ganciclovir triphosphate (Figure 2), a potent antimetabolite 
that interrupts DNA synthesis by erroneous incorporation 
as a false nucleotide. Thus, in Moolten’s original work, 
there was inhibition of growth of tk-positive cells following 
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Figure 2. The activation of ganciclovir by herpes simplex virus thymidine 
kinase. 


3 days of incubation with GCV at concentrations of 
10~-’mol/L, whereas tk-negative cells were not inhibited until 
concentrations of GCV reached 10-*mol/L. 

Since the original description of the effectiveness of HSV 
tk/GCV, there have been many reports of its use in the 
treatment, both in vitro and in vivo, of multiple tumour 
types, including breast, glioma, pancreatic, mesothelioma and 


(GPAT) 3 


colon, with the tk gene delivered by retrovirus, adenovirus, 
naked DNA and liposomes. 

It was noticed in the original description of the effect of 
HSV tk-GCV combination that the mixing of tk-positive 
and tk-negative cells at high density in a ratio of 1:9 resulted 
in almost complete eradication of the tk-negative cells upon 
treatment with GCV at a concentration of 4 x 10~®mol/L. 
In contrast, when the cells were plated at the same ratio 
at low density, there was almost complete survival of the 
tk-negative cells, implying that direct cell to cell contact 
between the enzyme expressing and nonexpressing cells 
was capable of transferring sensitivity to GCV between 
cells, a process initially described as ‘metabolic cooperation’ 
(M oolten, 1986). It was subsequently shown in subcutaneous 
adenocarcinoma and fibrosarcoma models in mice that only 
10% tk-positive cells were required for marked growth 
inhibition and that the normal tissue adjoining and overlying 
the tumours was unaffected by administration of GCV 
(Culver etal., 1992). In the same study, the delivery of 
HSV tk gene via injection of retroviral producer cells 
into experimental rat glioma produced complete regression 
in 11/14 animals on exposure to GCV. It has also been 
noted that a bystander effect can exist within the peritoneal 
cavity. Injecting tk-positive and negative sarcoma cells at 
a ratio of 1:9 into the peritoneum of mice resulted in 
significant extension of survival following treatment with 
GCV compared with those mice that received 100% tk- 
negative cells alone. If the ratio was 50:50, some of 
the mice survived long term (>70 days) (Freeman etal., 
1993). Interestingly, Freeman et al. also noted that it was 
possible to prolong the survival of pre-existing tk-negative 
intraperitoneal tumours by injecting tk-positive tumour cells 
and GCV, without any attempt at gene transfer. However, 
other groups have shown that injecting tk-positive 313 
fibroblasts into experimental gliomas in rats does not produce 
any bystander effect. 

Samejima’s group confirmed that cell-cell contact, or at 
least close proximity, was required for bystander killing in 
rodent fibroblasts expressing tk and that the process could 
be inhibited by coadministration of forskolin, the activator 
of adenylate cyclase. They also demonstrated that there was 
evidence of apoptosis in the cells killed by the bystander 
effect and suggested that phagocytosis by nonenzyme- 
expressing cells of apoptotic bodies released from dying 
cells could explain the mechanism of the bystander effect 
(Samejima and Merulo, 1995). However, it has become 
evident from more recent work that gap junctional activity is 
of fundamental importance to the bystander effect in the HSV 
tk-GCV enzyme- prodrug combination. It was demonstrated 
that the bystander effect seen in some tumour cell lines, such 
as SK Hep J hepatocellular carcinoma cells (Elshami etal., 
1996), which have little gap junctional activity, increased 
dramatically when transfected with connexin 43 or connexin 
32, which are major gap junctional proteins. This finding 
could explain why nontransduced normal tissue immediately 
adjacent to tumours with little gap junctional connection with 
those tumour cells, was not affected by administration of 
GCV, whereas the tumour cells were rapidly eliminated. 


There appears to be an additional mechanism which can 
give rise to a bystander effect in vivo. In a model of pul- 
monary metastases of the murine melanoma B16 line, it 
was noticed that the antitumour effect of HSV tk-GCV 
was markedly greater in immunocompetent mice than in 
immunodeficient animals. This effect was not due to the 
immunogenicity of tk itself and subsequent rechallenge of 
GCV -treated mice showed that some protection against wild- 
type tumour had been generated in the immunocompetent 
mice. This implies that the death of tumour cells following 
exposure to GCV results in the establishment of a systemic 
tumour-specific immunity (Vile et al., 1994). These findings 
were confirmed in murine colorectal carcinoma and rat hep- 
atoma models and have also been shown for the cytosine 
deaminase- 5-fluorocytosine enzyme- prodrug combination 
(see below). Vile et al. have suggested further that the pro- 
tective immunity seen in the B16 M urine melanoma model is 
due to a Tp1-type response (Vile et al., 1997), that the induc- 
tion of heat-shock protein 70 expression is a requirement for 
this immunity and that immunity is established after necrotic 
but not apoptotic cell death (Melcher et al., 1998). 

More recently, it has been suggested that there is an 
opposite, ‘good samaritan,’ effect whereby the tk-positive 
cells are protected from the effects of the toxic metabolites 
of GCV via gap junctional activity, thereby allowing a 
more prolonged production of those toxic metabolites. The 
presumed mechanism is that the gap junctions allow rapid 
passage of the activated GCV away from the tk-positive cell, 
thereby sparing that cell (Wygoda et al., 1997). 

Despite there being at least 20 clinical trials of HSV 
tk-GCV approved by the beginning of 1997, only a 
very small number have been published (Izquierdo etal., 
1996; Ram etal., 1997; Sterman etal., 1998). In the first 
(Izquierdo et al., 1996), producer cells releasing tk-encoding 
retroviruses were implanted stereotactically into recurrent 
primary brain tumours in five patients, who then received 
14 days of intravenous GCV at a dose of 5mgkg~! twice 
daily. One tumour in one patient showed a partial response, 
with progressive disease in all other injected tumours. The 
second trial protocol was very similar (Ram etal., 1997), 
with retroviral producer cells releasing tk-encoding virions 
injected into 19 tumours in 15 patients with recurrent primary 
and metastatic intracerebral tumours. Two tumours were 
resected 7 days after producer cell injection and in situ 
hybridization revealed only very small clusters of tk-positive 
cells. Accordingly, in the remaining patients who were 
treated with GCV twice daily for 14 days, there was a 
complete response in only two nodules (both in the same 
patient), a partial response in three nodules with no response 
in the remainder and no responses in any uninjected lesion. 
All the nodules that responded were under 2mL in volume 
prior to treatment. On a more positive note, there were no 
severe adverse events. A similar, but larger scale multicentre 
trial has been published more recently (Shand et al., 1999). 
Forty-eight patients with recurrent glioblastoma multiforme 
(GBM) were again injected with producer cells releasing tk- 
encoding retroviruses following resection of the recurrent 
tumour. GCV administration followed 14 days later at a dose 
of 5mgkg~? intravenously twice daily for another 14 days. 
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Fourteen of 48 patients had demonstrable vector DNA in 
peripheral blood (as assessed by polymerase chain reaction), 
thought to be secondary to transduction of lymphocytes 
within the resected tumour bed, which then migrated into the 
peripheral circulation. Disappointingly, the median survival 
for the patients was only 8.6 months, which is no better 
than would be expected in a population of patients who 
had surgical resection of recurrent GBM without any other 
treatment. Ten patients had tk-positive residual tumours 
present at post mortem examination, indicating that, whilst 
there had been tumour cell transduction, subsequent GCV 
treatment had failed to kill them, either because GCV 
penetrated poorly into the CNS or because the cells were not 
in the correct phase of the cell cycle at the time of treatment 
(see later). 

In the first trial reported of this enzyme- prodrug combi- 
nation in non-CNS tumours, an adenovirus encoding HSV 
tk was administered at doses of between 1x 10° and 1x10” 
plaque-forming units into the pleural cavity of 20 patients 
with pleural mesothelioma, followed by 14 days of GCV 
again at a dose of 5mgkg~? twice daily (Sterman etal., 
1998). Although no formal attempts were made to establish 
whether there were any clinical responses, there was evi- 
dence of gene transfer in 11 of 20 patients in a dose-related 
manner, again with minimal toxicity. 

There has now been a reported phase | trial in recurrent 
localized prostate cancer (Herman et al., 1999) in which an 
adenovirus encoding HSV tk was injected directly into the 
prostate of 18 men at doses of between 1x108 and 1x101 
infectious units. After 24h, 14 days of intravenous GCV 
(dose as in previous trials) was commenced. Three patients 
had an objective response (fall in serum prostate-specific 
antigen of at least 50%), the longest lasting 12 months. 

There were only two severe adverse reactions, both at 
the highest dose level. One was thrombocytopenia, which 
resolved after 5 days, and the other was hepatotoxicity, 
with transient elevation of bilirubin, transaminases and 
alkaline phosphatase. There has also been a report of severe 
hepatotoxicity in a rat colorectal carcinoma model following 
portal vein delivery of adenoviruses encoding the tk gene 
and GCV administration. This implies that activated GCV 
may be toxic to noncycling hepatocytes, as this toxicity was 
not seen in rats that received the adenoviral tk without GCV 
or in those rats that received a control adenovirus expressing 
B-galactosidase, followed by GCV (van der Eb et al., 1998). 
Another potential safety concern was highlighted recently 
in a syngeneic rat glioma model (Dewey etal., 1999). 
Following adenovirally-delivered HSV tk and treatment with 
GCV, the brains of long-term (>3 months) surviving rats 
demonstrated extensive inflammation, with microglial and T 
lymphocyte infiltration, and also widespread demyelination. 
There was also evidence of persistent tk expression 3 
months after a single injection of 2 x 10’ infectious 
units of the adenovirus, implying both that the duration of 
transgene expression after adenoviral delivery may be much 
longer in vivo than previously imagined and also that the 
administration of GCV in clinical trials of tk- GCV should, 
perhaps, continue for much longer than the 14 days that most 
trials currently utilize. 


Following reports of incomplete eradication of tumours 
following tk gene transfer due partially to poor gene transfer 
and poor GCV penetration, and given the probable benefits 
of immune system involvement in bystander killing in vivo, 
there have been recent attempts to increase the potency of the 
HSV tk-GCV system by combining it with immunotherapy. 
There are reports that IL-2, IL-4 and IL-7 can combine 
successfully with tk-GCV to increase the elimination of 
colorectal metastases, gliomas and non-small cell lung cancer 
models, respectively. The significance of these results is that 
prodrug-mediated killing of one tumour nodule may allow 
the elimination of distant nodules that do not express the 
prodrug-converting enzyme. There have also been reports 
of combined cytosine deaminase- 5-fluorocytosine and HSV 
tk-GCV gene therapy being more effective than either alone 
in eliminating murine mammary adenocarcinoma tumours. 

Others have attempted to improve the efficacy of tk- GCV 
by utilizing the thymidine kinase gene of other herpes virus 
species (Loubiere et al., 1996). There is some evidence that 
equine herpes virus tk mediates more rapid phosphorylation 
of GCV than that of HSV. Similarly, the thymidine kinase 
and phosphotransferase homologues of human herpesvirus- 
8 are both capable of phosphorylating GCV and may have 
potential for use in GPAT (Cannon etal., 1999). Other 
enhancements include the use of alternative prodrugs such 
as famciclovir and penciclovir that can also be activated by 
HSV tk, but which are orally active. This would facilitate a 
much longer duration of treatment than is currently possible 
with intravenous GCV, which would permit more cells to 
enter S phase and thereby become sensitive to the effects of 
the activated prodrug. 


Cytosine Deaminase-—5-Fluorocytosine 


The second most commonly employed enzyme- prodrug 
combination utilizes the cytosine deaminase (cd ) gene, which 
can be isolated from fungi and bacteria, and deaminates the 
antifungal drug 5-fluorocytosine (5-FC) into 5-fluorouracil 
(Figure 3), the main chemotherapy drug used in the treatment 
of gastrointestinal malignancies for 30 years. 

5-FU itself is converted into 5-fluorouridine 5/-triphos- 
phate and 5-fluoro-2’-deoxyuridine 5’-monophosphate, which 
function as potent inhibitors of both DNA and RNA synthesis 
via inhibition of thymidylate synthase and erroneous incor- 
poration as false bases. That there is some inhibition of RNA 
synthesis as well as DNA synthesis should also produce some 
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Figure 3 The conversion of 5-fluorocytosine into 5-fluorouracil by the 
action of cytosine deaminase. 


(GPAT) 5 


toxicity to quiescent cells, although the toxicity of 5-FU still 
depends critically upon the length of S phase. Initial reports 
in transfected or retrovirally transduced murine fibroblast 
lines demonstrated effective killing of cd-positive cells on 
exposure to 5-FC at a concentration of 5- 10 ugmL ~?, whilst 
the parental cd-negative cells were unaffected by concentra- 
tions in excess of 100ugmL~!. However, in cell mixing 
experiments, there appeared to be selective killing of the cd- 
positive cells, with sparing of the cd-negative cells, implying 
no bystander effect (Mullen et al., 1992). A group that had 
independently cloned the cd gene from Escherichia coli con- 
firmed the sensitization of cd-positive WiDR human colorec- 
tal carcinoma cells to 5-FC viaits conversion to 5-FU (Huber 
et al., 1993), but showed that there was marked bystander 
killing in vitro when 33% of cells were cd positive and that 
this effect did not rely upon cell- cell contact. Also, there was 
a significant reduction in growth rates of mixed cd-positive 
and -negative subcutaneous WiDR xenografts in nude mice 
on treatment with 5-FC. It was possible to demonstrate this 
effect with only 2% cd-positive cells, implying a very pow- 
erful bystander effect in vivo with this enzyme- prodrug 
combination (Huber et al., 1994). 

The same study also demonstrated that it was possible to 
generate a concentration of 5-FU of >400umolL~? within 
cd-positive tumours following systemic 5-FC administration. 
There is no apparent explanation for the discrepant results 
between the two groups in terms of bystander activity, 
although other groups have subsequently recorded bystander 
activity for cd- 5-FC. Equally, it has also been reported that 
cd gene delivery to normal liver can generate sufficient 5- 
FU to cause the regression of adjacent cd-negative colorectal 
metastases, without significant toxicity to those hepatocytes 
(Topf et al., 1998), which implies both a powerful bystander 
effect and lack of toxicity of 5-FU to noncycling cells. 

An attempt was made to compare the efficacy of tk- GCV 
and cd-5-FC in WiDR cells and it was demonstrated that, 
on exposure to GCV, there was no reduction in size of 
subcutaneous xenografts that contained 10% tk-positive cells, 
yet there was a marked antitumour effect in cd-positive 
tumours on exposure to 5-FC with only 4% of cells enzyme 
positive (Trinh et al., 1995). However, the poor bystander 
effect for the tk tumours can be explained by the electron 
microscope finding that WiDR tumours do not express gap 
junctions. 

Although the protocols of several clinical trials of cd- 5- 
FC have been approved, only one trial has actually been 
completed (Pandha etal., 1999), in which plasmid DNA 
encoding cd under the control of the c-erbB-2 proximal 
promoter was injected directly into cutaneous metastases of 
12 women with recurrent breast cancer positive for c-erbB - 
2. Overexpression of c-erbB-2 is seen in approximately 20% 
of breast carcinomas and is associated with poor prognosis. 
There was evidence of cd expression in 11 of 12 tumour 
nodules injected and transgene expression was limited to c- 
erbB -2 positive cells, indicating that transcriptional targeting 
using this promoter is feasible in human patients. Only eight 
of the 12 patients received 5-FC (200mg kg! per day as a 
48-h infusion) and there was evidence of some local tumour 
response in two of these eight patients. There were also two 


minor responses in patients who received the cd gene but no 
5-FC, which may reflect an immune response to the injected 
plasmid DNA. 

Aswith HSV tk-GCV, there are now reports of combining 
cd-5-FC with immunotherapy. One recent report demon- 
strated that adenoviral GM-CSF and adenoviral cd gene 
transfer to melanomas in mice resulted in greater growth 
inhibition than with either cd or GM-CSF alone and that the 
combination also resulted in greater protective immunity to 
rechallenge with parental cells (Cao et al., 1998). The major- 
ity of published data on cd-5-FC has come from use of the 
E.coli cd gene. However, the cytosine deaminase of Saccha- 
romyces cerevisiae is capable of deaminating 5-FC at least 
eight times faster than the E. coli enzyme and has a Ky 
44-fold lower, suggesting that it would produce 5-FU much 
more efficiently than the bacterial enzyme (Hamstra et al., 
1999). 


Nitroreductase-CB1954 


The active species of both tk-GCV and cd-5-FC are 
antimetabolites, which means that they will be predominantly 
toxic to cells that are replicating their DNA. Even within a 
rapidly growing tumour nodule, the proportion of cells that 
will be actively dividing may be as low as 6% (Tubiana and 
Malaise, 1976). The large proportion of cells resting in Go 
has been proposed to be a major factor underlying resistance 
to GCV. In one study, tumours outgrew 30 days of contin- 
uous GCV treatment, but remained sensitive on retreatment, 
indicating that cells can remain in Go for long periods and 
that acquired resistance to the prodrug was not the cause of 
the original regrowth (Golumbek et al., 1992). This poten- 
tial shortcoming and the realization that enzyme-catalysed 
activation of alkylating agents from nontoxic prodrugs could 
provide some advantages over antimetabolites have prompted 
the search for alternative enzyme- prodrug combinations, one 
of the most promising of which involves the prodrug 5- 
(aziridin-1-yl)-2,4-dinitrobenzamide (CB 1954). CB1954 is a 
weak monofunctional alkylating agent which originally pro- 
voked interest in the 1960s following the discovery that 
Walker rat carcinosarcoma cells were extremely sensitive to 
CB1954-mediated killing (Cobb et al., 1969). The origin of 
the Walker cell sensitivity was later found to lie in the expres- 
sion of DT diaphorase, a FA D-containing dehydrogenase that 
employs either NADH or NADPH as a cofactor, and which 
catalyses the bioreduction of CB 1954 to its 4-hydroxylamino 
derivative, which is then converted by thioesters such as 
acetyl coenzyme A into a powerful bifunctional alkylating 
agent (Knox etal., 1988). The activated cytotoxic species 
is not phase specific and can kill noncycling cells (Bridge- 
water etal., 1995). Human DT diaphorase performs this 
reduction much less efficiently than the rat enzyme, which 
may explain the lack of efficacy of CB 1954 in human sub- 
jects in an unpublished pilot clinical trial in the early 1970s. 
Recent studies have indicated that the molecular basis of 
the difference between the ability of human and rat DT 
diaphorase to reduce CB1954 may lie at residue 104, tyro- 
sine in the rat enzyme and glycine in the human. Cells with 
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Figure 4 The bioactivation of CB 1954 by E. coli nitroreductase. 


the capacity to bioreduce CB1954 have been demonstrated 
to be 10° times more sensitive on a dose basis than those 
which do not (Roberts et al., 1986). An E. coli nitroreductase 
(NTR) was identified that is capable of reducing CB 1954 and 
was shown to be a monomeric FMN-containing flavoprotein 
with a molecular mass of 24kDa that also employed either 
NADH or NADPH as a cofactor. By comparison of amino 
acid sequences, it was also shown that NTR has homology 
to the ‘classical nitroreductase’ of Salmonella typhimurium 
and a nitroreductase in Enterobacter cloacae. It was fur- 
ther demonstrated that NTR reduced CB 1954 up to 60 times 
more rapidly than rat DT diaphorase (Knox etal., 1992), 
although both the 4-hydroxylamino and the less toxic 2- 
hydroxylamino derivatives are generated in equal proportions 
(Figure 4). 

NTR was selected for use in conjunction with CB1954, 
initially for antibody-directed enzyme- prodrug therapy, and 
subsequently for GPAT once the gene encoding NTR, nfnB, 
was identified and cloned from the B strain of E. coli. 

Studies by several groups have confirmed the prediction 
that mammalian cells expressing NTR would be sensitized to 
CB1954 and have demonstrated the existence of a bystander 
effect with this system (Bridgewater et al., 1995), although 





other studies have reported little or no bystander effect (Clark 
et al., 1997). Initial in vivo work was limited to two studies 
in transgenic mice. In one, NTR was expressed selectively 
in secretory epithelial cells of the mammary gland from 
an ovine B-lactoglobin promoter (Clark etal., 1997) and 
treatment with CB 1954 resulted in ablation of the mammary 
epithelial tissue, with sparing of the adjacent myoepithelial 
cells, which were NTR negative, implying no bystander 
effect. However, in the other study (Drabek etal., 1997), 
in which NTR was expressed in T cells under the control of 
elements from the human CD 2 locus, CB 1954 administration 
resulted in severe reduction in total cell numbers within the 
thymus with evidence of extensive apoptosis. There was also 
extensive cell reduction within the spleen, which contained a 
large number of non-T cells, implying a degree of bystander 
killing in vivo. This study also demonstrated that high doses 
of CB1954 (50mg kg! day~! for 5 days) were also very 
toxic to Balb C and C3H/He mice and there have been some 
attempts to discover less toxic alternative prodrugs that can 
also be activated by NTR. 

Recently, the first demonstration of the efficacy of 
NTR/CB1954 in murine tumour models was published 
(McNeish etal., 1998), in which bearing NTR-expressing 
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subcutaneous and intraperitoneal tumour cells were cured 
following exposure to two bolus doses of CB1954. The 
same study also indicated that a cisplatin-resistant ovarian 
tumour cell line remains as susceptible to the NTR- 
dependent cytotoxicity of CB1954 as parental cells, which 
has importance in any potential clinical application of 
NTR - CB 1954, especially in the treatment of ovarian cancer. 

As with tk-GCV and cd-5-FC, there is evidence that 
CB1954-mediated killing of NTR-positive tumours in vivo 
leads to the establishment of antitumour immunity. A gain, 
this effect is not dependent upon the immunogenicity of the 
enzyme and is cell-type specific. There is, however, convinc- 
ing evidence that NTR-positive cells killed following expo- 
sure to CB1954 undergo an apoptotic rather than necrotic 
death (Cui et al., 1999), implying that the previous observa- 
tion with tk- GCV that necrotic rather than apoptotic death 
is required for the development of antitumour immunity fol- 
lowing prodrug delivery may not be a universal phenomenon. 

Data on the delivery of the NTR gene to murine tumour 
models using recombinant viruses are limited. However, 
one as yet unpublished study demonstrates that the delivery 
of a recombinant adenovirus encoding the NTR gene 
to nude mice bearing intraperitoneal SUIT2 pancreatic 
tumour cells followed by two doses of CB1954 leads to 
a significant increase in animal survival (Weedon etal., 
2000). Interestingly, this study shows that delivery of 
the adenovirus itself into the peritoneal cavity of nude 
mice without prodrug administration leads to a small, but 
significant, increase in animal survival. A similar result was 
noted when recombinant adenoviruses were administered 
into the pleural cavity of nude mice in a model of malignant 
mesothelioma (Lan etal., 1997). However, these findings 
were not confirmed in models utilizing SCID mice, implying 
that natural killer (NK) cells, present in nude but not SCID 


Table 1 Other Potential Enzyme- Prodrug Combinations for Use in GPAT 


mice, may be responsible for the observed antitumour effect 
of recombinant adenoviruses alone. 


Others 


There are many other potential enzyme- prodrug systems, 
some of which evolved from ADEPT strategies. Some of the 
more promising ones are listed in Table 1. 

The human thymidine phosphorylase- 5’-deoxy-5- 
fluorouridine, VZV thymidine kinase-araM and E. coli 
purine nucleoside phosphorylase- 9-(6-p-2-deoxyerythro- 
pentofuranosyl)-6-methyl purine combinations will all gener- 
ate toxic antimetabolite agents which are likely to meet with 
the same potential hurdles as tk-GCV and cd-5-FC. How- 
ever, the other combinations all generate novel active species 
that are toxic to both cycling and noncycling cells and merit 
further discussion. 

One possible advantage that the carboxypeptidase G2 
(CPG2)-mediated activation of  4-[(2-chloroethyl)(2- 
mesyloxyethyl)amino] benzoylglutamic acid (CMDA) has 
over other combinations is that the active species pro- 
duced by CPG2 requires no further modification by cellu- 
lar enzymes, which contrasts with 5-FU and both activated 
CB1954 and GCV: if the enzymes required for further drug 
modification become deficient in tumour cells, this could lead 
to resistance to the activated drug. Like activated CB1954, 
the active species of CMDA is an alkylating agent, toxic 
to noncycling cells and less likely to induce resistance. One 
potential disadvantage of CPG2 is that the enzyme in its 
natural configuration is secreted and removal of the signal 
peptide to is required to prevent this. There is in vitro evi- 
dence that expression of this altered CPG2 is capable of 
sensitizing a range of ovarian and colorectal carcinoma cells 
to CMDA and that a modest bystander effect exists (M arais 
et al., 1996). 





Enzyme Prodrug 


Active species Reference 





Human thymidine 
phosphorylase 

Varicella zoster virus (VZV) 
thymidine kinase 

E. coli purine nucleoside 
phosphorylase 


5’-Deoxy-5- fluorouridine 


9-( B-p-A rabinofuranosy|)-6- 
methoxy-9H -purine (araM ) 
9-( B-p-2-Deoxy 
erythropentofuranosy!) 
-6-methylpurine 
4-[2-Chloroethyl)(2- 
mesyloxyethyl)amino] 
benzoylglutamic acid (CM DA) 
2-A minoanthracene 4-| pomeanol 


Carboxypeptidase G2 


Rabbit cytochrome P450 
isoenzyme 4B 1 

Human cytochrome P450 
isoenzyme 1A 2 

Human carboxylesterase 


Acetaminophen (paracetamol) 


7-Ethy|-10-[4-(1- piperidino)-1- 
piperidino] carbonyloxy 
camptothecin (CPT-11; 
irinotecan) 

2-Hydroxyisobutyronitrile- 
B-p-glucopyranoside 
(linamarin) 


Linamarase 


5-FU Evrard et al. (1999) 


AraATP Huber et al. (1991) 


Sorscher et al. (1994); 
Hughes et al. (1995) 


6-M ethyl purine 


4-[2-Chloroethy!)(2- 
mesyloxyethyl) 
amino]benzoic acid 

Unknown Unknown 


Marais et al. (1996) 


Rainov et al. (1998) 

N -Acetyl benzoquinonimine Thatcher et al. (1999) 
(NABQI) 

7-Ethyl-10-hydroxy 
camptothecin (SN 38) 


Kojima et al. (1998) 


Cyanide Cortés et al. (1998) 
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Cytochrome P450 isoenzyme 4B1 (CYP4B1) was first 
identified as an activator of the mould toxin 4-ipomeanol 
following a mysterious cattle pulmonary illness. It has also 
been shown to activate 2-aminoanthracene, although the 
precise nature of both active species is unknown. However, 
glioma cells stably expressing the rabbit isoform of the 
enzyme are sensitized both in vitro and in vivo to both 
prodrugs, with evidence of single-strand DNA breaks and 
an adequate bystander effect (Rainov et al., 1998). 

Another cytochrome P450 enzyme, the human isoenzyme 
1A2 (CY P1A2), is capable of activating the analgesic drug 
acetaminophen (paracetamol), which is used world-wide as 
an analgesic drug, but can be hepatotoxic when taken in 
overdose. T here are several pathways of acetaminophen elim- 
ination, one of which involves CY P1A2, which oxidizes the 
drug into the toxic metabolite N -acetylbenzoquinonimine 
(NABQI). Normally, NABQI is detoxified by direct con- 
jugation with reduced glutathione, but in overdose, how- 
ever, the glutathione conjugation pathway is saturated, lead- 
ing to excess NABQI and direct hepatic toxicity. An early 
report indicates that the expression of CY P1A2 in Chinese 
hamster V79 cells dramatically increases their sensitivity 
to acetaminophen-mediated toxicity (Thatcher et al., 1999). 
There is evidence of bystander killing of non-CY P1A2- 
expressing V 79 cells at low concentrations of acetaminophen 
when mixed with only 5% of CY P1A2-positive cells. This 
effect is not cell-type specific, with evidence of killing 
of human ovarian carcinoma SK OV3 and colon carcinoma 
HCT116 cells when mixed with CY P1A2-expressing V 79 
cells. 

The chemotherapeutic drug irinotecan, also known as 
CPT-11 {7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbony- 
loxycamptothecin}, is active against lung, cervical, ovarian 
and colorectal carcinomas. As with 5-FU, it should strictly 
be classified as a prodrug as its piperidino side chain is 
cleaved by the enzyme carboxylesterase (CE) to reveal 
the active species, SN -38 (7-ethyl-10-hydroxycamptothecin). 
Uniquely amongst the other active species mentioned 
above, SN-38 functions as an inhibitor of mammalian 
DNA topoisomerase I, an enzyme whose functions include 
releasing the torsional stress of supercoiled DNA. However, 
SN-38 is insoluble and is therefore impractical as a 
chemotherapeutic agent in its own right. Administration 
of irinotecan is frequently associated with severe, but 
unpredictable, toxicity, especially diarrhoea. This may be due 
to a genetically determined person-to-person variability in the 
expression of the activating CE enzyme resulting in highly 
variable levels of SN-38 production. Expression of high 
levels of CE by tumour cells would permit much lower doses 
of irinotecan to be administered, with resultant reduction in 
toxicity. It has been shown that adenoviral delivery of the 
human CE gene to A549 lung carcinoma cells increases 
both SN-38 production and sensitivity to irinotecan, and can 
produce growth delay in subcutaneous A549 xenografts in 
nude mice (Kojima et al., 1998). 

The enzyme-prodrug combination linamarase and 2- 
hydroxyisobutyronitrile- 8-p-glucopyranoside (linamarin) is 
of interest because the enzyme derives not from a virus 
or fungus, but from the cassava plant, Manihot esculenta 


Crantz. Linamarase is a £-glucosidase that hydrolyses 
linamarin into glucose and acetone cyanohydrin. The latter is 
unstable at pH >6 and spontaneously degrades into acetone 
and hydrogen cyanide. The hydrolysis of linamarin does not 
take place in normal mammalian tissue and the prodrug is 
excreted unchanged in the urine. Expression of linamarase in 
range of human and rodent cells has been shown to increase 
both their sensitivity to linamarin and the production of 
cyanide. 

The cyanide ion (CN~) is freely diffusible and HCN is 
a gas, which would suggest that any bystander effect of 
this system would not rely upon gap junctional activity 
or cell-cell contact. There is in vitro evidence that a 
50:50 mixture of linamarase-expressing and nonexpressing 
murine yCRIP cells is completely eradicated on exposure to 
concentrations of linamarin that are nontoxic to the parental 
cells (Cortés et al., 1998). 

Given the toxicity of cyanide and the diffusible nature of 
the active species, there would be considerable concern that 
the use of this enzyme- prodrug combination in vivo would 
be associated with extensive toxicity. In a rat glioma model, 
direct infusion of linamarin into the brains of rats bearing 
linamarase-positive tumours resulted in complete tumour 
eradication with no discernible toxicity to the animals. 
However, there was no attempt to deliver the linamarin 
systematically, as there is evidence that bacteria present 
in normal gut flora of both rodents and humans contain 
B-glucosidases that are capable of releasing cyanide from 
linamarin. This problem would have to be overcome safely if 
this enzyme- prodrug combination were ever to reach clinical 
trials. 


DISCUSSION 


Genetic prodrug activation therapy has great potential 
as a gene therapy strategy for the treatment of malig- 
nant disease. The two most studied combinations (herpes 
simplex virus thymidine kinase- ganciclovir and cytosine 
deaminase- fluorocytosine) have produced much promising 
in vitro and preliminary animal data. However, early clinical 
trials have been disappointing, with low rates of gene transfer 
and few objective clinical responses. These disappointments, 
in addition to the theoretical shortcomings of antimetabolites 
as active species, have driven the investigation into alterna- 
tive enzyme- prodrug combinations. However, none of the 
novel combinations has yet been subjected to the reality of a 
clinical trial, where trial shortcomings may also be exposed. 

In a defence of gene therapy, early clinical trials of 
any new treatment involve patients with recurrent and 
metastatic disease that is, by definition, refractory to current 
conventional therapy. It is, therefore, little surprise that 
there have been few clinical responses in published trials. 
However, the degree of prior expectation has ensured 
that these results are heralded as a wholesale failure of 
gene therapy. Gene therapy, especially as a treatment for 
malignant disease, is a technique in its infancy (a excuse that 
has been used for over a decade, but surely cannot be valid 
indefinitely) and itis very unlikely that any one gene therapy 
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strategy will ever produce dramatic cures for all types of 
malignant disease. M uch more likely, combined gene therapy 
strategies will be used in conjunction with existing modalities 
in the treatment of residual postsurgical disease. To this end, 
there is ongoing research using enzyme- prodrug therapy 
as a radiosensitizer (Szary etal., 1997) and even double 
enzyme- prodrug therapy (tk- GCV and cd-5-FC) with the 
genes delivered by a selectively replicating adenovirus and 
used in conjunction with radiotherapy (Freytag et al., 1998). 

One of the other persistent criticisms of gene therapy, as 
highlighted by the Varmus report, has been the poor design 
of clinical trials, which has reduced the amount of useful 
information that can be gleaned from any negative results. 
Therefore, future trials of gene therapy must be sophisticated 
in design with clear and distinct scientific endpoints if the 
potential of this existing technology is to realized. 

See also the chapters on Gene Therapy M odels; G enetic 
and Cellular Vaccines; Antisense and Ribozyme Therapy; 
Gene Therapy— Tumour-suppressor Gene Replace- 
ment/Oncogene Suppression; Translational Research 
(Overview of Phase I, II and III Clinical Trials). 
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DNA DAMAGE AND REPAIR 


General Aspects 


The genetic information specifying the phenotypes, func- 
tional activities and the adaptive and reparative capacity of 
our cells is stored in the linear sequence of approximately 
3 x 10° copies of the four bases guanine, cytosine, ade- 
nine and thymine, aligned in the DNA macromolecule. This 
central molecular blueprint needs to be preserved intact and 
must be reproduced by DNA replication with utmost fidelity 
whenever cells prepare for division. 

During the lifetime of cells and organisms, the structural 
and functional integrity of the genome is constantly compro- 
mised by various forms of DNA damage that either occurs 
‘spontaneously’ or is caused by exogenous and endogenous 
DNA-reactive agents. On the one hand, DNA damage that 
accumulates in cells can be cytotoxic, i.e. cause programmed 
cell death (apoptosis) or other forms of cell breakdown. How- 
ever, DNA lesions can also result in the mutation of genes 
whose inactivation or functional alteration subverts regular 
cell type-specific properties and may enhance cancer risk. 

In recent years it has become evident that the recognition 
and processing of cellular DNA damage is tightly intercon- 
nected with the transcriptional status of target genes, the 
regulation of DNA repair gene transcription and the control 
of cell cycle progression and apoptosis via so-called DNA 
damage checkpoints. The efficacy of distinct modes of DNA 
repair differs interindividually, with age and among differ- 
ent cell types (most likely also depending on their state of 
differentiation). 


Human cancer cells very often exhibit defects in ‘check- 
point’ and cell cycle regulation - notably in the p16!N«4@- 
cyclin D1- pRb pathway (see (2) below) - and even among 
histologically similar tumours there is wide variability with 
respect to DNA repair capacity. The latter is a reflection of 
the genetic and phenotypic heterogeneity and instability of 
cancer cells, which also explains the frequent generation of 
variant cell subpopulations within tumours. Together, these 
properties strongly influence the sensitivity of malignant cells 
toward DNA-reactive therapeutic agents and represent poten- 
tial targets for modulation to achieve more effective therapy. 


Spontaneous and Induced DNA Damage 


In spite of the extraordinary precision of the molecular 
machinery for DNA replication (notably of the DNA 
polymerases), replication errors resulting in mismatched 
bases in the DNA double helix do occur, albeit at relatively 
low frequency. This is not surprising given the fact that 
about 101° bases need to be paired correctly with their 
complementary bases in a diploid human cell per round 
of cell division, corresponding to about 107 bases during 
the average human lifetime (assuming a total of 101 cell 
divisions). Other forms of spontaneous (i.e. unpreventable) 
structural DNA alterations include noninstructional abasic 
sites in the DNA molecule, resulting from the loss (via 
hydrolytic cleavage of N-glycosylic bonds) of purine or, 
less frequently, pyrimidine bases; the conversion of cytosine 
or 5-methylcytosine to uracil or thymine, respectively, via 
deamination; a broad spectrum of DNA lesions caused by 
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reactive oxygen species (ROS) that are produced, e.g., in the 
course of cellular metabolic processes; and alkylated bases 
formed in DNA by reaction with S-adenosylmethionine or 
with alkylating compounds generated by bacterially catalysed 
nitrosation of endogenous amides or amines. 

To a large extent, however, potentially mutagenic and 
cytotoxic DNA lesions result from exposure to exogenous 
DNA-reactive agents, including chemicals of environmental 
or nutritional origin, solar ultraviolet (UV) light, ionizing 
radiation and cancer chemotherapeutic drugs. The respective 
DNA lesions are ‘agent-specific,’ i.e. they reflect the 
chemical nature and DNA reactivity of a given compound. 
The molecular structures of such DNA lesions are therefore 
highly diverse, and in many cases remain to be clarified 
because an unknown, but undoubtedly large, number of 
exogenous DNA reactants still await identification and new 
chemicals, including cancer therapeutic drugs, continue to be 
synthesized. 

Nevertheless, a considerable number of specific DNA 
lesions have already been structurally characterized, notably 
the DNA reaction products of various mono- and bifunctional 
alkylating N -nitroso compounds, some polycyclic hydrocar- 
bons and heterocyclic amines, aflatoxin B;, UV light, ioniz- 
ing radiation and ROS. Exogenous DNA alterations have 
been operationally classified into ‘bulky,’ helix-distorting 
lesions that include large-sized base monoadducts or the 
intra- and interstrand DNA cross-links typically induced by 
bifunctional anticancer agents (e.g. chloroethylnitrosoureas, 
platinum derivatives; see later sections) versus small, essen- 
tially nondistorting base adducts. (See also the chapters 
Mechanisms of Chemical Carcinogenesis and The For- 
mation of DNA Adducts.) 


DNA Repair Mechanisms and Molecular Pathways 
Involved 


Timely and error-free repair is the key protective mechanism 
counteracting the generation of mutations from premutational 
DNA alterations, thereby holding cancer risk in check. 
However, because the DNA machinery of the cell can process 
both potentially mutagenic and cytotoxic DNA lesions, DNA 
repair also enables cells to cope with an otherwise deleterious 
load of DNA damage (Figure 1). 

A large number of genes and proteins have been, and 
continue to be, identified as being directly or indirectly 
involved in DNA repair. Not unlike the immune system 
with its surveillance functions at the cellular level, the DNA 
repair machinery of our cells represents a modular system 
with multiple recognition and effector mechanisms, built- 
in redundancies and ‘backup pathways,’ allowing the subtle 
distinction between specific types and sites of DNA damage 
(Friedberg et al., 1995; Wood, 1996; Rajewsky et al., 1998). 

Human examples of defects in DNA repair genes associ- 
ated with a dramatically increased risk of skin cancer or col- 
orectal cancer, are the familial genetic disorders X eroderma 
pigmentosum (XP) and hereditary nonpolyposis colorectal 
cancer (HNPCC) respectively. 

To enhance the power of the cells’ response to DNA 
damage, the DNA repair machinery joins forces with the 
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Figure 1 DNA repair: counteragent in mutagenesis and carcinogenesis, 
accomplice in cancer therapy resistance. 


molecular controls of cell cycle progression and DNA 
replication under the surveillance of checkpoint proteins and 
pathways (Weinert, 1998). In addition to being involved in 
the control of the transcriptional activity of DNA repair 
genes, checkpoint proteins signal the arrest of proliferating 
cells in the G; phase of the cell cycle, thus providing more 
time for DNA repair to avoid the replication of damaged 
DNA in S phase. Cells may become arrested in mid-G, or 
just prior to the transition of cells from G, to S phase. Arrest 
may also occur in G2, presumably to avoid the segregation 
of damaged chromosomes in mitosis (M ). In kinetic terms, 
Gı arrest in response to DNA damage is at least two- 
componential (Agami and Bernards, 2000). An initial rapid 
induction phase is mediated by the proteolytic degradation of 
cyclin D1, a very important regulatory protein responsible for 
cell cycle progression through G, and often overexpressed in 
malignant cells. Thereafter, G; arrest is maintained through 
increased stability of the transcription factor p53, the tumour- 
suppressor protein most frequently inactivated in human 
cancers. 

The p53 protein also promotes DNA repair through the 
transcriptional induction of target genes such as p53R2, 
which encodes a ribonucleotide reductase catalysing the con- 
version of ribonucleoside diphosphates to the deoxyribonu- 
cleotides required in major DNA repair reactions (Tanaka 
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et al., 2000). Unprotecting cells through inactivation of p53 
therefore increases their sensitivity toward DNA-reactive 
drugs (see (1.4.1)). If the extent of DNA damage surpasses a 
critical, not yet well-specified level, checkpoint proteins such 
as p53 direct cells into a suicidal apoptotic pathway rather 
than attempting to accomplish recovery by DNA repair in 
vain. 

A simple scheme of major DNA repair pathways is 
shown in Figure 2. Two principal modes of DNA repair 
are distinguished: (1) one-step repair (OSR) (i.e. the direct 
reversal of DNA damage) and (2) excision repair, including 
nucleotide excision repair (NER), base excision repair (BER) 
and mismatch repair (MMR) (see Jiricny, 1998, and the 
next section). Not included in this scheme are (1) the 
repair of DNA double-strand breaks (induced, e.g., by 
ionizing radiation, ROS or anticancer agents) by homologous 
recombination or nonhomologous DNA end joining, and (2) 
the bypass of DNA lesions by low-fidelity DNA polymerases, 
a potentially very important error-prone (i.e. mutagenic) 
repair process, the molecular mechanisms of which have not 
yet been fully clarified. In a recent model of mutagenic lesion 


Base exceion 


repair [BER] 





Transcripbon 
coupled repair TCR) 


bypass, polymerase : first misincorporates a deoxynucleotide 
opposite a helix-distorting lesion or abasic site in DNA, and 
polymerase ¢ then extends from the mispair to complete the 
bypass (Johnson et al., 2000). 

OSR is performed, for example, by the repair protein O ê- 
alkylguanine-DNA alkyltransferase (MGMT) through direct 
removal of an alkyl group from the Oĉ-atom of guanine in 
the DNA of cells exposed to alkylating agents (Pegg, 1990). 
With increasing size of the alkyl group (>ethyl), the relative 
contribution of MGMT to the repair of O °-alkylguanines 
in DNA decreases and excision repair steps in as a backup 
modality. 

NER, BER and MMR are multistep pathways involving 
different proteins and protein complexes. Acting upon a 
broad spectrum of structurally diverse, mostly ‘bulky’ DNA 
lesions, NER is a highly versatile pathway involving the 
concerted action of about 30 different proteins. The human 
excision nuclease (comprising six repair factors) removes 
a 24-32 nucleotides long oligomer from the damaged 
DNA strand after incision on either side of the lesion, 
followed by DNA repair synthesis (by DNA polymerases 
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Figure 2. DNA repair pathways in mammalian cells. 
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ô and €) using the intact strand as a template, and 
closing of the gap by ligation. Compared with BER, there 
appears to be much less redundancy in the NER pathway. 
So-called ‘global’ or ‘overall’ NER (GGR) operates on 
genomic DNA independent of gene transcription; certain 
NER proteins may also participate in genetic recombination 
(as probably required in the repair of DNA interstrand cross- 
links). Depending on DNA sequence context and chromatin 
structure, extensive positional heterogeneity regarding the 
efficiency of NER within defined genes has been found by 
analyses at very high or even single-nucleotide resolution. 

A discrete pathway, transcription-coupled repair (TCR), is 
responsible for the rapid removal of DNA lesions that block 
transcription by RNA polymerase. TCR has been found to 
operate much faster than GGR, usually, but not in all cases, 
with a bias in favour of the transcribed strand (Le Page et al., 
2000). 

In BER, the removal of a single modified base from 
one DNA strand is performed by DNA glycosylases via 
hydrolytic cleavage of the N -glycosylic bond. Some of these 
glycosylases exhibit pronounced lesion specificity, others 
recognize multiple, structurally different damaged bases 
and certain glycosylases display considerable promiscuity 
in terms of the range of reactions that they catalyse. The 
apurinic/apyrimidinic (AP) site left behind after cleavage 
of the N-glycosylic bond is hydrolysed 5’ by an AP 
endonuclease, and the 5’-deoxyribose phosphate is excised 
by a phosphodiesterase. The resulting single-nucleotide gap 
is then filled by polymerase £ and ligated. Alternatives to 
this common BER pathway include the excision of a short 
oligonucleotide patch containing the AP site and filling of 
the gap by polymerase 6 or e. Base alterations caused by 
a large variety of agents and processes (e.g. spontaneous 
deamination, ionizing radiation, ROS, alkylating agents, 
DNA replication errors) are processed by BER. A common 
feature of the DNA lesions recognized by BER glycosylases 
is that they do not significantly distort the DNA helix. 

Sensitive analytical methodology has been developed for 
detecting DNA damage and for determining DNA repair 
kinetics in human cells (Pfeifer, 1996). Notably, these 
techniques include (1) the radiolabelling and subsequent 
radiochromatographic analysis of DNA adducts as a function 
of time after their formation (32P-postlabelling) and (2) 
immunoanalytical methods, i.e. the application of poly- or 
monoclonal antibodies to quantify distinct DNA lesions in 
DNA isolates from cell or tissue samples, in individual cells 
and in individual genes. 


DNA Repair and Cancer Therapy 


Cancer Therapy Resistance 


Most present-day anticancer drugs and ionizing radiation 
interact with target cell DNA and exert their cytotoxic 
effects preferentially in replicating cells. In addition to the 
primary DNA lesions, secondary DNA alterations induced 
in the course of repair processes also contribute to the 
cytotoxic effects of DNA-reactive agents. In principle, 


DNA repair (except for MMR; see below) synergizes with 
other protective mechanisms used by cancer cells to outwit 
cytotoxic therapy (Chaney and Sancar, 1996). Cancer cells 
which efficiently carry out a mode of repair specifically 
required to counteract a particular anticancer agent may thus 
Survive, and actually be selected for, in the course of therapy. 

Cancer therapy resistance is multifactorial and based on 
the exceptional ability of malignant cells to adapt to altered 
microenvironmental conditions, including their exposure to 
cytotoxic agents. That DNA repair ranks high among the 
defence mechanisms of cancer cells becomes particularly 
impressive under laboratory conditions, when only in repair- 
defective target cells, and not in their repair-proficient 
counterparts, a given DNA-damaging drug is able to trigger 
apoptosis or other forms of cell death. 

Notably, resistance of cancer cells to the widely used 
chloroethy|nitrosoureas (eg. N ,N’-bis(2-chloroethyl)-N - 
nitrosourea (BCNU)) has proven to be positively correlated 
with their MGMT activity (more precisely, the size of the 
cellular MGMT pool and the rate of MGMT biosynthesis). 
In the formation of cytotoxic interstrand cross-links in tar- 
get cell DNA, chloroethylnitrosoureas initially alkylate the 
Oê atom of guanine. The resulting O ®-alkylguanine is a sub- 
strate of one-step repair by MGMT. Cellular MGMT levels 
have been found to be highly variable in different types of 
human tumours. 

A notable exception to the rule that DNA repair enhances 
therapy resistance is MMR, the primary function of which is 
to correct mismatches generated by nucleotide misinsertion 
during semiconservative DNA replication or the bypassing of 
DNA lesions by low-fidelity DNA polymerases (see earlier). 
Moreover, MMR is involved in the initiation of p53-mediated 
and -independent apoptosis in response to excessive DNA 
damage. 

In general, therefore, cells defective in MMR are hyper- 
mutable, their genome becomes destabilized and the proba- 
bility of mutations in genes critically associated with carcino- 
genesis is enhanced. MM R-defective cancer cells, however, 
such as p53 mutants, exhibit increased resistance to various 
anticancer drugs, i.e. these cells tolerate even high loads of 
DNA damage caused by alkylating agents such as temozolo- 
mide and procarbazine, or by cisplatin. This complicates the 
therapeutic situation, because M M R-deficient tumour cells 
will be at a selective advantage relative to MM R-proficient 
normal cells of the host. In the case of germ-line defects of 
MMR genes, as exemplified by HNPCC, patients would be 
at higher risk of developing secondary cancers owing to the 
hypermutability of their cells. 

Similar observations are made in an animal model of 
toxicity and carcinogenesis induced by a DNA methylating 
agent: while mice with an inactivating germ-line mutation 
of the MGMT gene (MGMT ~/-) are hypersensitive toward 
the lethal cytotoxicity of the agent, their sensitivity reverts 
to the wild-type (MGMT*/+) level when the MGMT 
‘knockout’ is combined with the inactivation of the MMR 
gene MLH1. At the same time, the highly elevated cancer 
susceptibility of MGMT ~/~ mice remains unchanged in the 
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MGMT~/-MLH1~-/- ‘double knockout’ animals (K awate 
et al., 1998). 


Individualized Cellular DNA Repair Profiles 


As pointed out above, diverse genetic alterations and changes 
in signal transduction pathways and metabolism accumulate 
in the course of carcinogenesis and cancer progression. 
In principle, therefore, and if properly diagnosed, distinct 
molecular traits of malignant cells, including defects in 
specific modes of DNA repair, may be exploited to achieve 
more selective targeting by anticancer drugs. 

Different DNA-reactive anticancer agents produce, or 
may be designed to produce, structurally distinct DNA 
lesions. These, in turn, require processing by different modes 
of DNA repair to protect cells from cytotoxic damage. 
Pretherapeutic determination of the DNA repair profiles of 
individual cancers (complemented by appropriate controls of 
the patient’s normal cells) may thus permit us to specify the 
repair characteristics of the target cells as a basis for choosing 
the most effective drug or drug combination. Criteria to be 
used for the choice of drug would be (1) that the repair 
pathway responsible for processing the major cytotoxic DNA 
lesion produced by the drug shows the greatest possible 
differential between the cancer cells (low or missing activity) 
and critical normal cells (regular activity), and (2) that the 
chemical nature of the major cytotoxic DNA lesion is such 
that there is the least possible redundancy between different 
pathways for its repair. Novel or structurally modified drugs 
that meet the latter criterion better than existing agents may 
still need to be designed based on molecular recognition and 
mechanics in human DNA repair. 

Cellular DNA repair profiling of individual cancers may 
be performed in two ways. 


1. Via DNA damage dosimetry in primary cancer cells 
(leukaemic cells; tumour cells microdissected from surgi- 
cal/biopsy specimens) as a function of time after exposure 
to model drugs in vitro, i.e. by direct measurement of 
the kinetics of repair of a panel of specific DNA lesions 
selected for being processed by distinct DNA repair path- 
ways (Buschfort etal., 1997). As an example, Figure 
3 shows the repair kinetics of a model DNA alkyla- 
tion product (O °-alkylguanine), as determined in normal 
and leukaemic lymphocytes isolated from three patients 
with chronic lymphatic leukaemia (CLL) by monoclonal 
antibody-based immunoanalysis of individual CLL cells. 

2. By ‘gene expression profiling’ using gene chip (cDNA 
arrays) and differential display technology for compre- 
hensive analysis of the RNA transcripts of a representa- 
tive panel of human DNA repair genes, including repair- 
associated ‘checkpoint,’ cell cycle and apoptosis regula- 
tory genes. This approach differs from the direct measure- 
ment of repair rates in the DNA of individual cells mainly 
in that repair gene expression is analysed at the level 
of RNA transcripts (not yet, unfortunately, at the level 
of functional repair proteins). Hence the gene expression 
data obtained do not readily translate into repair rates 
for specific DNA lesions. M oreover, the analyses require 
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Figure 3 Pretherapeutic cellular DNA repair profiling in human chronic 
lymphatic leukaemia (CLL): repair kinetics of a model cytotoxic DNA 
alkylation product (O %-alkylguanine; 0®-AG) in the nuclear DNA of 
primary CLL lymphocytes determined by monoclonal antibody-based 
immunocytological analysis. [O -A G ]-specific nuclear immunofluorescence 
quantified via digital imaging of electronically intensified fluorescence 
signals (data points, mean values for 100 individual cells). Standard input 
of 0°-AG into DNA generated by pulse exposure of cells to N -ethyl- 
N -nitrosourea in vitro. Open circles, CLL that subsequently proved to be 
sensitive to clinical treatment with alkylating drugs (slow repair of O ê- 
AG in DNA); filled squares, CLL with intermediate drug sensitivity; filled 
circles, CLL clinically resistant to alkylating drugs (very fast repair). (From 
Buschfort et al., unpublished work.) 





large numbers of cells and can therefore only provide 
overall averages for potentially heterogeneous cell popula- 
tions. Nevertheless, this technology permits the simultane- 
Ous, semiquantitative evaluation of the expression levels 
of multiple genes and may thus complement the direct 
analysis of DNA repair kinetics in a powerful way. 


Cotherapeutic Inhibition of Drug-specific DNA Repair 
Mechanisms 


An important objective is the development of specific 
inhibitors for distinct modes of DNA repair, to be used 
as ‘cotherapeutic drugs’ accompanying individualized cancer 
therapy (see the previous section). The application of repair 
inhibitors would appear particularly advantageous when the 
DNA repair pathway to be temporarily inactivated represents 
the ‘backup’ pathway for a primary pathway, or vice versa, 
that is defective or down-regulated in the tumour cells, 
contrary to normal host cells requiring protection. 

The potential toxicity of repair inhibitors would necessitate 
careful evaluation regarding undesired side effects before 
they could be clinically applied. The only selective inhibitor 
of a distinct mode of DNA repair thus far available, and 
introduced to clinical testing, is the MGMT inhibitor O °- 
benzylguanine. However, current advances in the use of high- 
throughput methodology for drug discovery should facilitate 
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the search for further inhibitors specifically interfering with 
other DNA repair pathways. 


Selective Protection of Haematopoietic Cells from DNA 
Damage-Mediated Cytotoxicity through Transgenic 
Enhancement of Repair 


As an alternative to the above strategies attempting circum- 
vention or temporary inhibition of DNA repair, it is also 
possible to exploit enhanced cellular DNA repair capacity to 
achieve more efficacious cancer therapy. Instead of focus- 
ing on the cancer cells, however, such an approach must be 
directed towards the protection of those normal cells that are 
of critical importance for the survival of the host. 

Owing to their high drug sensitivity, the haematopoietic 
cells of the bone marrow constitute a major, if not the 
main, limiting factor in cancer chemotherapy. Normal bone 
marrow cells express the MGMT gene at an exceedingly low 
level, i.e. these cells are almost defenceless when exposed to 
drugs that exert their cytotoxic effect via the formation of 
O ®-alkylguanine in DNA (eg. the chloroethy!nitrosoureas). 
With the use of viral vectors, however, the MGMT gene can 
be transduced and expressed in haematopoietic progenitor 
cells ex vivo prior to their re-transfer into the host. 
When a mutant MGMT gene insensitive to the inhibitory 
effect of O°®-benzylguanine is applied, the transduced 
cells will remain protected against the cytotoxic action of 
chloroethy!nitrosoureas even in the presence of the MGMT 
inhibitor which, at the same time, will sensitize cancer cells 
expressing the MGMT gene to these drugs (Reese etal., 
1996). 


THE MAMMALIAN CELL CYCLE 


Basic Regulatory Mechanisms 


Our understanding of the molecular mechanisms, pathways 
and molecules regulating cell proliferation has grown 
considerably in recent years and provides a new basis for 
rational approaches to cancer therapy. In this section we will 
give an introduction to the key regulatory processes involved 
in cell cycle control and show how this knowledge can be 
applied to the design of new therapeutic strategies. 

Cell cycle progression in mammalian cells is controlled 
through fundamentally different regulatory pathways that 
are controlled either by the cell’s microenvironment or 
by intrinsic checkpoints. Progression through G, across 
the restriction point (R-point; see Figure 4) is controlled 
by external signals which are transmitted, for example, 
by mitogens or through cell adhesion processes. Beyond 
this point, cell cycle progression is governed by a genetic 
programme that is largely independent of extracellular 
signals but subject to internally controlled checkpoints. 
These checkpoints ensure proper DNA replication, DNA 
integrity and mitotic cell division. A central role in cell 
cycle progression is exerted by the cyclin-dependent kinases 
(Figure 4) (Pavletich, 1999), which are composed of a 


regulatory cyclin subunit (e.g. cyclin A, B1, B2, D1, D2, 
D3 or E) and a catalytic kinase subunit (e.g. Cdk1/Cdc2, 
Cdk2, Cdk4 or Cdk6). 


Cyclin-Dependent Kinases 


The activity of Cdk-cyclin complexes is controlled by 
multiple mechanisms, including Cdk phosphorylation, the 
regulation of cyclin mRNA expression and protein stability 
and the association of Cdk- cyclin complexes with specific 
protein inhibitors. These regulatory mechanisms are briefly 
reviewed below. 


Regulation of Cyclins by Phosphorylation and 
Dephosphorylation 


Two domains of the Cdk subunits are critical with respect 
to their regulation by phosphorylation. Whereas phosphory- 
lation of Thr161 is required for kinase activity, the phos- 
phorylation of Thr14 and Tyr15 is inhibitory. Thr161 is 
dephosphorylated during mitosis and becomes phosphory- 
lated during the subsequent cell cycle by cyclin-activating 
kinase (CAK), composed of cyclin H and Cdk7. Thrl4 
and Tyr15 are phosphorylated by the dual-specificity kinase 
WEE1 and probably other kinases and are dephosphorylated 
by different Cdc25 phosphatases acting at different stages of 
the cell cycle (Figure 4). 


Phase-Specific Expression of Cyclins 


Most of the regulatory Cdk subunits, the cyclins, are 
expressed in a phase-specific manner. Thus, the cyclin E 
gene is switched on in late Gj, the cyclin A gene at the 
G,/S transition and the cyclin B genes in late S. In contrast, 
transcription of cyclin D genes fluctuates only marginally 
during a regular cell cycle (in contrast to mitogen-stimulated 
Go cells). Likewise, expression of most Cdk genes is not cell 
cycle regulated in normally cycling cells. 


Phase-Specific Proteolysis of Cyclins 


The probably most important mechanism regulating the 
steady-state levels of cyclin A, B and E during the cell 
cycle is their periodic proteolysis. Following phase-specific 
ubiquitination by a complex and intricately regulated enzyme 
system, the modified proteins are degraded in the proteasome. 
The process is initiated by the attachment of ubiquitin 
to an ubiquitin-activating enzyme (E1) which is followed 
by its transfer to an ubiquitin-conjugating enzyme (E2). 
Subsequently, the ubiquitin moiety is transferred either 
directly or in conjunction with an ubiquitin ligase (E3) to the 
target protein. A fter linkage of additional ubiquitin molecules 
the polyubiquitinated protein is targeted for degradation. 
During the cell cycle, E3 complexes are instrumental with 
respect to the ubiquitination of cyclins and also other proteins 
(see below), and their subsequent degradation, thus allowing 
the transition from one phase to the next. One of the best 
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Figure 4 Phase-specific function of cyclin-dependent kinases (Cdk- cyclin complexes), their activating phosphatases (Cdc25A and C), and the Cdk 
inhibitors (INK 4 family members, p21 and p27) during the mammalian cell cycle. 


studied examples in this context is the anaphase- promoting 
complex or cyclosome (APC/C). APC/C is an E3 complex 
that is responsible for the ubiquitination and subsequent 
degradation of cyclin B and anaphase inhibitors prior to 
completion of M phase, thereby controlling chromosome 
segregation and mitotic exit. 


Cdk Inhibitors 


Based on their structure, the Cdk inhibitors (CK Is) identified 
to date can be grouped into two different families: the 
INK4 family comprising p15'N&4>, p16'NK4a, p1gINK4c and 
p1g!NK4d and the KIP/CIP family consisting of p27S!?-}, 
p57K!P:2 and p21°'!?t. Of these, the INK4 proteins p15 
and p16 and the KIP/CIP proteins p27 and p21 appear to 
play a major role in human oncogenesis owing to frequent 
mutations (INK 4), deregulated expression (p27) or induction 
in response to chemo- or radiotherapy (p21). Whereas p21 
is an inhibitor of multiple Cdks, the INK family members 
specifically inhibit cyclin D kinases, and the target of p27 is 
primarily Cdk2- cyclin E (Figure 4). p27 also associates with 
cyclin D kinases, but does not inhibit their enzymatic activity. 
Cyclin D complexes can thereby sequester and inactivate p27 
(Figure 4), resulting in the upregulation of cyclin E kinase 
activity. 

The CKIs are involved in different pathways controlling 
cell cycle progression, and are themselves regulated by 
different mechanisms. p21 plays an essential role in the cell’s 
response to certain types of stress, such as DNA damage or 
metabolic perturbations, which induce a dramatic increase in 
p21 gene transcription. This up-regulation of the p21 gene 
is brought about to a large extent by the tumour- suppressor 
and transcriptional activator p53, which is activated by DNA 
damage (discussed in detail below) and directly binds to 
cognate sites in the p21 gene promoter. p27 levels, on 


the other hand, are up-regulated under unfavourable growth 
conditions, such as high cell density or lack of mitogens, to 
keep Cdk activity low in Go cells. However, as soon as cells 
progress though G1, p27 is phosphorylated by Cdk2- cyclin 
E, which has been proposed to serve as a recognition signal 
for polyubiquitination and subsequent degradation by the 
proteasome. INK4 proteins seem to play a major role in 
cellular senescence where their expression is dramatically 
upregulated. In the case of p15, gene expression is blocked 
by the Myc oncoprotein, which appears to be an important 
step in M yc-induced immortalization. 


Restriction Point Control 


The Gı Cdk-cyclin complexes regulate cell cycle pro- 
gression across the R-point through phosphorylation of the 
retinoblastoma protein Rb and its kins p107 and p130 (H ar- 
bour and Dean, 2000). With respect to tumorigenesis, Rb 
seems to be the most relevant family member, since only Rb 
has been found to be mutated or deleted in human tumours 
and only the targeted disruption of the Rb gene predisposes 
mice to the development of tumours. In early- mid-G, the 
transcription factor E2F is found in complexes with Rb and 
chromatin remodelling factors, including histone deacetylase 
(HDAC) (Figure 5). These complexes actively repress tran- 
scription via E2F binding sites in the respective target genes. 
The phosphorylation of the E2F-Rb-HDAC complexes in 
mid-Gı by cyclin D - Cdk4/6 disrupts the binding of Rb and 
HDAC. This permits the subsequent hyperphosphorylation of 
Rb by cyclin E - Cdk in late G; and disruption of the E2F -Rb 
complexes (Figure 5). This leads to the generation of tran- 
scriptionally active free E2F heterodimers, and consequently 
the induction of numerous E2F target genes. 

The relevance of R-point control for tumorigenesis is 
emphasized by the fact that the Rb pathway is defective 
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Figure 5 The Rb-E2F pathway and its regulation by cyclin-dependent kinases (cyclin D-Cdk4/6 and cyclin E-Cdk2) and their inhibitors (p27 and 
the INK4 family members p15, 16 and p18). The repressor function of the E2F-Rb complex is dependent on the association of Rb with a histone 
deacetylase (HDAC). The latter interaction is disrupted by cyclin D - Cdk4/6-mediated phosphorylation (P). This is followed by cyclin E-Cdk2-mediated 
phosphorylation of Rb, allowing the release of free, transcriptionally active E2F heterodimers. Also shown are other pathways (Myc and Ras- Raf) that 
are able to modulate the Rb- E2F pathway. APC: adenomatous polyposis coli tumour-suppressor protein. Asterisks denote frequent genetic alterations in 


human cancers. 


in basically all human tumours owing to direct genetic 
alterations or the indirect deregulation of its components as 
a consequence of mutations affecting other genes (asterisks 
in Figure 5). Genetic alterations directly affecting the Rb 
pathway include (1) loss or inactivation of Rb itself, (2) 
amplification or translocation-mediated deregulation of the 
cyclin D1 gene, (3) mutations of Cdk4 rendering it resistant 
to inhibition by INK4 proteins and (4) deletion or mutation 
of INK4 proteins, such as p15, p16 or p18. Most human 
tumours show one of these genetic alterations. However, 
in those tumours that do not fall into this category, such 
as colon carcinoma, the Rb pathway is deregulated as a 
consequence of other genetic alterations. For example, the 
Myc oncoprotein (Eilers, 1999) can activate the cyclin D2 
promoter through direct transcriptional activation, and can 
also repress the p15 gene, and activated Ras and Raf 
can induce the cyclin D1 promoter via a MAP kinase 
pathway. M yc expression is frequently upregulated not only 
because of gene amplification or translocations, but also as a 
consequence of genetic alterations in other loci. In certain 
forms of colon carcinoma, for instance, the adenomatous 
polyposis coli tumour suppressor APC is lost and can 
therefore no longer constrain the transcriptional activator 
complex 6-catenin- TCF/LEF-1, a potent inducer of the myc 
gene. 

In view of its major role in human tumorigenesis, the Rb 
pathway and its regulators are obviously of major interest 
with respect to therapeutic intervention, as will be discussed 
in further detail below. 


Checkpoint Control 


DNA repair and cell cycle progression are linked via 
checkpoints that are activated in response to DNA damage 
and arrest the cell cycle in specific phases. Of particular 
importance in this context are the p53- and Cdc25A- 
governed checkpoints in Gz (Mailand etal., 2000), the G2 
checkpoint controlled by Cdc25C and the mitotic APC/C- 
dependent checkpoint (Figure 6). Other checkpoints have 
been described, in particular in M phase (Muhua etal., 
1998; Scolnick and Halazonetis, 2000), but their function 
and regulation are less well understood. 


Linking DNA Damage and Checkpoint Control 


Sites of damaged DNA are recognized by specific proteins 
that initiate the cell’s response, such as DNA repair, cell 
cycle arrest or apoptosis (Rotman and Shiloh, 1999). Three 
protein kinases have been implicated in this step: the DNA- 
dependent protein kinase (DNA-PK ), the ataxia telangiectasia 
mutated (ATM) kinase and the ATM-related (ATR) kinase. 
DNA-PK plays a critical role in mammalian DNA double- 
strand break repair and recombination events, such as 
immunoglobulin gene rearrangements. Its regulatory subunit 
Ku, a dimer of the Ku70 and Ku80 proteins, binds to DNA 
and recruits the catalytic subunit, DNA-PK cs. In cells lacking 
DNA-PK activity owing to a targeted genetic disruption, the 
p53-controlled G4 checkpoint is intact, suggesting that the 
ATM and ATR (and perhaps other) kinases play a more 
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Figure 6 Checkpoints monitoring the integrity of the genome during cell cycle progression. 


important role in initiating checkpoint control in response 
to DNA damage. Subsequent to their activation, ATR and 
ATM phosphorylate the checkpoint kinase Chk1 and Chk2, 
respectively (Figure 7). The reason for the existence of two 
parallel pathways is not entirely clear, but may be related 
to a mediator function in response to different kinds of 
DNA damage. In the final step of the signalling cascade, 
Chk1 and Chk2 phosphorylate their target proteins, such as 
p53, Cdc25A , Cdc25C and other protein kinases (see below), 
resulting in the modulation of their activity (Figure 7). 


p53-Dependent Checkpoint Control in G1 


A major role in checkpoint control in the G phase of 
the cell cycle is exerted by the p53 tumour-suppressor 
pathway (Figures 6 and 7). In response to DNA damage, 
steady-state levels of p53 rise owing to its phosphorylation- 
mediated stabilization affected by the checkpoint kinases 
Chk1 and Chk2 and presumably others. The steady-state 
level of p53 is regulated by MDM2, an oncoprotein that 
associates with unphosphorylated p53 and targets it for 
ubiquitin- mediated degradation. MDM 2 itself is targeted for 
proteolysis by the tumour suppressor p14^RF (or mouse 
p19^ARF), As a consequence of phosphorylation, p53 can 
therefore accumulate to high levels and activate the G, 
checkpoint via the transcriptional induction of the Cdk 
inhibitor p21. These observations indicate that p53 is 
regulated by a complex network of regulatory pathways that 
affect its function via different mechanisms. 

p53 is not only capable of inducing a cell cycle arrest, but 
can also trigger apoptosis. The latter occurs, for example, 


in case of severe DNA damage, but is also induced by 
the untimely or deregulated expression of oncoproteins or 
cell cycle regulators, such as Myc and E2F1. Therefore, 
to suppress the proapoptotic potential of a deregulated 
Rb-E2F pathway, tumour cells acquire potent antiapoptotic 
mechanisms, among them the elimination of p53 function due 
to the loss of p53 itself or alteration of its regulators, such as 
MDM2 or p14^FF., It should be noted, however, that M yc 
and E2F1 can induce apoptosis also via p53-independent 
pathways, so that other antiapoptotic mechanisms also play 
an essential role in suppressing their proapoptotic function. 
Nevertheless, the importance of deleting p53 function during 
tumour progression is clearly illustrated by the fact that the 
p53 pathway is defective in more than 50% of all human 
malignancies. This also emphasizes its relevance with respect 
to the development of new anticancer therapies. 


Cdc25A-Dependent Checkpoint Control in Gy 


Another G1 checkpoint activated in response to DNA damage 
is governed by Cdc25A, a protein phosphatase that is 
essential for the activation of cyclin E kinase activity 
prior to progression past the R point (Figures 6 and 7). 
Cdc25A itself is another target of the ATM-Chk2 and 
ATR -Chk1 pathways. The phosphorylation of Cdc25A leads 
to its ubiquitin-mediated proteolytic degradation with the 
consequence that Cdk2 is not dephosphorylated at Thr14 
and Tyr15, which leaves the Cdk2-cyclin E complex 
in an inactive state (Mailand etal., 2000). In addition, 
DNA damage can induce the proteolytic degradation of 
cyclin D (Agami and Bernards, 2000), thus preventing 
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Figure 7 Regulation of the Gı (p53 and Cdc25A), G2 (Cdc25C) and spindle (APC/C) checkpoints in mammalian cells. APC/C: anaphase- promoting 


complex/cyclosome. 


hyperphosphorylation of Rb. Each of these events is 
sufficient to arrest cell cycle progression at the R-point, 
so that DNA repair can occur prior to the onset of DNA 
replication. Since many anticancer drugs exert their function 
through DNA damage, this checkpoint may have a negative 
impact on their efficacy and therefore represent a potential 
target for the development of new drugs. 


The G2 Checkpoint 


The same DNA damage-induced signalling pathway leading 
to Cdc25A phosphorylation in G; also mediates the phos- 
phorylation of Cdc25C in G2 (Figures 6 and 7). Cdc25C 
is instrumental in dephosphorylating and thereby activating 
Cdk1 (Cdc2) in a nuclear complex with cyclin B, a prerequi- 
site for M -phase entry. The Chk1/Chk2-mediated phosphory- 
lation of Cdc25C results in its association with a p53-induced 
specific isoform of the 14-3-3 protein and thus in its reten- 
tion in the cytoplasm. This renders Cdc25C inactive, so that 
progression into mitosis is prevented until DNA repair is 
completed. By analogy with Cdc25-governed G, checkpoint, 
the G2 checkpoint also seems to be a suitable target for ther- 
apeutic intervention with respect to improving the efficacy 
of DNA-damaging agents. 


Mitotic Checkpoints 


Multiple checkpoints operate during mitosis (Figures 6 and 
7) to ensure that chromosomes segregate with maximum 


fidelity, to warrant genomic stability and to prevent prema- 
ture cytokinesis. Mitotic checkpoints have been described to 
monitor prophase-to-metaphase, metaphase-to-anaphase and 
anaphase-to-telophase transitions. The checkpoint govern- 
ing the prophase-to-metaphase transition is, for instance, 
activated by mitotic stress, such as drugs interfering with 
microtubule polymerization or function. Activation of this 
checkpoint is dependent on a gene termed chfr, which is 
frequently mutated in human cancer cells (Scolnick and 
Halazonetis, 2000). The checkpoint monitoring the anaphase- 
to-telophase transition is activated by misaligned spindles 
and delays cytokinesis. In yeast, this checkpoint requires a 
microtubule-associated protein that is a homologue of human 
EB1, a protein interacting with the adenomatous polyposis 
coli tumour-suppressor gene product (M uhua et al., 1998). 
The best understood mitotic checkpoint operates at the 
metaphase-to-anaphase boundary, and is also referred to as 
the spindle assembly checkpoint (Figure 7). The target of this 
checkpoint is the E3 ubiquitin ligase APC/C. The checkpoint 
is activated early in mitosis unless all kinetochores are 
attached to microtubules of the mitotic spindle, or in 
response to microtubule-damaging agents such as taxol. 
Once activated, the checkpoint induces a signalling cascade 
involving several checkpoint kinases, eventually leading to 
the oligomerization of Mad2 at kinetochores. These M ad2 
tetramers dissociate from kinetochores and inhibit APC/C 
activity through binding to its positive regulatory subunit 
cdc20. The inhibition of APC/C by Mad2 results in the 
accumulation of proteins whose destruction is required for 
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sister chromatid separation (such as the human oncogene 
securin/PTTG), thus invoking an arrest in metaphase. 

More recently it has been recognized that the checkpoint 
monitored by the APC/C is also activated in response to DNA 
damage (Smits et al., 2000). A major mediator in this process 
appears to be the Polo-like kinase PIk1 known as an activator 
of the APC/C. PIk1 itself is a substrate for the checkpoint 
kinases Chk1/2, and thus another downstream target of 
the pathways activating the p53 and Cdc25 checkpoints 
(Figure 7). Phosphorylation of PIk1 results in its inhibition 
as a consequence of DNA damage in G2 or M phase, and 
consequently in a mitotic block due to low APC/C activity. 
These observations suggest that PIk1 is an important activator 
of DNA damage-mediated checkpoint control, and thus a 
potentially interesting therapeutic target. 


Application to New Therapeutic Approaches 
Cdk Inhibitors 


As cancer is mainly a proliferative disease, the inhibition of 
specific proteins driving the cell cycle is an obvious strategy 
for the rational discovery of new anticancer drugs. In this 
context, it is of particular interest that the interference with 
coordinated cell cycle progression can result in apoptosis of 
tumour cells, which led to the definition of a new class of 
antitumour agents that function through a direct inhibition 
of proteins driving the cell cycle. One of the prototypes of 
this class of compounds is the synthetic flavone flavopiridol 
(Senderowicz, 1999). Flavopiridol is a general inhibitor of 
Cdks, induces cell cycle arrest and apoptosis and is not 
influenced by many of the genetic alterations conferring 
resistance on human tumour cells. Accordingly, flavopiridol 
has shown promising tumour responses in preclinical models 
and is currently undergoing clinical trials. Numerous other 
chemical Cdk inhibitors have recently been identified and 
are currently being evaluated for their antitumour properties 
(Sielecki etal., 2000). It should be noted, however, that 
these compounds may have other unknown activities that 
might add to their antitumour properties. Thus, the results 
obtained with flavopiridol cannot be exclusively attributed to 
the inhibition of Cdks. In this context, the induction of B cl-2- 
independent mitochondrial depolarization is noteworthy, as 
it may infer a direct impact on mitochondria (Achenbach 
et al., 2000). Likewise, the flavopiridol-induced sensitization 
of tumour cells to taxol (Bible and Kaufmann, 1997) is 
tantalizing since it may suggest that flavopiridol interferes 
with a mitotic checkpoint. 


Manipulation of Checkpoint Control 


Other interesting targets for therapeutic intervention are the 
proteins governing checkpoint control, e.g. in response to 
DNA damage. As discussed above, checkpoint control can 
invoke a transient cell cycle block, but can also trigger 
apoptosis. Both types of checkpoints are relevant to tumour 
therapy. While the functionality of an apoptosis-inducing 


mechanism in response to drug- or radiation-induced cellular 
damage is desirable, checkpoint control leading to a mere 
cell cycle arrest is counterproductive for any therapy that 
relies on cell proliferation, such as radiation or conventional 
chemotherapy. 

The p53 checkpoint is lost in many tumour cells, and thus 
the ability to undergo apoptosis in response to chemo- or 
radiotherapy. The restoration of this checkpoint could there- 
fore sensitize many tumour cells to conventional therapies. 
Strategies along these lines involve the development of com- 
pounds that can reactivate mutant p53 or inhibit MDM 2, or 
the use of gene therapeutic approaches for the reintroduction 
of functional p53 genes (Nielsen and M aneval, 1998). 

Other drug-based strategies aim at an inhibition of 
checkpoint control to improve the efficacy of existing 
therapies that rely on DNA damage, such as radiation or 
DNA-damaging chemotherapy, by means of minimizing the 
time available for DNA repair. Suitable targets in this 
context are the signalling pathways transmitting the damage 
signals to the checkpoint machinery. Prime candidates for the 
discovery of chemo- and radiosensitizing drugs are therefore 
proteins such as ATM, ATR, Chk1/2 and PIk1, which regulate 
checkpoints in G1, G2 and mitosis (see Figure 7). First results 
obtained with an inhibitor of checkpoint kinase Chk1, UCN- 
01 (Busby et al., 2000; Graves et al ., 2000), suggest that this 
strategy may indeed be successful with p53-negative cells, 
although the consequences of eliminating checkpoint control 
in normal cells could remain a major problem with respect 
to therapy-induced side effects. 


Perspective 


These potential applications are just examples. Numerous 
other mechanisms controlling cell cycle progression have 
been discovered and approaches for therapeutic intervention 
are being developed, suggesting that targeting of the cell 
cycle has great potential for the development of new 
anticancer drugs. It can be anticipated that this new class of 
anticancer drugs will lead to important advances in clinical 
oncology. 

Please see also the following chapters: Regulation of 
the Cell Cycle, Inherited Predispositions to Cancer; 
Genomic Instability and DNA Repair; Apoptosis; Sig- 
nalling by C ytokines; Signalling by Tyrosine K inases; T he 
Formation of DNA Adducts; Gene Knockouts in Can- 
cer Research; Models for Drug Development and Drug 
Resistance; Drug Resistance and Reversal; Mechanisms 
of Action of Cancer Therapeutic Agents: DNA-Interactive 
Alkylating Agents and Antitumour Platinum-Based Drugs; 
Signalling by Tyrosine Kinases; Signal Transduction 
Pathway Targeting. 
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INTRODUCTION 


Stem cell transplantation (SCT) is recognized as a conven- 
tional, occasionally even front-line, mode of therapy for an 
increasing number of haematological malignancies includ- 
ing leukaemias and lymphomas and certain solid tumours, 
not curable by other therapeutic modalities (Slavin and 
Nagler, 1991). In addition, allogeneic SCT is the treatment 
of choice for (1) clinical syndromes associated with the 
life-threatening deficiency of marrow stem cells (e.g. severe 
aplastic anaemia) or stem cell products (e.g. T lympho- 
cytes in severe combined immunodeficiency, osteoclasts in 
osteopetrosis, granulocytes in K ostmann’s syndrome) and (2) 
certain genetic disorders leading to production of abnormal 
marrow products (eg. B-thalassaemia major) or enzyme- 
deficiency disorders (e.g. metachromatic leukodystrophy, 
Gaucher's disease) (Slavin and Nagler, 1991). The history 
of SCT started in the late 1950s when attempts to treat 
human patients with total body irradiation or chemotherapy 
and marrow infusion were reported (Thomas et al., 1957). 
M athe et al. achieved the first persistent allogeneic marrow 
graft in a patient with leukaemia (M athe etal., 1965). In 
1977, Thomas etal. reported 100 patients with advanced 
acute leukaemia who were transplanted from a human leu- 
cocyte antigen (HLA) - matched siblings, eight of them 
still alive and well (Thomas et al., 1977). In the past few 
years, major progress has been made in several aspects of 
SCT including alternative sources of haematopoietic stem 
cells (PBSC) and cord blood-derived stem cells (Gluckman 
et al., 1997; Schmitz et al., 1998), unrelated and mismatched 
family related including haploidentical PBSC transplantation 
(Aversa et al., 1998; Hansen et al., 1998), donor lymphocyte 
infusion (DLI) and adoptive immunotherapy and cytokines 
mediated immunotherapy for prevention and treatment of 
relapse post-BMT (Slavin et al., 1996; Nagler et al., 1997). 
Finally, transplantation using less toxic preparative regimens 
to induce mixed chimaerism (Slavin etal., 1998) makes 
transplants today applicable both to elderly and to heavily 


treated high-risk patients traditionally considered ineligible 
for allogeneic transplants using conventional preparative reg- 
imens. In addition, these types of modern transplants make 
possible an application to other disease categories including 
autoimmune diseases (Van Bekkum, 1998). 


AUTOLOGOUS STEM CELL TRANSPLANTATION 
(ASCT) 


In the last decade, autologous stem cell transplantation 
has increasingly become the alternative treatment modal- 
ity for patients with haematological malignancies such as 
leukaemias and lymphomas, as well as with solid tumours 
(Varadi and Nagler, 1994) (Table 1). This therapy involves 
the use of high-dosage or dose-intensive chemoradiother- 
apy in conjunction with autologous marrow or peripheral 
stem cell rescue. According to the International Bone M ar- 
row Transplantation Registry, the number of autologous 
transplantations is increasing at a higher rate than that of 
allogeneic transplantations. For treatment of leukaemias, 
autologous transplantation has several advantages over allo- 
geneic transplantation, as follows: SCT is available for more 
patients, since it can be used for patients who do not have 
HLA identical donors and for adults up to age 60 years who 
achieve initial remission and are in good clinical condition. 
Intensive immunosuppression is not required for ASCT and 
therefore transplant-related toxicity and mortality are signif- 
icantly lower. The preparative regimen provides the max- 
imum dose-intensive therapy with the goal of eradicating 
the malignancy. Patients receiving ASCT can tolerate more 
intensive conditioning regimens, since there is no graft versus 
host reaction. In addition, the patient’s immune reconstitu- 
tion is much faster and therefore there is a decreased risk 
of infectious complications such as cytomegalovirus. There 
are also theoretical disadvantages for ASCT: the graft ver- 
sus leukaemia effect observed with allogeneic transplantation 
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Table 1 Indications for Autologous Stem Cell Transplantation (ASCT) 





Disease Comment 





Acute myeloid 
leukaemia 


Best results from SCT performed 
as consolidation therapy during 
first complete remission, or 
with stored marrow during first 
relapse 


Acute lymphoid High relapse rate; early detection 


leukaemia of relapse important 
Chronic myeloid Best results obtained after 
leukaemia induction of Philadelphia 
chromosome negativity in 
marrow or stem cells 
Non-Hodgkin Consider early ASCT in patients 
lymphoma with high-risk lymphomas 


Hodgkin disease ASCT best performed during 
second relapse; consider early 
SCT for patients with high-risk 
disease 

Substantial responses also in older 
patients and those with 
responsive but recurrent 
disorder 

Greatest benefit in patients with 
lymph node involvement 
responsive to standard 
chemotherapy 


Multiple myeloma 


Breast cancer 





is lacking. There is an additional concern of malignant cell 
contamination of the harvested autologous bone marrow and 
peripheral blood stem cells (Brenner, 1995). 

Regarding the pre-ASCT conditioning regiments, there 
appear to be no significant differences between the various 
conditioning regimens for ASCT in terms of disease- 
free survival and cure rates, and it is likely that the 
current chemoradiotherapeutic conditioning regimens are at 
the limit of multiorgan toxicity. Overall, the relationship 
between the dosage of chemoradiotherapy and tumoricidal 
effect is logarithmic, and substantial dosage increments 
would be needed for total eradication of malignancy 
(Varadi and Nagler, 1994). Recombinant haematopoietic 
growth factors and autologous peripheral stem cell reduced 
substantially the morbidity and mortality associated with 
chemoradiotherapy and autologous transplantation, (Gianni 
et al., 1989). However, alternative approaches such as cell- 
mediated and cytokine-mediated immunotherapy will be used 
to control residual clonogenic tumour cells that have escaped 
the conditioning procedures. 


ALLOGENEIC SCT 


Bone marrow has been the major source of haematopoeitic 
stem cells (HSCs) used for allogeneic transplantation until 
it was discovered that growth factors were able to mobilize 
HSC into the peripheral blood (Gianni etal., 1989). The 
optimum number of nucleated cells needed for long-term 
engraftment is estimated at 2 x 10®kgt. The identifications 
of markers of progenitor stem cells such as the CD 34 antigen 
has allowed the development of methods for the isolation and 


purification of immature progenitors. The critical number 
of transplanted T cells for induction of acute graft versus 
host disease (GVHD) is within the range 1 x 10°-1 
x 10®kg-. In order to prevent GVHD, several methods 
of T cell depletion have been used, including negative 
selection with monoclonal antibodies, positive selection of 
CD34+ cells with immunomagnetic beads or biotin- avidin 
columns (Aversa etal., 1998; Slavin and Nagler, 1991). 
This manipulation gives an enrichment of CD 34+ cells with 
a 2-3 logarithmic T cell depletion. These methods of T 
cell depletion are mostly used in family HLA mismatched 
or in unrelated transplantation. It has been shown that T 
cell depletion increases the risk of rejection and leukaemic 
relapse. This complication can be overcome by increasing the 
dose of conditioning and the number of cells infused (Aversa 
et al., 1998). Other protocols investigate selective T cell 
depletion or addition of donor peripheral blood lymphocytes 
after transplant (Nagler etal., 1997). The incidence of 
chronic GVHD seems to be higher following allogeneic G- 
CSF mobilized PBSCT (Schmitz et al., 1998). 


INDICATIONS FOR ALLOGENEIC SCT 


Indications for allogeneic SCT include malignant and non- 
malignant disorders. Most of the allogeneic SCT (about 
80%) are performed for haematological malignancies which 
include in decreasing order: chronic myeloid leukaemia 
(CML) mainly in chronic phase but also in more advanced 
disease, acute myeloid leukaemia (AML) (two-thirds are per- 
formed in first complete remission and about third in more 
advanced disease), acute lymphatic leukaemia (ALL) (about 
half are performed in first complete remission and the other 
half in more advanced disease), myelodysplastic syndrome 
(MDS) and recently also in chronic lymphatic leukaemia 
(CLL) in increasing numbers. In other haematological malig- 
nancies such as non-Hodgkin lymphoma (NHL), multiple 
myeloma (MM) and Hodgkin lymphoma (HD) autologous 
SCT is the first choice. However, in patients who either failed 
autoSCT or suffer from primary refractory or resistant dis- 
ease, alloSCT is an legitimate alternative. About 10% of the 
alloSCT are performed in these disease categories. AlloSCT 
in solid tumours including renal cancer, breast cancer, ovar- 
ian cancer, melanoma, central nervous system malignancies, 
neuroblastoma, etc., have been reported, but they should be 
performed only in the context of experimental clinical pro- 
tocols. 

As for nonmalignant disorders, severe aplastic anaemia 
and Fanconi anaemia are the leading indication for alloSCT, 
followed by haemoglobinopathies (mainly thalassaemia 
major), inborn errors and immunodeficiency syndromes. 
About 10% of the alloSCT are performed in nonmalignant 
disorders. Recently, several alloSCT have been performed in 
autoimmune diseases. 


Chronic Myeloid Leukaemia (CML) 


Patients with CML under the age of 60 years may be treated 
by allogeneic SCT from sibling donors on a routine basis. 
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The transplant should ideally be performed in chronic phase 
within 1 year from diagnosis, but patients in advanced phases 
may also be offered transplants on an individual basis. The 
timing of transplant for patients with compatible donors 
who achieve a major or complete cytogenetic response to 
interferon-w remains uncertain. The number of transplants 
using unrelated donors is increasing. The effect that the 
recent compound ST1571 will have on the algorithm of 
transplantation in CML has yet to be seen. 


Acute Myeloid Leukaemia 


Patients with AML in first remission may be treated by 
allogeneic SCT on an individual basis or within the context 
of a clinical study. Patients who fail to achieve complete 
remission after two courses of induction chemotherapy may 
be treated by allogeneic SCT with an HLA-identical sibling. 
Patients with AML in early relapse or in second or later 
remission may also be treated by allogeneic SCT. Patients 
in established relapse are not generally recommended for 
allogeneic transplant. Transplants involving unrelated donors 
for AML in remission should proceed largely in the context 
of a clinical research protocol. 


Acute Lymphoblastic Leukaemia (ALL) 


Selected patients with ALL, especially those with poor prog- 
nostic features (e.g. adults, patients of any age with Philadel- 
phia chromosome-positive ALL), are currently considered for 
treatment by allogeneic SCT in first remission if they have 
a sibling donor. The same stipulations apply to a patient 
with standard-risk ALL treated with chemotherapy only in 
first remission who relapses and is then restored to second 
remission with further chemotherapy. As with AML, ALL 
patients who fail to achieve complete remission after two 
courses of induction chemotherapy may be treated by allo- 
geneic SCT with an HLA -identical sibling or, if time permits, 
by allografting from a matched unrelated donor. 


Mylelodysplastic Syndromes (MDS) 


Allogeneic SCT is considered the treatment of choice for 
patients with MDS or secondary AML (sAML) offering 
a good chance of long-term disease-free survival if the 
transplant is performed in an early stage of the disease 
(i.e. refractory anaemia or refractory anaemia with excess of 
blasts) or if the patient is transplanted in complete remission 
after chemotherapy. The transplant is limited to patients aged 
less than 55 years with an HLA-identical sibling. Allogeneic 
SCT may also be considered for patients aged less than 45 
years who have a fully matched unrelated donor. 


Chronic Lymphocytic Leukaemia (CLL) 


Selected patients under the age of 55 years with HLA- 
identical sibling donors may be treated by allogeneic 


transplantaion in the context of a clinical research protocol. 
Such patients will usually be adults with poor prognostic 
features at diagnosis who have responded to conventional 
therapy pretransplant. 


Multiple Myeloma (MM) 


Allogeneic SCT in MM is preferably carried out in 
patients up to the age of 55 years who have responded to 
first-line treatment, or before second-line treatment if the 
patient has not responded to first-line treatment. Allogeneic 
transplantation with sibling donors may also be considered 
for selected patients who are nonresponsive or who have 
already received several lines of treatment. Transplant with 
unrelated donors should only be considered in the context of 
a Clinical research protocol. 


Malignant Lymphoma (NHL and HD) 


Allogeneic SCT for lymphoblastic lymphoma might be 
considered for young adults in first remission. AlloSCT 
may be considered for patients with NHL or HD with an 
HLA-identical sibling donor who relapse postautografting or 
patients with primary refractory or resistant relapse in the 
setting of an experimental protocol. 


Nonmalignant Disorders 


Severe Aplastic Anaemia (SAA) 


Allogeneic SCT from an HLA-identical sibling is the 
treatment of choice for patients with acquired SAA under 
the age of 45 years. The conditioning regimen should 
probably not include irradiation because of the high risk of 
secondary tumours. In older patients, or in the absence of 
a matched sibling, an initial course of immunosuppressive 
treatment is recommended. Unrelated donor transplants are 
still associated with significant morbidity and mortality and 
should be undertaken within clinical research protocols. 


Immunodeficiency Syndromes, Inborn Errors and 
Haemoglobinopathies 


For severe immunodeficiency syndromes such as severe 
combined immunodeficiency (SCID), allogeneic SCT from 
a matched donor or a haploidentical SCT from a parent is 
recommended. For all severe homozygous thalassaemias and 
also for sickle cell disease, allogeneic SCT from an HLA- 
identical sibling is the only chance of cure. 


CHRONIC GVHD 
Chronic GVHD (cGVHD) is a major complication occurring 


in 25-45% of patients 100 days after allogeneic SCT (Sulli- 
van et al., 1981). It resembles connective tissue- autoimmune 
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like immunological disorder characterized by cutaneous and 
mucosal manifestations (Sullivan et al., 1981). The hallmark 
of the disease is lichenoid or sclerodermoid lesions of the 
skin (Sullivan etal., 1981). 

Autoreactive T cells specific for the common determinant 
of MHC class Il molecules and production of unusual 
patterns of cytokines including IL-4 are most probably 
involved (de Gast etal., 1987). However, the precise 
mechanism still has to be elucidated, and a broad array 
of effector cells and cytokines are believed to participate. 
Current treatment options for CGV HD are limited and consist 
of immunosuppressive agents including methylprednisolone, 
cyclosporin and azathioprine, thalidomide and total lymph 
node irradiation, with a limited success rate (N eudorf et al., 
1984). Halofuginone, an inhibitor of collagen type a1 (I) 
synthesis and gene expression is a new potential therapy 
for cGVHD (Nagler and Pines, 1999). Halofuginone is a 
plant alkaloid known to inhibit specifically collagen a1 (I) 
gene expression and collagen synthesis (Nagler and Pines, 
1999). We have previously demonstrated in two murine 
models of cGVHD, (1) B10.D2 — Balbc and (2) tight 
skin (TSK) mice, that halofuginone abrogated in a dose- 
dependent manner the increase in collagen a1 (I) gene 
expression and the increase in skin collagen and prevented 
thickening of the dermis and loss of subdermal fat, all of 
which are characteristics of cGVHD (Levi-Schaffer etal., 
1996; Halevy etal., 1996). Recently, we treated a cGV HD 
patient by topical application of halofuginone. Halofuginone- 
containing ointment was applied daily on the left side of 
the neck and shoulder of the cGVHD patient. Collagen «1 
(I) gene expression and collagen content in skin biopsy 
specimens were evaluated by in situ hybridization and 
sirius red staining, respectively. After 3 and 6 months, a 
marked reduction in skin collagen synthesis was observed, 
accompanied with increased neck rotation on the treated side. 
After cessation of treatment, the sclerosis, skin tightness and 
collagen a1 (I) gene expression returned to the baseline 
level. No adverse effects were observed, and no plasma 
levels of halofuginone could be detected. H alofuginone may 
thus provide a promising novel and safe therapy for CGV HD 
patients (Nagler and Pines, 1999). 


UNRELATED SCT 


Only 30-40% of the patients in the Western hemisphere 
who are in need of SCT have an HLA-identical sibling 
who can serve as an allogeneic marrow donor (Beatty 
et al., 1988). Patients who do not have a compatible donor 
must make do with a donor who is a partially matched 
sibling, a family member, or unrelated (K ernan et al., 1993). 
The major obstacles for successful allogeneic BMT are 
GVHD and graft rejection (Slavin and Nagler, 1991). These 
complications were found to be directly correlated with 
the degree of HLA disparity between the patient and the 
stem cell donor (Anasetti et al., 1989). Furthermore, in 
order to increase the success of SCT across a major HLA 
barrier, the intensity of conditioning must be increased to 
achieve maximum immunosuppression and a large number 


of cells must be administered (Aversa et al., 1998). This 
Superintensive conditioning is liable to result in higher 
transplant-related morbidity and mortality. Until recently, 
donor selection was based mainly on identity of serologically 
defined HLA class | and class II antigens. At present, 
molecular analysis of HLA class II alleles has also become 
mandatory for unrelated donor selection (Petersdorf et al., 
1991). HLA A-B and DR antigens are the three loci 
considered to be crucial for donor selection. However, recent 
publications and circumstantial evidence indicate the possible 
importance of additional HLA loci, particularly HLA-C of 
class I, which have so far not been included in the criteria 
for selecting unrelated bone marrow donors (Nagler etal., 
1996). We recently analysed the impact of molecular HLA- 
C disparity on postallogeneic unrelated SCT outcome and 
complication and were able to demonstrate that the GVHD 
and graft rejection were significantly higher and the actuarial 
survival and disease-free survival significantly lower in 
molecular HLA-C mismatched than matched patients (Nagler 
et al., 1996). We conclude, therefore, that a mismatch in 
locus C may be detrimental to SCT outcome and should 
therefore be included as a risk factor in routine pre-SCT 
HLA phenotyping. 


CORD BLOOD TRANSPLANTATION 


Cord blood (CB) is an alternative source of haematopoietic 
progenitors of allogeneic transplantation of patients lacking 
an HLA-matched marrow donor (Varadi et al., 1995). The 
demonstration of the presence of HSC in CB suggested 
the use of these cells for transplantation and the first 
successful CB transplantation (CBT) was performed by 
Gluckman etal. and reported in 1989 (Gluckman etal., 
1989). Since then more than 2000 patients all over the 
world have received related or unrelated CB transplants for 
a variety of haematological and genetic diseases (Gluckman 
et al., 1997; Rubinstein et al., 1998). Most CB recipients 
have been children with an average weight of up to 44kg. 
The progression-free survival rates reported thus far are 
comparable to results achieved following allogeneic bone 
transplantation, with a suggestion that CB may produce less 
GVHD (Rocha et al., 2000). 

The benefits of using umbilical cord blood cells for 
transplantation are immediate availability of cells, absence of 
donor risks and low risk of transmitting infectious diseases 
(Varadi etal., 1995). Other potential advantages of CBT 
include the ability to increase markedly the number of 
allografts available, and thus the number of patients who 
could be transplanted, given the availability and ease of 
collecting CB from placental veins prior to disposal of the 
placenta compared with collecting bone marrow from an 
unrelated living donor. This new source of haematopoietic 
progenitors will allow the transplant community to target 
collection of CB from normal pregnancies in minority 
populations to treat the high incidence of genetic diseases. 
Additionally, the efficiency of gene transfer into CB 
progenitors appears to be higher than that reported into 
marrow or peripheral blood progenitors cells (PBPCs) (Zhov 
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et al., 1994). Banks of cryopreserved and HLA typed CB 
have now been established worldwide (Rubinstein et al., 
1995). The most important advantage of CBT is less 
GVHD, which is the main obstacle for successful allogeneic 
SCT (Rocha et al., 2000). Rocha et al. (2000) studied 113 
HLA identical sibling umbilical CB transplants reported 
to the International Bone Marrow Registry and Eurocord 
Cord Blood Transplant Group between 1990 and 1997, 
and compared them with 2052 HLA identical sibling bone 
marrow transplants performed during the same time period. 
Children (<15 years old) were included in the study. 
Multivariate analysis demonstrated lower risks of grade 
Il-IV acute GVHD (p = 0.001) and chronic GVHD (p 
= 0.02) in umbilical CBT recipients. Since acute GVHD 
results from activation, clonal expansion and proliferation 
of donor-derived T lymphocytes that recognize alloantigen 
presented by either host or donor antigen-presenting cells, 
the lower GVHD risk after CBT transplantation might 
be due to impairment of these functions in CB cells. 
It has been shown that CB lymphoid cells are naive, 
immature and have different cytokine requirements than 
bone marrow cells. Data from in vitro and in vivo studies 
demonstrated that umbilical cord blood lymphocytes (1) 
are either functionally or phenotypically naive compared 
with adult blood lymphocytes, (2) have a unique cytokine 
profile (producing fewer cytokines and expressing mRNA 
transcripts for interferon-y, IL-4 and IL-10, but very little IL- 
2), (3) have a fully constituted polyclonal T cell repertoire, 
(4) could be protected from apoptosis due to low levels of 
CD95 and (5) have functions that are inducible through in 
vitro or in vivo activation. Consequently, early NK and T cell 
cytotoxicity is impaired, but secondary activation can occur. 
All these immunological properties might result in a reduced 
capacity of transplanted CB T cells to induce GVHD (Rocha 
et al., 2000). 

The main disadvantage of CBT is delayed neutrophil and 
platelet recovery (Gluckman et al., 1997; Rubinstein et al., 
1998; Rocha etal., 2000). Expansion of CB progenitors 
ex vivo prior to infusion could potentially ameliorate the 
slower haematopoietic recovery by generating a higher num- 
ber of haematopoietic progenitors. One way to obtain ex vivo 
expanded CB derived haematopoietic progenitor cells is by 
using copper chelators (Peled et al., 1999). We have pre- 
viously demonstrated that metallic ions, including copper, 
have a regulatory role in proliferation and differentiation 
of HPC. Depletion of copper by polyamine chelators such 
as tetraethylenepentamine (TEPA) transiently blocks differ- 
entiation, thus allowing increased and prolonged cytokine 
supported expansion of HPC with minimal cell differenti- 
ation. In a recent study, CD 34+ cell-enriched populations 
derived from human CB were cultured in Flt-3, TPO, SCF 
and IL-6. TEPA-containing cultures produced clonogenic and 
CD34+ cells continuously for at least 11 weeks (Table 2). 
During this period, total cells increased by up to 1 x 106- 
fold and CFU and CD34+ cells by up to 1 x 10*-fold each. 
A significant subset of the population remained morpholog- 
ically undifferentiated. Removal of the chelator resulted in 
cell differentiation. In the absence of TEPA, clonogenic and 


Table 2. Ex vivo Expansion of CB-Derived HPC 











Weeks + TEPA — TEPA 
CFU“ CD34(%) CD34? CFU? CD34% CD34 
4 352 7.6 60 288 3.9 29 
5 ND 7.2 179 ND 3.2 72 
7 1936 6.0 422 947 2.0 43 
10 11264 6.0 7620 0 <0.5 <5 
11 ND 5.0 5000 0 <0.5 <5 





Cultures initiated with 1 x 104 CB-derived CD34+ cells mL~! were 
supplemented with SCF, FIt-3, TPO and IL-6 (50mg mL ~! each) with or 
without TEPA (15uM). 

ax 103, 

Total CD34 cells x 104. 


CD 34+ cells expanded for 4- 8 weeks; thereafter, their num- 
bers declined rapidly as they differentiated. These results 
demonstrate that reducing copper availability delays differen- 
tiation and maintains self-renewal of a subset of CB-derived 
HPC and thereby promotes their long-term expansion. These 
effects are transient and reversible, indicating that chelator- 
treated cells maintain the potential for normal development. 
This method could be utilized for ex vivo manipulation of 
pluripotent stem cells and committed progenitor cells for 
clinical applications. A prephase | clinical trial using TEPA 
for ex vivo expansion of CB-HPC for transplantation is under 
way (Peled et al., 1999). 


HAPLOIDENTICAL SCT 


The application of SCT for the treatment of patients 
with haematological malignancies and other diseases is 
hampered by the lack of availability of suitable major 
histocompatibility complex (MHC)-matched donors (B eatty 
etal., 1988; Anasetti etal., 1989; Petersdorf etal., 1991; 
Kernan et al., 1993; Nagler et al., 1996; Aversa et al., 1998). 
Less than 30% of patients who might benefit from SCT have 
HLA-identical siblings, and only 3-5% have a relative with 
only asingle HLA locus mismatch. The recent establishment 
of large registries of HLA typed individuals has led to 
a substantial increase in transplants from unrelated donors 
(Hansen etal., 1998). Although 40-50% of Caucasian 
patients in the USA are successful in locating an HLA-A, 
B DR matched, unrelated donor, other ethnic groups have a 
much lower probability of finding donors owing to marked 
polymorphism; in general, many patients fail to find an 
appropriate (related or unrelated) donor. By contrast, nearly 
all patients have an HLA-haploidentical relative (parent, 
child, sibling) who could serve as a donor. 

During the 1980s, transplantation of bone marrow from 
family donors who were not fully histocompatible with 
the recipients was unsuccessful because of graft failure 
and severe GVHD, at times affecting as many as 90% of 
recipients. Thorough depletion of T cells from the donor’s 
bone marrow succeeded in preventing GVHD in children 
with severe combined immunodeficiency disease, but the 
results of this procedure were disappointing in patients with 
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leukaemia, because the benefit of preventing GVHD was 
offset by graft failure. 

Recently, the Reisner group has demonstrated that a 
megadose of T cell-depleted bone marrow can overcome 
MHC barriers in sublethally irradiated mice (Bachar-Lustin 
et al., 1995). They suggested that this facilitating activity is 
mediated by cells within the CD34+ population, endowed 
with potent veto activity (Gur etal., 1999). Applying this 
concept to patients Aversa etal. were able to achieve 
high rate of engraftment in recipients of T cell-depleted 
mismatched transplants who were also given high numbers of 
haematopoietic stem cells from bone marrow and peripheral 
blood (Aversa et al., 1998). Subsequently the same group 
transplanted 43 patients with high-risk acute leukaemia 
with PBSC following CD34 positive selection with no 
GVHD prophylaxis (Aversa et al., 1998). In all the patients, 
full donor type engraftment was achieved. In none of 
the patients who could be evaluated did acute or chronic 
GVHD develop. Regimen-related toxicity was minimal. 
Transplantation-related mortality was 40%. After a median 
follow-up of 18 months (range 8-30 months), 12 of the 43 
patients were alive and free of disease. 

Similarly, Henslee-Downey et al. reported 88% engraft- 
ment at 32 days, 16% grade II-IV acute GVHD and 
8% severe CGVHD in 72 patients transplanted from par- 
tially mismatched related donors using the T10 B9 mon- 
oclonal antibody for T cell depletion (Henslee-Downey 
etal., 1997). Recently, additional novel approaches for 
haploidentical transplants were developed. Guinan etal. 
transplanted 12 patients from mismatched donors following 
induction of alloantigen specific anergy using the CTLA- 
4 immunoglobulin an agent that inhibits B7:C 28-mediated 
co-stimulation (Guinan et al., 1999). Sykes et al. performed 
HLA mismatched transplants by induction of mixed lym- 
phohaematopoietic chimaerism and tolerance (Sykes etal., 
1999). 


ADOPTIVE IMMUNOTHERAPY AND DONOR 
LYMPHOCYTE INFUSION 


Allogeneic SCT is the most effective modality to date 
to eradicate haematological malignancies in patients at 
high risk of relapse or resistant to conventional doses 
of chemo-radiotherapy. High-dose, myeloablative chemo- 
radiotherapy may also be supported by autologous SCT; 
however, the rate of anticipated relapse is much higher 
owing to the lack of graft versus leukaemia (GVL) effects 
mediated by alloreactive donor-derived T cells (Horowitz 
et al., 1990). A number of approaches including SCT are 
available to improve antitumour effects. However, these 
approaches have already been proven to be hazardous 
since recipients of fully matched marrow allografts, not 
perfectly matched allografts or matched unrelated allografts, 
may develop GVHD, shown to be consistently lethal. 
Allogeneic cell-mediated immunotherapy (alloCT) by donor 
lymphocyte infusion (DLI) in graded increments of donor- 
derived peripheral blood lymphocytes is much safer and 


allows control of GVHD and induction of the GVL effect 
(Naparstek et al., 1995; Slavin et al., 1996). Furthermore, 
we have recently documented that host-type tumour cells 
resistant to DLI may still respond to unstimulated or in 
vitro activated lymphocytes supported in vivo by a short 
course of well-tolerated doses of IL-2 (Slavin etal., 1996). 
Our data suggest that alloCT, especially when antileukaemia 
effector cells are activated by IL-2, may develop into a 
very effective modality for both treatment and prevention 
of relapse in patients with resistant disease (Slavin etal., 
1996) or at high risk of relapse (Slavin et al., 1996). The 
marked therapeutic benefits of alloCT induced by DLI always 
carry the risk of GVHD, with an incidence and severity that 
are unpredictable (Kolb etal., 1995; Slavin etal., 1996). 
New approaches to limit the lifespan of donor-derived T 
cells in the case of uncontrolled GVHD are currently under 
development. The most promising modality for controlling 
GVHD, and its incidence after discontinuation of anti-GVHD 
prophylaxis, is the use of donor T cells transduced with 
the herpes simplex virus thymidine kinase gene (Bonini 
et al., 1997). Genetically modified T cells of donor origin 
still retain their GVL capacity. Hence, in the event of 
uncontrolled GVHD, these antitumour effector cells can be 
successfully eliminated by administration of conventional 
doses of ganciclovir (Bonini et al., 1997). 

Recently there have been some preliminary data that may 
support the existence of a graft versus tumour (GVT) effect 
similar to the GVL effect. We have documented possible 
antitumour responses in six breast cancer patients with doc- 
umented metastatic breast cancer relapsing following autol- 
ogous SCT transplantation and 13 patients with advanced 
malignant lymphoma treated with DLI obtained from an 
HLA matched sibling. Donor lymphocytes were activated 
with IL-2 in vitro and in vivo. One of the patients treated 
with no evidence of disease at the time of alloCT is still 
event and disease free over 5 years past therapy (Or et al., 
1998a, 1998b). Similarly, recently, Porter et al. described 18 
patients with diverse malignant disorders including Hodgkin 
disease (HD), melanoma, renal cell carcinoma and non- 
Hodgkin lymphoma (NHL) who received DLI for relaps- 
ing disease postautologous SCT (Porter et al., 1999). Four 
patients developed acute GVHD. Three of the four patients 
with acute GVHD responded, one with durable complete 
remission (Porter et al., 1999). 


CYTOKINE-MEDIATED IMMUNOTHERAPY 


Although both HD and NHL are responsive to conventional 
doses of chemotherapy, in a substantial proportion of the 
patients, particularly with NHL, relapse cannot be avoided. 
Patients with primary resistant disease or with relapse fol- 
lowing front-line remission induction protocols due to resid- 
ual tumour cells acquiring resistance to subsequent doses of 
chemotherapy are unlikely to be cured unless they respond 
to high, myeloablative doses of chemoradiotherapy supported 
by autologous SCT (Varadi and Nagler, 1994). However, the 
relapse rate following autologous SCT (autoSCT) using max- 
imum tolerated doses of chemoradiotherapy is still very high 
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owing to minimum residual disease (MRD) which cannot 
be eliminated with any of the available modalities (Varadi 
and Nagler, 1994). A variety of recombinant cytokines may 
potentially be used to prevent or treat relapse following 
autoSCT. Some of these cytokines may cause direct anti- 
tumour effects, while others may facilitate immunological 
recognition or activate antitumour effector mechanisms fol- 
lowing autoSCT. Immune suppression, including depressed 
absolute number of CD4+T cells, decreased T cell response 
to mitogens, antigens or allogeneic stimulation and profound 
impairment of IL-2 production, has been observed for up 
to 1 year following autoSCT, hence it seems important to 
restore the immunocompetence of the recipient that may be 
impaired by high-dose chemotherapy required to reduce the 
tumour load. 

In view of the above and in order to reduce relapse rates 
following autoSCT by induction of lymphokine mediated 
antitumour effects, we conducted a phase IIb clinical trial 
on 56 malignant lymphoma (ML) patients with MRD 
post-autoSCT utilizing a combination of IL-2 and IFN-a 
subcutaneously (s.c.) in an outpatient setting, and compared 
the results with 61 matched historical controls (Nagler et al., 
1997). 

The overall survival of ML patients who received 
immunotherapy was significantly higher than that of ML 
patients who did not. Survival at 48 months was 90% 
for the immunotherapy patients and 46% for the historical 
controls (p < 0.01). Similarly, the overall survival was 
significantly higher for the HD and NHL patients who 
received immunotherapy when compared with the historical 
controls. The survival rates at 48 months were 100 and 80% 
versus 57 and 42%, respectively (p < 0.02). 

The overall disease-free survival (DFS) of ML patients 
who received immunotherapy was significantly higher than 
that of comparable ML patients in the historical control 
group who did not receive immunotherapy. The actuarial 
DFS at 48 months was 70 and 48%, respectively (p < 
0.01). Similarly, the actuarial DFS was significantly higher 
for the NHL and HD patients after immunotherapy than for 
the historical controls. The actuarial DFS for NHL patients 
receiving immunotherapy at 48 months was 64 and 41% for 
patients who did not receive immunotherapy (p < 0.01). The 
actuarial DFS for patients with HD receiving immunotherapy 
at 48 months was 88 and 60% for patients who did not 
receive immunotherapy (p < 0.042). 

The relapse rate was significantly lower for ML patients 
who received immunotherapy than for a similar cohort of 
patients belonging to the historical controls. Of the 56 
patients who received immunotherapy, 11 (20%) relapsed 
(eight NHL and three HD patients), whereas of the 61 
patients who did not receive immunotherapy 29 (46%) 
relapsed (21 NHL and eight HD patients) (p < 0.01). 

We subsequently wanted to see whether modification of 
the immunotherapy schedule by reducing riL-2 to 1 week 
(3-6 x 10°%1U/mday-!), followed by combined rlL-2 6 x 
10°1U /m2/day interferon-w 3 x 10ĉ1U /day for 1 month and 
extending interferon-w to 6 months (3 x 10° IU day-!x3 
per week) would improve efficacy and/or tolerability. Thirty- 
eight ML patients were enrolled in the (plus IL-2 followed 


by IFN -œ maintenance immunotherapy) protocol. The results 
were similar to those obtained with the original protocol 
(Slavin and Nagler, 1998). We are currently conducting a 
multicentre prospective randomized trial, investigating our 
newest rlL-2/interferon-~ combination for intermediate-and 
high-grade lymphoma and HD in an attempt to confirm the 
benefit of cytokine mediated immunotherapy in the setting 
of minimal residual disease. 


LOW-INTENSITY AND NONMYELOABLATIVE 
SCT 


Considering the role of alloreactive donor lymphocytes in 
mediating GVL and GVT effects, including in patients 
who are resistant to conventional anticancer modalities, we 
have introduced the concept of using the bone marrow 
transplantation procedure as a platform for induction of 
host versus graft transplantation tolerance rather than as 
a means of eradicating all tumour cells. Safe and stable 
transplantation tolerance can best be accomplished by 
induction of mixed chimaerism, which can be achieved 
using nonmyeloablative conditioning. Once host versus graft 
tolerance allows consistent and durable engraftment of donor 
immunohaematopoietic cells, donor lymphocytes can be 
added if needed for induction of GVL and GVT effects 
to displace residual malignant or genetically abnormal host 
cells. Patient age in the first cohort that entered our protocol 
ranged between 1 and 64 years (median, 38 years) (Slavin 
etal., 1998). Conditioning included immunosuppressive 
treatment with six daily infusions of fludarabine (Fludara, 
Schering), 30mgm-? (days —10 to —5), oral busulfan, 
4mgkg~‘day~ for two consecutive days (days —6 to —5), 
and anti-T lymphocyte globulin (ATG), 10 mg kg~!day~! for 
four consecutive days (days —4 to —1). Organ toxicity was 
minimal (Slavin et al., 1998). The protocol was much better 
tolerated in comparison with the anticipated side effects 
following a standard myeloablative regimen. No cases of 
grade 3 or 4 toxicity (World Health Organisation criteria) 
were observed, and grade 2 mucositis was documented in 
only a few cases. In one-third of the patients, ANC did 
not decrease below 0.1 x 10°L~!; some patients never 
experienced an ANC lower than 0.5 x 10°L~!, and in some 
the platelet counts did not decrease below 20 x 10°L~?, thus 
requiring no platelet support at all. 

Engraftment was documented in all patients by increasing 
blood counts and using either amelogenin polymerase chain 
reaction (PCR) for detection of residual male cells in a 
recipient of female cells or using VNTR-PCR in sex- 
matched donor recipient pairs. Severe GVHD (grade 3 
or 4) was the single major complication diagnosed and 
was the only cause of mortality in 13% of the patients, 
most of whom developed the first signs of disease while 
off cyclosporin A (CSA). The incidence of relapse was 
not higher than anticipated following conventional alloSCT. 
Minimal residual disease was consistently reversed by 
discontinuation of CSA or using DLI as soon as patients 
were off CSA. A response was observed in approximately 
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half of the patients who experienced relapse with no GVHD 
(Slavin etal., 1998). Overall this protocol was given to 
70 patients with haematological malignancies (CML (n = 
19), AML (n =17), ALL (n = 10), NHL (n = 15), MDS 
and second leukaemia (n = 6), HD (n = 2) and MM (n = 
1)), 16 patients with Matched Unrelated (MUD) and nine 
patients receiving an allograft following failure of autoBMT. 
Patients age ranged between 18 and 52 years (median, 34 
years). They received fully matched (n = 66) or single locus 
mismatched (n = 4) stem cells on day 0. The preliminary 
results were holding. The protocol was very well tolerated by 
patients of all age groups. Day 100 mortality was 4%, 0% in 
patients with nonmalignant diseases and 7% in patients with 
malignancy. Fast and durable engraftment was observed in 
all patients with a matched sibling. Persistent evidence of 
disease or recurrent disease in mixed chimaeras was treated 
by discontinuation of CSA or by graded increments of DLI 
with 10 of 15 patients responding. After 3 years, with an 
observation period of 3-39 months (median, 24 months) 
the actuarial probability of survival was 68% and disease- 
free survival was 48%. Corresponding numbers for MUD at 
12 months were 75%, and for recipients of second BMT at 
18 months 48%, respectively. However, GVHD remains the 
single major problem (Slavin et al., 1998). 

Anderson's group performed a pilot trial of purine 
analogue-containing nonmyeloablative therapy for 
25 patients with AML or MDS considered ineligible for 
myeloablative therapy and allogeneic transplantation because 
of either age or medical conditions (Giralt etal., 1997). 
They used the Flag-ida (fludarabine + idarubicine + A ra-c) or 
the 2CDA +Ara-c protocol. Twenty patients had neutrophil 
recovery a median of 11 days after transplant (range 9-21 
days), and 17 achieved platelet transfusion independence a 
median of 15 days after transplant (range 8- 78 days). One 
patient died from infectious complications secondary to graft 
failure. The 1-year survival for all patients was 23%; disease- 
free survival was 15% (Giralt etal., 1997). McSweeney 
etal. reported a preparative regimen consisted of TBI 
200 cGy as a single fraction, followed by post-transplant 
immunosuppression with CSA from day —1 to +35 and 
mycophenolate mofetil (MMF) (McSweeney etal., 1998). 
Eight patients with haematological malignancies (CLL, 2; 
AML-CR, 3; myeloma, 2; RAEB, 1) were treated. M yelo- 
suppression was minimal, with only one patient developing 
neutrophil counts of <0.5 x 10°L-!. Some degree of donor 
T cell engraftment was observed in all patients: 15- 100% 
donor by day 28 and 5- 100% donor by day 56 (McSweeney 
et al., 1998). Induction of mixed chimaerism by the non- 
myeloablative approach with combination of less cytotoxic 
regimens, intense immunosuppression and high number of 
HSC is particularly attractive for nonmalignant diseases such 
as genetic diseases (Slavin et al., 1998) or autoimmune dis- 
eases. 


SCT FOR AUTOIMMUNE DISEASES 


Autoimmune diseases result from self-reactive T-lympho- 
cytes and autoantibodies, produced most likely in cooperation 


with T cell-dependent B cells. Until recently, nonspecific 
suppression of self-reactive lymphocytes or the inflamma- 
tory process mediated by the ongoing anti-self-reactivity 
represented the main goal of therapy, but in most cases nei- 
ther cure nor remission could be obtained (Van Bekkum, 
1998). Prior data for experimental animals and humans indi- 
cated that high-dose chemotherapy, especially myeloablative 
chemoradiotherapy supported by autologous SCT (K arus- 
sis et al., 1992) and allogeneic SCT, can result in effective 
control of autoimmune diseases (Van Bekkum et al., 1989). 
Fassas et al . (1997) performed autoSCT in patients with mul- 
tiple sclerosis (M S) in a progressive phase. The patients were 
conditioned with the BEAM regimen and ATG. Improve- 
ment in the neurological scale was observed in 35% of the 
patients. One patient died of invasive aspergillosis (Fassas 
et al., 1997). SCT may help overcome lack of response to 
self-antigens since the conditioning prior to the transplan- 
tation procedure normally involves myeloablative treatment 
that results in elimination of host-type immunohaematopoi- 
etic cells, T cells included, followed by stem cell rescue 
which results in regeneration of new T cells tolerant to self- 
antigens. Hence, if the autograft is T cell depleted, newly 
regenerating T cells are likely to become tolerant to self 
antigens since self-reactive T cells, certainly high-affinity 
self-reactive T cells, are likely to undergo apoptosis in sta- 
tus nascendi in the thymus. Similarly, following the use of 
T cell-depleted stem cell allograft, which can also be used 
for rescue of the myeloablated recipient, it seems very rea- 
sonable that both anti-self and anti-host reactivity will be 
abolished by the aforementioned procedure. The technical 
possibility of performing alloSCT and inducing a state of 
mixed chimaerism and tolerance with very low toxicity by 
using nonmyeloablative conditioning is thus very attractive 
for autoimmune diseases. 
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Novel Surgical Strategies in the 
Management of Cancer 


Ara Darzi and Paul Ziprin 
Imperial College School of Medicine, London, UK 


INTRODUCTION 


Surgery is still the only potentially curative treatment that 
can be offered for many cancers, in particular gastrointestinal 
malignancies. This is despite extensive research into alterna- 
tive treatments, including immunotherapy and gene therapy, 
at a high pecuniary cost. 

Probably the greatest advance that has been made in 
surgery over the last decade has been the development of 
minimal access technology, which has led to a new philos- 
ophy in surgery: that of minimizing trauma to the patient. 
This has been made possible due the advances that have 
been made in fibre optics and computer-enhanced imaging. 
This has, therefore, given rise to many developments in all 
fields of surgery including the introduction of endoscopic 
surgery and image-guided surgery such as stereotactic and 
radioimmunoguided surgery. 


PRINCIPLES OF SURGICAL ONCOLOGY 


Surgery has evolved from the previous dogma of radical 
resection of the primary tumour and surrounding structures 
as surgeons appreciate the systemic nature of cancer and 
develop strategies that minimize locoregional recurrence. 
This is illustrated by the replacement of Halstead’s radical 
mastectomy in the management of breast cancer with a more 
conservative approach: the use of wide local excision or 
segmentectomy coupled with radiotherapy or the use of the 
ABBI system (see the section Stereotactic Breast Surgery) 
in the management of suitable breast tumours. However, it 
is important that this more conservative approach must not 
compromise the oncological success of the surgery. 
Although the exact management of different malignancies 
will vary, there are some basic principles that must be 
followed during surgical resection. An in-depth knowledge of 
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the anatomy with special regard to the lymph node drainage 
and the vasculature remains paramount. 


Curative or Palliative Therapy 


The treatment of solid tumours can be considered to be either 
potentially curative or palliative and, therefore, the type of 
surgical therapy used will depend on both the patient and 
tumour’s characteristics. 

If the patient’s health is such that major surgery is 
likely to be detrimental, then a more conservative or 
palliative approach is warranted. Likewise, if the primary 
cancer is unresectable and/or metastases are present, curative 
treatment will usually be unsuccessful and palliative therapy 
should be instigated. Palliation may include surgery, for 
example, the bypassing of an obstructing, inoperable tumour 
for symptomatic relief. Medical management such as pain 
control is discussed in more detail elsewhere in this book. 

The mainstay of curative treatment of most solid tumours 
is surgical resection of the primary growth. Exceptions 
include radiotherapy or topical 5-fluorouracil in the man- 
agement of suitable squamous cell carcinomas of the skin 
or radical radiotherapy for prostate cancer. Surgical thera- 
pies are now part of a multidisciplinary approach to cancer 
management and can be used in combination with preoper- 
ative (neoadjuvant) or postoperative (adjuvant) radiotherapy 
or chemotherapy. 


Clinical Staging 
In producing the treatment plan for the patient, it is 


important to stage the tumour clinically. This allows 
the identification of those patients with (1) metastatic 
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Table 1 Methods for clinical staging 


Clinical 

History, e.g. cachexia, 
bone pain 

Clinical examination 


Radiological 

Ultrasonography 

Computed tomography 

Magnetic resonance 
imaging 

PET scanner 

Radioisotope scan 


For the assessment of the 
primary tumour and 
metastatic disease, 

e.g. liver secondaries from 
gastrointestinal malignancies 

E.g. for bone metastases from 
breast, prostate, kidney, 
thyroid and bladder cancers 


Endoscopy 

Endoscopic ultrasound 

Surgical 

Staging laparoscopy/ 
thoracoscopy 

Laparoscopic ultrasonography 

Sentinel lymph node mapping 

Laparotomy 


disease for whom extensive surgery will be unnecessary 
and (2) tumours that require neoadjuvant therapy, e.g. 
patients with locally advanced rectal carcinoma benefit from 
preoperative radiochemotherapy. K nowledge of the common 
sites to which a particular tumour metastasizes will aid in 
deciding on the appropriate investigations to be ordered. For 
example, radioisotope bone scanning is used in screening for 
metastases in prostate cancer and liver imaging is used for 
gastrointestinal tumours. 

The different methods used for staging are summarized in 
Table 1. Symptoms elicited from the patient’s history such as 
weight loss or bone pain are suggestive of metastatic disease. 
Clinical examination may reveal hepatomegally compatible 
with liver metastases or can be used to assess the primary 
tumour itself, such as assessing the fixity of a rectal cancer 
during a rectal examination. 

Radiological investigations commonly used include ultra- 
sonography, computer tomography, magnetic resonance 
imaging and less commonly positron emission tomography 
(PET), all of which can be used for imaging the primary 
tumour to assess local disease as well as the liver and other 
organs in the search for metastases. Other radiological tech- 
niques include radioisotope scanning, which can be used for 
staging patients with prostate, breast or thyroid cancer. 

Ultrasonography probes have been modified for use 
intraluminally such as the use of transrectal ultrasound in 
the local staging of rectal tumours and for staging and to 
aid in the histological diagnosis of prostate cancer. Fibre- 
optic endoscopes have also been adapted to incorporate an 
ultrasound probe and have been used to increase the accuracy 
of staging of oesophageal, gastric and pancreatico-biliary 
tumours. 

The use of virtual colonoscopy, which can accurately 
detect lesions as small as 1cm in size, may with further 
development assessment become a part of the radiologists’ 


regular armament. Further developments include the use of 
magnetic resonance (MR) endoscopy in which the coil is 
incorporated into the tip of the fibre-optic scope. 

M ore invasive techniques are now being developed with 
the increasing use of staging laparoscopy and thoracoscopy 
in the management of a variety of tumours. These advances 
will be discussed in more detail later in the chapter. Although 
now rare with the recent development of imaging techniques, 
patients occasionally require a laparotomy, especially if the 
diagnosis is in doubt. 


Operative Principles 


Prevention of locoregional recurrence remains the goal in 
surgical oncology. The surgeon should resect all of the 
malignant tissue from the primary organ and any other 
structure involved locally, together with the lymphatics, 
vascular structures and tissue through which the tumour is 
likely to spread. For example, in colonic surgery, the vessels 
should be ligated at their origin, allowing removal of the 
mesentery, which also contains the draining lymph nodes. 

During surgery the tumour should be handled as little as 
possible to avoid tumour spillage. This problem may account 
for the reports of early port-site recurrences following min- 
imal access surgery for malignancy during the infancy of 
advanced laparoscopic surgery (see the section Disadvan- 
tages of Laparoscopic Surgery). It is also imperative that 
the tumour is excised with adequate margins to reduce the 
risks of local recurrence. It has been shown, for example, 
that wedge resection of non-small cell carcinoma of the lung 
results in high recurrence rates compared with lobectomy. 
Problems arise particularly in oesophageal surgery where 
the tumour infiltrates submucosally, so making it difficult to 
identify whether the margins are microscopically clear at the 
time of the operation. Other strategies such as early ligation 
of vessels in colonic surgery to prevent tumour dissemina- 
tion during surgical mobilisation have not been proved to be 
beneficial. 

Although removal of the draining lymphatics remains an 
important principle in oncological surgery, there has recently 
been a change in practice. For some cancer operations, 
lymphadenectomy may be associated with a high degree 
of morbidity, such as surgery for malignant melanoma and 
breast carcinoma. This has led to the development of sentinel 
lymph node mapping, which identifies those patients who do 
not require more extensive surgery (see the section Sentinel 
Lymph Node Mapping). 


Summary 


Although total excision of the primary tumour in continuation 
with its lymphatics and locally involved tissue remains the 
aim in oncological surgery, curative resection may not be 
possible in some situations. Debulking surgery together with 
radiotherapy or chemotherapy may achieve some degree of 
control of the disease and may prolong survival, but it is 


important to remember that the aim of surgery is also to 
improve the quality of life. 


Staging of Malignancy 


In 1911, Bernheim reported the use of organoscopy in a 
patient with pancreatic cancer to ‘reveal general metastases 
or a secondary nodule in the liver, thus rendering further pro- 
cedures unnecessary’ (Bernheim, 1911). Staging laparoscopy 
is used, therefore, for patients with a known diagnosis of can- 
cer to ascertain the tumour’s suitability for resection and so 
help in the surgical management of these patients. 
Although ultrasound scanning, computed tomography 
(CT) and magnetic resonance imaging (M RI) can detect liver 
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metastases with a sensitivity and specificity of 75-85%, 
these imaging modalities are poor at detecting subcapsular 
liver deposits and peritoneal disease. 

Staging laparoscopy has gained increasing favour more 
recently in the management of cancers where the majority 
of patients present with advanced disease that is not 
curable, such as gastro-oesophageal, pancreatic and biliary 
malignancies. It not only allows direct visualization of the 
intrabdominal organs, but also enables the surgeon to perform 
biopsies of unsuspected lesions and cytological examination 
of peritoneal lavage samples. This process allowed the 
detection of occult metastases in over 30% of patients with 
pancreatic cancer in a recent study (Jimenez et al., 2000). 

The accuracy of staging has been further enhanced by 
the use of both endoscopic and laparoscopic ultrasound 
(Figure 1). Both have been shown to increase the accuracy 
of staging of upper gastrointestinal malignancies especially 





Figure 1 


(a) Endoscopic ultrasound showing a carcinoma of the head of pancreas with sonographical pathological perihepatic lymph nodes (b) (courtesy 


of Mr David Bowrey, Cardiff, UK). (c) Endoscopic ultrasound image showing a transgastric ultrasound-guided fine needle aspiration (arrows) of a2 x 


1cm coeliac axis lymph node (outlined). 
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in the management of pancreatico-biliary cancers where 
laparoscopic and endoscopic ultrasound can detect nodal 
disease and early invasion of the portal vein and thereby 
identify patients with unresectable disease (van Dijkum 
etal., 1999). Further developments include the use of 
endoscopic magnetic resonance imaging, which has the coil 
situated in the tip of the endoscope, and this is currently 
undergoing evaluation in the authors’ institution. 

Laparoscopic pelvic lymph node dissection is also used in 
the staging of prostate adenocarcinoma. It is used for patients 
at high risk of nodal metastases, who would otherwise be 
suitable for potentially curative treatment such as radical 
radiotherapy or radical prostatectomy. At-risk patients have 
been defined as those with a prostate-specific antigen level 
>20ngmL~', a Gleason score of >7 and stage T2b-T3a 
disease (Stone et al., 1997). 


Laparoscopic Surgery 


Laparoscopic and laparoscopic-assisted surgery are both well 
described now for most abdominal and pelvic malignancies, 
including gastro-oesophageal, pancreatic, gynaecological and 
urological cancers, with laparoscopic colorectal cancer 
surgery being the most commonly performed oncological 
procedure. 

For laparoscopic surgery to be an accepted method of the 
surgical management of cancers, a number of parameters 
must be considered, as must be when any new treatment is 
used. It must be as safe as or safer than conventional surgery 
as assessed by operative morbidity and mortality, and offer 
benefits in terms of length of hospital stay, postoperative 
pain and cost. Also, sound oncological principles must not 
be compromised. 


Oncological Principles and Laparoscopic Surgery 


Parameters that have been used to assess the adequacy 
of oncological procedures include number of lymph nodes 
harvested and adequacy of resection margins. 

With regard to colorectal cancer, it was first shown 
on cadavers that an adequate lymphadenectomy could be 
performed laparoscopically. Since then, comparative studies 
have shown no differences in the number of lymph nodes 
harvested by open or laparoscopic techniques. 

The length of specimen retrieved and proximal and distal 
margins have also been studied. These parameters are 
comparable between laparoscopic and open colectomy. In 
rectal cancer surgery, the radial margin is most important 
in predicting local recurrence. In a series of 12 patients 
undergoing laparoscopic abdomino-perineal resection, our 
unit showed that there was not a significant difference in 
the radial margins when compared with a similar number 
of patients undergoing conventional surgery (M onson et al., 
1992). 


Advantages of Laparoscopic Surgery 


Laparoscopic colorectal surgery has been shown, when 
compared with open surgery, to result in a more rapid 


return of gastrointestinal function, less postoperative pain, 
a reduction in length of stay and an earlier return to normal 
activities. This is probably related to reduced access-related 
trauma, as seen by a reduced cytokine response following 
laparoscopic colorectal resection (Schwenk et al., 2000). 

Although the actual cost of the laparoscopic procedure 
is higher than open surgery, there may be more long-term 
cost savings with regard to shorter convalescence and earlier 
return to work. 


Disadvantages of Laparoscopic Surgery 


Laparoscopy lacks the manual dexterity afforded by open 
surgery, which may give rise to some theoretical problems. 
It has been reported that synchronous tumours have gone 
unrecognized during laparoscopic surgery and there are other 
reports of healthy bowel having been resected under the 
belief it contained small tumours while the diseased bowel 
was left in situ. Poor tactile feedback may also make it more 
difficult to identify important structures such as the ureter 
during sigmoid colon mobilization. 

One of the major controversies since the introduction 
of laparoscopic surgery in the treatment of cancer has 
been the phenomenon of port-site metastases (Wexner and 
Cohen, 1995). Port-site recurrences have been reported in a 
number of different cancers such as colorectal, gallbladder, 
gynaecological, pancreatic, lung and urological malignancies. 
In colorectal surgery the incidence varies between 2 and 23% 
and these metastases appear to develop not only in patients 
with advanced disease, but also following surgery for early 
lesions such as Dukes A colorectal carcinoma. 

There may be a number of reasons for this occurrence. 
First, it may be due to surgical inexperience during the 
initial development of laparoscopic surgery, resulting in the 
inappropriate handling of the tumour, resulting in cancer 
dissemination. It has been shown that the instruments 
can become contaminated with tumour cells. Extraction of 
the specimen through small trocar sites may also cause 
exfoliation of cells into the wound. The evidence that surgical 
skill plays an important role is twofold. First, a recent 
study showed that following laparoscopic splenectomy in an 
animal tumour model, the incidence of port-site recurrences 
decreased with increasing experience (Lee etal., 1998). 
Second, early results from ongoing randomized controlled 
studies have shown a much lower incidence. 

Other causes may be technical problems associated with 
laparoscopic surgery. These include aerosolization of viable 
tumour cells by the pneumoperitoneum and the ‘chimney 
effect,’ which involves the drawing up of cells to the 
port sites by microscopic leakages around the laparoscopic 
instruments. 

The pneumoperitoneum itself may play a role. A number 
of animal studies have shown that a carbon dioxide 
pneumoperitoneum causes an enhancement in tumour growth 
and peritoneal dissemination compared with air or gasless 
laparoscopy (Bouvy et al ., 1998) and work from the author’ s 
unit has shown increased tumour cell invasiveness following 
exposure to an in vitro CO2 pneumoperitoneum. 
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Only the results from ongoing prospective randomized, 
controlled trials will address both the short- and long-term 
outcomes following endoscopic surgery for malignancy. At 
present laparoscopic oncological surgery should be reserved 
for patients entered into trials or for those patients requiring 
palliative surgery. 


Hand-assist Laparoscopic Surgery 


As already mentioned, one of the drawbacks of laparoscopic 
surgery is the lack of tactile feedback afforded by open 
surgery and poor depth perception with two-dimensional 
display. In addition, advanced laparoscopic procedures 
have not been adopted owing to technical difficulties and 
to limitations of the instrumentation. To overcome these 
problems, hand-assist laparoscopic surgery (HALS) has been 
developed. 

With this procedure, the surgeon inserts a hand into the 
peritoneal cavity to aid in the laparoscopic dissection while 
the pneumoperitoneum is maintained. This approach utilizes, 
from the start of surgery, an incision that would be necessary 
for the retrieval of the specimen later during the operation 
(Figure 2; see colour plate section). 

The Handport System (Smith and Nephew, MA, USA) 
consists of base retractor, a bracelet and a sleeve. The 
bracelet is attached to the surgeon’s wrist, which is usually 
the nondominant hand, before the sleeve is placed over the 
forearm and fastened to the bracelet. An incision equivalent 
in centimetres to the surgeon’s glove size is made in the 
abdominal wall and the inner ring of the base retractor, is 
inserted into the abdominal cavity after the creation of the 
pneumoperitoneum. This is secured against the abdominal 
wall by inflating the base retractor, producing a seal that will 
maintain the pneumoperitoneum after the hand is introduced 
into the abdomen and the sleeve attached to the outer ring 
of the retractor. 

A review of the use of HALS has been published 
recently (Litwin etal., 2000). Included in the review 
were a number of cases of colonic cancer requiring 
right hemicolectomy, sigmoid colectomy and in one case 
transverse colectomy. HALS compares favourably in terms 
of length of operation, postoperative pain and length of 
hospital stay with previously published data on comparable 
conventional laparoscopic procedures. Problems encountered 
with HALS include leakage of the pneumoperitoneum around 
the Handport device, hand fatigue, which may be due to poor 
placement leading to bad ergonomics, and slipping of the 
base retractor in obese patients as the abdominal wall may 
be too thick for the device. 

Colorectal disease lends itself well to this procedure 
as it is a complex procedure, difficult to perform purely 
laparoscopically and it also requires an incision to remove the 
specimen. Other procedures that have utilized this technique 
include splenectomy, gastric surgery, adrenalectomy and 
cryoablation of liver metastases. 


HALS, therefore, may help surgeons in advanced laparo- 
scopic procedures by offering tactile feedback, safe hand 
retraction and the ability to use blunt dissection. 


Endoscopic Surgery 


Until recently, radical surgery had been the method of choice 
in the treatment of cancers. Now there is an increasing move 
to less radical surgery in the treatment of early cancers as 
seen in breast surgical oncology. Local resection requires 
accurate staging of the primary tumour prior to surgery, 
with, for example, endoanal ultrasound in the management 
of rectal cancer, as there is a increased propensity of lymph 
node metastases with more advanced cancers. Local resection 
would not be appropriate if there was a high risk of lymph 
node metastases. 


Transanal Endoscopic Microsurgery 


Transanal endoscopic microsurgery (TEM) was first 
described by Buess in 1985 in the resection of rectal tumours 
and enables the surgeon to resect tumours and suture inside 
the rectal cavity up to 20cm from the anal margin (Buess 
et al., 1985). It requires the use of a 40-mm diameter recto- 
scope, videoscopy and gas insufflation to produce an operat- 
ing space in the rectum (Figure 3; see colour plate section). 
The rectoscope also has access for the surgeon to use up to 
four surgical instruments. Full thickness resections are pos- 
sible, but can only be performed in the extraperitoneal part 
of the rectum (Figure 4; see colour plate section). 

TEM has an obvious role in the surgical management of 
benign rectal adenomas, but it is now known that its use 
results in similar local recurrence rates and 5-year survival 
figures compared with anterior resection in the management 
of low-risk early (T1) rectal cancers. However there is 
unlikely to be a role for TEM in the curative treatment 
of high-risk T1 lesions (i.e. those with early lymphatic 
invasion) and T2 lesions, both of which are associated with 
an increased risk of lymph node disease. 


Endoscopic Resection of Upper Gastrointestinal 
Malignancies 


Although the majority of patients in the Western world 
presenting with gastric cancer have advanced disease, a 
small number are diagnosed with early gastric cancer 
(EGC). Endoscopic resection of EGC is now well described, 
especially by Japanese surgeons where the proportion of 
patients with EGC is much higher. 

It has been suggested that tumours suitable for endo- 
scopic resection are those cancers that are confined to the 
mucosa and that measure no more than 1cm in size (Tis or 
T1 tumours), as tumours of this size have a low incidence 
of lymph node disease (Nakamura et al., 1999). Results of 
endoscopic resection compare favourably from an oncologi- 
cal perspective with those for radical gastrectomy when used 
in these selected patients. 
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COLONIC STENTING 


Stents have for a long time been used in the palliation 
of dysphagia in patients with oesophageal cancer, using 
celestin tubes and more recently expandable metal stents. The 
use of these metallic stents in colonic surgery has recently 
increased, particularly in the management of malignant large 
bowel obstruction. 

Classically, patients were treated with a three-stage 
procedure: formation of a defunctioning loop colostomy to 
relieve the obstruction, then excision of the tumour and 
anastomosis and finally reversal of the loop colostomy. This 
method was used as full colonic preparation is not possible 
and anastomosing unprepared colon greatly increases the 
risk of a leak. Alternatives to this are to resect the tumour 
with the formation of an end colostomy (as in a Hartman’s 
procedure) or to resect the diseased bowel, perform on- 
table colonic lavage and primary anastomosis (one-stage 
procedure). However, following the former over 60% of 
patients do not have their colostomy reversed and the latter is 
not suitable for high-risk cases, as are many of these patients. 
Mortality rates following emergency surgery for malignant 
large bowel obstruction can be as high as 20%. 

Expandable metal stents such as the Enteral Wallstent’™ 
(Microvasive Endoscopy, Boston Scientific, Boston, MA, 
USA) are sufficiently strong and yet flexible to conform to 
the curvature of the large bowel. The stents are positioned 
under fluoroscopic control alone or in combination with 
endoscopy. A guidewire is passed through the stricture and 
the position is checked radiologically using water-soluble 
contrast. The two ends of the stricture are marked with 
radio-opaque skin markers for accurate placement of the 
stent. Dilatation of the stricture may be performed prior to 
inserting the stent, but this is rarely necessary. An alternative 
to dilatation is laser ablation of the tumour to widen the 
lumen. 

The stent is used for palliation if the patient is not curable, 
but is also a treatment option in the management of acute 
malignant large bowel obstruction. This will therefore relieve 
the obstruction allowing the patient to be rehydrated and 
fed, the bowel to be prepared, colonoscopic examination for 
synchronous tumours and full oncological staging prior to 
surgery. This therefore permits the surgeon to perform a one- 
stage procedure. Although the procedure can be performed 
in an outpatient setting and stents are successfully placed in 
95% of cases, there are as yet no data to support the benefit 
of stenting in this situation (Lo, 1999). 

This procedure, however, does have a number of adverse 
consequences with a morbidity and mortality rate of 18% and 
2% respectively. Documented complications include stent 
migration, bowel perforation, bleeding and pain that may be 
abdominal or rectal in origin. 

Therefore, metallic stenting can provide quick symp- 
tomatic relief in the management of malignant large bowel 
obstruction prior to surgery and also in the palliative setting, 
although the associated morbidity needs to be recognized. 


THORACIC SURGERY 


Thoracoscopy 


Jacobaeus first described thoracoscopy in 1910 when he used 
a cystoscope to examine the thoracic cavity to help in the 
diagnosis and treatment of tuberculosis (J acobaeus, 1910). 
Advances in technology have allowed surgeons to revisit this 
procedure and develop video-assisted thoracoscopic surgery 
(VATS). 


Diagnostic Thoracoscopy 


The most generally accepted use of thoracoscopy in oncology 
is as an aid to diagnosis, allowing the surgeon to visualize 
and biopsy pleural, mediastinal and parenchymal lesions. 

A randomized, controlled study by Santambrogio showed 
that VATS excision of solitary pulmonary nodule for 
diagnostic purposes resulted in less postoperative pain and 
a shorter hospital stay when compared with conventional 
surgery (Santambrogio etal., 1995a). However, it is not 
suitable for excising lesions larger than 3 cm in size as these 
have a high risk of being malignant. The same group also 
recently described how thoracoscopic ultrasound might aid 
the identification of deep, invisible pulmonary lesions to help 
biopsy a suspect lesion (Santambrogio et al., 1995b). 


Staging Thoracoscopy 


M ediastinoscopy is the gold standard for staging lung cancer, 
but it does have its limitations. For example, access to the 
subcarinal and subaortic window lymph nodes is poor. VATS, 
however, offers good visualization of both of these regions 
from the right and left side, respectively. 

As with laparoscopy, VATS also allows the inspection of 
the pleural surfaces for detection of metastatic disease and 
to help in the management of suspected mesothelioma. 


Thoracoscopic Resection for Malignancy 


Thoracoscopic wedge resection and lobectomy for non-small 
cell lung cancer (NSCLC) have both been described. How- 
ever, wedge resection for NSCLC gives inferior results in 
the management of early (T1) tumours in terms of both local 
recurrence rates and 5-year survival and should be reserved 
for patients not suitable for more radical surgery. Also, 
although some studies report advantages of thoracoscopic 
lobectomy for cancer in terms of reduced postoperative pain 
and hospital stay compared with thoracotomy, this is not 
borne out by the only randomized control trial that has been 
published comparing VATS and muscle-sparing thoracotomy 
(Kirby etal., 1995). As a consequence, open lobectomy 
should remain the treatment of choice in the management 
of malignancy outside of clinical trials. 
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SENTINEL LYMPH NODE MAPPING 


Over the last two decades, breast surgery has also seen a 
move to less radical surgery with the use of wide local 
excision or quadrantectomy plus radiotherapy compared 
with the previous widespread use of radical mastectomy as 
advocated by Halstead. 

The recent advance that has been seen in the surgical 
treatment of breast cancer is in the management of the 
axillary lymph nodes. The standard treatment for patients 
with invasive carcinoma is complete or level three axillary 
dissection, or lymph node sampling followed by radiotherapy 
to the axilla if histology confirms lymph node involvement. 
Both of these management strategies are associated with 
complications, e.g. pain, numbness, limited arm movement, 
upper limb lymphoedema, brachial plexus neuropathy and 
radiotherapy-induced osteonecrosis. Therefore, nearly all 
patients underwent some form of axillary dissection for both 
staging and therapy, and as a consequence were at risk of 
developing these complications. This led to the development 
of sentinel lymph node (SLN) mapping (Figure 5; see colour 
plate section), which has the potential to eliminate axillary 
dissection for the enlarging cohort of breast cancer patients 
who are node-negative and so avoid the possibility of the 
previously discussed complications. 

The principle of SLN mapping is that it seeks to identify 
the first draining lymph node from the primary tumour. 
Using a radioisotope, patent blue dye or both methods, 
surgeons can successfully localize SLNs in more than 
90% of cases. Generally it has been found that using a 
combination of radioisotope and blue dye is superior to 
using either technique alone. After identification of the 
SLN, the node is examined for evidence of metastatic 
disease by frozen section, imprint cytology, histology 
or immunohistochemistry. SLN mapping reliably predicts 
axillary node status in 98% of all patients and 95% of those 
who are node-positive (Cox et al., 1998). 

SLN mapping has also found a role in the management 
of cutaneous malignant melanoma. Until the emergence 
of SLN-guided surgery, clinically node-negative patients 
with poor prognosis melanoma, i.e. melanoma thicker than 
1.5mm, underwent elective lymph node dissection (ELND). 
H owever there are no data that show any survival benefit over 
a selective policy, probably because a large proportion of 
these patients will have node-negative disease. This, together 
with the high morbidity of lymphadenectomy with seroma 
formation, wound breakdown and lymphoedema, means that 
ELND as routine practice has gone out of favour. 

SLN mapping for malignant melanoma is performed, as 
in breast cancer, using blue dye, radioisotope or both. The 
marker is injected intradermally around the primary tumour 
or scar, and this method identifies the sentinel node in more 
than 90% of cases as seen with breast cancer (Schachter 
et al., 2000). 

Therefore, SLN mapping can help identify those patients 
with microscopic lymph node metastases who may benefit 
from a block dissection, while sparing those with true node- 
negative disease an unnecessary major operation. It may also 
allow better staging of the disease to aid in the planning 


of adjuvant therapy. SLN could also benefit patients with 
truncal melanoma. These patients are likely to have multiple 
draining nodal basins and it has been shown that multiple 
diseased basins correlate with a poorer prognosis. 

However, the use of SLN mapping in the management of 
breast cancer and malignant melanoma has still to be shown 
to be better than conventional therapy in terms of long-term 
outcome. Randomized clinical studies are to start shortly in 
breast surgery. 


IMAGE-GUIDED SURGERY 


Stereotactic Breast Surgery 


Open surgical biopsies are commonly performed for nonpal- 
pable, mammographic abnormalities, but about 70% of these 
lesions will be found to be benign. These lesions are difficult 
to manage with regard to localization, amount of tissue to be 
excised and cosmesis. 

Although fine needle aspiration cytology (FNAC) has a 
role in the management of breast lesions, accuracy is both 
operator and cytologist dependent. It is also difficult to 
diagnose carcinoma in situ with FNAC. Core biopsies may 
provide enough tissue sample for histological diagnosis, but 
it is not always sufficient for biochemical assessment of 
receptor status. 

Other instruments have been developed to excise a 
greater amount of tissue, allowing a more accurate diagnosis 
to be made. These include the Mammotome and the 
Advanced Breast Biopsy Instrumentation (ABBI) system. 
The mammotome is used for percutaneous breast biopsy 
and is guided by either stereotaxis or ultrasound. It consists 
of a hollow outer sleeve through which a vacuum is 
applied, drawing the breast tissue into the probe prior to the 
advancement of a rotator cutter producing a larger specimen 
than conventional techniques. 

The ABBI system is used under stereotactic guidance. 
Different-sized cannulas allow lesions up to 20mm in 
diameter to be excised through a small skin incision. The 
lesion is initially centred using a compression paddle and 
two stereotactic views are taken. The three-dimensional 
position of the lesion is calculated from these views and 
the coordinates are programmed into the computer system. 
Under local anaesthetic the lesion is localized with a 14- 
gauge needle coaxial to the cannula and the position is 
again checked prior to the insertion of a steel wire. After 
a skin incision long enough to accommodate the cannula has 
been made, it is advanced into the breast while the blade 
is rotated. When the blade is approximately 15mm beyond 
the radiological abnormality, the cannula is advanced and 
the blade retracted. The specimen is excised using cautery 
and withdrawn in the cannula. Radiographs are taken of the 
breast and specimen to ensure adequate excision. 

Initial experience with the ABBI system shows that the 
advantages that it has over open biopsy includes improved 
cosmesis as it excises a smaller amount of tissue to produce 
an accurate diagnosis (Damascelli etal., 1998). It is also 
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less expensive than surgery as it can be performed in the 
radiology department on an outpatient basis. However, it 
does take over 1h to perform this technique and the digital 
images used are not as good as conventional mammography. 


Stereotactic Neurosurgery 


Until recently, neurosurgeons used free-hand techniques 
based on the hand-eye coordination of the surgeon and 
information derived from a neurological examination and 
radiographs. Consequently, lesions were often difficult to 
localize despite the use of generous exposures. 

Advances in both computer and radiological imaging 
technology have allowed the development of stereotactic 
surgery. The introduction of CT and, later, MRI allowed 
the surgeon to visualize the tumour and plan the operation 
in more detail and, with the development of interactive 
image-guided neurosurgical techniques, surgical access and 
the amount of tissue damage can be minimized as the lesion 
can be accurately located during surgery. 

Stereotactic neurosurgery requires a head holder for fixing 
the skull rigidly, a mechanism for directing the instrument 
to the target, a stereotactic data acquisition unit and surgical 
instruments which can be directed to the lesion through a 
frame. Initially anatomical atlases were used for ‘imaging’ to 
direct the surgeon, but stereotactic surgery is now performed 
with the aid of three-dimensional real-time images derived 
from CT or MR scanning. 

N euronavigation systems have now been developed. These 
are intraoperative position sensing systems that display in 
real time the location of the surgical tool on preoperative 
images (Figure 6; see colour plate section). The first system, 
described in 1987 by Watanabe, consisted of a six-joint 
articulated positioning arm, an image scanner and a 16-bit 
microcomputer which tracked the position of the joints of the 
operating arm. Others have since been developed, including 
the Neuro-Sat and the Milano Arm. 

The first US Food and Drug Administration (FDA)- 
approved system was the ISG Viewing Wand (ISG Tech- 
nologies, Canada), the use of which has been well described 
for both primary and metastatic brain tumours and nononco- 
logical procedures. This equipment has in the main replaced 
stereotactic surgery by removing the need for a cumbersome 
frame and intraoperative scanning. The use of the Viewing 
Wand resulted in a shorter operating time and length of hos- 
pital stay, reduced the exposure required, aided localization 
of vital structures in anatomy distorted by the pathology and, 
as an accuracy of 1- 2mm can be achieved using this system, 
minimised trauma to normal tissue (Sandeman et al., 1994). 
An obvious disadvantage of the Viewing Wand is the size 
and weight of the articulated arm. To overcome this prob- 
lem, armless devices have now been developed which use 
sonic, electromagnetic or infrared motion analysis systems 
to track the instrument. 


Radioimmunoguided Surgery 


Despite patients undergoing what is perceived to be a 
‘curative’ operation for cancer, many still go on to develop 


locoregional recurrence and metastatic disease. This is due 
to the presence of occult disease not detected at surgery or 
by standard diagnostic and staging techniques. 

The Radioimmunoguided Surgery System (RIGS) has 
been developed to increase the detection and excision of 
cancer. It is used intraoperatively to detect microscopic 
disease and to assess the extent of the malignant process. 
The system uses a radioiodine-labelled antitumour-associated 
glycoprotein monoclonal antibody. Both overt and occult 
disease are identified at surgery by a gamma-detecting probe 
that identifies the antibody in the tissue. 

Its use has been most widely reported in the staging and 
treatment of colorectal cancer but it has also been used in 
pancreatic cancer. In one series, 25% of patients had their 
surgical management altered by the RIGS system and 27% 
of patients with incurable disease were identified solely by 
RIGS. More recently, it has been demonstrated that it may 
help improve the outcome of patients undergoing surgery for 
recurrent colorectal cancer by identifying all residual disease 
(Martinez et al., 1997). 


Interventional Magnetic Resonance (IMR) and 
Surgery 


The development of dynamic real-time MRI has led to new 
possibilities in image-guided surgery. It combines the soft- 
tissue imaging capabilities of MR with real-time or dynamic 
imaging. The scanner at the author's institution is a Signa 
0.5-T Spio IMR (Figure 7a), which is an open configuration 
system allowing the surgeon access to patients. In order to 
operate in the IMR unit, magnetic safe instruments, which 
the scanner also has the ability to track, have had to be 
developed. 

Although the use of intraoperative MRI is in its infancy, 
its use in a number of different procedures has been reported. 
IMR has been used in the localization and biopsy of breast 
lesions, but there are still a number of problems that need 
to be overcome, including needle artefact, tissue shift during 
the procedure and fast equalization of contrast enhancement. 
We have performed a number of different procedures in the 
IMR including the excision of benign breast lumps (Figure 
7; see colour plate section), colectomies and laparoscopic 
procedures such as cholecystectomy. 

IMR-guided biopsies, craniotomies and microsurgical 
tumour resections have been performed by neurosurgeons. 
The accurate and immediate information that is provided 
by intraoperative MR imaging allows definitive localization 
and targeting of the lesion while monitoring the anatomical 
changes that occur during surgery. 

The advantages that may be gained with IMR include 
visualization of structures deep to the two-dimensional 
image during endoscopic surgery and clarification of the 
surgical anatomy and may aid in defining the excision 
margins required for complete resection of cancers. This is 
particularly pertinent in neurosurgery, where tissue damage 
needs to be kept to a minimum. 
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Interstitial Thermotherapy (ITT) 


Approximately 50% of patients with colorectal cancer 
develop metastatic disease including liver secondaries. Only 
a minority of patients are suitable for liver resection surgery, 
which would offer the best outcome. Thermal ablation 
techniques have been described under ultrasound, CT or 
conventional MR guidance, but these methods are limited by 
lack of real-time imaging and difficulties in the interpretation 
of grey-scale changes during thermal ablation. 

The IMR overcomes these limitations with the use of 
a real-time colourization thermal monitoring system that 
detects changes in tissue temperature and hence can show the 
site and size of the evolving thermal lesions (Figure 8; see 
colour plate section). The liver tumours are punctured after 
the administration of intravenous Mangafodipir trisodium 
using dynamic MRI, usually under local anaesthetic. The 
tumour is then treated using a water-cooled interstitial fibre 
and Nd:YAG laser source while the treatment is monitored 
with real-time colour sequencing. Although complete tumour 
ablation may be achieved after only one procedure, repeated 
thermotherapy can be performed (de J ode et al., 1999). IMR 
has also been used with interstitial thermotherapy in the 
treatment of other cancers such as head and neck tumours, 
where clinical symptoms such as swallowing difficulties and 
nerve compression were improved, and in the management 
of pelvic soft tissue tumour recurrences. 

Therefore, ITT may be used to treat metastatic disease and 
can obtain good local tumour control. 


THE FUTURE 
As further developments are made in computer hardware and 


software, there is likely to be more integration of imaging 
into surgical practice in the planning phase, to practice 





the operation and also during the procedure. The Virtual 
Human Project is a major initiative in medical education 
and research. It aims to make available both sectional 
and digitally reconstructed images of the human body - 
the virtual human. This project will build up a library of 
tomographic three-dimensional images that may be used in 
the future for simulation and the operation itself. 

Robotic technology in the form of master-slave manipu- 
lators is already being used in the operating theatre, particu- 
larly in the field of minimal access surgery. Robotic camera 
assistants, such as EndoAssist™ and the Automated Endo- 
scopic System for Optimal Positioning (AESOP) robot, have 
been used in a number of procedures such as laparoscopic 
adrenalectomy. The robot can be controlled with a foot pedal, 
via a voice-controlled interface, as with the AESOP, or by 
tracking the head movement of the surgeon. These robots 
have been shown to be superior to the human assistant. The 
robot reduces the number of camera corrections that are made 
and the frequency of lens cleaning, both of which can disrupt 
the surgeon's performance. These tools may aid surgeons as 
endoscopic surgery for malignancy becomes more popular. 

The Da Vinci™ System (Intuitive Surgical, USA) is 
a computer-enhanced, minimal access surgical system that 
uses advanced electronics, mechanics and three-dimensional 
visualization to improve surgical techniques. It has been 
designed to make minimal access surgery more precise 
and easier to perform, which may lead to more complex 
procedures, that at present are not technically possible, being 
performed endoscopically. 

This surgical system consists of two parts: the surgeon’s 
viewing and control console, and the surgical arm unit. 
This latter unit controls detachable instruments, which access 
the operative site through 1-cm skin incisions, and these 
instruments have been designed with 6° of movement to 
enhance the dexterity of the surgeon’s hand and wrist 
movements (Figure 9; see colour plate section). 





Figure 10 With the aid of surgical robotics, it can easily be envisaged that in the near future surgeons will be able to perform operations at a site remote 


from the patient. 
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The surgeon performs the operation from the console, 
which displays a high-resolution three-dimensional image 
of the surgical field. The surgeon holds an instrument 
below the monitor and the surgeon’s exact hand movements 
are simultaneously transferred from the console to precise 
movements of the instruments at the operative site. 

Over 250 operations have been performed with the Da 
Vinci system, including coronary bypass and mitral valve 
replacement. Nissen’s fundoplication and benign colorectal 
procedures such as rectopexy have been performed in the 
author's unit. Although new, this technology may help the 
conversion of more complex open surgery into minimal 
access procedures including in the field of surgical oncology. 

The development of these robots may eventually lead to 
remote surgery or telerobotics, enabling surgeons to operate 
on patients miles away from the medical centre (Figure 10). 


CONCLUSION 


Recent advances in oncological surgery have been in the 
development of techniques which result in the reduction 
of access related trauma. This is due to the advances that 
have been made in optics and computer-enhanced imaging, 
resulting in the production of images the quality of which 
aids the surgeon in the preparation and execution of a 
procedure. However, it is important that any new technique is 
fully assessed as to its oncological safety before it is offered 
as routine practice. 
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Glossary 
Abasic site 


In damaged DNA, a deoxyribose unit from which the purine or pyrimidine base has 
been lost. 


Abdominoperineal excision 


Combined surgical procedure for excising rectum and anus and requiring the 
construction of a permanent colostomy. 


Aberrant crypt foci (ACF) 

Generally considered to be pre-neoplastic or precancerous lesions and have been used 
as such in many studies as end point lesions. There are many more ACFs than 
tumours, which indicates that, like polyps, only a few progress to cancer. 


Ablative therapy 


Surgical removal of endocrine glands such as the ovaries, adrenal gland, or pituitary 
gland to reduce oestrogen levels. 


Accelerated titration design (ATD) 

ATD starts by treating a patient at the lowest dose level. The method allows 100% 
dose escalation when no toxicities or only grade 1 toxicities are observed. The 
standard design phase with 40% dose escalation starts after grade 2 toxicities are 
observed during any course (cycle). ATD allows intra-patient dose escalation. 
Acentric chromosome 

Chromosome or chromosome fragment with no centromere. 


Acinar cell carcinoma 


A distinctive type of pancreatic cancer, which recapitulates pancreatic acinar cell 
differentiation. 


Acoustic neuroma 

Benign neoplasm that originates from Schwann cells, specifically from cranial nerve 
VIII. Synonyms include neurilemmoma, acoustic Schwannoma, and benign peripheral 
nerve sheath tumour. 


Acrylamide 


A synthetic industrial monomer and is also produced during cooking of food 
materials. This compound shows neutrotoxicity, genotoxicity, and carcinogenicity. 


Actinic cheilitis 

Actinic keratosis of the lip. 

Actinic keratosis 

Small, hyperkeratotic precancerous growths on sun-exposed surfaces in older patients 
that show keratinocytic atypia and a propensity to develop into a squamous cell 
carcinoma. 

Actinomycin 

From Streptomyces species and used in chemotherapy, this binds to double-helical 
DNA, thus leading to blocking of the transcription of DNA by RNA polymerase and 
cell death. 

Active repression 

The mechanism by which E2F/pocket protein complexes regulate gene expression, 
such that they recruit chromatin remodeling enzymes to the promoters of genes 
containing E2F DNA-binding sites resulting in chromatin condensation and gene 
repression. Certain E2F-regulated promoters can be activated above basal level by 
E2Fs in the absence of pocket protein activity, while others are not activated above 
basal level but can be repressed by pocket protein activity. 

Active specific immunotherapy 

Active immunization with tumour vaccines in a tumour-bearing host. 


Activity 


The intensity of a radioisotope defined by the rate of nuclear transformations per unit 
time. Units are bequerel (Bq) and Curie (Ci). 


Acute leukaemia 

Clonal proliferation of immature cells; may be of myeloid or lymphoid lineage. 
Acute lymphatic leukaemia 

The most frequent leukaemia in children. 

Acute myeloid leukaemia (AML) 

Myelogenous leukaemia that is marked by an abnormal increase in the number of 
myeloblasts especially in bone marrow and blood, that is characterized by symptoms 
similar to those of acute lymphoblastic leukaemia, and that may occur either in 


childhood or adulthood; also called acute myeloblastic leukaemia, acute myelocytic 
leukaemia, or acute myeloid leukaemia. 


Acute promyelocytic leukaemia 


A subgroup (M3) of acute myeloid leukaemia defined by the specific 15;17 
chromosomal translocation. 


Adamantinoma 

Tumour of bone showing epithelial differentiation. 

Adaptor 

Proteins with two of more binding domains, which cross-link and couple components 
of signalling pathways into complexes (example, Grb2, which couples tyrosine 
kinases to specific SH3-binding proteins, such as the GTP exchange protein Sos). 
Additive effect 

Effect of drug combination in the absence of synergism or antagonism. It is not the 
simple arithmetic sum of effect of two drugs, but rather the effect expected from the 
parameters for `potency' (Dm value) and the ‘shape’ of the dose-effect curve (m value) 
of each drug. The combination index (CI) = 1 or the combination data points that fall 
on the hypotenuse of the isobologram (iso-effective graph) is defined as the additive 
effect. 

Adduct 


Stable complexes of reactive chemicals and cellular macromolecules that contain one 
or more covalent bonds between the two components. 


Adeno-associated virus (AAV) 

A virus containing a single-stranded DNA genome, which requires co-infection with 
a “helper” adenovirus to replicate. In the absence of adenovirus, AAV can establish a 
latent infection by integrating into the host cell genome, making it an attractive vector 
for gene therapy. 

Adenocarcinoma 

Adenocarcinomas are gland-forming carcinomas arising anywhere in the body. 
Adenocarcinoma in situ 

A term used in, for example, cervical lesions defined by mitotic activity in the glands 
and cellular stratification; invariably associated with HPV infection, often HPV type 
18. Synonomous with high-grade glandular dysplasia. 


Adenoma 


Benign lesion derived from epithelial cells; some types are also called polyps. Some 
may be precursors to carcinomas. 


Adenoma malignum 
Well-differentiated adenocarcinoma of the cervix. 
Adenomatous hyperplasia 


Pre-neoplastic proliferation of glandular cells of the endometrium, more commonly 
called complex atypical hyperplasia. 


Adenomatous polyposis coli (APC) 
A protein, encoded by a tumour-suppressor gene, with multiple protein-protein 


interaction domains; promotes the degradation of 
£ catenin; mutated in >80% of sporadic colorectal adenomas and carcinomas. 





Adenovirus 

A virus containing a linear double-stranded DNA genome. Adenoviruses normally 
replicate through a lytic cycle that destroys the infected cell, and do not integrate their 
DNA into the host cell genome. 

Adherent junctions 

Regions of cell-cell adhesion, also with possible signal transduction properties. A 
small layer of extracellular matrix lies between the neighbouring cells at this point, 
and it is a focus for insertion of cytoskeletal actin microfilament. 

Adhesion molecules 

Cell surface molecules that mediate adhesive interactions and/or transmembrane 
proteins that anchor cytoskeletal proteins and extracellular structures mediating cell 
signalling at the same time. Examples are integrins, selectins, and cadherins. 
Adjuvant 

Any substance used in conjunction with another substance to enhance its activity. 


Adjuvant therapy 


Treatment that is initiated at the time of cancer surgery to destroy residual 
undetectable disease. 


Adoptive cellular immunotherapy 
Passive immunotherapy based on the transfer of activated immune cells. 
Adoptive immunotherapy 


The passive infusion of immune effectors such as antibodies or lymphocytes into the 
tumour-bearing host. 


Adrenal cortex 

The gland that is found above the kidneys and is responsible for the synthesis and 
secretion of several steroid hormones that regulate salt and water metabolism, basal 
metabolic rates, inflammation, and general homeostasis, as well as some sexual 
features. 

Adrenal medulla 

The central component of the adrenal gland, the medulla is actually a paraneuronal 
structure that is responsible for the synthesis and secretion of catecholamine 
hormones, adrenalin, and noradrenalin. 

Adult T-cell leukaemia (ATL) 

An aggressive, clonal malignancy of mature T lymphocytes that develops in a small 
percentage of individuals infected with human T-cell leukaemia virus type-I (HTLV- 
D. 

Aetiology 
The cause of a disease. 


Aflatoxin B1 


A mycotoxin formed by Aspergillus flavus that widely contaminates stored cereal 
crops and which is a potent liver carcinogen. 


Aflatoxins 

Toxins (derived from the fungus Aspergillus flavus), representing common 
contaminants of certain foodstuffs stored for extensive periods in hot and humid 
environments, associated with a high incidence of hepatocellular carcinoma in those 
that ingest the toxin for long periods of time. 

Ago2 or Argonaut 

This protein is the catalytically active RNase of the RNA-induced silencing complex, 
(RISC). Ago2 is the enzyme responsible for degrading the sense or “passenger” strand 
of target RNA. 

Agonist 

A substance or ligand that binds to a receptor and triggers a response in the cell. 
AIDS 

Acquired immunodeficiency syndrome that emerged in the 1980s as a novel and 


epidemic form of immunodeficiency disease resultant from defective cell-mediated 
defence. It was initially associated with young, previously fit homosexual men, and 


then more fully acknowledged in the wider heterosexual population, particularly in 
parts of Africa. 


AIN93G 


A semi-purified laboratory diet for rodents designed to maintain optimal growth and 
survival of normal, adult, non-pregnant/non-lactating rodents. 


Akt 

A protein kinase (also known as protein kinase B) that plays a major role in 
transducing cellular signals to numerous downstream effectors, including mTOR. Akt 
is activated by phosphatidylinositol 3 kinase and has a major anti-apoptotic effect 
when overexpressed or hyperactivated. 

ALK 

Anaplastic lymphoma kinase gene on chromosome 2 is involved in various 
chromosomal translocations, resulting in chimaeric fusion proteins with tyrosine 
kinase activity. 

Alkenylbenzene 

Carcinogenic benzene derivative having an alkenyl group in plant oil. 

Alkylating agents 

Class of chemotherapeutic agents that cause alkylation and subsequent cross-linking 
of DNA by production of covalent adducts leading to single- or double-strand break 
formation and apoptosis. 

Alkylation 

Addition of an alkyl group. 

Allele 

Variant of DNA sequence for a specific gene. In diploid cells, a maximum of two 
alleles will be present, each in the same relative position or locus on homologous 
chromosomes of the chromosome set. 

Allodynia 

The perception of pain from a non-painful stimulus. 

Allogeneic 


Genetically dissimilar individuals of the same species. 


Allogeneic stem cell transplantation 


Infusion of allogeneic haematopoietic stem cells following myeloablative or non- 
myeloablative conditioning. 


Allograft 
Graft into another animal of the same species. 
Alpha-foetoprotein 


A biochemical serum marker for hepatocellular carcinoma, where approximately 70- 
90% of all patients with hepatocellular carcinoma have elevated levels (>500 ng mI’). 


ALT pathway of telomere maintenance 

In mammalian tumours and immortalized cell cultures, sufficient telomere length is 
provided through the action of the reverse transcriptase telomerase or by alternative 
(ALT) pathways that restore telomere length in the absence of telomerase. Most 
human cancers depend on telomerase to maintain continuous growth. The ALT 
pathway is the exclusive mechanism of telomere maintenance for only a small 
proportion of human neoplasms. 

Alternative donor 

Stem cell donor who is not a family member. 


Alveolar bud 


Small sprouts originating from terminal end buds (TEBs) or laterally from ductal 
structures. They are the precursors of the lobules found in mature breast. 


Ames test 


A test for mutagenicity of chemical compounds that uses special strains of the 
bacterium Salmonella typhimurium. 


Amine 


Organic compound containing nitrogen—aromatic compound with a resonance- 
stabilized ring or aliphatic straight chain compound. 


Aminoglutethimide 


A non-specific inhibitor of precursors of oestrogen synthesis from cholesterol in the 
adrenals inhibiting peripheral aromatase activity. 


Analogue 


A derivative of the original molecule that retains many of the common structural 
features of the parental drug form. 


Anaphase 

Third phase of mitosis in which one set of the newly synthesized chromosomes 
separates from the other on the metaphase plate and each set begins to draw away 
from the other; preceded by metaphase and followed by telophase. 
Anaphase-promoting complex (APC/C)/cyclosome 

APC/C is an E3 complex (see Ubiquitination) that is responsible for the 
ubiquitination and subsequent degradation of cyclin B and anaphase inhibitors prior to 
the completion of M phase, thereby controlling chromosome segregation and mitotic 
exit. 

Anaplastic 

Describes the lack of differentiation in tumours and is characteristically used to 
describe malignancies that are very primitive, with marked variation in size and shape 
of the tumour cells and little, if any, morphological evidence to indicate the cell of 
origin. They grow in sheets or masses of disorganized cells with a high mitotic 
activity and numerous abnormal spindles. 

Anastomosis 

Refers to a connection between two tubular structures. For example, the surgical 
joining of two ends of a hollow tube such as the intestine by sutures or staples; may 
be end-to-end, end-to-side, or side-to-side. 

Anastrozole (Arimidex®) 

An orally, peripherally selective competitive inhibitor of the aromatase enzyme. 
Androgen-dependent prostate cancer 

Prostate cancer cells that depend on androgens for continued cell growth and vitality. 
Androgen-independent prostate cancer 

Prostate cancer cells that do not depend on androgen for growth. 


Aneuploid cancer 


Tumour population consisting of cells presenting partial or whole chromosomal gains 
or losses. 


Aneuploidy 
Loss and/or gain of several individual chromosomes (some number less or greater 


than an entire chromosome set). Aneuploidy is common in tumours and is indicative 
of their inherent genetic instability. 


Angiogenesis 


The development of new blood vessels from the pre-existing vasculature. This is a 
multi-step process involving stimulation of the quiescent vasculature, breakdown of 
the extracellular matrix, migration and proliferation of the endothelium, and 
maturation of novel vessels. 


Angiogenesis inhibitor 

Molecule that interferes with the angiogenic cascade and inhibits angiogenesis. 
Angiogenic factor 

Factors inducing angiogenesis. These can be, for example, growth factors, 
chemoattractant factors, enzymes, or prostaglandins. They are produced by the cells 
of the tissue in which angiogenesis is induced (tumour cells or inflammatory cells in a 
tumour, granulosa lutein cells in the corpus luteum, etc.). Most of the angiogenic 
factors are not specific for endothelial cells. 

Angiography 

X ray examination of blood vessels after introduction of a contrast medium. 
Angiomouse® 

Commercial name for a transgenic mouse engineered to express tissue-wide green 
fluorescent protein (GFP). Such a system can be used for a variety of assays. For 
example, foreign cells expressing a fluorescent protein of another colour (e.g., red) are 
injected into the mouse, and the new tumour and/or blood vessels can be visualized in 
contrast to the surrounding green-coloured tissues. 


Angiosarcoma 


Rare malignant tumour of endothelium showing variable degree of vascular 
differentiation, characterized by aggressive behaviour and poor prognosis. 


Aniline dyes 

Bladder carcinogens. Colourants from coal tar and indigo or alternatively prepared by 
reducing nitrobenzene; also cause bone marrow cell depression and 
haemoglobinaemia. 

Anoikis 

Programmed cell death (apoptosis) specifically induced in cells by loss of contact 
adhesion. This prevents cells that may inadvertently become detached from surviving 


in the wrong (ectopic) environment. Tumour cells are more resistant than normal cells 
to this process, and hence may survive detachment to form metastases. 


Anoxia 


Absence of oxygen supply to tissues, despite adequate overall blood perfusion. 
Antagonism 

An interaction between chemicals in which one inhibits the effects of the other. In 
drug combination, it results in less than the “additive effect” as defined above and 
therefore CI > 1, or the combination data points fall on the upper right of the 
hypotenuse of the isobologram. 


Antagonist 


A chemical that interferes with the physiological action of another, especially by 
combining with and blocking its receptor. 


Anterior resection 


Surgical procedure for resecting the rectum and restoring continuity by anastomozing 
the sigmoid colon to the lower rectum or anal canal. 


Anthracenediones 


Class of natural product antitumour agents (including mitoxantrone) with a tricyclic 
anthracenedione ring structure. 


Anthracyclins 

Anticancer antibiotics (rhodomycins), cause local DNA unwinding through 
intercalation and promote DNA fragmentation by inhibiting topoisomerase II 
activation; also generate free radicals, for example, daunorubicin and doxorubicin 
(adriamycin). 


Antiandrogen 


Pharmacological compound that binds to the androgen receptor exerting antagonistic 
activity or promoting its degradation. 


Antiangiogenesis 


Antitumour strategy designed to exploit a tumour's dependence on angiogenesis for 
growth and metastases. 


Antibiotics 


Bacterial growth inhibitors, the most common of which, used in tissue culture, are 
penicillin and streptomycin. 


Antibody 


Immunoglobulin molecule that recognizes a specific antigen. In vivo produced by 
plasma cells (activated B lymphocytes) as defensive strategy of immune system. 


Laboratory or industrially produced from appropriate hybridomas; used extensively as 
tools to demonstrate localization of antigens. 


Antibody-dependent cellular cytotoxicity (ADCC) 

Technique of delivering a toxin to a site with the aid of a linked, specific antibody. 
Antibody-directed enzyme prodrug therapy (ADEPT) 

Anticancer therapy in which an enzyme is delivered to a tumour by being linked to a 
tumour-specific antibody. The patient is then treated with an inactive prodrug. Only 
the prodrug in the vicinity of the tumour/enzyme can be metabolized into the active 
agent. 


Antibody-guided chemotherapy 


Anticancer therapy in which a chemotherapeutic agent is directed specifically at a 
tumour with the aid of antibody recognizing a specific tumour antigen. 


Antibody variable domain 


Variable portion of immunoglobulin molecule; gene-directed variation enabling vast 
numbers of antibodies to be produced each recognizing a specific antigen. 


Antifolate agents 


Class of chemotherapeutic agents that inhibit the enzyme dihydrofolate reductase and 
also other enzymes involved in folate metabolism. 


Antigen 

A substance capable of inducing a specific immune response and of reacting with the 
products of the response, such as specific antibody, specifically sensitized T cells, or 
both. In immunocytochemistry, it is the target of the exploratory antibody. 


Antigen-presenting cells 


A specific type of immune cell that can carry antigen in a form that can stimulate 
lymphocytes. 


Antigene oligonucleotide 


A fragment of single strand DNA that is complementary to a specific gene and 
inhibits gene expression by blocking transcription. 


Antigenotoxin 
Substance that prevents or restores DNA damage, leading to prevention of cancer. 


Antihormonal therapy 


Intervention that denies access of the natural ligand to the relevant steroid hormone 
receptor for a beneficial effect. 


Antimetabolite 

Cancer chemotherapeutic agent; can be analogues of DNA precursors that exert their 
effects by replacing the normal substrate and thus blocking nucleic acid synthesis, for 
example, Ara-C. Alternatively, antimetabolites may bind to vital enzymes, thus 
inhibiting their functions, for example, methotrexate, 5-fluorouracil. 
Antimicrotubule agents 

Also called microtubule-active drugs or antimitotic agents. Used in many 
chemotherapeutic regimes and divided into two main groups, polymerizing (e.g., 
paclitaxel, docetaxel) and depolymerizing (e.g., vincristine, vinblastine, dolastatin, 
vinorelbine) microtubules. 


Antimycotics 


Fungal growth inhibitors, the most common of which used in tissue culture is 
amphotericin B. 


Antioestrogen 


Drug (e.g., tamoxifen, raloxifene) that interferes with the interaction of oestrogenic 
agents with the oestrogen receptor. 


Antioxidant 





See Free radical scavenger. 
Antisense 

Nucleotide sequence with Watson-Crick complementarity to a coding “sense” strand. 
Antisense blockade 
Designed to “silence” transcription of abnormal gene. 

Antisense oligodeoxynucleotides (ODN) 

Short synthetic nucleotide sequences made to be complementary to specific RNA 
sequences. Therapeutic strategy to prevent translation of mRNA into proteins that 
promote tumour growth. 

Antisense RNA 
A fragment of single-stranded RNA complementary to a sequence of messenger 


RNA (mRNA). Antisense RNA silences gene expression by hybridizing its 
complementary mRNA, which can lead to degradation of both RNAs. 


Antitumour antibiotics 

Class of chemotherapeutic agents derived from bacteria or fungi with a broad 
mechanism of action, including inhibition of the nuclear enzyme topoisomerase II and 
the formation of single- and double-strand DNA lesions. 


AOM 


Azoxymethane, a potent chemical carcinogen that can be given direct or as its 
metabolic precursor, DMH. 


AP-1 (activator protein-1) 
Transcription factor, commonly a heterodimer of protein products of c-fos and c-jun. 
APE 


Apurinic/apyrimidinic endonuclease. A DNA repair enzyme that cleaves a DNA 
strand at an abasic site. 


Apocrine 


Describes polygonal epithelial cells that have an abundant, granular, eosinophilic 
(dark pink to red) cytoplasm, with small, round, deeply chromatic nuclei resembling 
the apocrine epithelium of sweat glands. 


Apoptosis 


Named after the Greek designation meaning “falling off’. It is a form of cell death 
designed to eliminate unwanted cells through a coordinated and programmed series of 
events effected by several gene products. It is responsible for many physiologic, 
adaptive, and pathologic events, including the programmed destruction of cells during 
embryogenesis, hormone-dependent involution in the adult (i.e., regression of 
lactating breast, prostatic atrophy, etc.), intestinal cell renewal, death of tumour cells, 
death of inflammatory and immune cells, immune reactions (i.e., T-cell cytotoxicity), 
and so on. 


Apoptosome 

The apoptosome is a multi-protein complex formed following permeabilization of the 
mitochondria in response to DNA damage or injury. Procaspase-9 is recruited to the 
complex where it is activated and then released to effect downstream apoptosis. 
Appositional growth 

Bone growth due to deposition of substance on its external surface. 

Apurinic 


Loss of a purine moiety. 


Aquation reaction 


A spontaneous process involving exchange of groups within a drug molecule with a 
water molecule. Such reactions serve to activate platinum drugs into highly reactive 
species. 


Aquilide A/Ptaquiloside 


Carcinogenic norsesquiterpene glucoside of the illudane type in bracken fern; it is 
mutagenic and carcinogenic. 


AR 


The androgen receptor is a nuclear receptor that binds to the androgenic hormones 
testosterone and dihydrotestosterone and has been associated with prostate 
carcinogenesis. The AR can modulate gene expression directly by interacting with the 
regulatory regions of target genes or indirectly by activating various growth factor 
signaling pathways. 


Aristolochic acid 

A carcinogenic constituent of the plant genus Aristolochia. It is thought to be the 
agent responsible for cases of nephropathy and urothelial cancer among people who 
used a herbal slimming regimen inadvertently contaminated with Aristolochia 
fangchi. 


Aromatase 


An enzyme that causes the aromatization of the steroidal A ring of androstenedione 
to oestrone and testosterone to oestradiol. 


Aromatase inhibitors 


Pharmacological compounds that selectively bind to the aromatase enzyme and block 
its activity. 


Aromatic amines 
A class of environmental chemicals, some of which are carcinogenic in animals and 


humans, for example, 4-aminobiphenyl and 
f-naphthylamine. 





Aromatic hydrocarbon 


Organic compound with a resonance-stabilized ring structure, for example, benzene 
and naphthalene. 


Artifact 


Appearance of signal in an image location not representative of an actual property of 
an object. 


Arylamine 


An organic radical derived from an aromatic compound. These compounds are 
widely used in the aniline dye and rubber industry and are associated with an 
increased incidence of urinary bladder tumours. 


Asbestos 


It is a generic name for a family of six metamorphic and related polysilicate fibrous 
minerals, of which chrysotile belongs to the serpentine family and the remaining five 
(amosite, actinolite, crocidolite, anthophyllite, and tremolite) belong to the amphibole 
family. These minerals differ from each other in physical and chemical properties. 
Differences between fibre type and, more importantly, fibre size (length and diameter) 
are believed to be important determinants of the health risks posed by asbestos. 
Asbestos has been used commonly in a variety of building construction materials for 
insulation and as a fire-retardant. 


Ascus 

Atypical squamous cells of undetermined significance. This is a common (about 8%) 
diagnosis in Pap smears, which means the changes may be benign/reactive, but a 
squamous intraepithelial lesion (SIL) cannot be excluded. 


Astrocyte 


A neuroglial cell of ectodermal origin, characterized by fibrous or protoplasmic 
processes. 


Astrocytoma 

Tumour of astrocytes, neuroglial cells of ectodermal origin. 

Asymmetric cell division 

Type of cell division associated with stem cells, such that one daughter cell remains a 
stem cell and the other daughter cell becomes a transit amplifying cell. This self- 
renewal maintains a constant number of stem cells. 

Ataxia telangiectasia mutated kinase and ATM-related kinase (ATM and ATR) 
The ataxia telangiectasia mutated kinase (ATM) and the ATM-related kinase (ATR) 
are activated by DNA damage and phosphorylate the checkpoint kinases Chk2 and 
Chk1, respectively. The existence of two parallel pathways may be related to 


functions in response to different kinds of DNA damage. 


Ataxia telangiectasia syndrome 


Ataxia telangiectasia is an inherited disorder that affects many tissues and systems in 
the body. Multiple symptoms may include telangiectasis (dilation of capillaries), 
ataxic (uncoordinated) gait, proneness to infection, defective humoural and cellular 
immunity, and increased risk of malignancies. It is transmitted as an autosomal 
recessive trait. The disease results from mutations in a gene called ATM. It is also 
called Louis-Bar syndrome. 

ATCC 


The American Type Culture Collection: the most common commercial source of 
cultured cells. 


Athymic mouse 

A laboratory mouse lacking a thymus gland. Athymic mice have few T lymphocytes 
and are useful in research because they do not generally reject tumour or other cells 
transplanted from other strains of mice, humans, or other species. 


Atm 


A protein that is mutated in ataxia telangiectasia, a rare inherited DNA repair 
deficiency disease. 


ATP binding cassette (ABC) 

The cassette involved in ATP-binding transporter proteins. 
Atr 

A protein related to ATM and Rad3. 

Attributable fraction 

The reduction in disease when a risk factor is removed. 
Atypia 


Refers to atypical (or abnormal) changes seen in cells during cytological or 
histological examination. 


Autocrine signalling 


A type of cell signalling where cells produce bioactive factors, such as growth 
factors, that bind to and activate receptors of the producing cells. 


Autoimmune disease 
Disease in which the immune system attacks self-tissues. 


Autologous stem cell transplantation 


Infusion of haematopoietic stem cells following high-dose chemotherapy. 
Auxotroph 


Mutant of micro-organism that, unlike the wild type, requires the addition of growth 
factors to a minimal medium for growth to occur. 


Axin 
Tumour-suppressor gene protein product with multiple protein-protein interaction 


domains; promotes the degradation of 
£ catenin. 





AzaC 


5-Azacytidine, a cytosine analogue that covalently traps the DNA methyltransferase 
enzyme when incorporated into DNA. 


Azo 

N =N group. 

B-cell clone 

B-lymphocyte expansion after antigen stimulation of the single B cell that 
fortuitously produces the most avid binding antibody to the antigen under 
consideration. 

B-cell receptor 

Protein that is expressed by B cells on the cell surface. B-cell receptors bind antigens 
promoting proliferation and growth of B cells leading to production of antigen- 
specific immunoglobulins. There are several different types of B-cell receptors, but an 
individual B cell can only produce one. 


B6C3F1 Mouse 


An F1 hybrid cross between C57BL/6 and C3H/HeJ inbred mice. The mouse used by 
the National Toxicology Program for US Government-sponsored cancer bioassays. 


B7 family 

B-lymphocyte-activation antigens expressed by antigen-presenting cells. B7 proteins 
provide regulatory signals for T lymphocytes as a consequence of binding to the 
CD28 and CTLA4 ligands of T cells. 


Bacillary angiomatosis 


An angioproliferative disorder caused by Bartonella infection, often seen in HIV+ 
patients. 


Bacterial lawn 


Continuous, uniform layer of bacteria growing on the surface of a solid medium such 
as an agar plate. 


Bacteriophage 


Virus infecting and replicating within a bacterial host cell. Phages consist of an outer 
protein coat surrounding the viral nucleic acid. 


BALT (bronchial associated lymphoid tissue) 


Lymphoid tissue that is present in the lung. It is absent in the newborn and is a 
reaction to, usually, chronic inflammation and is prominent in smokers. 


Bar Harbor classification system 

The pathological classification of prostate lesions in genetically engineered mice 
(GEM) by the National Cancer Institute Mouse Models of Human Cancer Consortium 
Prostate Steering Committee to provide a hierarchical taxonomy of disorders of the 
mouse prostate, facilitating classification of existing and newly created mouse models 
and the translation to human prostate pathology. 


Barrett's oesophagus 


The displacement of the normal squamous epithelium of the oesophagus with 
metaplastic intestinal-type cells, a process named after its discoverer. 


Basal cell carcinoma 

A low-grade malignant skin tumour showing differentiation towards the basal cell 
layer of the hair follicle and epidermis, characterized by slow growth, local 
destruction but rare metastases. 

Basal cell naevus syndrome 

An autosomal dominant genodermatosis caused by a mutation in the PTCH tumour- 
suppressor gene, characterized by multiple basal cell carcinomas in early life and 
other developmental abnormalities. 


Base excision repair 


Multi-step, multi-protein repair pathway initiated by the recognition and removal by 
DNA glycosylases of a damaged base from the DNA double-strand. 


Base pair substitution 


Lesion in a DNA chain so that one pair of bases is substituted by another distinct 
pair. 


Basement membrane (BM) 


A special sheet-like structure of the extracellular matrix (ECM) (see Extracellular 
matrix), the typical components of which is the chicken wire-like network of collagen 
IV and the network of laminin molecules. Further constitutents of the BM are 
nidogen/entactin and the proteoglycan, perlecan. In general, basement membranes are 
cell-impermeable, thus contributing to tissue compartmentalization. Invasion of 
tumour cells through the BM into other tissues is a hallmark of malignancy. 


Basic salt solutions 


Isotonic salt solutions are used as a base for media formulation and as a base for 
other reagents, or used on their own for various purposes. 


Bax 


A pro-apoptotic protein that modifies channels in the outer mitochondrial membrane 
promoting the release of apoptogenic substances e.g. cytochrome c. 


Bazex syndrome 


A paraneoplastic syndrome characterized by hyperkeratotic plaques of the ears, nose, 
hands, and feet, associated with cancer of the upper aerodigestive tracts. 


Bazex-Dupre-Christol syndrome 


An X-linked dominant genodermatosis characterized by multiple basal cell 
carcinomas at an early age. 


BCG 


Bacilla Calmette Guerin is a live attenuated form of Mycobacterium bovis, which is 
used as an intravesicular therapy for patients with superficial bladder cancer. 
Although the exact mechanism of action is unknown, it is thought to trigger a variety 
of local immune reponses which result in antitumour activity. 


Bel2 


B-cell lymphoma 2 protein is a second member in the range of proteins, initially 
described as a gene targeted by reciprocal translocation (t14;18) in follicular 
lymphoma. Bcl2 family includes pro- and anti-apoptotic proteins regulating 
mitochondrial outer membrane permeabilization and release of mitochondrial caspase. 
Bcl2, as a strong anti-apoptotic factor, is implicated in pathogenesis of various 
cancers and also in resistance to conventional chemotherapy. 


BCL6 


B-cell lymphoma 6 gene on chromosome 3q27 encodes a 95-KDa nuclear 
phosphoprotein with transcriptional repressor activity and very restricted expression 


pattern in normal lymphoid tissue. It is rearranged by chromosomal translocations or 
mutations in cases of diffuse, large B-cell lymphomas and follicular lymphomas. 


Beckwith-Weidemann syndrome 

Syndrome of hemihypertrophy, renal medullary cysts, adrenal cytomegaly, and 
nephroblastoma. These patients have abnormalities of the WT-2 gene, which is 
located distal to the WT-1 gene on chromosome 11p15.5. 

BEIR 

Biological Effects of Ionizing Radiation Committee. US-based National Academy of 
Sciences committee that periodically reviews the literature to provide risk estimates 
for ionizing radiation exposure. UN-based counterpart is UNSCEAR (United Nations 
Scientific Committee on the Effects of Atomic Radiation). 


Benign ceruminal gland neoplasms 


Benign tumour of cerumen-secreting modified apocrine glands (ceruminal glands) 
located in the external auditory canal. 


Benign tumour 


A neoplastic growth that does not have the ability to metastasize and grows primarily 
as an expansile mass. It has no capacity to invade normal tissue. 


Benz[a]anthracene 

A potent carcinogen found in cigarette smoke. 

Benzo[a]pyrene 

A polycyclic aromatic hydrocarbon (q.v.) widely distributed in the environment as a 
result of combustion processes. Carcinogenic in experimental animals and strongly 
suspected of being carcinogenic to humans. 


BER 


Base excision repair. A DNA repair mechanism, which removes abnormal bases from 
DNA. 





Beta particle ( 
p) 


Subatomic particle, electron, of negligible atomic weight but negative charge, equal 
but opposite in sign to that of a proton. 


Betel 


Evergreen plant of which nut and/or leaf might be chewed, retaining the pellet in the 
mouth for extended periods of time; associated with carcinogenesis in buccal 
epithelia. 

Bhd gene 

Birt-Hogg-Dube syndrome-causing gene; tumour-suppressor gene 


Bias 


Any effect at any stage of investigation or inference tending to produce results that 
depart systematically from the true values. 


Bidi 


A type of thin small flavoured cigarette widely used in India. Bidis are more potent 
than Western cigarettes and are strongly associated with oral and respiratory cancer 


Bifunctional agents 


Highly reactive compounds, which form two covalent bonds with macromolecules 
having multiple nucleophilic centres. 


Binary receptor 

Transmembrane signalling receptor composed of two subunits, a transmembrane 
subunit, which can recognize an extracellular ligand, bound to an enzymic 
cytoplasmically oriented subunit which can modify a cytoplasmic molecule to initiate 
a signalling pathway. 

Bioactivation 

Metabolism of a foreign substance to a chemically reactive metabolite. 

Biological safety cabinet 

These cabinets are constructed to provide an environment, which is continuously 
flushed with sterile, particulate-free air, thus they provide the sterile environment 
where the bulk of tissue culture manipulations occur. 

Biomarkers 

A term used to describe specific cellular or molecular indicators of the effect of a 
drug compound on a specific biomolecular target. In turn, a biomarker may also 
reflect a specific effect of the drug on disease progression. The term may also refer to 


cellular or molecular indicators of the presence of, or susceptibility to, disease. 


Biomonitoring 


Detection of human exposure to carcinogens by means of biochemical events (e.g., 
protein adducts and DNA adducts) or biological changes in cells (e.g., mutations). 


Biopsy 


Removal of tissue, from the living body, for examination and determination of 
disease status. 


Biotransformation 


Process of chemical modifications of exogenous and endogenous compounds, 
performed by normal cellular enzymes, that allows the body to make use of, or to 
eliminate, the metabolites. The biotransformation process can be divided into phase I 
and phase II reactions, phase I modification introduces polar head groups, which are 
subsequently conjugated in the phase II reaction. See also Cytochrome P450, 
Glutathione S-transferase. 





Blastoma 


This suffix denotes a tumour comprising embryonic cells such as neuroblastoma or 
retinoblastoma. 


Blastema 

Primordial cells from which organs are formed. 

Blastocyst 

A preimplantation embryo three and one-half days after fertilization that has 
differentiated into a cap of inner cell mass cells and a blastocyst cavity surrounded by 
trophoblast cells. 


Bleomycin 


From Streptomyces vertillicus, used in chemotherapy, causes fragmentation of DNA 
and chromosomal aberrations, thus leading to cell death. 


Blepharitis 


A common and persistent inflammation of the eyelids that gives irritation, itching, 
and occasionally, a red eye. 


Blm 
A protein that is mutated in the rare inherited disease Bloom syndrome. 


Blocking agent 


Compounds that prevent carcinogens from reaching and reacting with critical targets 
such as DNA. As a result, DNA is prevented from being damaged, which may result 
in prevention of cancer. 


Blood-brain barrier 


A selective membrane blocking the entrance of blood-borne molecules >180 Da and 
large, complex biological bodies such as cells and viruses from entering the brain. 


Bloom syndrome 

A rare hereditary disorder characterized by stunted growth and facial erythema. 
Cancer-prone condition thought to involve defects in the Blm protein—a helicase 
responsible for the separation of the two DNA strands during replication. There is a 
strong tendency to develop leukaemia in the second and third decades of life. 


Bombesin 


Neuropeptide growth factor, produced by the cells of small cell lung carcinoma, 
which augments tumour growth in an autocrine manner. 


Bone marrow transplantation 


Infusion of haematopoietic cells derived from bone marrow following myeloablative 
or non-myeloablative conditioning. 


Borderline tumour 

A term used in ovarian tumours where the histological findings, though not overtly 
malignant, can be associated with local recurrences and—less commonly—metastatic 
disease. 


Bowen's disease 


Skin condition which can develop full thickness epidermal dysplasia (carcinoma in 
situ). 


Boyden chamber assay 

A method of measuring cell migration by laying a predetermined number of live cells 
over a porous filter inside a tissue culture multi-well plate. Cells that migrate through 
the pores to the lower chamber on the underside of the filter, where a chemoattractant 
is normally present, are then quantitated. 


Brachydactyly 


Abnormal shortness of the fingers and toes due to premature closure of the epiphyses 
of the tubular bones of the hands and feet. 


BRCA 1 and 2 genes 


Breast cancer susceptibility genes that encode multifunctional proteins involved in 
homologous recombination and DNA repair, embryonic proliferation and 
transcriptional regulation. Mutant phenotypes pre-dispose both to breast and ovarian 
cancer. Individuals with germ-line mutations require somatic inactivation of the 
remaining wild-type allele. 


Breakthrough 


Episode of intense uncontrolled pain experienced by cancer patients that overrides 
analgesia. 


Breast imaging 
Consists of mammography, ultrasound, and contrast-enhanced MRI. 
Brenner's tumour 


A benign tumour of the ovary, which contains isolated nests of urothelial-like cells 
with nuclear grooves. 


Bromodeoxyuridine 


Methylated synthetic analogue of the DNA nucleoside thymidine, useful for cell 
proliferation studies. If bromodeoxyuridine is supplied in place of thymidine in the 
nucleoside pool, DNA-synthesizing cells will incorporate it into DNA. It can then be 
localized as an antigen by immunocytochemistry with an anti-bromodeoxyuridine 
antibody. 


Bronchioloalveolar carcinoma 


A subtype of adenocarcinoma in the lung. It has a characteristic pathological 
appearance that reminds the alveolar origin of this tumour. 


Bronchoalveolar lavage (BAL) 


A diagnostic procedure of washing a sample of cells and secretions from the alveolar 
and bronchial airspaces. It is performed by instilling a sterile 0.9% saline solution for 
intravenous use via a fibreoptic bronchoscope. Fluid is squirted into a small part of 
the lung and then recollected for examination. BAL is commonly used to diagnose 
lung disease, in particular infections in people with immune system problems, some 
types of lung cancer, and scarring of the lung (interstitial lung disease). 


BRST-1 


An antibody for immunohistochemistry that detects Bca-225, a glycoprotein secreted 
by breast carcinoma cell line. It is also seen in cervical carcinomas and normal tissue 
of kidney, lung, fallopian tube, liver, skin (glands), and uterus. It was proven to be 
positive in sebaceous cell carcinoma. 


Bruch's membrane 


Adjoined basement membrane of the retinal pigment epithelium on one side and the 
choriocapillaries on the other. 


Burkitt's lymphoma (BL) 


A tumour involving B lymphocytes, frequently associated with Epstein-Barr virus 
infection. 


Butyrate 


Naturally occurring short (four-carbon) fatty acid that can induce differentiation in 
many cancer cells. 


Bystander effect 


The ability of activated prodrug generated in one cell to kill neighbouring cells that 
do not express the necessary activating enzyme. Active species can pass directly 
between cells either via gap junctions or as a cell-permeable metabolite. Also, in 
animal models, an immunological component to bystander killing exists, possibly due 
to immune recognition of tumour cells after killing by the activated prodrug. 


c-abl 


Proto-oncogene translocated from chromosome 9, in chronic myeloid leukaemia, to 
the breakpoint cluster region (bcr) of chromosome 22; gene product has constitutive 
tyrosine kinase activity. 


c-erbB-1 


Proto-oncogene encoding the normal epidermal growth factor receptor (EGFR), 
amplified in squamous carcinomas, breast, lung, and bladder cancers. The term is 
derived from chicken erythroblastosis—erythroid leukaemia. Four family members c- 
erbB-1, c-erbB-2, c-erbB-3, and c-erbB-4. 


c-MYC 


Proto-oncogene whose protein product, Myc, is a DNA-binding molecule, implicated 
in growth control; has short half-life ~20 minutes. Myc normally forms heterodimers 
with Max to act as a transcription factor, overexpressed in breast and stomach cancers 
as well as Burkitt's lymphoma. Name from chicken myelocytoma. 


c-onc gene 

Proto-oncogene; a normal cellular gene which when mutated or overexpressed can 
promote neoplastic development. c-onc genes are the probable ancestors of viral 
oncogenes to which they have close DNA sequence homology; origin of the viral 


oncogene probably results from previous capture of the cellular gene by the virus. 


CA19-9 


Carbohydrate antigen 19-9 is an antigen which forms the basis of a blood test 
commonly used to follow patients with pancreatic cancer to see if their cancer is 
responding to therapy. 


Cachexia 


Catabolic clinical state caused by a combination of endocrine, metabolic, and 
immunological disturbances resulting from tumour-host interactions. 


Cadherins 


Calcium-dependent cell-cell adhesion molecules. E- (epithelial)-cadherin is important 
in maintaining the integrity of epithelial structures. It is frequently lost or 
dysfunctional in carcinomas, and is considered to have a key tumour-suppressor 
function. 


Calcitonin 


Polypeptide hormone secreted by C cells of thyroid gland (and also thymus and 
parathyroids to some extent); lowers calcium and phosphate concentration in plasma 
and inhibits bone resorption. 


CAM 5.2 


An antibody for immunohistochemistry that detects low molecular weight 
cytokeratins 8 and 7, and stains most epithelial-derived tissue including liver, renal 
tubular epithelium, and hepatocellular and renal cell carcinoma. However, it does not 
stain stratified squamous epithelium. 


Camptothecin 


The US National Cancer Institute (NCI) discovered camptothecin in the late 1950s by 
screening thousands of plants. Camptotheca acuminata, a small tree, native to China, 
showed significant activity. In the 1980s, camptothecin was demonstrated to inhibit 
topo I activity. 


Cancer Data Standards Repository (caDSR) 


The US National Cancer Institute has developed the caDSR. Through this effort, 
common data elements (CDEs) are defined with an available CDE browser. See 
caDSR project site 
(http://ncicb.nci.nih.gov.ezproxy.libsmonash.edu.au/NCICB/infrastructure/cacore_ove 
rview/cadsr) 





Cancer modifier gene 


A common cause of phenotypic variation consists in the expression of genes that alter 
the expression of other genes. This is called genetic modification. Modifier genes may 
affect various stages of tumourigenesis as well as the severity and prognosis of 
cancer. The nature of modifier genes is not completely known. Some of them could 


indirectly control chemical carcinogen metabolism, DNA repair, genomic stability 
etc., but some others may control various intrinsic cellular properties, such as growth 
rate, vascularization, cell death, and so on. 


Cancer of unknown primary 


The tissue or organ in which a cancer starts is called its site of origin, or primary site. 
Common primary sites for cancer include breast, lung, and colon. Where the primary 
site is not known, this is called “cancer of unknown primary”. Such a cancer deposit 
is not thought to be at its primary site, so the term generally refers to a metastatic 
deposit, or metastasis (see next entry). Knowledge of the specific type and actual or 
likely primary site of cancers is important in predicting the outcome and best 
treatment for patients. 


Cancer progression 


The process whereby a cancer becomes more malignant and for some tumours more 
metastatic. 


Cancer risk 
Increased incidence of or mortality from cancer. 
Cancer stem cells (also called “tumour initiating cells”) 


All tumours probably have a minority population of cells, the cancer stem cells, that 
are entirely responsible for propagating the tumour. Usually identified by a specific 
“signature” of cell surface markers, and these cells are the only ones with significant 
clonogenic ability in vitro and the only cells capable of initiating further tumours 
upon xenografting into immunocompromised animals (usually mice). Relapse after 
apparent “cure” may be due to a failure to kill all cancer stem cells. 


Cancer vaccine 


A vaccine that prevents or treats cancer. These generally target infectious agents that 
are associated with the development of cancer, for example the human 
papillomavirus. 


Cancer-associated fibroblast (CAF), myofibroblast, reactive stromal cell, tumour 
stroma cell 


A connective tissue (mesenchymal) cell in the immediate vicinity of a tumour. 
Induced by tumour cells, this cell differentiates into a cancer-associated fibroblast, 
producing several differentiation markers, e.g. 
a-smooth muscle actin (hence myofibroblast), vimentin, desmin, and the fibroblast- 
activation protein (FAP). By producing certain growth factors, ECM proteins, and/or 
matrix metalloproteinases (MMPs), cancer-associated fibroblasts produce a tumour- 
permissive and -supportive environment. 





Cancer 


Derived from the Latin for crab; a tumour that invades local tissues with the potential 
to metastasize to distant sites. 


Cannulated sponge model 

A neovascularization measurement method by which a biocompatible sponge disc is 
implanted subcutaneously in rats, and supplied via a canula (tube) with a radioactive 
xenon solution as well as pro- or anti-angiogenic agents. The rate of 133 Xe washout 
is then periodically evaluated; an increase in this rate indicates neovascularization into 
the disc. 

Capecitabine 

An oral prodrug of fluorouracil. 


Capromab pendetide (Prostascint from Cytogen) 


An '''In-labelled monoclonal antibody for the detection of recurrent/metastatic 
prostate carcinoma. 


Carbanion 

Chemical moiety in which carbon atom is negatively charged. 

Carbonium ion 

Chemical moiety in which carbon atom is positively charged. 

Carboxylesterase 

Carboxylesterase converts CPT-11 to SN-38. Conversion by carboxylesterase is 
considered to be one of the determinants of sensitivity and resistance, and decreased 
activity has been observed in CPT-11-resistant cell lines. 


Carcinoembryonic antigen (CEA) 


Oncofoetal glycoprotein; antigen associated with colonic adenocarcinoma and other 
carcinomas of endodermal origin, although also expressed at other (and normal) sites. 


Carcinogen 


A physical, chemical, or biological substance that induces, at least in part, the 
formation of tumours. 


Carcinogenesis 
Process by which cancer is derived from a series of mutations leading to changes in 


gene activity; influenced by acquired or inherited defects in DNA repair or avoidance 
of cell cycle checkpoints. 


Carcinogenicity 
Relationship between a causative agent and cancer. 
Carcinoid tumour 


Tumours with a “carcinoma-like” (i.e., sheets of cells) structure arising from cells of 
the diffuse neuroendocrine system, which may produce and release serotonin (5- 
hyroxytryptamine), kallikrein, somatostatin, glucagon, gastrin, or other hormones of 
this nature. 


Carcinoma 


A neoplastic growth derived from epithelial cells that has the ability to grow beyond 
the normal boundaries of the structure from which it originates to invade the 
neighbouring tissues and to metastasize to distant organs. These biological properties, 
that might result in the death of the host, determine the malignant characteristics of 
this neoplasm. 


Carcinoma in situ 


A premalignant stage of epithelial cancers consisting of an accumulation of 
dysplastic epithelial cells within a duct or glandular surface. In situ refers to the fact 
that this lesion has not progressed to the stage of invading the underlying basement 
membrane to gain access to the underlying blood and lymphatic vessels. 


Carcinoma of unknown primary 


Similar to Cancer of unknown primary, but here the term carcinoma refers to a 
specific type of cancer, derived from (starting in) epithelium. Epithelium is the tissue 
which covers surfaces (e.g., skin), lines internal tubes (e.g., gastro-intestinal tract), 
and forms some solid organs (e.g., liver). Carcinomas are the commonest broad type 
of cancer and include, for example, most skin, lung, breast, and colon cancers. Cancer 
type and subtype are identified by pathology. 


Cardia 


The cardia is a 1-cm segment of stomach lying at the junction of the stomach and the 
oesophagus, and consists of mucous-producing glands resembling oesophageal 
mucous glands. 


CAREX 


International Information System on Occupational Exposure to Carcinogens. CAREX 
is an MS Access database which contains estimates of the numbers of workers 
occupationally exposed to carcinogens by industry in 15 previous countries of the 
European Union (exposure data from 1990-93) and in 4 of the 10 countries that joined 
the EU in 2004 (exposure data from 1997). CAREX also contains information on 
industrial distribution of the employed, summarized exposure data, numbers of 


individuals exposed by virtue of their occupation, definitions of carcinogenic 
exposure, descriptions of the estimation procedures, and bibliographic references. 


Caspase 

A family (at least 14 members) of zymogenic proteases that are activated in apoptotic 
cells. They cleave death substrates at the carboxyl side of aspartic acid residues. 
Caspases 3, 6, 7, 8, 9, and 10 are the main effectors of apoptosis and their activation 


leads to the characteristic morphological changes observed in apoptotic cells. 


Caspase-associated recruitment domain (CARD) 


Region on Apaf-1 that can bind to the prodomain of the initiator caspase, procaspase- 
9. 





B Catenin 


A multifunctional protein with roles in cell-cell adhesion and Wnt signalling; mutated 
in a variety of human cancers. 


Cause 


A factor is a cause of a certain disease when alterations in the frequency or intensity 
of this factor—without concomitant alterations in other factors—are followed by 
changes in the frequency of occurrence of the disease, after the passage of a certain 
time period (latency, or induction period). 


CBP 


Transcriptional coactivator carrying histone-acetylating activity and binding capacity 
to activated CREB (cyclic AMP responsive element binding protein): it is frequently 
indicated as CBP/p300. 


CD 


Cluster of differentiation, represents an identification system of more than 300 
leukocyte surface molecules involved in cell signalling and adhesion. The CD 
nomenclature was proposed at the 1st International Workshop and Conference on 
Human Leukocyte Differentiation Antigens, in Paris in 1982 to classify the various 
monoclonal antibodies produced against different blood cell epitopes. This system 
allows cells to be defined on the basis of expression of different surface molecules. 


CD40L 


Surface protein normally present on activated CD4* T cells that serves to activate 
dendritic cells through interaction with the CD40 receptor. 


CD4* T cells 


Subset of T cells which have lymphocyte surface marker of CD4 and generally 
function as helpers in immune response. 


Cdc2 (p34/Cdc2) kinase (also known as Cdk1) 


Initiates mitosis, phosphorylates laminin of the nuclear membrane, thus dissolving 
the nuclear envelope. 


Cdc25C 


Cdc25C is a protein phosphatase that is instrumental in dephosphorylating and 
thereby activating Cdk1 (Cdc2) in a nuclear complex with cyclin B, a prerequisite for 
M phase entry. The checkpoint kinase (Chk1/Chk2)-mediated phosphorylation of 
Cdc25C results in its association with a specific isoform of the 14-3-3 protein, and 
thus in its retention in the cytoplasm in an inactive form. This prevents progression 
into mitosis until DNA repair is completed. 


Cdk inhibitors 


Cdk inhibitors (CKIs) are small proteins that interact with Cdks and/or cyclins and 
inhibit Cdk activity. In special cases, a CKI can also serve as an assembly factor for 
Cdk-cyclin complexes. CKIs can be grouped into two different families, Ink4 and 
Kip/Cip. 


cDNA microarray 


Also known as biochip, DNA chip, or gene array; cDNA microarray technology 
allows for identification of gene expression levels in a biologic sample. cDNAs or 
oligonucleotides, each representing a given gene, are immobilized on a small chip or 
nylon membrane, tagged, and serve as probes that will indicate whether they are 
expressed in biologic samples of interest. Thus, the expression of thousands of genes 
can be monitored simultaneously. 


CEA 





See Carcinoembryonic antigen. 

Cell adhesion molecule (CAM) 

Cell surface molecules which mediate the contact of cells with their surroundings, 
that is, the extracellular matrix (ECM). Several families of CAMs exists, such as 
integrins (see Integrin), selectins, members of the immunoglobulin (Ig) superfamily, 
and membrane-bound proteoglycans. 


Cell birth rate 


The rate of addition of new cells to the population, usually expressed as cells/cell 
hour”. 


Cell cloning 


Cloning is essentially establishing a culture from one cell that can be achieved by 
dilution of a monodispersed cell suspension to exceedingly low cell densities and 
regrowing cell culture starting from one or two cells. 

Cell communication 

The process where cells send signals to other cells. 

Cell cycle 
The series of events in a eukaryotic cell between one cell division and the next. The 
cell cycle consists of four distinct phases, namely G1, S, G2 (collectively known as 
interphase), and M phase. M phase is composed of two tightly coupled processes— 
mitosis, in which the cell's chromosomes are divided between the two daughter cells, 
and cytokinesis, in which the cell's cytoplasm divides physically. 


Cell cycle time 


The interval between two divisions of the same cell. 








Cell loss expressed as a fraction of the cell birth rate 





@ = | - tpp/tp (tpp, potential doubling time; tp, actual doubling time). 
Cell migration 

Active movement of cells along the extracellular matrix. 

Cell spreading 


Changes in cell shape and size after attachment to extracellular matrix components 
resulting in enlargement of the adherent cell surface. 


Cell-mediated immunity 

Adaptive immunity conferred by the activity of specific T cells. 

Cellular vaccine 

Cell-based vaccines that rely on intact tumour cells or antigen-presenting cells 
activated or ‘loaded’ with tumour-derived antigens. Current therapeutic approaches 
include the isolation and in vitro culture of dendritic cell progenitors with activating 
cytokines followed by their loading with nucleic acid, peptide, or protein antigens 


either for single protein antigens or complex mixtures derived from cell extracts. 


Centromere 


Specialized area of a chromosome involved in its attachment to the fibres of the 
spindle during cell division. 


Ceruminal gland adenocarcinoma 


Malignant neoplasm of cerumen-secreting modified apocrine glands (ceruminal 
glands) located in the external auditory canal. 


Ceruminal gland neoplasms 


These arise from the cerumen-secreting modified apocrine glands (ceruminal glands) 
of the external auditory canal and are primarily ceruminal gland adenomas 
(ceruminomas); less common tumour types of ceruminal gland origin include 
pleomorphic adenomas (benign mixed tumours), syringocystadenoma papilliferum, 
ceruminal gland adenocarcinomas, adenoid cystic carcinoma, and mucoepidermoid 
carcinoma. 


Cervical intraepithelial neoplasia (CIN) 


Precancerous, dysplastic lesion of the uterine cervix, sometimes called squamous 
intraepithelial lesion (SIL). 


Cetuximab, trastuzumab 


Antibodies to EGF receptor and ErbB2/HER2/Neu which have been approved for 
treatments of colorectal and breast cancer, respectively. 


CGH 


Comparative genomic hybridization (CGH) and FISH (Fluorescent in situ 
hybridization) is a method for analysing genomic DNA for unbalanced genetic 
alterations. Genomic DNA from the test sample (e.g., tumour cells) is labelled (e.g., 
orange/red) and mixed with normal genomic DNA labelled with another colour (e.g., 
green) and the mixture is hybridized (FISH) to a normal human metaphase spread or 
other reference standard. Regions of imbalance (increased or decreased copy number) 
in the tumour are located or mapped relative to the normal metaphase chromosomes 
as increases or decreases in the green to orange/red fluorescence ratio. 


Chalazion 

Refers to a swelling in the eyelid caused by chronic inflammation of one of the 
meibomian glands. A chalazion is usually a reaction to trapped oil secretions and not 
caused by bacteria, although the site can become secondarily infected by bacteria. 


Channel 


Transmembrane protein complex containing a “membrane pore” through which ions 
can pass, often regulated by extracellular or intracellular factors. 


Checkpoint kinases 


The checkpoint kinases Chk1 and Chk2 are protein kinases that are activated in 
response to DNA damage and play a key role in effecting check point control by 
phosphorylating target proteins, such as p53, Cdce25A and Cdc25C. 


Checkpoints 


These are components of the DNA damage response pathway operating at multiple 
key transitions in the cell cycle to ensure correction of DNA lesions or unfaithfully 
duplicated chromosomes prior to cell division, thus protecting cells from propagating 
errors. Checkpoint proteins are deeply integrated within many aspects of DNA 
metabolism, also regulating DNA repair, telomere synthesis, and stability of 
replication forks. 


Chemical biology 


A term that describes the broad interdisciplinary scientific research area where 
chemistry techniques are used to understand and manipulate molecules in living 
systems. In the context of drug discovery, particular features include the use of small 
molecule drugs to advance the understanding of disease biology at the molecular 
level, and to use the information from biological screens and structural biology to 
inform the design of new drugs. 


Chemical lead 
A term used to describe a biologically active chemical compound with 


physicochemical and biochemical properties that render it suitable for further 
development into a drug candidate. See also Small molecule drugs. 





Chemical shift artifact 

MR imaging artifact occurring at water and fat interfaces from spatial misregistration 
in frequency encoding direction or phase changes between spins with different 
chemical shifts, such as water and lipid component. 

Chemokines 

Comprise a family of small (most are ~8 KDa) cytokines that control the chemotactic 
migration of cells around the body. They bind to 7 transmembrane domain G protein 
coupled receptors and there are approximately 50 chemokines and 19 receptors in 
humans. 


Chemoprevention 


The use of natural or synthetic chemical or biologic agents to reverse, suppress, or 
prevent progression to invasive cancer. 


Chemoradiotherapy 


Concurrent or sequential administration of chemotherapy and radiation with the hope 
of achieving synergy. Chemotherapeutic agents commonly used with radiation are 
usually radiosensitizers. 


Chemotaxis 


Directed movement of cells along a concentration gradient of signalling/motility 
factors. 


Chemotherapy 

Chemical treatments that generally kill proliferative cells. 

Chick allantoic membrane 

A membrane under the surface of the egg shell which is vascularized and acts as a 
surface for exchange of gas (e.g., oxygen) between the chick embryo and the outside 
air. 

Chick chorioallantoic membrane (CAM) assay 

A method used for the study of angiogenesis whereby test agents and/or foreign cells 
or tissues are implanted onto the CAM, where dense neovascularization otherwise 
occurs naturally. The angiogenic effects of such agents on natural CAM angiogenesis 
are then evaluated. 


Chicken erythroblastosis 


Form of chicken red cell precursor leukaemia, caused by virus carrying the v-erb 
gene (erythroblastosis). 


Chief cells 

Chief cells produce the precursor pepsinogen and lie in the corpus of the stomach. 
Chimaera 

Organism that contains cells from or tissues with different genotypes. 

Chimaeric antibody 

A monoclonal antibody that has been altered at the molecular level to contain 
constant regions from one species (usually human) and variable regions (antigen 
recognition sites) from another species (often murine). Such antibodies can contain 


50-70% human sequences. 


ChIP-on-chip 


A combination of chromatin immunoprecipitation with hybridization to genomic 
microarrays that is used to identify DNA sequences bound to a particular nuclear 
factor or with a specific histone-modification profile. 

Chiral 

The presence of asymmetry in a molecule giving rise to isomers 


Cholangiocarcinoma 


A hepatic malignant neoplasm originating from both intrahepatic and extrahepatic 
bile ducts. 


Cholecystitis 

Inflammation of the gall bladder. 

Cholelithiasis 

Presence of stones in the gall bladder. 

Cholesteatoma (Keratoma) 

Cholesteatoma is a pseudoneoplastic lesion of the middle ear characterized by 
invasive growth and the presence of stratified squamous epithelium that forms a 
saclike accumulaton of keratin within the middle ear space; despite their invasive 
growth, cholesteatomas are not considered to be true neoplasms. 


Cholesterol granuloma 


Localized granulomatous inflammatory response to the lipid component of the red 
blood cell membranes occurring secondary to rupture of red blood cells. 


Chondroblastoma 


Benign neoplasm of immature and mature chondrocytes within a cartilaginous 
matrix, also showing various degrees of maturation. 


Chondroma 
A benign tumour that produces hyaline cartilage. 
Chondromyxoid fibroma 


Benign neoplasm of bone comprising immature myxoid tissue with early 
cartilaginous differentiation. 


Chondrosarcoma 


Sarcoma with the malignant cells associated with the formation of hyaline cartilage 
and without direct bone formation. 


Chordoma 


Malignant tumour, derived from, or showing differentiation similar to the embryonic 
remnants of the notochord. 


Chorioallantois 


A vascular foetal membrane composed of the fused chorion and adjacent wall of the 
allantois. 


Choristoma 


A mass of tissue, which is histologically normal, but found at a site distant from the 
organ in which it is usually located. 


Chromatin immunoprecipitation (ChIP) 


The isolation, using specific antibodies, of chromatin fragments that are bound by a 
particular nuclear factor or associated with a particular histone-modification signature. 
The immunoprecipated DNA can subsequently be analysed with specific PCR 
primers. 


Chromatin 


In eukaryotes, DNA is packaged in a complex structure named chromatin, in which 
DNA and a family of basic proteins, known as histones are the major component, 
although many other chromosomal proteins are present and have a prominent role. 
The functions of chromatin are to package DNA into a smaller volume to fit in the 
cell, to strengthen the DNA to allow mitosis and meiosis, and to serve as a mechanism 
to regulate gene expression. Changes in chromatin structure are affected mainly by 
methylation (DNA and proteins) and acetylation (proteins). Chromatin structure is 
also relevant to DNA replication and DNA repair. 


Chromogranin 


Non-hormonal acidic glycoprotein associated with hormone storage in secretory 
granules, and calcium homeostasis in endocrine cells and endocrine neoplasms. 


Chromosomal translocations 

Recombinatorial interchange of variable-sized genomic segments between different 
chromosomes. There are two main types, balanced (no gain or loss of genomic 
material) and unbalanced translocations that lead to partial aneusomy (gain or loss of 


genomic content). 


Chromosome engineering 


A term coined by the laboratory of Allan Bradley referring to the generation of 
embryonic stem cells and mice with gene deletions, inversions, and duplications. 


Chromosome non-disjunction 


Segregation defect of sister chromatids that do not separate at cell division, generates 
whole chromosome losses or duplications. 


Chromosome rearrangement 


Chromosomal changes, such as exchange of pieces, change of orientation or position 
of segments, that occur without changing chromosome number. 


Chronic myeloid leukaemia (CML) 


Myelogenous leukaemia that is marked by an abnormal increase in mature and 
immature granulocytes (as neutrophils, eosinophils, and myelocytes) especially in 
bone marrow and blood, that is characterized by fatigue, weakness, loss of appetite, 
spleen and liver enlargement, anaemia, thrombocytopaenia, and ultimately a 
dangerous increase in blast cells and especially myeloblasts and lymphoblasts, that 
occurs especially in adults, and that is associated with the presence of the Philadelphia 
chromosome; also called chronic myelocytic leukaemia, chronic myeloid leukaemia, 
chronic granulocytic leukaemia. 


Chronic otitis media (COM) 

Inflammatory condition of the middle ear, histologically characterized by chronic 
inflammatory cell infiltrate and fibrosis with possible calcifications and metaplastic 
gland formation. 

Chronic pain 

The experience of constant pain that persists in the absence of a painful stimulus. 


Chutta 


Cancer of the palate that results from smoking with the lit end of the cigar or 
cigarette inside the mouth. 


Cigarette smoke condensate 


A tar like material containing non-volatile constituents produced by passing cigarette 
smoke through cold traps. 


Cirrhosis 


An irreversible form of chronic liver disease of many aetiologies including hepatitis 
B and C viruses, alcohol, autoimmune hepatitis, metabolic disorders, and so on. It is 
characterized by the transformation of the liver into structurally abnormal nodules 
which are separated by fibrous septa. 


CIS 

Cytokine-inducible SH2 protein. 

Cis-acting retrovirus 

Retrovirus that does not encode a proto-oncogene, but stimulates transformation by 
integrating in the vicinity of a cellular oncogene and activating the expression of 
nearby genes. 


Cisplatin 


A commonly used cytotoxic agent for chemotherapy of lung cancer. Its mechanism 
of action is mainly DNA damage. 


Cladribine 


A purine analogue that is metabolized intracellularly to form the active triphosphate 
form, which is incorporated into DNA, and inhibits the biosynthesis of DNA. 


Clara cell 


A nonciliated bronchiolar secretory cell, located predominantly in terminal and 
respiratory bronchioles. They contain surfactant apoprotein A. 


Clastogen 

Chemical which causes chromosome breakage. 

Clastogenic 

Occurrence of chromosomal breaks resulting in a gain, loss, or rearrangement. 
Clear cell carcinoma 

Adenocarcinoma in which the cells show cleared cytoplasm and hobnail cells. It can 
be found in the vagina, cervix (rare), endometrium, and ovary (more common); 
histologically similar to renal cell carcinoma (much more common). 

Cleavable complex (cleavage complex) 

Enzyme-mediated DNA cleavage is a transesterification reaction in which the 
catalytic tyrosine attacks a phosphodiester bond on the DNA backbone and becomes 
covalently attached to the 32-end of the DNA terminus. These enzyme-linked DNA 
breaks are referred to as cleavable complex. 


Client proteins 


Signalling proteins that represent cancer-relevant targets such as mutated p53, Ber- 
Abl, Raf-1, ErbB2 and other kinases, as well as steroid hormone receptors. Disruption 


of the Hsp90-client protein complexes leads to proteasome-mediated degradation of 
client proteins. 


Clinical trial 


A clinical trial is a prospective study to evaluate the effect of interventions in humans 
under pre-specified conditions. 


Clonal diseases 
Diseases caused by a proliferation of cells grown from a single somatic cell. 
Clonal dominance 


The dominance of individual or a few cell clones in a heterogeneous cell population 
that results in the dominant clone(s) overgrowth of other cells. 


Clonal evolution 
Genetic changes which occur in a tumour with time. 
Clonal population 


Descendants from the same cell. Most tumours, benign or malignant, are monoclonal 
and are derived from the same progenitor cell. 


Clonality 
Origin of a group of cells or tumour from a single progenitor cell. 
Clonogenic assay 


Assay to determine the proportion of tumour cells capable of producing a 
macroscopically visible clone of cells either in vitro or in vivo. 


Closed cohort 

A closed cohort is composed of a set of individuals who are followed for a defined 
period of the time. Once a member of the cohort, an individual remains in the cohort 
until the end of the study, or death. 


CO, buffer system 


In tissue culture, systems where a liquid contains sodium bicarbonate and is placed in 
a gaseous CO, environment to achieve physiological buffering at pH 7.4. 


Coactivator 


Protein that interacts in a ligand-dependent manner with DNA-bound steroid 
receptors and enhances their transcriptional activity. 


Cockayne syndrome 

An autosomal recessive disorder with defective DNA repair (mutation in xeroderma 
pigmentosum-cockayne syndrome (XP-CS)) and an increased propensity to develop 
skin cancers. 

Coding sequence 

The portion of a nucleic acid that specifies a protein. 

Cohort 

A defined population. 

Colcemid 

Cancer chemotherapeutic agent, derivative of colchicine, blocking cells in metaphase 
of mitosis because it disrupts mitotic spindle formation, results in death of arrested 
cells. 


Colchicine 


A naturally occurring alkaloid from the plant Colchicum autumnale used as a cancer 
chemotherapeutic agent; see Colcemid. 


Collagen 


Group of structural proteins in extracellular matrix to which it gives strength and 
flexibility. 


Colonoscope 


Flexible endoscope used for examining the mucosal surface of the large intestine; 
features include high-resolution video camera and a channel for biopsy forceps. 


Colony stimulating factor 

Soluble growth factors that regulate lineage-specific differentiation and maturation of 
haematopoietic stem cells; haematopoietic growth factors bind to their receptors 
which mediate specificity by the activation of subsequent intracellular signalling 
pathways in response to their cellular environment. 


Colour Doppler 


Displays a semiquantitative estimate of flow and the direction of blood flow as 
indicated by a colour map. 


Combination index (CI) 


An index for quantitation of synergism and antagonism based on Chou-Talalay 
theorem (1984). CI < 1, = 1, and > 1 indicates synergism, additive effect, and 
antagonism, respectively. 


Combination therapy 


Signal transduction inhibitors and other molecular therapeutics are likely to be used 
in combination with each other and/or with conventional chemotherapy. 


Common data elements (CDEs) 


The effort to provide a standard definition on commonly used data elements. See 


CDE browser 
(http://cdebrowser.nci.nih.gov.ezproxy.lib.monash.edu.au/CDEBrowser/) and CDE 


' 


curation tool (<span style="font-size: 12pt"). 


Common myeloid progenitor cells (CMP) 


Immature but lineage-restricted cells that give rise to granulocyte-macrophage. 
(GMP) and erythrocyte-megakaryocyte progenitor (MEP) cells. 


Comparative Genomic Hybridization (CGH) 


CGH is a molecular cytogenetic methodology that utilizes co-hybridization of 
differentially labeled specimens and reference DNA to evaluate the overall genomic 
imbalances in a cell population. CGH results generate a map of DNA copy number 
changes in tumour genomes. 


Complex atypical hyperplasia 

A term used in endometrial tumours where the histologic findings, though not overtly 
malignant, can be associated with adenocarcinoma. These histologic features include 
cribriforming and back to back glands. It may be reversed by drug therapy though 
often treated with surgical removal of the uterus. 


Computer-assisted axial tomography 


(CT scan), radiograph composed of information from numerous small X-ray beams 
digitally integrated to form the final image. 


Conditional gene targeting 

The introduction of recombinase sites into the chromosomal locus of a gene by 
homologous recombination without removing any of the gene sequence. Often this 
will lead to a normally functioning gene, but it could also lead to a reduced function 


or hypomorphic allele. 


Conditional knockout 


Targeted modification of endogenous genes by homologous recombination using 
embryonic stem (ES) cells, but instead of inactivating the gene, recombinase sites are 
introduced into the locus that will allow for the later inactivation of the gene by the 
introduction of recombinase in specific spatial and temporal patterns. 


Conditional mutation 


A mutation that has the wild-type phenotype under certain (permissive) 
environmental conditions and a mutant phenotype under other (restrictive) conditions. 


Conditional transgene activation 

The use of recombinase or chemical activation to turn transgenes on and off. 
Confidence interval 

A statistical measure that provides range of possible values that include the true 
measure of association with a certain measure of certainty. For example, a 95% 
confidence interval provides a range of values that 95% of the time will include the 
true value. 

Confounding 

A situation in which the effects of two processes are not separated. The distortion of 
the apparent effect of an exposure on risk brought about by the association with other 
factors that can influence the outcome. 

CONSORT diagram 

Provides a consolidated standard of reporting clinical trials. The number of patients 
registered and randomized into a trial, as well as the follow-up status over time can be 
easily shown in a CONSORT diagram. 

Contact inhibition 

In culture, normal cell proliferation proceeds until the cell density increases to a stage 
where the cells touch each other (are in contact). At that time, proliferation 
spontaneously ceases due to the resulting contact inhibition. This is not the case for 
malignant or transformed cells that ignore the inhibitory effects of cell-cell contact. 


Continual reassessment method (CRM) 


CRM is a model-based method used to estimate the dose-toxicity curve and, 
subsequently, to identify the maximum tolerance dose (MTD). 


Contrast agent 


Drug that alters the appearance of a tissue on an image. Contrast agents are most 
effective when their effect is tissue selective. Magnetic resonance (MR) contrast 


agents change tissue relaxation rates and are administered to improve signal-to-noise 
ratio and contrast-to-noise ratio. 


Contrast resolution 

The ability to differentiate an object from the background signal. 

Controlled clinical trial 

A clinical trial which compares the effect of an intervention against a control group. 
Core needle biopsy 


A percutaneous technique for obtaining solid tissue samples (“cores”) using a 20- 
gauge or larger needle designed for this purpose. 


Co-repressor 


A class of proteins that binds to, for example, the antioestrogen-oestrogen receptor 
complex to prevent gene transcription. 


Costimulatory molecules 


A group of molecules on the surface of and secreted by APCs that are very important 
for T-cell activation. They provide the second signal (in addition to antigen) for the 
interaction between APCs and T cells. The best known costimulatory molecules are 
B7-1 and B7-2. 


Coulter counter 

An automated cell counter, which is really a particle counter. 

Cowden syndrome 

Cowden syndrome is a rare disorder characterized by multiple non-cancerous, 
tumour-like growths called hamartomas and an increased risk of developing certain 
cancers including those of the breast, thyroid, and the lining of the uterus (the 
endometrium). Non-cancerous breast and thyroid diseases are also common. 
Mutations in the PTEN gene cause Cowden syndrome. 

CpG island 

A region of the genome usually spanning from 200 to 5000 nucleotides in length that 
contains a G + C content of greater than 60% and a 0.6 or greater ratio of CpG to 
GpC. Roughly, half of all genes in mammalian genomes have CpG islands associated 


with the transcription start of the gene. 


CpG island methylation 


Methylation in CpG rich portions of promoter regions in tumour-suppressor and GST 
genes is seen in cancers of several major target organs including colon, prostate, 
breast, and lung. This methylation prevents gene expression and suggests a rationale 
for cancer preventive activity of agents, which includes GST and tumour-suppressor 
activity. 


CPT-11 (irinotecan) 


CPT-11 was synthesized as a water-soluble camptothecin analogue. It is converted to 
SN-38 by carboxylesterase, and SN-38 binds to topo I and prevents ligation or 
promotes cleavage of single-strand DNA. CPT-11 was approved in Japan in 1994 for 
the treatment of lung, cervical, and ovarian cancer. It was the first topoisomerase I 
inhibitor ever approved for clinical use. 


Cre recombinase 

Cre Recombinase is a Type I topoisomerase from bacteriophage P1 that catalyzes the 
site-specific recombination of DNA between loxP sites. The loxP recognition element 
is a 34 base pair (bp) sequence comprising two 13 bp inverted repeats flanking an 

8 bp spacer region, which confers directionality. Recombination products depend on 
the location and relative orientation of the loxP sites. Two DNA species containing 
single loxP sites will be fused. DNA between directly repeated loxP sites will be 
excised in a circular form while DNA between opposing loxP sites will be inverted 
with respect to external sequences. 


Cribriform 


Having many perforations or a sieve-like pattern. Typically associated with 
adenocarcinomas. 


Crisis 


A state of widespread cell death due to the development of critically short telomeres, 
which occur when cells are forced to divide beyond M1. 


Cross-linking 


Formation of covalent bonds by bases in two complementary and opposite DNA 
strands by agents such as the antibiotic mitomycin C. 


Crossover trial 


Crossover trial uses the patients as their own controls, comparing their pretreatment 
states to their post-treatment states. 


Crypt fission 


An alternative means for the gut to increase its mass. Crypt fission begins with an 
indentation in the base of the crypt, which can enlarge until the crypt “unzips” into 


two. This is the main means of increasing crypt number and it may provide a 
mechanism for the evolution of clonal crypt populations. 


Cryptorchidism 


The state of having a testis in a location other than in the normal position within the 
scrotum. 


Crystalloids of prostate 

Crystal-like structures having geometric shapes (rectangles, rhomboids, diamonds, 
etc.) and a brightly eosinophilic appearance that occur disproportionately in the lumen 
of carcinomatous glands of the prostate as compared with benign glands. 

CS 

Cockayne's syndrome, a rare inherited disease. 


Csb 


A protein defective in a subgroup of CS patients, implicated in the repair of actively 
transcribed genes. 


CT image 

A computer-generated representation of information derived from a set of 
measurements. Its appearance depends on the way the measurements are made and 
the way they are transformed by the computer to produce an image display. 

CT number 

The form used to convert the data generated by a CT scan into a visual image with a 
large grey scale. It is the ratio of the linear attenuation coefficient of a specific 
material in a pixel to that of water. It is measured in Hounsefield units (HU). 

CT window level 

The selected baseline CT number, which will be about the average CT number of the 
body tissue being examined. It serves as the centre CT number for displaying a CT 
image. 

CT window width 

The selected range of CT numbers above and below the window level. 


CTLA4 


CTLA4 is a member of the immunoglobulin superfamily and is a costimulatory 
molecule expressed by activated T cells. It is similar to CD28, and both molecules 


bind to B7-1 and B7-2 on antigen-presenting cells. CTLA4 transmits an inhibitory 
signal to T cells, whereas CD28 transmits a stimulatory signal. 


Cutaneous T-cell lymphoma 
A lymphoproliferative disorder involving the skin. 


Cycasin 





Carcinogenic | 
f-d-glucoside of methylazoxymethanol in cycad nuts. 


Cyclin 

A protein that periodically rises and falls in concentration during the eukaryotic cell 
cycle. Cyclins help control progression from one stage of the cell cycle to the next by 
activating crucial protein kinases called cyclin-dependent protein kinases. 


Cyclin B1 


Accumulated prior to mitosis, activates the Cdc2 protein kinase and initiates mitosis. 
Destruction of cyclin B1 initiates the mitotic exit. 


Cyclin-dependent kinase inhibitors 


Drugs that block the catalytic activity of one or more of the kinases that directly 
control the cell cycle. These kinases are frequently deregulated in cancer. 


Cyclin-dependent kinases 


Cyclin-dependent kinases are serine-threonine protein kinases that are composed of 
two subunits, a catalytic Cdk subunit and a regulatory cyclin subunit. The term cyclin- 
dependent kinase is also frequently used to refer to the Cdk-cyclin holoenzyme. The 
activity of Cdk-cyclin complexes is controlled in a phase-specific manner by multiple 
mechanisms, including Cdk phosphorylation, the regulation of cyclin mRNA 
expression and protein stability and the association of Cdk-cyclin complexes with 
specific protein inhibitors. Cdks phosphorylate specific substrates in defined phases of 
the cell cycle and thereby modulate their function. 


Cyclooxygenase 


Enzyme involved in production of prostaglandins. COX-1 is constitutively expressed. 
COX-2 is induced during inflammation. 


Cystoscopy 
Endoscopic method for examining the urinary bladder and urethra. 


Cytarabine 


An antileukaemic pyrimidine analogue that is metabolized intracellularly to the 
deoxyribonucleotide triphosphate level and is incorporated into DNA, which inhibits 
the biosynthesis of DNA. 


Cytochrome c 


Normally a component of a redox reaction; when released from mitochondria, it is 
involved in activating Apaf-1. 


Cytochrome P-450 


Most important family of phase I biotransformation enzymes; by oxidation, 
reduction, or hydrolysis reactions, these mixed function mono-oxygenases add polar 
head groups to both endogenous or exogenous molecules, which makes them readily 
accessible for phase II conjugation reactions. 


Cytogenetics 


Evaluation of chromosome number and structure. This is traditionally accomplished 
using various stains which highlight chromosomal banding patterns. Newer methods 
use DNA probes, by in situ hybridization, to reveal chromosomal abnormalities. 


Cytokeratin 


Intermediate filaments are important in maintaining cell structure. Different tissues 
have different intermediate filaments, and cytokeratins are specific to epithelial cells. 
Therefore, identification of cytokeratin in tumours using immunohistochemistry is 
useful to confirm that a cancer is a carcinoma. Furthermore, cytokeratins comprise a 
family of 19 related proteins with different cytokeratins present in different normal 
epithelia and their corresponding cancers. For example, cytokeratin 20 (CK20) is 
found mainly in the gastro-intestinal tract, especially colon, but is absent from the 
breast and ovary. The identification of cytokeratin 20 in a metastatic cancer therefore 
means that the tumour is an adenocarcinoma and that the tumour is likely to have 
spread from a primary site in the gastro-intestinal tract rather than from breast or 
elsewhere. 


Cytokines 


Proteins produced and secreted by cells that interact with receptors and trigger a 
cellular response. The cytokines include the interleukins and the interferons. 


Cytokinesis 
The division of the cytoplasm of a cell following division of the nucleus. [Greek, 
kytos = hollow vessel + kinesis = movement] The division of the cytoplasm and 


formation of two separate plasma membranes. 


Cytology 


The study of the structure and function of cells. In medicine, it is the examination of 
cells under a microscope to diagnose various diseases. 


Cytoma 


This suffix is often used in tumours of the nervous system that have features of the 
mature nervous system (e.g., pineocytoma). 


Cytosine deaminase 


An enzyme found in bacteria and yeast. It is used as a suicide gene to convert the 
prodrug, 5-fluorocytosine into the cytotoxic compound, 5-fluorouracil. 


Cytoskeleton 


Complex network of protein filaments providing the structural frame of eukaryotic 
cells that enables cell motility and resistance to mechanical extracellular forces. 


Cytotoxic T lymphocyte (CTL) 

A type of lymphocytes that express CD8 and recognizes antigen peptide presented by 
MHC class I molecules. Their function is to recognize and kill cells expressing these 
peptide antigens on their surface. They are the cell type thought to be primarily 
responsible for antigen-specific antitumour immune responses. 


Data and safety monitoring board (DSMB) 


See Data monitoring committee (DMC). 





Data monitoring committee (DMC) 

An independent body consists of experts and may include patient advocates to 
monitor the trial to assure participants’ safety and study integrity. It is sometimes 
called data and safety and monitoring board (DSMB). 

Daunorubicin 

From Streptomyces peucetius var. caesius, used in chemotherapy, it can intercalate 
with DNA and cause scission of DNA mediated by inhibition of topoisomerase II or 
by generation of free radicals, thus leading to affected DNA and RNA synthesis and 
cell death. 


Death domains 


Protein motifs on receptors such as Fas allowing the binding of adaptor molecules 
such as FADD that have similar domains. 


Death effector domains 


Protein motifs on adaptor proteins such as FADD facilitating the binding of initiator 
caspases such as procaspase-8 that have similar domains in their predomain region. 


Death receptors 

Related to Fas, belonging to the TNFR family. 

De-differentiated 

Term used when there are two tumour components, one in which the cells are well- 
differentiated (similar to normal tissue counterparts) and the other characterized by 
undifferentiated cells (without obvious resemblance to any tissue type). Initially the 
term was used when referring to cases of chondrosarcoma in which areas of well- 
differentiated cartilagenous tumour were juxtaposed to areas of undifferentiated cells. 


Controversies remain whether the de-differentiated areas represent clonal evolution of 
a well-differentiated tumour or a separate tumour cell clone. 


Delayed type hypersensitivity reaction (DTH) 


Immune over-reaction following secondary encounter with an antigen, which causes 
tissue swelling and damage at the point of inoculation. 


Deletion 

Loss of part of a DNA molecule or a portion of chromatin from a larger molecule or a 
chromosome. Deletions may range from individual nucleotides to large chromosomal 
segments, including many gene loci. 

Dendritic cells (DCs) 

They are the most potent antigen-presenting cells, derived from the bone marrow, 
distributed in all tissues, including lymphoid tissues. DCs are characterized by 
membranous projections and high-level surface expression of class I and II and 
costimulatory molecules. 


Denys-Drash syndrome 


A syndrome of glomerulonephritis, pseudohermaphroditism, and nephroblastoma, 
which is also associated with mutations of the WT-1 gene. 


Dermatoscopy 

An in vivo non-invasive diagnostic technique making use of a fluid medium to 
eliminate surface light reflection, rendering the stratum corneum to be transparent, 
allowing visualization of subsurface colours and structures. 


3 +3 design 


An algorithm-based design for conducting phase I cancer clinical trials by enrolling a 
cohort of 3 patients at a time. Although no specific target toxicity level is defined, the 


3 + 3 design generally yields an MTD that corresponds to a dose with 20 to 30% 
DLTs in treated patients. 


Desmoplasia 


The promotion of connective tissue synthesis by adjacent tumour cells, probably by 
growth factors, prominent around basal cell carcinoma. 


Desmosomes 


These are major scaffolding cell:cell junctions. They appear at specific locations 
between cells and are sometimes called “spot” or “button” junctions. An inclusion of 
extracellular matrix lies between the cells at this point, which is a focus for insertion 
of cytoskeletal intermediate filaments. An array of proteins are included, which have 
signal transduction properties. 


Destruction box 






Amino acid sequence in the N-terminus of 
£ catenin containing GSK3 phosphorylation sites; this sequence is highly mutable in a 
variety of human cancers. 

Diacylglycerol 

A second messenger that activates protein kinase C. 

Diaphysis 

The shaft of a long bone. 

Dicer 

An RNA endonuclease, which plays a role in RNA interference. Dicer uses double- 
stranded RNA as its substrate, it cleaves pre-miRNA and dsRNA into 20-25 base pair 
dsRNA fragments with a two nucleotide 320verhang at each end, (siRNA or miRNA 
duplexes). 


Dietary restriction 


A method to increase the reliability of rodent cancer bioassys by limiting caloric 
intake of test animals during cancer bioassays. 


Diethylstilboestrol (DES) 
A synthetic hormone prescribed to over 5 million pregnant women in the United 
States and other countries from 1938 to the late 1970s; subsequently shown to cause 


reproductive tract alterations in female and male offspring. 


Differentiated, differentiation 


Terms commonly used in histology or pathology to denote resemblance of a cell or 
tumour to a certain adult-type of normal tissue. 


Differentiation therapy 


The induction of differentiation in premalignant or malignant cells by naturally 
occurring or synthetic agents aimed at overcoming a block in normal differentiation. 


Diffuse gastric carcinoma 


Diffuse gastric carcinomas are carcinomas that are poorly cohesive, developing in the 
stomach. 


Digital rectal examination 


A technique for palpation of the posterior aspect of the prostate gland by inserting a 
gloved finger into the rectum and feeling along its anterior wall. 


Dihydrofolate reductase (DHFR) 

An enzyme that catalyzes the reduction of dihydrofolate to tetrahydrofolate, 
producing reduced folates necessary for nucleotide synthesis. Inhibition of wild-type 
DHFR activity depletes cells of nucleotides necessary for DNA synthesis, resulting in 
toxicity to rapidly-dividing cells. 

Dimer 

A molecule or macromolecule that may exist as a pair of subunits or dimers. 
Dioxins 

2,3,7,8-tetrachlorodibenzo-p-dioxin is the most toxic of the dioxins. This compound 
shows teratogenicity, through binding to the Ah receptor, and carcinogenicity in 
animals. 

Diploid cancer 

Tumour population composed of diploid cells. No changes in ploidy index. 
DIPNECH 

This acronym stands for diffuse idiopathic pulmonary neuroendocrine hyperplasia 
and is considered as a preinvasive condition. Neuroendocrine tumourlets may be 
present. 


Direct in situ telomere length assay 


A cytological application of fluorescence microscopy based on the use of peptide 
nucleic acid (PNA) probes that bind stoicheometrically to telomeric DNA. The 


method allows quantification of telomeric length of individual chromosomes or 
nuclei. 


DISC 

Death inducing signalling complex is a multi-protein complex that is formed 
following ligation of death receptors. Procaspase-8 and procaspase-10 are recruited to 
the DISC where they are activated and then released into the cytoplasm to effect 
downstream apoptosis. 


Dishevelled 


Intracellular protein that plays a role in regulating Wnt signalling through being a 
scaffold protein; regulates the specificity of Wnt signals. 


Disintegrins 

Low molecular weight peptides that block extracellular binding to integrins. 
Dispersed endocrine system 

Endocrine cells scattered throughout nonendocrine tissues are responsible for the 
synthesis and secretion of peptide hormones that usually play a role in the regulation 
of that tissue; for example, the largest endocrine organ is actually the gut because of 
the numerous dispersed endocrine cells that regulate gut motility and absorption in 
response to nutrients. 


DMH 


Dimethyl hydrazine (DMH), it is a potent chemical carcinogen converted in the gut 
to the active metabolite, azoxymethane. 


DNA 
Deoxyribonucleic acid; the carrier of genetic information. 
DNA adducts 


Products of the covalent reaction of reactive intermediates of carcinogens with DNA 
(see also Metabolic activation). 





DNA array 
An array of a large number of known DNA molecules attached to a glass slide or a 
membrane that can be hybridized to an unknown mixtures of cDNAs to assess which 


genes are expressed in the mixture. 


DNA damage recognition protein 


Specialized proteins that recognize and bind to bends and unwinding in DNA caused 
by covalent interaction with drug molecules. Such proteins are the likely activators of 
signal transduction pathways that culminate in biological effects such as cell death. 


DNA damage response (DDR) 


A network of signalling cascades that involve sensors for the detection of aberrant 
DNA structures, mediators that facilitate or amplify the response, proximal 
transducers which produce a signal in case of damage, and downstream effectors 
which promote transient or permanent cell cycle arrest, transcriptional responses, 
apoptotic cell death, and other biological responses. The DDR machinery is 
evolutionarily conserved and operates through phosphorylative events triggered by 
serine/threonine kinases. Inactivating mutations in genes of the DDR are frequently 
observed in human cancer cells, and in some inherited syndromes characterized by 
cancer pre-disposition and/or neurodegeneration. 


DNA methylation 


The addition of single carbon groups to specific parts of the genome. It can alter the 
expression of certain genes. 


DNA methyltransferases 

This family of enzymes catalyze the transfer of a methyl group to DNA. All the 
known DNA methyltransferases use S-adenosyl methionine (SAM) as the methyl 
donor. DNA methylation serves a wide variety of biological functions, including 
regulation of gene expression and organization of nuclear architecture. 


DNA polymerase 


DNA-replicating enzyme requiring an RNA primer or a complementary DNA strand 
to initiate DNA synthesis. 


DNA regulatory sequence 
It is found close to each gene, turns gene “on” and “off”. 
DNA repair 


Correction of DNA damage through the action of DNA damage recognition and 
repair protein(s). 


DNA repair inhibitor 
Molecule blocking a particular DNA repair pathway by abolishing the activity of a 
specific DNA repair protein (e.g., the repair inhibitor O°-benzylguanine in the case of 


the one-step DNA repair protein O°-alkylguanine-DNA alkyltransferase). 


DNA replication error 


Misincorporation of a non-complementary (mismatched) base into the newly 
replicated DNA strand due to replicational infidelity of the replisome (the complex of 
DNA polymerases and accessory proteins) during semi-conservative synthesis of 
DNA. 

DNA sequencing 

The analysis of the structure of DNA. 

DNA synthesis 


Duplication of the genetic material, which takes place during S phase of the cell 
cycle. 


DNA-dependent protein kinase 

The DNA-dependent protein kinase (DNA-PK) plays a critical role in mammalian 
DNA double-strand break repair and recombination events. Its regulatory subunit, Ku 
binds to DNA and recruits the catalytic subunit DNA-PKcs. Its precise role in 
checkpoint control is unclear. 


DNA-reactive drug 


Chemotherapeutic agent whose cytotoxic effect is, at least in part, due to structural 
damage inflicted upon target cell DNA. 


DNMT 

DNA methyltransferase; the enzyme responsible for the transfer of a methyl group 
from S-adenosylmethionine to cytosine, most frequently when positioned 
immediately 52 to guanine. 

Docking protein 

Protein which binds to tyrosine kinase complex and can be modified by the kinase to 
yield multiple binding sites for initiating downstream signalling pathways, such as 
insulin receptor substrate. 


Donor lymphocyte infusion 


Infusion of lymphocytes from the donor to the transplanted patient to prevent or cure 
relapse. 


Doppler 
Change in frequency of sound when an object is moving relative to the transducer. 


Dose 


The absorbed dose, given in gray (Gy) or rad that represents the energy in ergs or 
joules absorbed from the radiation per unit mass of tissue; 1 Gy = 100 rad. 


Dose equivalent 


A quantity used for radiation protection purposes that expresses on a common scale 
for all radiation types. The sievert (Sv) or rem is the product of the absorbed dose 
from ionizing radiation (in Gy or rad) and a quality factor (Q) that defines the relative 
biological effectiveness of the radiation. The Q for 
y-rays is | and that for som 
a-particles can be as high as 100. 








Dose limiting toxicity (DLT) 


The toxicity which limits higher doses of a regimen being administrated due to 
unacceptable side effects. 


Dose volume histogram (DVH) 

Two-dimensional graphing tool that is used to summarize the three-dimensional dose 
distribution of a particular organ of interest by plotting volume (cc) versus radiation 
dose (Gy). 

Dose-reduction index (DRI) 


An index indicating how many folds dose-reduction for each drug at a given effect 
level in a synergistic drug combination. 


Double-blinded trials 

Treatment assignment is blinded to both patients and investigators. 

Doubling time 

The time taken for a cell population to double in size. 

Doxorubicin 

From Streptomyces peucetius var. caesius, used in chemotherapy, can intercalate with 
DNA and cause scission of DNA mediated by inhibition of topoisomerase II or by 
generation of free radicals, thus leading to affected DNA and RNA synthesis and cell 
death. 

DPAS 


Diastase resistant periodic acid Schiff stain, used to demonstrate neutral mucin. 


Drug resistance 


A major problem with conventional drugs, this might be overcome by combining 
such agents with signal transduction inhibitors and other molecular therapeutics. 


Drugging the cancer genome 

A term used to describe the objective of developing molecular therapeutics that act 
on all the key targets and pathways involved in human cancer. See also “Personalized 
medicine”. 

Drusen 

Hyaline excrescences in Bruch's membrane; occurs usually as a result of ageing. 
Ductal adenocarcinoma of the pancreas 

The most common malignant neoplasm of the pancreas. 

Ductal carcinoma in situ (DCIS) 

Precancerous, dysplastic lesion confined to the breast ducts. 

Dukes' classification 

Assessment of the clinico-pathological stage of colorectal carcinoma according to 
microscopic examination of extent of tumour invasion through the surrounding tissue, 
and local node involvement, useful as a prognostic indicator. 


Duplex Doppler 


Displays the grey scale image and permits sampling of Doppler flow information 
from a selected area. 


Dynamic cell adhesion 

Adhesion under flow conditions considering hydrodynamic forces; allows 
distinguishing between initial cell surface interactions, adhesion stabilization, and cell 
spreading. 


Dynamic reciprocity 


Dynamic and reciprocal information flow between cells and the extracellular matrix, 
whereby ECM can initiate cellular responses and cells in turn can modify the ECM. 


Dynorphin 


One of several naturally occurring opioid peptides that is produced within the brain 
and spinal cord in response to a painful stimulus. 


Dyskeratosis congenita 


An X-linked recessive or autosomal dominant genodermatosis caused by mutations 
in RNA telomerase with altered cell proliferation in blood and epithelium, resulting in 
squamous cell carcinomas and Fanconi's pancytopenia. 

Dysplasia 

A term strictly meaning abnormal tissue development but, for mucosal lesions, 
usually used to indicate a premalignant (non-invasive) condition. It comes in various 
degrees of severity. 


Dysplastic naevus 


A benign but atypical melanocytic tumour (mole) that may, in certain situations, be a 
marker for or precursor of the development of malignant melanoma. 


Dystrophic 

Not conforming to typical tissue planes and/or patterns. 

E-Cadherin 

E-cadherin is the predominant adhesion molecule of epithelia. 

E1A 

Oncoprotein of adenovirus which when complexed with pRb inactivates its function. 
E1B 

Oncoprotein of adenovirus that binds to and inactivates p53 protein. 

E2F 

A family of transcription factors originally identified as regulating the E2 promoter 
of adenovirus, but now recognized as key regulators of cell cycle gene expression. 
Target genes include those involved in cell cycle progression, such as cyclins E and 
A, as well as enzymes involved in nucleotide biosynthesis and DNA replication. 


E6 


Transforming protein of human papillomavirus (HPV) that binds to and inactivates 
p53 protein. 


E7 


Oncoprotein of human papillomavirus which when complexed with pRb inactivates 
its function. 


EBUS 


Endo-bronchial ultrasound. A novel imaging technique that allows visualization of 
structures surrounding major bronchi and also allows a transbronchial biopsy. It is 
mainly used to preoperatively stage the mediastinum or to obtain diagnostic material. 


EBV 

Epstein-Barr virus, also known as human herpesvirus 4 (HHV-4) is named after 
Michael Epstein and Yvonne Barr who discovered it in 1964, in tumour cells of 
patients suffering from African Burkitt lymphoma. Most often the infection is 
asymptomatic; however after adolescence, it can present itself as an infectious 
mononucleosis and is linked to several human malignancies, namely Burkitt 
lymphoma, nasopharyngeal carcinoma, Hodgkin lymphoma, and post transplant EBV 
associated lymphoproliferative disorders. 


Echo planar imaging (EPI) 


MR technique of planar imaging in which a complete planar image is obtained from 
one slice selective excitation pulse. 


Echogenicity 

Indicates the number of acoustic interfaces within a tissue. Structures without 
interfaces have no echoes and appear dark. Structures with numerous internal 
interfaces appear bright or echogenic. 


Ecological study 


The study of exposure and the disease at the population level, rather than at the 
individual level. 


Ectoderm 
The outer most germ-cell layer of the embryo. 
Ectopic hormone production 


Production of hormone by tissue not normally credited with producing that hormone, 
for example, ACTH produced by small cell carcinomas of the lung. 


Ectopic transplantation 


Transplantation of a tissue (or tumour) into a site which is not its normal site (or 
tissue of origin) in the body. 


Efficient targeted randomized designs (ETRD) 
For targeted-agent development, screen and select only patients presenting with the 


intended target to enrol and to randomize. It enriches the study population, increases 
the trial efficiency, and reduces the sample size. 


Efflux transport 

Active transport of compounds from a cell, via membrane-bound transport proteins. 
Effusion 

An increase in the normal fluid within serosal cavities. 

EGER (c-ErbB1) 


Epidermal Growth Factor Receptor. A transmembrane receptor that belongs to the 
Erb-B family, and that has tyrosine kinase activity. EGFR inhibitors are active 
anticancer agents against a number of tumour types, including some non-small cell 
lung cancers. 


eHAND 


dHAND and eHAND are basic helix-loop-helix (bHLH) transcription factors that are 
necessary for heart development after the stage of cardiac looping in chick embryos, 
where they appear to have overlapping functions. In the mouse, dHAND is specific 
for the right ventricle. eHAND expression may play a role in the evolution of some 
types of human cardiomyopathy and has been found to be expressed in cardiac 
myxoma. 


eIF4E 


Eukaryotic initiation factor 4E, a protein involved in the recognition of the 52 cap 
structure of cellular mRNAs; binds to eIF4G and is required for the initiation of 
translation of all cap-dependent mRNAs. eIF4E is often overexpressed in tumours and 
can inhibit apoptosis. 

eIF4E binding proteins (4E-BPs) 

A small family of proteins that inhibit protein synthesis by interacting with 
eukaryotic polypeptide chain initiation factor e[F4E in competition with the initiation 


factor eIF4G. The binding of the 4E-BPs to eIF4E is regulated by the reversible multi- 
site phosphorylation of these proteins. 


Eker rat 
Hereditary renal cell carcinoma (Tsc 2 gene mutant) rat model. 
Electromagnetic fields (EMF) 


Mixtures of electric and magnetic fields emanating from electric power lines and all 
devices that use electricity. EMF is described by frequency, amplitude, and pattern. 


Electromagnetic radiation 


A travelling wave motion resulting from changing electric or magnetic fields. 
Familiar electromagnetic radiation ranges from X rays (and 
y rays) of short wavelength through the ultraviolet, visible, and infrared regions to 
radar and radio waves of relatively long wavelength. 





Electrophile 


A chemical which is attracted to react with an electron-rich centre in another 
molecule. 


Electrophilic 
Having the property of an electrophile. 
ELISPOT 


Enzyme-linked immunostaining spot assay allowing the detection of single cells 
producing a cytokine. 


EMA 

It is expressed in a variety of normal epithelial tissues including secretory and ductal 
epithelial cells of the skin, nonsecretory (e.g., squamous epithelium), breast, and other 
organs of glandular differentiation including sebaceous, oesophageal, and gastric 
glands. 


Embolism 


The process in which matter, called an embolus (e.g., thrombus, clumps of tumour 
cells, bacteria or fat cells; or gas) gets impacted in the vascular system. 


Embolization 


The process or condition of becoming an embolus. In metastasis, tumour cell emboli 
may colonize distant sites. 


Embryonic stem cells 

Pluripotent cells derived from the inner cell mass of blastocysts and capable of 
contributing to all germ layers. These are the cells used for gene targeting to produce 
knockout mice. 


EMF 


Mixtures of electric and magnetic fields usually associated with high power electrical 
lines. 


Emphysema (pulmonary) 


A condition in which the walls between the alveoli or air sacs within the lung lose 
their elasticity and ability to stretch and recoil. 


Enchondroma 
Benign neoplasm of mature cartilage. 
Endocrine signalling 


Modification of effector cell signalling by hormones secreted by specialized cells in 
endocrine organs. 


Endocytosis 

Uptake of molecules into a cell by invagination of the plasma membrane. 
Endogenous 

From within an organism. 

Endogenous DNA adducts 


Damage to DNA caused by products of normal cellular processes such as lipid 
peroxidation byproducts and oxygen free radicals. 


Endogenous virus 


Retroviruses whose genomes are integrated into germ cells so that the proviruses are 
genetically inherited and sometimes produce infectious virions. 


Endolymphatic sac papillary tumour 


Uncommon but distinct neoplasm of endolymphatic sac origin that may occur 
sporadically or in association with von Hippel-Lindau (VHL) syndrome. 


Endometrial cancer 

Cancer of the lining of the uterus. 

Endonucleases 

Enzymes which cut DNA at specific locations. 

Endoscopic retrograde cholangiopancreatography (ERCP) 


A test used to visualize the pancreatic and bile ducts in which radio-opaque dye is 
injected into the duct system through a tube inserted through a patient's mouth. 


Endosome 


A membrane-bound compartment inside cells. 

Endothelial cells 

Specialized cells lining the inner surface of blood and lymphatic vessels. They are 
about 25-50 um long and form a squamous cell monolayer. Endothelial cells are of 
mesodermal origin and develop from precursor cells called angioblasts. 


Engraft 


Seeding of donor cells into organs of the recipient (i.e., donor cells repopulating the 
bone marrow of irradiated recipient mice). 


Enhancement 

In the context of nuclear relaxation, enhancement is an increase in the relaxation rate. 
In the context of imaging, enhancement is an increase or decrease in tissue signal 
intensity or increase in contrast between two tissues following administration of a 
contrast agent. 

Enhancer 

Enhancer is a region of DNA that enhances transcriptional levels of genes. 


Environmental endocrine disrupters 


Any chemical with “hormone-like” activity that can interfere with the normal 
function of the endocrine system. 


Environmental tobacco smoke (ETS) 

Often referred to as “second-hand smoking”. ETS is a mixture of particles that are 
emitted from the burning tobacco products (cigarettes, pipe, and cigar) and smoke 
exhaled by the smoker and inhaled by others. Exposure to ETS is called “passive 
smoking”. Smoke can contain more than 4000 compounds, including carbon 
monoxide and formaldehyde. More than 40 compounds are known to cause cancer in 
humans or animals, and many of them are strong irritants. 

Ependymoma 

Usually benign tumour of differentiated ependymal (glial) cells. 


Epidemiology 


The study of the distribution and determinants of health-related states and events in 
populations and the application of this study to control health problems. 


Epidermal growth factor (EGF) 


Polypeptide growth factor originally described for its mitogenic stimulation of 
epidermal tissues, but now recognized to be of widespread significance in many 
tissues, particularly as a pan mitogen. 


Epidermal growth factor receptor (EGFR) 

See EGFR. 

Epigenetic tumours 

Tumours produced by non-genotoxic compounds, and therefore not believed to be 
directly related to chemically induced genetic damage, for example, hormone-induced 
tumours. 

Epigenetics 

This term refers to features such as chromatin and DNA modifications that are stable 
over rounds of cell division but do not involve changes in the underlying DNA 
sequence of the organism. Epigenetic changes play a role in the process of cellular 
differentiation, allowing cells to stably maintain different characteristics despite 
containing the same genomic material. 

Epigenome 

The combination of genomic DNA along with the structure imposed upon chromatin 
through the binding, activity, and modification of nucleosomal proteins that modulate 
gene transcription. 

Epiphysis 

The end of a growing long bone in continuity with a joint. 

Epirubicin 

Synthetic anthracycline derivative, used in chemotherapy can intercalate with DNA 
and cause scission of DNA mediated by inhibition of topoisomerase II or by 
generation of free radicals, thus leading to affected DNA and RNA synthesis and cell 
death. 

Episomal DNA 


Circular DNA molecule that is functionally active but not integrated into the cellular 
chromosome. 


Epithelial cells 


Cells derived from all three germ layers. These cells form sheets or ductal structures 
supported by basement membranes and form the major solid body tissues and organs. 
Approximately 90% of all human malignancies are derived from epithelia that is, they 
are carcinomas. 


Epithelial dysplasia 


Deviation from normal differentiation, proliferation, and maturation of epithelial cells 
usually caused by genetic mutations. 


Epithelial-mesenchymal transition 

It is a cellular differentiated state designated by a switch from a polarized epithelial 
phenotype to a highly motile fibroblastoid or mesenchymal phenotype. This 
phenotype is associated with a derangement of the apico-basal polarity, the expression 


of mesenchymal markers (e.g., vimentin) and the expression of fibroblast type N- 
cadherin instead of the epithelial E-cadherin. 


Epithelioid 
Resembling the epithelium; specifically, resembling the polygonal or round cells 


found in the epithelium. Some sarcomas have an epithelioid appearance, such as 
epithelioid sarcoma or epithelioid malignant peripheral nerve sheath tumour. 


Epitope 


Antigenic determinant of a known structure—the portion that is recognized by a 
specific antibody. 


Epstein-Barr virus 


A DNA virus that infects lymphocytes, causing glandular fever. In some 
circumstances, it can also cause tumours. 


Equivocal for HPV 


Common lesions of the vagina, vulva, penis, and cervix in which there are cytologic 
features suggestive but not diagnostic of SIL/HPV infection; in the cervix, these 
lesions are usually HPV negative; in the vulva/penis, about 25% may be HPV 
positive. 


ErbBs 


Family of transmembrane receptor tyrosine kinases, also known as epidermal growth 
factor (EGF) receptor family and implicated in oncogenesis and tumour progression. 


ES cells 
Embryonic stem cells. Cultured cells derived from the pluripotent inner cell mass of 
the blastocyst stage embryo. When utilized to generate chimaeric mice, these cells can 


contribute to all mouse tissues including the germ line. 


Etheno adducts 


DNA adducts (q.v.) in which an additional cyclic ring is formed on purines and 
pyrimidines. It can occur as a result of carcinogen activation (e.g., from vinyl 
chloride) or from endogenous processes (e.g., lipid peroxidation). 


Etoposide (VP-16) 


Etoposide is a derivative of podophyllotoxin and a typical topo II inhibitor that 
stabilizes the cleavable complex formation with DNA topo II without an intercalating 
action. It is now widely used as a standard drug to treat various solid tumours. 


Eukaryote 


A cell of higher animals and plants, containing a membrane-bound nucleus wherein 
the main genetic material is located. 


Eukaryotic polypeptide chain elongation factors (eEFs) 


Proteins involved in catalysing the elongation of nascent polypeptide chains on 
ribosomes. 


Eukaryotic polypeptide chain initiation factors 


Proteins involved in assembling an active ribosomal complex at the start site for 
translation on a messenger RNA; involved in numerous protein-RNA and protein- 
protein interactions, and subject to regulation by reversible protein phosphorylation in 
some cases. 


EUS-FNA 


Oesophageal ultrasound - fine needle aspiration. A novel endoscopic ultrasound 
technique that allows visualization and biopsy of structures surrounding the 
oesophagus, and is mainly used to preoperatively stage the mediastinum or to obtain 
diagnostic material. 


Event charts 


Calendar event chart and interval event chart are useful graphical tools to track and 
plot multiple timed-event data at the individual level. They are complementary to the 
commonly used Kaplan-Meier survival plots. 


Ewing's sarcoma/Primitive neuroectodermal tumour 


A highly malignant tumour of bone composed of small, round cells producing no 
extracellular matrix that in most cases is associated with a fixed reciprocal 
translocation of chromosome 22 with one of several other chromosomes. The 
resultant chimaeric gene, usually involving the EWS locus on chromosome 22, is 
thought to be responsible for its proliferative activity. 


Excision repair 


Removal of damaged sections of a DNA strand and replacement by correct 
nucleotides. Specific enzymes remove the offending DNA, new nucleotides are 
inserted and polymerized using the second strand as a template, and finally ligated 
together. 

Exemestane (Aromasin®) 


A steroidal suicide inhibitor of the aromatase enzyme that stops oestrogen synthesis. 


EXO1 





52 


32 exonuclease 1. Degrades a DNA strand from the 52 end. 

Exocrine 

Secreting externally; the products of exocrine glands are released via ducts, as 
opposed to the secretions of endocrine glands, which are secreted directly into the 
blood system or intercellular fluids. 

Exogenous 

From outside an organism. 

Exons 

Are the regions of DNA within a gene that are not spliced out from the transcribed 
RNA and are retained in the final messenger RNA (mRNA) molecule. Exons of many 
eukaryotic genes are interrupted by segments of non-coding DNA (introns). 
Exophytic tumours 

Tumours arising from lining epithelia bulging outwards from the surface. 

Exostosis 

A projection of bone from the surface of another bone. 

Experimental allergic encephalitis 

Inflammation of the substance of the brain caused by a T-cell autoimmune reaction to 
an experimental treatment; used in mice as the experimental model of multiple 


sclerosis in humans. 


Experimental metastasis model 


In this type of model, tumour cells are introduced directly into the circulation 
(usually blood circulation) of the host animal and growth of metastatic nodules is 
assessed in various organs at some time later. 


Experimental study 


See Randomized control trial. 





Exponential 


Mathematical function describing an increase of a quantity raised to a power 
determined by the variable on which the function depends, e.g. logarithmic increase. 


Exstrophy 


A congenital malformation of the urinary bladder in which the anterior wall of the 
bladder and the abdominal wall in front of it is absent. 


Extracellular matrix 

The extracellular meshwork of proteins and glycoproteins which exists between cells 
and separates the cells of the epithelial and stromal compartments. There are 3 classes 
of principal components of the extracellular matrix, structural proteins (collagen and 
elastin), specialized proteins (fibrillin, fibronectin, vitronectin and laminin) and 
proteoglycans. 


Extracellular-regulated kinase (Erk) 


Serine/threonine protein kinase member of MAP kinase family involved in Ras- 
regulated transcriptional regulation pathway and other signalling events. 


Extramedullary haematopoiesis 
Presence of blood-forming cells outside of the bone marrow. 
Extranodal lymphoma 


Malignant lymphoma not arising in the lymph node. Lymphomas arising in the 
spleen and tonsil are commonly referred to as “nodal”. 


Extravasation 
The process by which (e.g., tumour) cells escape from the blood vessels into the 
interstitial space of tissue. It usually involves proteolytic enzyme activity to 


breakdown the basement membrane of the blood vessel. 


Extrinsic apoptotic pathway 


The extrinsic pathway to apoptosis is initiated externally by the ligation of 
transmembrane death receptors, Fas, TNFR1 or TRAIL R1 by their respective 
ligands, Fas Ligand, TNF or TRAIL. 

F344 rat 


An inbred rat used by the National Toxicology Program for U.S. Government- 
sponsored cancer bioassays. 


18F-FDG-PET scan 

An imaging technique that uses radiolabelled glucose in a positron emission 
tomography scan. Rapidly proliferating tissues, including tumours are avid users of 
glucose and have a high uptake. 


Factorial design 


Factorial design allows simultaneous evaluation of the main effect and the 
combination effect from multiple treatments. 


Faecal occult blood 


Trace amounts of blood within the stools that may be detected chemically (guaiac 
test) or immunochemically as the basis of a screening tool for colorectal neoplasia. 


Familial adenomatous polyposis (FAP) 

A premalignant condition caused by a germ-line mutation in the APC gene and 
involving the formation of thousands of polyps and virtually a 100% risk of cancer in 
the colorectal region. The COX-2 inhibitor celecoxib has been approved by the U.S. 
Food and Drug Administration (FDA) as a treatment adjunct for FAP patients. 


Familial atypical multiple mole melanoma syndrome 


Families with a propensity to develop melanoma, associated with a germ-line 
mutation in the tumour-suppressor gene CDKN2A (p16), with variable expressivity. 


Familial pancreatitis 


An inherited syndrome in which affected family members develop several recurrent 
attacks of pancreatitis at a young age. 


Fanconi's anaemia 
Hereditary, often fatal anaemia with hypocellular or aplastic bone marrow and 
accompanied by leukopaenia, thrombocytopenia, skeletal anomalies and growth 


retardation; thought to involve defects in DNA repair. 


Farnesyl transferase inhibitors 


Drugs that block the post-translational processing of key proteins, including the 
oncogence product Ras, by the addition of a farnesyl group. Inhibition of this step 
leads to a blockade of membrane localization, thereby inhibiting function. 


Fas 


A cell surface receptor (CD95) belonging to the TNFR family. Ligation of Fas by 
FasL can lead to the activation of caspases and apoptotic cell death. 


Fascicles 


From the Latin fasciae, band. Used to denote the overall histological architecture of 
some tumours, such as soft tissue tumours. 


Fast-transforming viruses 

Viruses which induce tumours in infected animals in a matter of days or weeks. 
FBT 

Mouse osteosarcoma virus bearing the v-fos viral gene. 

FEN1 

Flap endonuclease 1; cleaves a displaced DNA single strand at the helix juncture. 
Fenestrated endothelium 


Vascular endothelium with substantial gaps in cell junctions that allow for the 
diffusion of larger macromolecules and cells across in certain tissues. 


Fertilization 

The act of union of a male haploid gamete, sperm, with a female haploid gamete, 
oocyte. The outcome is a zygote, that has the normal diploid number of chromosomes, 
and potentially matures into an adult. 

Ferumoxides 

An intravenous solution of superparamagnetic iron oxide taken up by the 
reticuloendothelial system, thereby reducing the signal of normal liver on magnetic 
resonance imaging. 

Feyrter cell 


A neuroendocrine cell present in the bronchial and bronchiolar mucosa of the lung. 


Fibrinogen degradation products 


Proteins created by the degradation of fibrin and fibrinogen, by the enzyme plasmin. 
Detection of these products in urine is suggestive of urinary bladder cancer. 


Fibroblast growth factor (FGF) 


A family of growth factors FGF 1-9, prototypes are acidic (aFGF, FGF-1) and basic 
(bFGF, FGF-2), initially described after production by fibroblasts. 


Fibrocyte 

Blood-borne subpopulation that is CD34-positive and has fibroblast-like properties 
such as collagen I synthesis. Peripheral blood fibrocytes can rapidly enter the site of 
injury at the same time as circulating inflammatory cells, and could represent an 
important source of fibroblasts particularly during healing of extensive wounds. 
Fibroma 

Benign tumour of fibroblasts. 


Fibronectin 


High molecular weight cell adhesion glycoprotein found in basement membranes and 
interstitial connective tissue. 


Fibrosarcoma 


Malignant tumour of fibroblasts; histological appearance of densely cellular 
interlacing fascicles of spindle-shaped cells often forming a herringbone pattern. 


Fibrous dysplasia 


Dysplastic disorder of bone characterized by proliferations of fibroblast-like spindle 
cells in which irregular trabeculae of immature bone are present. 


Field cancerization 


Presence of multiple pre-neoplastic lesions in a mucosa, often with the unproven 
assumption that they develop independently. 


Field of view 

The area of anatomy that is included in an image. 
FIGE 

Field inversion gel electrophoresis. 


Fine needle aspiration 


A percutaneous technique for obtaining cellular material using a 21-gauge or smaller 
needle. 


First-pass organ 


The organ containing the capillary bed which is the first one encountered by tumour 
cells (or other substances) escaping or introduced into the blood stream. 


FITC 


Fluorescein isothiocyanate; fluorescent dye with excitation wavelength of 490 nm 
and emission wavelength 525 nm; can be conjugated to immunoglobulin. 


Fixative 


Preservative solution that promotes formation of stable chemical complexes in tissues 
thus preventing decomposition and permitting examination of samples in conditions 
closest to life; hence “to fix” and “fixed tissue”. 


Flare phenomenon 


The apparent increase in activity of bone metastases on a bone scan after successful 
therapy due to healing. 


Flexner-Wintersteiner rosette 


Most commonly found in retinoblastomas but may be seen in other tumours of the 
nervous system. They are composed of rings of neoplastic cells that have a well- 
defined luminal border. 


Flow cytometry 


A technique in which cells are tagged with a fluorescent dye targeted at specific 
antigens or DNA and then directed single file through a laser beam. The machine 
“counts” the number of cells “marked” in this fashion and the data are compiled by 
computer. This technique is useful in tumour analysis. 


Flow-related enhancement 


Increase in signal intensity of moving tissues relative to stationary tissue (e.g., 
blood). Enhancement is due to replacement of saturated spins by unsaturated spins 
(fully magnetized) by motion in the time interval by excitation pulses and or failure to 
receive two sequential slice selective pulses. 


FLT 


A novel marker (18F-deoxyfluorothymidine) for positron emission tomography with 
potential advantages over FDG (18F-fluorodeoxyglucose) for assessing pulmonary 
nodules. 


Fludarabine phosphate 

A purine analogue that is metabolized intracellularly to form the active triphosphate 
form, which is incorporated into both DNA and RNA, and inhibits the biosynthesis of 
DNA and RNA. 

Fluorescent in situ hybridization (FISH) 

A process by which a cellular specimen is treated with fluorescent dye-labelled RNA 
or DNA probe that recognizes RNA or DNA-specific sequences. Binding of the probe 
to that sequence is detected by a fluorescent microscope. 


[SF ]Fluorodeoxyglucose (FDG) 


Glucose analogue labelled with positron-emitting isotope used in PET scanning to 
image glucose metabolism. 


5-Fluorouracil 

An anticancer pyrimidine analogue that is activated intracellularly to cytotoxic 
nucleotides; its principal mechanisms of action are inhibition of thymidylate synthase 
and incorporation into RNA. 

FNAC 

Fine Needle Aspiration Cytology—An 18 to 27 gauge needle attached to a 10 cc 
syringe is used to aspirate (pull out) cells from lesions or masses in various organs of 
the body by application of negative pressure (suction). FNAC can be done directly on 
a mass in superficial regions like the neck, thyroid or breast; or it maybe be assisted 
by ultrasound or CT scan. 


Focal adhesion 


Site of cell attachment to extracellular matrix proteins mediated by integrins 
providing a link between extracellular structures and actin cytoskeleton. 


Focal adhesion kinase 


A non-receptor tyrosine kinase that binds to integrins as part of focal adhesions and 
anchorage-mediated cell signalling. 


Foetal bovine serum (FBS) 


The most common serum supplement for cultured cells. 





a-Foetoprotein 


A protein that is normally produced in foetal life that is also produced by certain 
types of tumours, most notably yolk sac tumour and hepatocellular carcinoma. It is 
one of the so-called “oncofoetal antigens”. 


Folia 


The cerebellar cortex and subcortical white matter appear as a leaf-like arrangement 
on section and are often called cerebellar folia. 


Formalin (H-CHO) 

Highly reactive aqueous solution of formaldehyde, used as a tissue fixative cross- 
linking proteins and thus preventing their degradation; effects are to some extent 
reversible. 

Formestane (Lentaron®) 

A steroidal suicide inhibitor of the aromatase enzyme that stops oestrogen synthesis. 
Forward mutation 

A mutation that converts a wild-type allele to a mutant allele. 


Frameshift mutation 


Mutation that induces the addition or deletion of a base or bases within a coding 
sequence, resulting in misreading of the code during translation. 


Free radical 


Highly reactive, short-lived molecule which is thought to be involved in the process 
of carcinogenesis by reacting with cell constituents such as DNA. 


Free radical scavenger 
Substance that is able to scavenge or eliminate free radicals. 
Frequency 


Number of cycles per second, expressed in hertz. For diagnostic ultrasound frequency 
range is typically 2-15 MHz. 


FSH 
Follicle stimulating hormone, gonadotrophic hormone synthesized and secreted by 
anterior pituitary gland that stimulates ovarian follicle growth in females and 


enhances androgen production by sertoli cells in males. 


Fuhrman's nuclear grade 


A grading scheme for renal cell carcinoma, based on nuclear size, nuclear irregularity 
and nucleolar prominence. 


Fungizone 

A pre-mixed complex of amphotericin B and deoxycholic acid. 

G protein 

Guanine nucleotide binding proteins are a family of cell surface receptor proteins 
involved in cellular sensing, motility, cell growth, and cell death. The signal 
transduction of G protein is mediated through the exchange of guanosine diphosphate 
(GDP) for a guanosine triphosphate (GTP). The oncogenic protein Ras is an example 
of a G protein that plays a central role in the EGFR-MAP kinase pathway. 

G0 


Phase of the cell cycle characterized by cells that are temporarily not cycling, but 
from which they can be recruited to recycle in appropriate conditions. 


G6PD 

See Glucose-6-phosphate dehydrogenase isoenzymes. 

Gadolinium-DTPA 

A complex or chelate of organic ligand DTPA and the lanthanide metal ion Gd**. 
Galactography 


Contrast examination of a lactiferous duct performed for evaluation of nipple 
discharge. 





PGalactosidase 


Enzyme that hydrolyses galactosides to galactose plus glucose. In E. coli its synthesis 
is induced by the natural substrate (lactose) or by a range o 
f-galactosides. 





Gallium ("Ga citrate) 
Radiotracer primarily used to image lymphoma sites. 


Gamma camera 





Nuclear medicine camera used to image the distribution of 
y-emitting radiotracers in patients. 





Gamma 
y) rays 


Short wavelength electromagnetic radiation spontaneously emitted from naturally 
occurring radioactive sources. 


Ganglioglioma 


This is a neoplasm of the central nervous system that has both neoplastic neuronal 
(ganglionic) and glial components. They are typically benign. 


Ganglion cells 


Literally they refer to the neurons in the ganglions in peripheral nerves. Since many 
glial-neuronal tumours in the CNS have neoplastic neurons that resemble these cells, 
these neoplastic neurons are often called ganglion cells. 


GAPs 


GTPase activating proteins. p120°*" 


thousand-fold. 


stimulates the GTPase activity of Ras several 


Gap junction 

Direct connection between adjacent cells by plasma membrane channels. Thus the 
cytoplasmic environments across a tissue have nutrient and electrolyte continuity. The 
channel walls are composed of proteins called connexins, of which a variety of types 
exist, for example, connexin 26, and connexin 43. 

GAS 

Interferon-gamma activated site. 

Gastric antrum 

The gastric antrum consists of the distal third of the stomach. 


Gastric corpus 


The gastric corpus normally constitutes approximately two-thirds of the gastric 
surface area and contains chief cells and parietal cells. 


Gastrin 
Gastro-intestinal hormone, stimulating gastric acid secretion. Produced in G cells of 
gastric antrum and duodenum, and less commonly in small and large intestinal 


endocrine cells as well as delta cells of pancreatic islets. 


Gastrinoma 


Tumour of gastrin producing neuroendocrine cells; most often in the pancreas but 
also in duodenum or (rarely) stomach. Morphologically resembling carcinoid 
tumours, with benign to malignant spectrum of occurrence. 


Gastrulation 


The process by which the simple blastula invaginates to form the archenteron. The 
embryo is now able to undergo complex changes in tissue and organ development, 
which begins with the three germ layers, the endoderm, mesoderm and ectoderm. 


GBP/Frat 


Small, intracellular protein that regulates Wnt signalling by binding and inhibiting 
Glycogen synthase kinase 3. 


GC 


Germinal centres represent important dynamic structures of the immune system, 
developed from the expansion of B cells that encounter T-cell dependent antigen. 
During germinal centre reaction immunoglobulin genes undergo somatic 
hypermutation and immunoglobulin class switch recombination resulting in affinity 
maturation and respective changes of the isotype of the expressed immunoglobulin 
receptor. 


Gehan's design 

A two-stage design enrolls 14 patients in the first stage (to test for 20% versus 0% 
response rate). If no one responds, the drug is declared ineffective and the trial is 
stopped. If at least one clinical response is seen, additional patients are enrolled in the 
second stage to further estimate the response rate with a pre-specified precision. 
Gemcitabine 

An anticancer pyrimidine analogue that is metabolized intracellularly to form its 
active nucleotide forms. The diphosphate inhibits ribonucleotide reductase, leading to 
deoxyribonucleotide imbalances. The triphosphate is incorporated into DNA, which 
inhibits the biosynthesis of DNA. 

Gene 

A defined DNA region coding for one or more proteins. 


Gene expressing profiling 


A technique that analyzes the global pattern of gene expression at the RNA level 
between two biological states. 


Gene expression 


The ability of a gene to generate messenger RNA that can be transcribed into a 
protein. 


Gene gun 

Device that is used to fire microscopic gold particles into living tissue. Particles fired 
from a gene gun can penetrate cell membranes and lodge within cells without killing 
them. DNA can be coated on to the gold particles by mixing the two in the presence 
of a polycation such as spermidine before firing them into the target tissue, typically 
the skin. It has been shown that this form of DNA injection often transduces cells in 
both dermis and epidermis. 


Gene knockout animal 


Genetically modified animal where one or more specific genes are switched off, 
resulting in the absence of respective protein(s). 


Gene rearrangements 

Breaks in genetic material that result in recombination of DNA in an abnormal way, 
gene rearrangements may result in inactivation of normal gene activity or in altered 
gene activity that can be upregulated and result in tumour development. 


Gene targeting 


The introduction of specific mutations into the chromosomal locus of a gene by 
homologous recombination. 


Gene transcription 

Synthesis of the appropriate RNA from the template DNA base sequence of the gene. 
Gene trap 

A sequence of DNA that is designed with at least (1) a splice acceptor to insert itself 
into genes and (2) a selection cassette to disrupt transcription. Therefore, it is a 
method of randomly generating embryonic stem cells with well characterized 
insertional mutations. 


Genetic association study 


A way of identifying disease susceptibility genes by searching for a significant 
excess of a polymorphism in cases compared with controls. 


Genetic disease 


A disease which is heritable as a result of genetic defect/s that are passed on from 
generation to generation through the germ line. 


Genetic instability 


An increased tendency of the genome to acquire mutations due to defects in the 
repair of DNA damage, leading to gross structural chromosomal abnormalities. 
Genetic instability is a defining characteristic of tumour cells. 


Genetic mutations 


Alterations in DNA that result in changes of the structure and function of the gene 
product. Such changes have a major impact on the activity of cells, including cell 
proliferation and differentiation, resulting in tumour development and progression, as 
well as in the biological activity of hormones and their receptors, resulting in altered 
endocrine homeostasis. 


Genetic prodrug activation therapy (GPAT) 


Where a gene is overexpressed in a tumour, for example, c-erbB-2 in breast and 
pancreatic tumours, a construct of the promoter and a gene encoding an appropriate 
enzyme (e.g., herpes simplex virus thymidine kinase which phosphorylates 
ganciclovir) can specifically convert a prodrug into the active form in the tumour cells 
only. 


Genetic progression model (of carcinogenesis) 


A temporal map of mutations and changes in gene expression occurring during 
carcinogenesis. Many of the mutations and changes in gene expression are potential 
molecular targets for cancer preventive and cancer therapeutic drugs. Models have 
been developed for a number of cancer target organs, the earliest and most complete, 
for colorectal cancer. 


Genetic vaccine or DNA immunization 


Genetic vaccine, also known as DNA or polynucleotide immunization, is defined as 
using genetic material to encode an antigen that induces immunity. Genetic vaccines 
rely on expression of the target antigen from transferred nucleic acids. The genetic 
material can be introduced into cells in culture or directly into a patient. 


Genetically engineered mouse (GEM) model 

A mouse model in which a specific (onco)gene has been introduced into the genome 
or specific (tumour-suppressor) gene has been deleted from the genome. Such models 
currently allow the gene involved to be expressed (or deleted) in the whole animal or 
only in specific organs. Recent models also allow for random mutations to occur to 
activate specific oncogenes in specific organs. 


Genistein 


An isoflavone with oestrogenic, and possibly antineoplastic activity found in the soy 
component of many “unpurified” rodent laboratory diets. 


Genome 


Complete set of hereditary factors as in chromosomes. 
Genomic imprinting 


The reversible inheritance of epigenetic markings, which lead to the expression of a 
gene from only one of the two parental alleles and whose expression is always 
dependent upon the sex of the parent from which the particular allele was inherited. 


Genomic instability 


Refers to a series of observed spontaneous genetic changes occurring at an 
accelerated rate in cell populations derived from the same ancestral precursor. 
Mutations leading to greater genetic instability are required to explain the 
accumulation of the multiple cancer-associated mutations within a cellular lineage at 
the incidence rates observed within a human lifetime. These mutations, which 
increase the inherent rate of genetic change, are referred to as mutator mutations, cell 
lineages harbouring them are called mutator clones, and cancer cells are said to 
exhibit a mutator phenotype. Genomic instability consists of mutations leading to 
enhanced rate of single nucleotide substitutions, changes in the number of repeats in 
repetitive DNA sequences (microsatellite instability), increased rate of chromosome 
loss, gain, or translocation (chromosomal instability), and interference with cell cycle 
checkpoints. Gene silencing via promoter hypermethylation or increased gene 
expression through promoter hypomethylation represents epigenetic mechanisms 
leading to genomic instability. 


Genotoxic 


A substance that causes genetic damage. In a regulatory context, genotoxic 
compounds are compounds that are positive in one or more of a standard battery of 
tests that detect chemically induced genetic damage. These tests include the induction 
of gene mutation in bacterial and mammalian cells, chromosomal aberrations both in 
vitro and in vivo, and a test to detect DNA damage and repair (unscheduled DNA 
synthesis). 


Genotype 

The genetic constitution of a cell or of an individual. 

Germ-cell tumour 

A neoplasm derived from germ cells or stages of germ cells (i.e., oocytes and 
spermatogonia); these tumours often replicate portions of the embryo, including the 
placenta and yolk sac, and often contain embryonal elements; the least differentiated 
of these tumours is the seminoma (in males) or dysgerminoma (in females), which are 


the most susceptible of these tumours to treatment. 


Germ-line mutations 


Mutations, which because of their presence in the germ line become hereditary, 
which as the first step in multi-stage carcinogenesis, pre-dispose the individual to 
development of cancer. 


Germ-line gene therapy 


Manipulation of the DNA of egg and/or sperm cells; changes are inheritable by the 
next generation. 


GGR 

Global genome repair. A nucleotide excision repair mechanism that operates 
throughout the genome, as opposed to TCR, which selectively repairs transcribed 
genes. 


Giant cell tumour of bone 


Locally aggressive tumour of bone characterized by numerous multinucleated giant 
cells in a stroma of plump mononuclear cells with similar nuclear features. 


Glands of Zeiss 


Sebaceous glands from the pilosebaceous unit of the eyelid. They are located anterior 
to the Meibomian glands. 


Glial fibrillary acidic protein (GFAP) 

Intermediate filament of glial (nervous tissue) cells. 

Glioma 

This is a family of neoplasms of the central nervous system that displays phenotypes 
of mature glial cells. The phenotype can be limited to one lineage or mixed. Their 
biological potential spans from benign to highly malignant. 


Glucagonoma 


Islet cell tumour of alpha, glucagon-secreting cells of the pancreas; can exist in a 
spectrum of forms from benign to malignant. 


Glucose-6-phosphate dehydrogenase isoenzymes (G6PD) 


Used in tumour clonality determination in women only. The isoenzymes, A and B, 
are randomly expressed in the cells of a heterozygous woman. When tumour cells are 
examined for this enzyme type, if all the cells bear the one isoenzyme only, it 
indicates that they are all progeny of one sole initial cell, that is, the tumour is 
monoclonal. 


Glutaraldehyde 


Cross-linking fixative solution, most commonly used in electron microscopy. 
Glutathione 


A tripeptide, glutamylcysteinylglycine, with a free sulphydryl group, present in high 
concentrations in many tissues and species, which has an important function in a wide 
variety of (detoxification) processes. 


Glutathione S-transferases (GSTs) 


Complex family of phase II detoxification enzymes, which can be divided into the 
classes Alpha, Mu, Pi, Zeta, and Theta. They catalyse the conjugation between highly 
reactive electrophiles and glutathione, resulting in conjugates that are water soluble 
and less biologically active, and can be excreted via urine or faeces. 


Glycogen synthase kinase 3 (GSK3) 
Serine-threonine protein kinase that catalyses the transfer of phosphate groups to 


amino acid residues in the destruction box of 
£ catenin, thereby promoting its degradation. 





Glycosaminoglycans 


Polysaccharides consisting of repeating disaccharide units of amino sugar 
derivatives. 


GnRH-A 

Gonadotropin-releasing hormone agonist. Pharmacological compound that binds to 
the gonadotrophin releasing hormone receptor in the anterior pituitary and activates it. 
Its prolonged administration causes a transient increase and subsequent decrease in 
FSH and LH levels. 


Gompertz growth equation 


Mathematical representation of the sigmoid exponential growth curve that is typical 
of many experimental tumours. 


Gorlin syndrome 
See Basal cell nevus syndrome. 
Goserelin acetate (Zoladex®) 


An LHRH superagonist that downregulates pituitary LHRH receptors, effectively 
desensitizing the gland to further pulses of LHRH. 


GPAT 


See Genetic prodrug activation therapy. 


Grade/grading 

Microscopic assessment of the degree of tumour cell differentiation. 

Gradient echo imaging 

Allows the use of an excitation pulse of <90° and short TRs for rapid imaging 
acquisition. Gradient echo images are more sensitive than standard spin-echo images 
to magnetic field inhomogeneties. 


Graft versus host disease 


The major obstacle for successful bone marrow transplantation. It is an 
immunological attack of the donor immune system against the patient (host). 


Granulation tissue 

Tissue derived from the connective tissue and which appears during the wound 
healing process; granulation tissue is mainly composed of fibroblastic/myofibroblastic 
cells, extracellular matrix, and newly formed blood vessels. 

Granulocyte colony stimulating factor (G-CSF) 

Growth factor whose activity promotes granulocyte production and differentiation. 
Granulocyte/macrophage colony stimulating factor (GM-CSF) 

Growth factor whose activity promotes production and differentiation of cells which 
are precursors of both granulocytes and macrophages; can be used therapeutically to 
promote neutrophil and macrophage production after chemotherapy. 


Gray 


SI unit of absorbed radiation dose, equivalent to 100 rad and energy absorption of 1 J 
kg”. 


Grayscale ultrasound 


Image display in which the amount of reflected sound is shown by variations of 
intensity or brightness of the signal shown against a black background. 


Green fluorescent protein (GFP) 

A protein from jellyfish which has the property that it fluoresces green (under 
appropriate illumination) in live cells. The gene can be transfected into cells to be 
used as a viable cell marker. 


Group sequential methods 


Methods for interim analyses by doing multiple tests among groups of patients. 


Growth curve 

Plot of the volume or weight of a tumour against time. 

Growth factor 

Member of a series of molecules, mostly polypeptides, which are directly and 
specifically involved in stimulating cell activity, for example, mainly proliferation, 
but frequently also differentiation and/or motility. 


Growth fraction (GF) 


Proportion of cells of a tissue that are cycling. GF = number of proliferating cells 
(Np)/total cell number (quiescent (NQ) + Np). 


GTPase activating protein (GAP) 


A protein that increase the intrinsic rate of GTP hydrolysis of a GTPase, leading to its 
inactivation. 


GTPases 

Enzymes which hydrolyse GTP to GDP, including G proteins which act as switches 
in multiple types of signalling pathways based on the conformation of the GTP-bound 
versus GDP-bound protein. 

Guanine nucleotide exchange factor (GEF) 

A protein that activates a GTPase by promoting the exchange of GDP for GTP. 
Haemangioma 

A benign tumour composed of blood vessels. 

Haematopoiesis 

Differentiation of pluripotent stem cells basically into three types of cellular elements 
present in the blood, red blood cells (erythrocytes), white blood cells (leukocytes), 
and platelets (thrombocytes); haematopoiesis takes place at various intervals in the 
liver, spleen, thymus, bone marrow, and lymph nodes. 

Haematopoietic stem cell (HSC) 

A multipotent stem cell present in adult bone marrow and umbilical cord blood, 
capable of giving rise to cells of all haematopoietic lineages, including lymphocytes, 


granulocytes, monocytes, megakaryocytes, and red blood cells. 


Haemocytometer 


A glass slide with etched divisions and a recessed area 0.1-mm deep for manual 
counting of cells. 


HAM/TSP 

HTLV-1-associated myelopathy and tropical spastic paraparesis, which represent a 
slowly developing myelopathy in the spinal cord associated with infection of HTLV- 
1. 

Hamartoma 

A benign tumour-like nodule composed of an overgrowth of mature cells and tissues 
normally present in the affected part (usually congenital) and often with one element 
predominating over the others. 


Hammerhead ribozyme 


Catalytic RNA with conserved catalytic core and flanking sequences, able to cleave 
target sequences in a cis or trans fashion. 


Hand-assist laparoscopic surgery 

System that allows access of the surgeon's hand through a small incision into the 
abdominal cavity while maintaining the pneumoperitoneum as an aid during 
laparoscopic surgery. 

Haploidentical donor 

A stem cell donor who shares only one HLA haplotype with the patient. 


Haploinsufficient 


When a diploid organism only has a single copy of a wild-type gene, with the other 
copy being inactivated by mutation. 


Haptotaxis 
Directed migratory response of cells to insoluble, non-diffusible molecules. 
Harmonic ultrasound 


High-frequency acoustic signals produced when the transmitted sound signal is 
altered when passing through tissues that propagate sound at different speeds. 


Harvey sarcoma virus 


(Ha-ras), oncogene originally found in two mouse (Harvey and Balb strains) sarcoma 
viruses, whose protein product has GTPase activity. It is a member of a multigene 
family, including Ki-ras and N-ras, whose mutated forms are commonly found in 


tumours. See ras oncogene family. 


HAT 


Histone acetyltransferase; the enzymatic activity that modifies histone proteins by the 
addition of acetyl groups. 


HBV 

Hepatitis B virus is an important cause of hepatocellular carcinoma. 

HBV-encoded X antigen (HBxAg) 

Hepatitis B virus-related antigen that affects cell motility and the migratory 
behaviour of transformed hepatocytes to induce the invasive and metastatic migratory 
behaviour of hepatocellular carcinoma. 

HCV 

Hepatitis C virus is an important cause of hepatocellular carcinoma. 


HDAC 


Histone deacetylase; the enzymatic activity that removes acetyl groups from histone 
proteins. 


Heat shock proteins 

Chaperones; stress-induced proteins. 

Helper T-cell responses 

Helper T cells are T lymphocytes that secrete cytokines and boost the response of 
other immune cells such as macrophages, B cells and cytotoxic T lymphocytes. 
Helper T cells also facilitate differentiation and development of effector and memory 
cells. There are two main classes of T helper cells characterized by the cytokines that 
they secrete. 

Hepadnaviruses 

A closely related group of DNA viruses that includes the human hepatitis B virus, 
woodchuck hepatitis virus (WHV), ground squirrel hepatitis virus (GSHV), and 
several avian viruses such as the duck hepatitis virus (DHV). 


Heparanases 


Heparan sulphate-degrading endoglycosidases, they correlate with the metastatic 
potential of tumour cells. 


Hepatitis virus 


A group of DNA viruses that infect the liver, causing inflammation (hepatitis). Some 
of these are associated with the development of liver cancer. 


Hepatoblastoma 


The most common malignant neoplasm of the liver in infants and young children, 
derived from primitive cells capable of diverse differentiation. 


Hepatocarcinogen 

Chemical causing liver tumours. 

Hepatocellular carcinoma 

It is the most frequent liver tumour ranging from well-differentiated to 
undifferentiated. The well-differentiated forms consist of cells recognizable as 
hepatocytes disposed in trabecular or pseudoglandular patterns. In moderately 
differentiated forms, the cells are pleomorphic with atypical nuclei. Poorly 
differentiated (undifferentiated) forms have a highly pleomorphic appearance with 
numerous anaplastic small, undifferentiated cells which sometimes resemble spindle 
sarcomatous cells. 

Hepatolithiasis 

Presence of stones within intrahepatic bile ducts. 

Hepatomegaly 

Enlargement of the liver. 

Hereditary haemochromatosis 

An autosomal recessive disorder characterized by the increased and inappropriate 
absorption of dietary iron, leading to massive deposits of iron stores in the liver and 
other organ systems, with development of cirrhosis and a very high incidence of 
hepatocellular carcinoma. 

Hereditary non-polyposis colorectal cancer (HNPCC) 

Autosomal dominant cancer syndrome due to a mutation in any of several genes that 
maintain DNA integrity; pre-disposes individuals to a high risk of colorectal, uterine, 
and urinary cancers. 

Herpes Simplex Virus Thymidine Kinase (HSV-tk) 

A herpesvirus enzyme which catalyzes the phosphorylation of nucleoside analogues 
for DNA synthesis. HSV-tk has broader substrate specificity than mammalian 


thymidine kinases, and therefore converts ganciclovir and acyclovir nucleoside 
analogue prodrugs into cytotoxic compounds. 


Heterocyclic 
A ring structure containing a mixture of atoms. 
Heterocyclic amines 


A class of chemicals that includes mutagenic compounds that are formed in cooked 
food, particularly that which is rich in protein. 


Heteroploid cancer 


Tumour population consisting of diverse subpopulations belonging in different ploidy 
indices. 


Heterozygosity 
The presence of different alleles at one or more loci on homologous chromosomes. 
Heterozygote 


Individual or cell line that has inherited one or more dissimilar pairs of alleles of 
particular genes. 


Heterozygous mutation 
A mutation occurring in only one of two alleles in a cell. 
HGPRT (hypoxanthine-guanine phosphoribosyl transferase) 


Enzyme that catalyses transfer of the phosphoribosyl moiety to hypoxanthine and 
guanine. 


HHV8 
Human herpesvirus 8 is a transmissible, B-cell lymphotropic gamma herpesvirus 


associated with Kaposi's sarcoma, primary effusion lymphoma (PEL) and cases of 
multicentric Castelman's disease. 





Hypoxia-inducible factor 1 induces transcription of mRNA coding for erythropoietin. 
The HIF 1-2 

a subunit is sensitive to oxygen levels and is a substrate for the pVHL protein 
complex. Mutations in the VHL gene can induce a situation analogous to hypoxia. In 
the presence of hypoxia, HIF 1 
a does not bind to pVHL and ubiquination does not occur resulting in rising HIF 
a levels and erythropoietin transcription, thus inducing a physiologic angiogenic 
response. 











High purity water 

Removal of particles and soluble substances from water can be achieved using de- 
ionization, reverse osmosis, charcoal filtration, ion-exchange, and/or small mesh 
filtering. 


High-grade 


Poorly differentiated tumour in which the cells do not closely resemble those of the 
parent tissue. 


Hilum of the liver 


The points of entry of the hepatic artery and portal vein and of exit of the main bile 
ducts to and from the liver, respectively. 


Histogenesis 
The cellular origin of a tissue or tumour. 
Histology 


The study of the structure of tissues by means of special staining techniques 
combined with light and electron microscopy. 


Histone code 

Model separately proposed by David Allis and Brian Turner's teams in 2000. 
According to this hypothesis, distinct patterns of histone modifications act 
sequentially or in combination to form a “code” that is, read by other proteins to bring 
about distinct downstream events. Together with other modifications, like DNA 
methylation it is part of the epigenetic code. 


Histone deacetylase 


An enzyme which removes acetyl groups from the N-terminal tails of histones and 
causes condensation of the structure of nucleosomes. 


Histones 

A family of basic proteins that are the major components of chromatin. Core histones 
are characterized by the histone fold domain that is key in determining the assembly 
in nucleosomes, the repeating subunit of chromatin. 


Histopathology 


The study of microscopic changes in diseased cells and tissue using histologic 
techniques. The standard stains are hematoxylin and eosin but many others exist. 


HIV 


The causative viral agent of AIDS, a condition that may be associated with 
immunosuppression and the development of certain skin tumours, particularly Kaposi 
sarcoma. 


HLA (human) or MHC (mouse) 


Group of molecules present on the surface of cells which are involved in the 
presentation of antigens, in a recognizable form, to T cells. 


HLA Class I 


Set of one major histocompatibility complex (MHC) encoded polypeptide involved 
in immune recognition. 


HNPCC 

Hereditary non-polyposis colorectal cancer; an autosomal dominant condition pre- 
disposing to colorectal (and other) malignancies and caused by mutation of a DNA 
mismatch repair gene. 

Hodgkin disease 

Malignant tumour of lymphoid tissue principally affecting lymph nodes and spleen, 
characterized by altered architecture of tissues and infiltration by lymphocytes, 
monocytes, plasma cells, eosinophils, fibroblasts, and Reed-Sternberg cells. 
Hollow fibre assay 

A method for cultivating tumour cells inside retrievable polyvinylidene fluoride 
(PVDF) hollow fibers that are implanted subcutaneously or intraperitoneally in 
animals to evaluate various in vivo responses including angiogenesis. 


HOM-C 


The homeotic complex containing eight regulator genes in Drosophila melanogaster; 
the first identified cluster of homeotic genes and the predecessor of Hox genes. 


Homeobox 

DNA sequence of 180-183 base pairs first identified in Drosophila melanogaster and 
found within genes involved in the regulation of development (morphogenesis) of 
animals, fungi, and plants. 

Homeobox genes 

A family of regulatory genes containing a common 183-nucleotide sequence 
(homeobox) and coding for specific nuclear proteins (homeoproteins) that act as 


transcription factors. 


Homeodomain 


A highly conserved protein sequence motif composed of 60-61 amino acids 
containing a helix-turn-helix motif that binds DNA. Homeodomain-containing 
proteins act as transcription factors. 

Homeosis 

Transformation of one body part into the likeness of another. 

Homeotic selector gene 

Term devised to encapsulate the concept of a master regulatory gene capable of 
controlling the development of individual body segments in Drosophila 
melanogaster. 

Homer Wright rosette 

Typically seen in primitive neuroectodermal tumours and neuroblastomas of the 
adrenal glands. They are composed of coronary arrangement of tumour cells around a 
core of neuropils that points towards an imaginary centre. 


Homologous recombination 


Exchange of genetic material between two DNA fragments presenting sequences 
homologies. 


Homozygosity 

The presence of same alleles at corresponding loci on homologous chromosomes. 
Homozygous mutation 

A mutation occurring in both alleles of a gene. 

Hormesis 

It indicates a biphasic dose-response relationship in which a chemical exerts opposite 
effects depending on the dose. Various in vivo observations indicate that non- 
genotoxic and genotoxic carcinogens may inhibit hepatocarcinogenesis at low doses. 
These findings are attractive, with special attention to possible application of the 
dose-response concept to cancer risk assessment, tumour chemoprevention, and 
therapy in humans. 


Hormones 


Chemical messengers that are secreted into body fluids to have a specific effect on 
the activities of target cells elsewhere in the body. 


Host response 


Body's immune reaction against tumour cells. This is regarded as a prognostic 
indicator of cancers. 


Host surveillance 


The ability of a host to recognize and inhibit or destroy foreign or altered cells and 
micro-organisms. 


Hot spot 


Site at which the frequency of spontaneous mutation is high compared with other 
sites in the same gene sequence. 


Hox 

Hox genes are a particular subgroup of homeobox genes clustered in defined regions 
of the chromosome. They encode master regulators of developmental processes 
including embryogenesis and organogenesis by identifying specific body regions and 
controlling patterning of the body axis. 

HPV-Human papillomavirus 

A member of a family of viruses that can cause abnormal tissue growth and cancer. 


HRS 


Hodgkin and Reed Sternberg cells, giant cells characteristic for Hodgkin lymphoma, 
named after Thomas Hodgkin, Carl Sternberg, and Dorothy Reed. 


HSP 

Heat Shock Protein. Proteins synthesized and released by cells in response to 
hyperthermia, hypoxia, or other forms of stress. They play an important role in 
protein-protein interactions by stabilizing partially unfolded proteins, and aiding 
transmembrane protein transport. 

Hsp70 

Heat shock protein which binds to the unliganded oestrogen receptor. 

Hsp90 

Related to Hsp70, also binds to unliganded oestrogen receptor. 


Hsp90 inhibitors 


Drugs that block the function of this molecular chaperone, leading to degradation of 
important client proteins, for example, c-Raf-1. 


hTERT 


Human telomerase reverse transcriptase. Telomerase is a ribonucleoprotein 
polymerase that maintains telomere ends by addition of the telomere repeat 
TTAGGG. Telomerase expression plays a role in cellular senescence, as it is normally 
repressed in post-natal somatic cells resulting in progressive shortening of telomeres. 
It is reportedly upregulated in many cancers relative to normal adult tissues. It is used 
to transform cells so that they overcome senescence and have an extended lifespan or, 
in some cases, become immortal. 


HTLV-1 


Human T-cell lymphotropic virus 1 is human retrovirus implicated in the 
development of several diseases, including adult T-cell leukemia/lymphoma, HTLV-1 
associated myelopathy or tropical spastic paresis, and strongyloides stercoralis hyper- 
infection. The infection is endemic in southwestern part of Japan, West Africa, and 
the Caribbean Islands. 


hTR 

The essential RNA component of the human telomerase holoenzyme. Telomerase 
utilizes its RNA as template for the addition of telomere repeats to the ends of linear 
chromosomes. 

hTR/hTERC 

Human telomerase RNA. 

Human antimurine antibody response (HAMA) 

An immune reaction in the host (patient) that encompasses production of antibodies 
against an infused antibody from another species (in this case, mouse). The host 
antibodies may be able to neutralize and clear the infused antibody very quickly. 
Human papillomavirus 

A family of over 100 DNA viruses of about 8000 base pairs defined by genotypes; 
less than 50% homology with known HPV types is required to identify a new type. 
They are responsible for a wide variety of benign and malignant lesions and are a 
requisite cofactor in the development of cervical cancer. 

Humanized antibody 

A monoclonal antibody that has been altered at the molecular level to contain human 
antibody protein sequences for all but the antigen recognition sites, which are from 
another species (often murine). Such antibodies can contain 85-95% human 


sequences. 


Humoural immune response 


One type of the adaptive immune response mediated by antibodies, which are 
secreted by B lymphocytes. Antibodies provide the primary defence against 
extracellular microbes and their secreted toxins. 

Humoural immunity 

Adaptive immunity conferred by the production of antibodies. 


Huriez syndrome 


An autosomal dominant disorder characterized by the development of aggressive 
squamous cell carcinomas. 


Hyaline 


From the Greek hyalos, glass. Glassy and homogeneous quality of something, usually 
a tissue or histological structure. For example, hyaline stroma. 


Hybrid capture assay 

A molecular hybridization test used for the detection of HPV; it is more sensitive 
than in situ hybridization, and can thus detect HPV in the setting of a normal Pap 
smear (about 15% of women). 

Hybridoma 

Cell artificially formed by the fusion of two cell types. Commonly used to produce 
specific monoclonal antibodies, in which the cell types are lymphocytes from the 
appropriately immunogenic spleen and a cell from a malignant B-cell neoplasm. 
Hydrocephalus 

Pathological expansion of the ventricles of the brain. 

Hydrophilic 

Having an affinity for water. 

Hydrophobic 

A substance which does not tend to associate with water. 

Hydroxylation 

The addition of hydroxyl groups to a molecule. 


Hydroxyurea 


An oral antimetabolite that inhibits the enzyme ribonucleotide reductase. 


Hyperalgesia 

Enhanced sensitivity to a painful stimulus. 

Hyperbaric oxygen 

Oxygen pressure above that of air, formally used in radiotherapy to stimulate 
hypoxic, quiescent tumour cells back in to the cell cycle and thus become sensitive to 
the damaging effects of radiation. 


Hyperfractionation 


Radiation therapy given in smaller than standard radiation doses two to three times a 
day to achieve same or greater total dose with potentially fewer long-term side effects. 


Hyperintense 

More intense relative signal displayed as brighter on image grey scale. 
Hyperoxia 

Concentrations of oxygen higher than physiological levels. 
Hyperplasia 


Increased proliferation of normal cells due to a stimulus, for example, during wound 
healing. 


Hypertrophic pulmonary osteoarthropathy 


Disease process characterized by fingernail clubbing, bone and skin changes 
including periosteal reaction and soft tissue ossification and joint pains. 


Hypertrophy 

Cellular enlargement attributable to causes such as proliferation of subcellular 
organelles such as peroxisomes and/or endoplasmic reticulum. Often associated with 
induction of p450s and other detoxification enzymes 

Hypointense 

Less intense relative signal displayed as darker on image grey scale. 

Hypoxia 

Concentrations of oxygen lower than physiological levels. Measurements in tumours 
have shown oxygen tensions 10 times lower than in normal tissues. Reduction in 


normal oxygen tension in tumours may lead to radiation resistance and poorer 
treatment outcomes. 


i(12p) 

An isochromosome of the short arm of chromosome 12 is found in 80% of adult 
nonseminoma germ-cell tumours and 50% of all seminomas. Overexpression of 12p 
does not correlate with clinical course of the tumour. 


IAP 


Inhibitor of apoptosis proteins can inhibit apoptosis by binding to and inhibiting the 
activity of caspases. 


IARC Monographs programme 


Established by IARC (International Agency for Research on Cancer), system to 
evaluate the evidence for carcinogenicity of specific agents. 


ICI 182,780 


A pure steroidal antioestrogen that causes the premature destruction of the oestrogen- 
receptor complex. 


Idarubicin 

Synthetic anthracycline derivative, used in chemotherapy, can intercalate with DNA 
and cause scission of DNA mediated by inhibition of topoisomerase II or by 
generation of free radicals, thus leading to affected DNA and RNA synthesis and cell 
death. 

IFNAR 

Interferon-alpha receptor. 

IFNGR 

Interferon-gamma receptor. 

Image registration 

Method of manipulating two or more separate images, usually from different 
modalities, into the same coordinates so that direct comparisons or image 
combinations can be made. 


Immortality 


Cells are able to overcome senescence and crisis phase and proliferate indefinitely. 
Immortalization is not sufficient for malignant transformation. 


Immune response 


A collective and coordinated response from the cells and molecules of one's immune 
system upon the introduction of foreign substances. 


Immune tolerance 


A general term describing the state by which the immune system is rendered 
nonreactive towards self or non-self antigens. 


Immunoassay 


A procedure for the detection of chemicals or biomolecules that relies on their 
recognition by antibodies raised against them. 


Immunohistochemistry 


The localization on tissue sections of individual proteins using specific antibodies, 
generally as an obvious dark brown colouration. In cancer pathology, 
immunohistochemistry may be used to help in the diagnosis of individual cancer types 
and subtypes, to predict the likely primary site in metastatic adenocarcinoma of 
unknown primary, to predict outcome in some cancers or to predict response to 
certain anticancer therapies. In metastatic adenocarcinoma, the proteins associated 
with different cancer primary sites usually relate to the normal function of that organ. 
For example, breast cancers often contain oestrogen receptors which enable breast 
tissue to respond appropriately to female hormones, whereas oestrogen receptors are 
usually absent from colon or lung cancers. 


Immunophenotype 

The immunohistochemical characterization of a tissue or tumour. Usually a panel of 
antibodies are used to determine the pattern of antigens expressed. This pattern can be 
used to identify the origin of the tumour. 

Immunosuppression 

Inhibition of host immune responses due to the impaired production and function of 
the immune system components, for example, as a result of development of a disease 
such as cancer. 

Immunotherapy (active) 

The treatment of the disease by therapeutic immunological agents that induce or 
promote the host immune response. Cancer immunotherapy involves promoting the 
antitumour immune response by cellular or genetic vaccines. 

Immunotoxin 

A molecule containing the targeting region of an antibody attached to a toxin that 


will kill a targeted cell. The toxin must be internalized, or taken into the cell, to be 
active. 


IMRT 


Intensity-modulated radiation therapy is an advanced form of 3D-CRT which 
delivers non-uniform beam intensities to the often irregular and complex target 
volume by changing the intensity of the beam. This has resulted in reduced toxicity to 
surrounding structures such as the bowel, rectum, and bladder when compared with 
standard techniques. 


In situ hybridization 


A process whereby a labelled probe is used to detect a specific DNA or RNA target 
within intact tissue. This process is commonly used to detect HPV in lower genital 
tract lesions and is best used for low-grade SILs/condyloma as these are associated 
with proliferation of the virus. 


In situ PCR 

A process whereby primers are used to detect a specific DNA or (RT in situ PCR) 
RNA target within intact tissue. This process is commonly used to detect low copy 
DNA or RNA sequences, such as HIV-1 or HPV in cervical cancers. 

In vitro wound healing assay 

A method of determining cell migration. A confluent monolayer of cells in tissue 
culture is “wounded” by scratching off cells within a specified portion of the dish. 
The rate of which surrounding cells migrate into the clear area under specific 
experimental conditions is then compared to parallel dishes exposed to different 
conditions. 


Inborn errors of metabolism 


Inherited defects of enzymes that normally regulate the metabolism of carbohydrates, 
lipids, and amino acids. 


Individual susceptibility marker 

A measurable indicator of genetic or acquired factors, existing before and 
independent of exposure, that influences the probability that disease will result from 
external exposure. 


Individualized therapy 


The concept of personalizing molecular therapeutics according to the molecular 
profile of the individual tumour. 


Inducible 


Capable of being formed, activated, or expressed in response to a stimulus especially 
of a molecular kind (i.e., tetracycline-inducible system). 


Induction chemotherapy 


Systemically active chemotherapy given prior to definitive treatment (surgery, 
radiation, or chemoradiotherapy). Sometimes also referred to a neoadjuvant therapy. 


Infiltration assay 

Test to detect invasion of tumour cells. During the metastatic cascade, tumour cells 
penetrate both the interstitial stroma (cf. stroma, connective tissue) and the basement 
membrane (cf. basement membrane). In the infiltration test, movement of tumour 
cells through a three-dimensional gel of extracellular matrix proteins, such as collagen 
I and fibrin, is measured. Infiltrated cells can be detected after cell staining or in real 
time by video microscopy. 


Inflammation 


Local response of a tissue to injury or infection. Caused by invasion of white blood 
cells, which respond to various local mediators such as histamine. 


Information bias 


A random or nonrandom misclassification of information on either the exposure, 
outcome, or confounding variables that leads to a biased estimation of the true effect. 


Informed consent 


The process by which a patient is informed of the risks and potential benefits of 
enrolling in a clinical trial, and voluntarily agrees to participate. 


Infusion 
The introduction of fluid other than blood into veins or tissue. 
Initiation 


The first stage in chemical carcinogenesis in which an ultimate carcinogen reacts 
with DNA and causes heritable damage. 


Inositol triphosphate 

A second messenger that stimulates the release of calcium from intracellular stores. 
Insertional mutagenesis 

Mutation caused by a virus or other gene transfer vector inserting its genetic material 
into a cellular genome. This can result in the interruption or alteration of the sequence 
of a cellular gene, or in the aberrant expression of a cellular gene at or near the site of 


insertion. 


Institutional Review Board 


A group of diverse individuals whose function is to protect the rights and welfare of 
patients participating in clinical research and to ensure that clinical research is being 
carried out in a scientifically and ethically sound manner. 


Insulinoma 





Tumour of insulin-producing 
£ cells of pancreatic islets; often benign and secreting large amounts of insulin. 


Integrins 





Heterodimeric transmembrane CAMs formed from an 
a and 
£ chain. They form interactions between cells and underlying basement 
membranes/matrix and act as important adhesive and signalling components. 





Intensity-modulated radiation therapy (IMRT) 


A technique of radiation delivery that allows improved target dose conformity and 
increased normal tissue sparing. 


Intent-to-treat (ITT) analysis 


ITT refers to the data analysis according to a patient's treatment assignment 
regardless of whether the patient received the assigned treatment or not, or how much 
of the assigned treatment the patient received. ITT analysis is more conservative, less 
biased, and reflects the realistic net effect when the treatment is delivered to the target 
population. 


Interferons (IFN) 


A large family of cytokines that are divided into three functional groups that bind to a 
common receptor type I, II, and III. Interferons (IFNs), approximately 20-25 kDa, 
exhibit a wide variety of biological activities including antiviral and antiproliferative 
effects and modulation of innate and adaptive immunity. 


Interim analysis 

Statistical analysis during the interim of a trial. On the basis of an interim analysis, a 
trial can be terminated early because of toxicity, or convincing evidence of efficacy, 
or futile (lack of efficacy). 

Interleukins (ILs) 

A group of secreted cytokines initially identified as acting on or secreted by 
leukocytes, but later shown to be produced by a wide range of cell types and have a 
diverse set of targets and effects. Their biological roles include T- and NK-cell 


development, B-cell differentiation, Treg proliferation, and antibody class switching. 


Intermediate biomarkers (of carcinogenesis) 


Effects on tissue (e.g., dysplasia), cells (e.g., indicators of proliferation, 
differentiation and apoptosis), and molecular targets (e.g., gene mutations or 
overexpression) associated with carcinogenesis. Some of these biomarkers have 
potential for validation as surrogate end points for cancer incidence. 

Intermediate filaments 

Part of cytoskeleton that enables rigidity and resistance to mechanical extracellular 
forces. So-called because intermediate in diameter (~10 nm) between thin actin and 
myosin thin filaments (2 nm) and microtubules (20 nm). Examples include 
cytokeratins, desmin, and vimentin. 

International Conference on Harmonisation (ICH) guideline 

The ICH consortium encompasses Europe, Japan, and the United States. The purpose 
is to make recommendations on ways to achieve greater harmonization in the 
interpretation and efficient application of technical guidelines and requirements for 
pharmaceutical product registration for human use. 

Intersex syndrome 

Having shared male and female characteristics. 

Interstitial growth 

Bone growth due to deposition of an expansile matrix within the bone. 

Interstitial thermotherapy 

Thermal ablation techniques used to destroy lesions not suitable for surgical resection 
usually performed under the guidance of radiological imaging such as 
ultrasonography or magnetic resonance imaging. 

Interstrand cross-link 

Two bonds formed by a bifunctional drug molecule that covalently bridge 
nucleophilic groups in opposite strands of DNA. A common reaction involves cross- 
links between guanine bases in the opposing strands. The product of the reaction with 
DNA is also referred to as an adduct. 


Interventional magnetic resonance scanner 


MR scanner that has integral instrument tracking and interactive real-time imaging 
and has an open configuration allowing access to the patient for surgery. 


Intestinal-type gastric carcinoma 


This tumour consists of glands that superficially resemble glands of the small or large 
intestine. 


Intima 

The layer of an artery between the lumen and the internal elastic lamina (innermost 
elastic layer); typically consists of a layer of endothelial (blood-lining) cells, and a 
small number of intimal myofibroblasts. 

Intraduct papilloma 

A benign, wart-like growth that occurs in breast ducts. 

Intra-S-phase checkpoint 

A checkpoint activated by DNA double-strand breaks generated in genomic loci 
outside the actively replicating DNA (replicons). It is independent of replication (i.e., 
it does not require active replication forks for its initiation). 


Intraductal Papillary Mucinous Neoplasm (IPMN) 


A mucin-producing tumour arising in the larger ducts of the pancreas. Up to one- 
third have an associated invasive cancer. 


Intraepithelial neoplasia 

A lesion characterized by a clonal proliferation of morphologically and molecularly 
abnormal epithelial cells that have some but not all the characteristics of a malignant 
tumour. The abnormal cells do not have the ability to infiltrate into the stroma (are 
confined by a basement membrane) and are considered to be precursor lesions that 
without treatment will progress to invasive cancer in a high percentage of cases. 
Intrastrand cross-link 

Two bonds formed by a bifunctional drug molecule that covalently bridge 
nucleophilic groups within the same strand of DNA. A common reaction involves 
cross-links between adjacent guanine bases in one strand. The product of the reaction 
with DNA is also referred to as an adduct. 

Intrathecal 

Being within the fluid around the brain, enclosed by the meninges. 


Intravasation 


The process by which tumour (or other) cells penetrate into blood vessels and enter 
the circulation. 


Intravesical 
Therapy installed directly into the bladder. 


Intravital microscopy 


In vivo technique observing circulating tumour cells in certain potential target organs 
for metastasis formation, usually in animal models. Metastatic cell adhesion, 
extravasation/invasion, and interactions with other circulating cells can be 
investigated using fluorescent-labelled tumour cells. 


Intrinsic apoptotic pathway 


The intrinsic pathway, triggered by damage or injury, to apoptosis, is initiated from 
within the cell. This pathway is dependent on permeabilization of the mitochondrial 
membrane which releases essential apoptotic factors into the cytoplasm. 


Introns 


These are sections of DNA that will be spliced out after transcription but before the 
RNA is used. Introns are common in eukaryotic RNAs of all types. 


Invasion 


The active movement of cells through tissues and across natural barriers such as 
basement membrane and extracellular matrix. This occurs naturally during 
lymphocyte recirculation and in inflammatory processes, but is also used by 
endothelial cells during capillary sprouting in neoangiogenesis and by malignant 
tumour cells. 


Invasive carcinoma 

A descriptive term for tumours that spread to nearby structures. 

Inverted microscope 

These microscopes are usually used for in vitro cell manipulations. They allow 
observation of cells from the bottom and are contructed with large working space 
allowing access to the cells from the top. 

Investigational new drug (IND) 

An IND application containing laboratory study results of the drug candidate along 
with its clinical protocol plan is submitted to Food and Drug Administration (FDA) of 
the US federal government to request permission to conduct studies in humans. 
Ionizing radiation 

Radiation that deposits enough energy to produce the ejection of an orbital electron 
(ionization) from an atom or molecule and results in the formation of an ion pair. 
Examples include 


y rays, X rays, and 
a particles. 






IRES 


Internal ribosome entry site; a structure present in the 52 untranslated regions of 
some species of mRNA that allows ribosomes to bind and initiate protein synthesis 
independently of the 52 cap structure. 

IRF 

Interferon regulatory factor. 

Ischaemia 

Decreased blood supply to a body organ or tissue. 

ISG 

Interferon-stimulated genes. 

ISGF 

Interferon-stimulated gene factor. 

Islet cell tumour 

A neoplasm of the pancreas which shows prominent endocrine differentiation. 
Isoform 

In biology, a protein isoform is a version of a protein with some small differences, 
usually a splice variant or the product of some post-translational modification. A good 
number of isoforms are formed because of presence of SNPs. The discovery of 
isoforms explains the apparently small number of coding genes revealed in the human 
genome project; the ability to create catalytically different proteins from the same 
gene increases the diversity of the genome. Isoforms are readily described and 
discovered by microarray studies and cDNA libraries. 

ISRE 

Interferon-stimulated response element. 

JAB 

JAK-binding protein. 

Janus-Activated Kinases (JAK) 


Cytoplasmic tyrosine kinases which mediate signaling from a number of cell surface 
receptors which lack intrinsic tyrosine kinase activity. 


Jaundice 


Yellowing of the skin or whites of the eyes caused by the accumulation of bile 
pigments. 


Jugulotympanic paragangliomas 

Benign neoplasms that arise from the extraadrenal neural crest-derived paraganglia 
specifically located in the middle ear or temporal bone region. Synonyms include 
glomus jugulare tumour and glomus tympanicum tumour. 


Kaposi sarcoma 


A multicentric proliferative process that differentiates towards blood vessels and that 
may be associated with the immunosuppression of AIDS. 


Karyotype 

The sum total of the morphological characteristics of the chromosomes in a cell, 
usually presented as a systematized array of metaphase chromosomes from a 
micrograph of a single cell nucleus. 

Ki-67 

Proliferation-associated protein that is active throughout the cell cycle. It serves as a 
proliferation marker that is recognized by a specific antibody (originally raised at Kiel 
University, Germany, hence Ki). This immuno-detection approach helps define the 
growth fraction of a tissue that is composed of a mixture of proliferative and non- 
proliferative cells. 


Kinase 


An enzyme that phosphorylates a target substrate (catalyzes the transfer of a 
phosphate group from a donor, such as ATP, to an acceptor). 


Kinetochore 


Specialized region in the centromeres of chromosomes that attach chromosomes to 
polar fibres via kinetochore fibres. 


Kirsten sarcoma virus 

(Ki-ras), member of the ras oncogene family (Ha-ras, N-ras) originally identified in a 
mouse sarcoma virus and which is commonly found in mutated form in tumours. Its 
protein product has GTPase activity. See ras proto-oncogene family. 


Knockin mouse 


Animal in which a particular gene sequence is replaced with a modified functional 
gene or an entirely new gene sequence. 


Knockout mouse 


A gene knockout is a genetically engineered mouse that carries one or more genes in 
its chromosomes that has been made inoperative. So far, such organisms have been 
engineered chiefly for research purposes. Also known as knockout organisms or 
simply knockouts, their most direct use is for learning about a gene that has been 
sequenced, but has an unknown or incompletely known function. Researchers draw 
inferences from how the knockout differs from individuals in which the gene of 
interest has not been made inoperative. 


Ku 

A heterodimer composed of Ku70 and Ku80; a regulatory component of DNA-PKcs. 
Kupffer cells 

Macrophages of the liver. 

L-x-C-x-E 


The sequence motif found in the domain of proteins that have been effectively 
demonstrated to interact directly with the pocket domain of pRB, p107, and p130. 


Labelling index (LI) 


Percentage of cells expressing a given label, frequently indicative of and used to 
study cell proliferation. 


Lac operon (lactose operon) 


Genetic system of E. coli responsible for the uptake and initial catabolism of lactose. 
The lac operon consists of three structural genes, lac Z, lac Y, and lac A. lac Z codes 
fo 
f-galactosidase. Transcription of the operon starts from the lac promoter (lac P) and is 
activated only when lactose is present. 





lac Z 





The gene coding for the bacterial enzyme 
/-galactosidase that can breakdown a substrate such as X-gal to form an insoluble 
blue dye. The gene can be transfected into cells to provide a blue marker that can be 
visualized in tissue sections or live cells following exposure to the appropriate 
substrate. 





Lambda ( 
A) immunoglobulin light chain gene 





Gene coding for one of the two varieties of Ig light chain (the other is the kappa ( 
x) chain). 


Lamellar bone 


Bone in which the collagen matrix is organized in successive layers of oriented 
fibres. 


Laminin 
Extracellular matrix protein and important component of basement membranes. 
Langerhans cell 


A cell normally found in the epidermal layer of skin that serves an important function 
in antigen presentation. 


Laparoscopy 


The inspection of the peritoneal cavity using an endoscope through one or more small 
incisions. Also called celioscopy and peritoneoscopy. 


Laparotomy 

Any surgical incision into the peritoneal cavity usually for exploratory purposes. 
Laser capture microdissection 

A technique that uses a modified microscope to allow dissection of very small 
regions (one or a few cells) of tissue sections for analysis of their composition by 
using a laser to fuse a plastic film to the surface of the tissue in the region of interest. 


Latent genes 


Coding sequences specifying viral proteins whose primary roles are not associated 
with production of infectious virus. 


Latent period 


Period of time in a virus infectious cycle before the appearance of newly synthesized 
progeny. 


LD10 

The dose that kills 10% of the experimental animals. 

Lead optimization 

A term used to decribe the iterative synthesis and profiling of many chemical 
analogues of a chemical lead compound with the aim of refining the physicochemical 


and biological properties of the chemical compound to those of a drug candidate. See 
also “Chemical lead”, “Lead profiling”, and “Structure-activity relationships”. 








Lead profiling 


A term used to describe the measurement of multiple chemical, physical, and 
biological properties of a chemical lead compound that are relevant to the 
development of the lead into a drug. See also “Chemical lead”. 

Leiomyoma 

Benign tumour of smooth muscle, whose cells show little variation in their form. 
There is extensive collagen formation which may obscure the muscle cell histogenesis 
of the neoplasm. 


Leiomyosarcoma 


Malignant tumour of smooth muscle; when well-differentiated, it resembles a 
leiomyoma; higher relative mitotic index indicates malignancy. 


Lentigine 

Freckle. 

Lentivirus 

A genus of single-stranded RNA viruses of the family Retroviridae that include SIV 
and the causative agents of AIDS, equine infectious anemia, and ovine progressive 
pneumonia. In addition to proliferating cells, these viruses infect non-proliferating 
cells, which are generally resistant to infection by other viruses (i.e., most 
retroviruses). They can be used to infect slowly proliferating cells such as 
haematopoeitic stem cells 


Leptomeninges 


Refers to a membranous structure that covers the brain and is composed of the 
arachnoid layer and pia mater linked together by delicate trabeculae. 


Let-7 

A founding miRNA that was identified in C. elegans and shown to be conserved 
through humans. It has a tumour-suppressor activity, in part, by targeting the 
oncogene ras. 

Letrozole (Femara®) 

An orally, peripherally selective competitive inhibitor of the aromatase enzyme. 


Leucoplakia 


Precancerous lesion of the oral mucosa characterized by thick white patches, often 
harbouring dysplasia. 


Leukaemia 


Malignant tumour of bone marrow haemopoietic cells characterized by the presence 
of malignant cells in the blood. A variety of types is recognized, including acute 
lymphocytic, acute myelogenous, acute monocytic, acute myelomonocytic, acute 
promyelocytic, erythroleukaemia, chronic myelogenous, and chronic lymphocytic, 
depending on the predominant cell type involved. 


Leukocyte 

White blood cell; there are various types including lymphocyte, monocyte, 
neutrophil, basophil, and eosinophil. All are nucleated, but while lymphocytes and 
monocytes have large rounded nuclei (“mononuclear”) and are agranular, neutrophils, 
basophils, and eosinophils have lobed nuclei and specific, distinctive granules. 

LH 

Luteinizing hormone. Gonadotrophic hormone synthesized and secreted by the 
anterior pituitary that stimulates ovulation in females and stimulates androgen release 
in males. 

LHRH antagonist 

Pharmacological compound that binds to the gonadotrophin releasing hormone 
receptor in the anterior pituitary without any agonist activity causing a decrease in 
FSH and LH levels. 


Li-Fraumeni syndrome 


Hereditary genetic error (p53 mutation) that leads to the disposition to develop 
tumours in a variety of organ systems including striated muscle, brain, and breast. 


LIFE 


This acronym stands for “Laser Imaging Fluorescence Endoscopy’, a recent 
technique used to detect precursor and early lesions in the bronchial tree. 


Lig4 


DNA ligase IV. A DNA repair enzyme that rejoins single-strand breaks in double- 
stranded DNA. Functions in tight complex with XRCC4. 


Ligand 
A molecule which interacts with a protein by specifically binding to the protein. 
Linear attenuation coefficient 


The value representing the total attenuation of a pencil beam of monoenergetic 
radiation by a particular object or material of uniform composition. 


Linear energy transfer (LET) 


The amount of energy deposited per unit of distance that the radiation travels in 
tissue 
a-particles are examples of high-LET radiation 
y-rays are low-LET radiation. 





Linkage analysis 


A way of identifying disease susceptibility genes by searching for co-segregation 
between polymorphic marker alleles and the disease phenotype in families. 


Lipoma 

Benign tumour of mature adipose tissue, showing no evidence of cellular atypia. 
Lipophilic 

A substance that associates with lipid. 

Lipopolysaccharide (LPS) 


Molecule consisting of lipid and polysaccharide moieties, which is a main constituent 
of the cell wall of Gram-negative bacteria. 


Liposarcoma 


Malignant tumour of adipose tissue with atypical lipoblasts in varying stages of 
differentiation. Frequently found in soft tissue and particularly in the retroperitoneum. 


Liposome 

Artificial microscopic vesicle consisting of an aqueous core enclosed in one or more 
phospholipid layers, used to convey vaccines, drugs, DNA, or other substances to 
target cells or organs. 


Liver cell adenoma 


A benign liver tumour, seen most often in women of child-bearing age, strongly 
associated with usage of oral contraceptives. 


Liver endothelial cells 
Endothelial cells of liver sinusoids. 
Liver flukes 


Several species of liver fluke play a role in the development of cholangiocarcinoma 
in areas where they are prevalent. 


Long terminal repeat (LTR) 


Viral genomic non-coding elements composed of U3, R, and U5 regions. The LTRs 
contain promoter elements and RNA processing signals that are necessary for viral 
gene expression. 

Loss of heterozygosity (LOH) 

Loss of one or more alleles on one member of a chromosome pair, typically in 
tumour cells. LOH is detected by assaying marker alleles, in the tumour, for which the 
individual is heterozygous. Loss of one part of a chromosome (during tumourigenesis) 
containing certain alleles is then revealed as a loss of heterozygosity—only the alleles 
remaining on the other member of the chromosome pair are detected. 

Low-grade 

Well-differentiated tumour in which the cells resemble the tissue of origin. 

Lox-Cre system 

Site-specific recombination system from E. coli bacteriophage P1. Now used in 
transgenic animals to produce conditional mutants. If two lox sites are introduced into 
a transgene, the intervening DNA is spliced out if active Cre recombinase is 
expressed. 

Luciferase 

An enzyme that catalyses the release of light in the presence of a suitable energy 
source. The gene can be transfected into cells controlled by different promotors to 
provide a marker of gene expression or for tracking the presence of viable cells in 
vivo. 

Lumen 

The hollow inside portion of a vessel or tubule. 


Luteinizing hormone-releasing hormone (LHRH) 


A small peptide that is released from the hypothalamus in a pulsatile manner to 
initiate gonadotrophin release from the anterior pituitary gland. 


Lxxl 


Protein motif found in many coactivators that is necessary and sufficient to mediate 
ligand-dependent direct interaction with steroid receptors. 


Lymphoid 


Related to the lymphocyte, a white blood cell that may produce antibody (B-lineage), 
play a role in cell-mediated immunity (T-lineage), or stimulate B cells (T-lineage). 


Lymphokine-activated killer cells (LAK) 


Lymphocytes usually derived from the natural killer cell lineage that can be cultured 
in vitro with cytokines (usually interleukin-2) and develop enhanced cytotoxicity for 
tumour cells. 


Lymphoma 


Malignant tumour of lymphoid tissue including lymphocytic lymphoma, histiocytic 
lymphoma, and Hodgkin's disease. 


Lymphoscintigraphy 


A method used to identify the sentinel lymph node after injecting a radioactive 
substance to the site of the tumour. 


Lyonization 

Embryonal random inactivation of one X chromosome in every somatic cell in 
females, resulting in equal X-linked gene activation across the sexes (males having 
one X and one Y chromosome); thus all females are genetic mosaics, with some cells 
retaining activity in the paternally derived X chromosome, while others retain activity 
in the maternally derived X chromosome. 

Lysis 

Tissue destruction. 


Macrometastases 


Metastases that can be seen with the naked eye or a low-power dissecting 
microscope. They are usually greater than about 0.5 mm in diameter. 


Macroregenerative nodule 


A large (>8 mm in diameter) regenerative nodule, seen in cirrhotic livers, that have 
potential for malignant transformation to hepatocellular carcinoma. 


Mafucci's syndrome 

Ollier's disease (multiple chondromas) associated with multiple benign vascular soft 
tissue tumours (haemangiomas). There is a very high incidence of chondrosarcomas 
and other malignant non-osseous tumours. 

Magnetic resonance imaging 

Use of magnetic resonance to create images of hydrogen (protons), sodium, fluorine, 
phosphorus, and so on. The image signal intensity depends primarily on the tissue 


characteristics, imaging parameters, and pulse sequence. 


Magnetic resonance spectroscopy (MRS) 


Use of magnetic resonance to obtain spectral information in the form of spectral 
peaks. Peaks are analysed according to their frequency and chemical shift, peak 
amplitude, and area under the peak. 


Maintenance methylation 


The addition of a methyl group to an unmodified cytosine in the context of a 
hemimethylated CpG dinucleotide pair, as occurs during DNA replication when the 
nascent daughter strand is methylated. 


Major histocompatibility complex 


Antigens that determine immunological recognition and the matching between the 
stem cell donor and the transplanted patient. 


Malignant 


Describing a tumour that invades and destroys the tissue in which it originates and 
can spread to other sites in the body commonly via the bloodstream and lymphatic 
system. 


Malignant melanoma 


A tumour of melanocytes characterized by very aggressive behaviour, frequent 
metastases, and poor prognosis with a wide morphologic spectrum including 
superficial spreading, nodular, acral-lentiginous, and spindled cell type. 


Malignant phenotype 
Phenotype of tumour cells—usually with the ability to invade and metastasize. 
Malignant pleural mesothelioma 


Cancer that affects the mesothelium lining between the lungs and the ribs. The only 
known cause of malignant pleural mesothelioma is exposure to asbestos fibres, such 
as chrysotile, amosite, and crocidolite. Malignant mesothelioma accounts for about 
75% of all pleural mesothelioma cases, and is typically not diagnosed until symptoms 
appear, about 20-30 years after exposure. 


MALT 


Mucosa associated lymphoid tissue, a system of lymphoid tissue associated with 
local immunity of the mucosae of the gastro-intestinal tract, thyroid, breast, lung, 
salivary gland, eye, skin, and so on. The MALT lymphoma concept developed with 
the observation of Isaacson and Wright, in 1983 that certain gastric lymphomas 
recapitulate features of Payer's patches or MALT. Interestingly, most marginal zone 
B-cell lymphoma of MALT type occur at sites normally devoid of lymphoid tissue 
and their development is invariably proceeded by chronic inflammation due to 
infection or autoimmune process. 


Mammography 


It is an X-ray image of the breast. Mammography is the procedure used to generate a 
mammogram. 


Mammosphere 

Non-adherent spherical clusters of mammary cells grown in suspension culture. This 
is generally considered to be one way in which the presence of stem cells (from 
normal tissue or tumours) can be manifested. 


MAPK (Mitogen activated protein kinase) 


Family of cytoplasmic enzymes that modulate the activities of other intracellular 
proteins by adding phosphate groups to their serine/threonine amino acids. 


Mastectomy 

The surgical removal of a breast. This is usually because of a carcinoma. 
Mathematical model 

A formulation of a problem (biological, medical, engineering) in terms of 
mathematical equations which describes in mathematical terms how variables in the 
problem interact and predicts what the outcomes of these interactions may be. 
Matrigel plug assay 

An angiogenesis assay in which Matrigel mixed with tumour cells or angiogenesis- 
modifying agents (a plug) is injected subcutaneously into mice. The implants are 
excised after a specific time to evaluate the extent of neovascularization in the plug. 


Matrix 


An extracellular connective tissue substance, usually bone, cartilage, or fibrous tissue 
that is produced by and supports the cells within it. 


Matrix degrading enzymes 


Enzymes secreted by for example, cancer cells which degrade extracellular matrix 
locally and facilitate the invasion of tissue by the cancer cells. 


Matrix metalloproteinases (MMPs) 

Zinc-dependent enzymes whose substrates include most of the components of 
basement membranes and extracellular matrix. They are important in angiogenesis 
(formation of new blood vessels on which tumour growth and metastasis depend) and 


in tumour invasion. 


Maximum tolerated dose (MTD) 


The highest dose, usually derived from a 3-month dose-ranging study, that will not 
impair the normal longevity of treated animals from effects other than the induction of 
tumours in a carcinogenicity study. The maximum dose can be administrated to 
patients under certain pre-specified safety criteria. 


MDR reversing agent 


The chemical that reverses or minimizes multidrug resistance by inhibiting the 
transporter or by other mechanisms. 


MDR-1 


The gene encoding a multipass-transmembrane efflux pump (P-glycoprotein), which 
provides drug resistance through its ability to expel lipophilic chemotherapy 
compounds from the cell. 


Mechanism of action 


A mechanism of action provides a detailed mechanistic description from chemical 
exposure (A) through each interim stage (B, C, D, 


, X, Y, etc.) to outcome (Z). 





Median-effect principle or plot (MEP) 

The general principle of dose and effect as depicted by the median-effect equation of 
Chou (1976). A plot of log (Dose) vs. log (fa/fu) linealizes dose-effect curve with 
slope (m) indicating shape and anti-log of x-intercept indicating potency (the median- 
effect dose). 

Mediastinoscopy 

A surgical technique that is used to reach the mediastinal lymph nodes. It is often 
needed to adequately stage patients with non-small cell lung cancer before the 
operation. 


Medullary carcinoma of the pancreas 


A recently recognized variant of pancreatic cancer associated with a specific DNA 
change (microsatellite instability). 


Medulloblastoma 
This is a malignant neoplasm that is composed of densely packed small blue cells and 
has phenotypes comparable to the early developmental stage of the central nervous 


system. 


Megakaryocyte 


Platelet-forming precursor cell. 

Meibomian glands 

Sebaceous glands located at the rim of the eyelids, responsible for the production of 
sebum. There are approximately 50 and 25 glands on the upper and lower eyelids, 
respectively. 

Melanocytes 

Cells producing melanin in the skin and hair follicles. 

Meningiomas 

Benign neoplasms arising from arachnoid cells forming the arachnoid villi seen in 
relation to the dural sinuses. The occurrence of a meningioma outside the central 
nervous system is considered ectopic and can be divided into those meningiomas with 
no identifiable CNS connection (primary) and those with CNS connection 
(secondary). The development of primary meningiomas in the middle ear and 
temporal bone result either from direct extension or from the presence of arachnoid 
cells that are ectopically located. 


6-Mercaptopurine 


An analogue of the purine base hypoxanthine, which is converted intracellularly to 
form cytotoxic 6-thioguanine nucleotides. 


Mesenchymal 


Refers to lineages of cells derived from the embryonic mesoderm; this includes 
connective tissues, muscle, blood, and lymph. 


Mesenchymal stromal/stem cell (MSC) 

A stem cell present in bone marrow and other mesenchymal tissues, capable of 
giving rise to cells of all mesenchymal lineages, including fat, bone, muscle, cartilage, 
fat, and other connective tissues. 

Mesenchyme 
Embryonic connective tissue. 


Mesoderm 


The middle germ-cell layer of the embryo, from which most of the urogenital system 
develops. 


Mesonephric remnant hyperplasia 


An idiopathic, benign process wherein tubular remnants of the embryonic 
mesonephros proliferate, thus creating a pseudomalignant appearance. 


Mesothelioma 


A neoplasm which is generally highly malignant, and which arises from the 
mesothelial cells lining the pleural, peritoneal, or pericardial spaces. 


Messenger RNA 52 cap structure 


The 7-methylguanosine triphosphate structure found at the 52 ends of all eukaryotic 
cellular mRNAs; provides a binding site for eIF4E during cap-dependent initiation of 
protein synthesis. 


Metabolic activation 


The process by which carcinogens, which are not biologically active in their parental 
form, are converted by normal cellular processes into reactive species that can react 
with cellular macromolecules (see also DNA adducts). 


Metalloproteinases 


This is a large family of metal ion-dependent proteolytic enzymes involved in the 
degradation of the extracellular matrix. They play a role in tumour differentiation, 
angiogenesis, cancer cell invasion, and metastasis. 


Metaphase arrest 


Prevention of a cell proceeding from metaphase to anaphase brought about by 
treatment with specific agents that inhibit the formation of the mitotic spindle so that 
newly divided chromosomes are unable to move apart into anaphase. This is a 
commonly used method of killing cells in cancer chemotherapy as well as being used 
experimentally to determine the birth rate, KB, of tumour cells (measured in cells per 
100 cells per hour) as arrested cells are easily recognizable and quantifiable. 


Metaphysis 

The funnel-shaped portion of the bone between its growth plate and shaft. 
Metaplasia 

A major switch in tissue differentiation; a reprogramming of stem cells commonly 
caused by chronic irritation (inflammation). Acid reflux leads to Barrett's metaplasia, 
which can lead to oesophageal dysplasia. 

Metastasis 

Literally means to change place. Metastasis is the process whereby cancer cells 


spread from their site of origin to elsewhere, commonly including solid organs such as 
liver, lung, brain, or bone. This gives rise to deposits of metastatic tumour, also 


known as “secondaries”, to distinguish them from cancers at their primary site. 
Metastatic cancer retains the properties of its original tumour type and site, thus a 
breast adenocarcinoma which has spread to lung is still regarded as, and treated as, a 
breast adenocarcinoma, not as a lung cancer. 


Metastasis-suppressor gene 


A gene that produces a product that suppresses development of metastases but has no 
impact on the growth of the primary tumour. 


Metastatic potential 


Capacity of a population of cancer cells to metastasize and form new tumours at 
distant sites from the primary tumour. 


Methotrexate 
A folate analogue that inhibits the enzyme dihydrofolate reductase. 
5-Methylcytosine 


Cytosines, usually within the context of a CpG dinucleotide sequence, which have 
been modified by the addition of a methyl group to the 5-carbon position. 


Methyl-CpG binding domain (MBD) proteins 
A family of proteins characterized by a structural domain that is able to bind a single 
symmetrically methylated CpG site. Several MBD proteins have been demonstrated 


to be implicated in repressing transcription through the recruitment of histone- 
modification activities. 


Methylation 

Addition of a methyl group. 

06-Methylguanine-DNA Methyltransferase (MGMT) 

The gene encoding the DNA repair protein O6-alkylguanine-DNA alkyltransferase 
(AGT), which removes alkyl adducts from the O6 position of guanine in DNA. 
Inhibition of wild-type AGT by artificial O6-alkylguanine substrates sensitizes cells 
to toxicity from DNA-alkylating agents used in chemotherapy. 

MIB (Molecular Immunology Borstel) 

Series of antibodies recognizing the Ki-67 antigen that are immunoreactive in 
routinely processed tissues, including paraffin wax-embedded tissue. Developed at the 


Institute of Molecular Immunology, Borstel, Germany. 


MIBG (m-iodobenzylguanidine) 


BIL or !31-labelled radiotracer which is taken up by sympathetic neurons. Primarily 


used for imaging phaeochromocytomas and neuroblastomas. 
Microarray studies 


Techniques that allow the simultaneous analysis of numerous genes in biological 
samples, at the genomic or transcriptional level. 


Microcalcification 

A tiny deposit of calcium in the breast that cannot be felt but can be detected on a 
mammogram. A cluster of these very small specks of calcium may indicate that 
cancer is present. 

Microdissection 

A technique to procure pure subpopulations of cells from a histologic section under 
direct microscopic visualization. In one form of the technology, a laser is used to 
procure specific cells under an inverted microscope. 


Microfilaments 


Cellular fibrillar elements composed of actin and important in determining cell shape 
and movement; also the thin filaments involved in muscle contraction. 


Microglia 


A type of neuroglia in the central nervous system, consisting of small cells that are 
phagocytic under certain pathological conditions. 


Micrometastases 


Very small metastases that need to be visualized in tissue sections using a 
microscope. They may contain a few or up to tens of thousands of tumour cells. 


Microsatellite instability 

Accumulation of small mutations (insertions or deletions) within microsatellites or 
non-coding regions of the genome that are made up of repetitive tracts 
(mononucleotide, dinucleotide, trinucleotide, tetranucleotide, or pentanucleotide). 
Microsomes 

These are small vesicles that are derived from fragmented endoplasmic reticulum 
(ER) produced when tissues such as liver are mechanically broken (homogenized). 
Microsomes contain the cell's cytochrome P450 (CYP) enzymes involved in oxidative 


metabolism. 


Microtubules 


A network of fibres crisscrossing the cytoplasm; serves for the movement of 
intracellular vesicles and organelles such as the Golgi apparatus and also, 
chromosomes during mitosis. 


Microvascular density 


The relative prevalence of blood vessels (capillaries) within a certain tissue or tissue 
section. Presently used as a prognostic factor in the study of cancer. 


Middle ear adenocarcinoma 

Malignant glandular neoplasm arising from the middle ear mucosa. 
Middle ear adenoma 

Benign glandular neoplasm originating from the middle ear mucosa. 
Middle ear rhabdomyosarcoma 


Malignant mesenchymal neoplasm of likely rhabdomyoblastic cell origin originating 
in the middle ear and temporal bone region. 


Middle ear squamous cell carcinoma 


Malignant neoplasm with squamous differentiation originating from the middle ear 
mucosal epithelium. 


Migration assay 


Test to detect cellular movement. Different test systems are available, such as 
measuring the motility of cells on surfaces or filters coated with extracellular matrix 
(ECM) proteins, or closure of “wound” in a confluent cell layer, which was generated 
by scraping cells off. The cell movement can be detected by staining the cells or in 
real time by video microscopy. 


Min mouse 

Multiple intestinal neoplasia mice are heterozygous at the adenomatous polyposis 
coli (Apc) locus; carrying one wild-type and one mutated, functionally inactive allele. 
Loss of the remaining wild-type allele within the intestinal epithelial cells of 
ApcMin/+ mice leads to the development of multiple adenomas. 


Minimal access surgery 


Techniques for performing surgical procedures with a reduction in both surgical and 
psychological trauma to the patient. 


Minimal residual disease 


Identification of a very small number of tumour cells that cannot be detected by the 
routine diagnostic methods. Usually, it refers to detection of a disease in a patient who 
has been treated, but by sensitive methods such as PCR a few residual tumour cells 
can be identified. 


miR-17-92 (aka OncomiR-1) 

A cluster of six miRNA precursors that represent the first oncogenic miRNA. 
miRNA or microRNA 

A class of 21-23-nucleotide-long double-stranded RNA molecules involved in post- 
transcriptional regulation of gene expression through inhibition of translation. miRNA 
is transcribed by RNA polymerase II, they are processed from single-stranded RNA 
precursors and exhibit partial complementarity to their target mRNA. They are 
implicated in a wide range of functions, particularly in development. 


Mismatch repair genes 


The protein products of these genes function to ensure the fidelity of DNA 
replication. 


Mispairing 

Alteration of the pairing of the bases in DNA. 

Mitochondria 

Double-membrane cellular organelles with a key role in cellular energy metabolism. 
Between the inner and outer membranes there is a veritable storehouse of molecules 
critical to initiating apoptosis, for example, cytochrome c. 

Mitogen 

An agent that induces cell proliferation. 

Mitomycin C 

From Streptomyces caespitosus, used in chemotherapy, binds to single-stranded and 
double-helical DNA, thus leading to breakage of DNA, inhibition of DNA synthesis, 
and cell death. 

Mitotic checkpoints 

Multiple checkpoints operate during mitosis to ensure that chromosomes segregate 
with maximum fidelity to warrant genomic stability and to prevent premature 
cytokinesis. They monitor prophase-to-metaphase, metaphase-to-anaphase, and 
anaphase-to-telophase transition. The best understood mitotic checkpoint operates at 


the metaphase-to-anaphase boundary, and is also referred to as the spindle assembly 
checkpoint. This checkpoint is activated early in mitosis unless all kinetochores are 


attached to microtubules of the mitotic spindle or in response to microtubule- 
damaging agents. The target of this checkpoint is the E3 ubiquitin ligase APC/C. 


Mitotic index (MI) 


Proportion of recognizable cells in mitosis, expressed as a percentage of the total cell 
number. 


Mitotic poison 


A compound that specifically prevents mitosis, often by blocking spindle formation 
or operation. Some are used as cytotoxic drugs in cancer chemotherapy. 


Mitotic spindle 


Array of microtubules and associated molecules that forms between the two poles of 
a eukaryotic cell during mitosis. These microtubules attach to the centromeres of the 
chromosomes and help draw the chromosomes apart. In most cells, the spindle is 
formed by the centrosomes which are at opposite sides of the cell by mitosis. 


Mitoxantrone 


Synthetic anthracenedione derivative, used in chemotherapy, can intercalate with 
DNA and cause scission of DNA mediated by inhibition of topoisomerase II, thus 
leading to affected DNA and RNA synthesis and cell death. 


Mixed function oxidase 


P-450-based complex that normally detoxifies drug molecules by enzymatic 
oxidation to hydrophilic metabolites that can be easily excreted. The oxidative 
reaction, however, can also inadvertently activate some molecules into highly reactive 
species that can alkylate biological macromolecules. 


Mixed mullerian tumour 


Also called carcinosarcoma, a poorly differentiated tumour with malignant spindle 
cells and, less prominent, malignant glands. The malignant stroma may differentiate 
to non-endometrial forms (skeletal muscle, for example, called heterologous) or 
appear like malignant smooth muscle (homologous). Rare in the ovary, relatively 
more common in the endometrium, it is an aggressive, polypoid tumour of older 
women. 


MLH 
MutL homologue (add prefix h for human). A component of the MMR system. 
MLL gene 


Myeloid/lymphoid or mixed-lineage leukaemia gene (a homologue of trithorax in 
Drosophila melanogaster) located on chromosome 11. It encodes a large protein with 


transcriptional and DNA methyl transferase activities. MLL fusion genes are 
implicated in approximately 10% of leukaemias. 


MMR 

Mismatch repair. Repairs DNA where bases are locally noncomplementary. 

Mode of action 

A mode of action or MOA describes a series of key causative events leading from 
chemical exposure (A) to biological outcome (Z). A MOA must be biologically 
plausible and must take account of any dose and time data. 

Molecular hybridization 

Any technique used for the detection of RNA/DNA where a labelled probe is used to 
detect a complementary sequence. Includes tests such as PCR, in situ hybridization 
and hybrid capture. 


Molecular therapeutics 


Drugs targeted to the molecular abnormalities and deregulated biochemical pathways 
that are responsible for cancer progression. 


Moll's glands 
Apocrine glands located in the eyelids. 
Monoclonal antibody 


Antibody secreted by a hybridoma derived from a single B lymphocyte. All of the 
antibody molecules produced by a hybridoma clone are thus identical. 


Monocyte 


A phagocytic white cell in the marrow; it differentiates into a macrophage in the 
blood or tissue. 


Monocyte-derived APCs (MD-APCs) 

Blood mononuclear cells processed outside the patient's body (ex vivo) can 
differentiate into effective antigen-presenting cells. Autologous DCs or MD-APCs 
derived from the patient's own monocytes can be pulsed with tumour-specific 
peptides or fragments of autologous tumours, or of a relevant tumour cell line, and 
these comprise an “autologous cellular vaccine”. 


Monodispersed 


A clump-free cell suspension in which all cells exist as single cells. 


Monofunctional agents 


Highly reactive compounds that form a single bond with macromolecules possessing 
a nucleophilic centre. 


Monogenic diseases 

Diseases caused by alterations in a single gene. 

Morphine 

An opioid drug derived from the plant Papaver somnolensis (Poppy), that acts via 
specific receptors on neurons in the brain and spinal cord to mediate analgesia and a 
sense of well-being. 

Morphogenesis 

The development of tissue and organ structure (morphology) during development. A 
morphogen is a molecule with a role in cell differentiation. Some morphogens such as 
Hepatocyte growth factor (scatter factor) can also function as mitogens (stimulating 
cell division) and motogens (stimulating cell movement). 


Morphometry 


The study of tissues, including pathological tissues and tumours, by quantitative 
evaluation of its cells and/or architectural features. 


Mortality stage 1 

See Senescence. 

Mortality stage 2 

See Crisis. 

Mouse mammary tumour virus (MMTV) 

Tumour virus whose provirus DNA causes insertional mutagenesis. 
Mouse prostate reconstitution 


Generation of prostate in adult mouse utilizing transgenic foetal mouse tissues under 
the kidney capsule. 


Mrel1 
An exo- and endonuclease component of the Mre11-Rad50-NBS1 module. 


mRNA 


Messenger RNA; transfers genetic information from DNA to make proteins; 
substitutes U for T in amino acid coding; DNA A pairs with mRNA U. 


MRP (multidrug resistance-associated protein) 


MRP belongs to ABC (ATP-binding cassette) transporter superfamily and is involved 
with extracellular efflux of various anticancer drugs and with multidrug resistance. 
MRP subfamily includes MRP1, CMOAT/MRP2, MRP3, MRP4, MRP5, MRP6, and 
so on. 


MSH 

MutS homologue (add prefix h for human). A component of the MMR system. 
mTOR 

Mammalian target of rapamycin; a key protein kinase involved in integrating signals 
from growth factors and nutrients to stimulate protein synthesis; acts via the 
phosphorylation of the eI[F4E binding proteins (4E-BPs) and ribosomal protein S6 
kinase; inhibited by rapamycin and related compounds. Temsirolimus is an example 
of a rapamycin analogue that functions as a competitive inhibitor of mTOR kinase 
and has demonstrated activity in advanced renal cell carcinoma. 


Mucinous cystic neoplasm 


A mucin-producing cyst-forming tumour of the pancreas. Up to one-third have an 
associated invasive cancer. 


Mucosa 

In the gastro-intestinal tract, the mucosa is that portion which lies above the 
muscularis mucosae and consists of epithelial cells and supporting stroma that 
contribute to the major digestive functions of the gastro-intestinal tract. 


Mucosal carcinoma 


Dysplasia characterized by loss of architectural integrity of mucosal glands without 
penetration of the muscularis mucosa. 


Muir-Torre syndrome 

An autosomal dominant disorder linked to the Lynch II cancer family syndrome with 
mutations in DNA mismatch repair, characterized by the development of colon 
cancer, sebaceous tumours, and keratoacanthomas. 


Muller cell 


Glial cells present in the inner nuclear layer of the retina that provide structural and 
functional support to the entire retina. 


Multidrug resistance (MDR) 


Ability conferred on cells to withstand exposure to cytotoxic doses of structurally 
unrelated compounds. 


Multidrug transporter 


ABC (ATP) binding cassette superfamily of transporter proteins of integral 
membrane glycoproteins functioning as a broad-substrate ATP-dependent pump that 
exports a variety of solutes or drugs from the cytoplasm. 


Multifocal breast cancer 


Multifocal breast cancer is defined as two or more lesions in one quadrant as opposed 
to multicentric breast cancer, which represents two or more breast cancers in different 
quadrants. 


Multiple endocrine neoplasia (MEN) 


Syndromes of inherited pre-disposition to the development of endocrine tumours. 
Patients with MEN-1 inherit a mutant tumour-suppressor gene menin, and with loss of 
the other normal allele they may develop tumours in endocrine tissues, usually 
parathyroid, pituitary, and pancreas. Patients with MEN-2 and the related familial 
medullary carcinoma inherit a mutant gene that is an activated oncogene, resulting in 
tumour development of thyroid and occasionally other tissues including adrenal 
medulla. 


Multiple hereditary exostoses 

An autosomal dominant defect, usually in the EXT-1 and EXT-2 genes, that results in 
the production of multiple cartilage-capped exostoses. There are often growth 
abnormalities or deformities of the bones involved and an increased incidence for 
chondrosarcoma. 


Multiple myeloma 


Disseminated malignancy of plasma cells, the terminally differentiated cells of the B 
lymphocyte lineage. 


Multipotential stem cell 

A self-renewing stem cell capable of giving rise to progeny capable of forming all the 
differentiated cell types usually present in a given tissue location. For example, in the 
colon, such a stem cell can give rise to all three cell types—absorptive, goblet, and 
enteroendocrine. 


Multistage carcinogenesis 


Development of tumours from multiple genetic and epigenetic events, generally 
initiation (mutation) followed by promotion (unrestrained proliferation allowing 


emergence of malignant clones) then progression (further genetic changes leading to 
acquisition of metastatic potential). 


Multistep carcinogenesis 


This theory is based on the premise that it takes multiple genetic events for a cancer 
to occur. This theory is best demonstrated by the Vogelstein model of colon cancer. 


Muscularis mucosae 


A thin layer of smooth muscle at the base of the mucosa, for example, in the gut. An 
invasive cancer is defined by a tumour that penetrates this layer. 


Musculoskeletal 
Pertaining to muscles and bones. 
Mushroom hydrazines 


Compounds such as agaritine and its decomposition products, some of which are 
mutagenic and carcinogenic, present in some cultivated edible mushrooms. 


Mutagen 

A substance (chemical, physical) that causes a heritable change in DNA. 
Mutation 

Any change in the normal sequential structure of genetic material. 

MYC 

MYC (c-MYC) protein belongs to a family of transcriptional factors, which also 
include N-MYC and L-MYC-. It acts as powerful transcriptional regulator with 
various biologic effects, including upregulation of the cell proliferation and growth, 
apoptosis, down-regulation of the cell differentiation and adhesion. 


Mycoplasma 


Small, wall-less organisms whose bacterial membranes contain cholesterol, a sterol 
usually found in eukaryotic cell membranes. 


Mycosis fungoides 


A malignant skin tumour that originates from T lymphocytes that normally are 
present within the skin. See Cutaneous T-cell lymphoma. 


Mycotoxins 


Toxic compounds produced by fungi. Typical examples are the aflatoxins. 


Myelodysplastic syndromes 


A group of clonal disorders, which have in common ineffective haematopoiesis and 
other morphologic and cytogenetic abnormalities. 


Myelofibrosis 
Replacement of the normal bone marrow elements by fibrous tissue. 
Myeloid 


Collective term for all non-lymphocytic cells of the marrow, which include 
granulocytes and monocytes; sometimes referred to as myelomonocytic. 


Myeloid leukaemia 


Malignant tumour of myeloid stem cells and their precursors. Granulocytes of all 
stages of maturation may be present in the blood. 


Myeloproliferative disorders 


A group of clonal disorders in which one or more of the hematopoietic cell lines is 
dominantly proliferative. 


Myelosuppression 

Suppression of formation of granulocyte white blood cells. 

Myoepithelium 

A tissue consisting of cells of epithelial origin, having a contractile cytoplasm. 
Myoepithelial cells play an important role in moving the secretion of substances into 
ducts. 

Myofibroblast 

A type of cell that possesses characteristics of both smooth muscle cells and 
fibroblasts; that is, may possess both synthetic properties of collagen production 
(similar to fibroblasts) and contractile functions due to intracellular actin filaments. 
Myofibroblastic sarcoma 

A sarcoma with diverse morphologic expression, tyically of spindle cells with 
differentiation along fibrous cell lines (often called malignant fibrous histiocytoma if 
there is extensive pleomorphism) or leiomyosarcoma, if there is predominantly 
smooth muscle cell differentiation. The term is generally used with regard to 
pleomorphic intimal sarcomas and should not be confused with inflammatory 


myofibroblastic tumour, which is of borderline or low-grade malignancy. 


Myoglobinuria 


The presence of myoglobin, an iron-containing protein, associated with cardiac 
muscle, in the urine, which can result in renal tubular necrosis. 


Myxoid 

From the Greek myxa, mucous. Having a mucous-like appearance. The stroma of 
many tumours, usually soft tissue and bone neoplasms, is blue-grey. A myxoid stroma 
is very characteristic of some soft tissue tumours, such as myxoma, myxoid 
liposarcoma, extraskeletal myxoid chondrosarcoma, and others. 

Myxoma complex 

Cardiac myxomas are the most common primary cardiac tumour in the general 
population. Myxomas occurring as part of Carney complex (myxoma complex) 
account for 7% of all cardiac myxomas. Features include skin pigmentation (blue 
naevi of face, lips, sclera, trunk, genital mucosa, masses of the breast, thyroid, and 
testes) and signs of embolization to the brain. 


Myxomatous 


Refers to a type of fibro-connective tissue that has a loose histological arrangement 
and can be grossly gelatinous. 


Naevus 


Localized congenital malformation of the skin, for example, strawberry naevi. See 
Haemangioma. 


Nasopharyngeal carcinoma (NPC) 


A tumour involving epithelial cells of the nasopharynx, frequently associated with 
Epstein-Barr virus infection. 


National Toxicology Program (NTP) 


A US Government organization mandated by Congress and created in 1978 to 
coordinate carcinogenesis testing across governmental agencies. 


Natural killer cell 


An effector of cell-mediated immunity. NK cells are decreased in mice bearing the 
nude mutation. 


NBS1 


Nijmegen breakage syndrome protein 1, a p95 protein also called nibrin. Functions as 
a three-component module with Mre11 and Rad50. 


NCRP 


The National Council for Radiation Protection sets appropriate radiation protection 
standards in the United States. The UN equivalent is the ICRP (International 
Commission of Radiation Protection). 

Necrosis 

The passive (energy-independent) degradative breakdown of a cell(s) after its death 
due to severe insult such as direct damage to the plasma membrane or inhibition of 
energy (ATP) generation. In contrast to apoptosis, it is preceded by cell and organelle 
swelling (oedema). 


Neoadjuvant chemotherapy 


Drug treatment of an advanced tumour to reduce its extent or stage prior to 
attempting surgical control. 


Neoplasm 


From Greek (neo = new and plasma = thing formed). Literally, a new growth. 
General term for any benign or malignant tumour. 


Neovascularization 
The formation of new blood vessels, for example, to supply expanding tumour mass. 
Nephroblastoma (Wilms' tumour) 


The most common primary malignant tumour involving the kidney in children. It is 
composed of structures resembling the foetal kidney. 


Nephrogenic adenoma 


A benign process, usually seen in the urinary bladder but occasionally in the prostatic 
urethra or gland, wherein foci of transitional epithelium undergo metaplasia to 
resemble tubular epithelium of the kidney. The resultant area may be misinterpreted 
as adenocarcinoma. 


NER 


Nucleotide excision repair. A DNA repair mechanism that excises a single-strand 
segment containing a damaged base. 


Neural crest cells 


A population of cells derived from the lateral margins of the neural folds which 
migrate during neurulation to form a variety of structures—melanocytes, dorsal root 
ganglia, chain ganglia, preaortic ganglia, enteric ganglia, chromaffin cells of adrenal 
medulla, arachnoid, and pia mater, Schwann cells, glial cells in peripheral ganglia, 
connective tissue around the eye, and many others. 


Neuroblastoma 


This is a malignant neoplasm of neural crest origin. They are most commonly seen in 
the adrenal gland of infants and children but they can also occur in other locations. 


Neurocarcinogen 
Any substance that tends to produce tumours of the nervous system. 
Neurocytoma 


This is a neoplasm of the central nervous system that displays phenotypic features of 
neurons. 


Neuroendocrine system 


Diffuse neuroendocrine system (DNES); hormone synthesizing system of glands 
and/or specialized cells widespread throughout the mammalian body, particularly in 
the gastro-intestinal tract (including islets of Langerhans), thyroid, adrenal medulla, 
pituitary, and prostate. Cells characteristically store the polypeptide hormones and 
amines in distinctive granules and these substances may also act as chemical 
messengers in the nervous system. See Endocrine system. 


Neuroepithelium (neuroectoderm) 

This is the earliest developmental stage of the central nervous system. The cells exist 
as a thin epithelium. It would develop into the mature central nervous system through 
an orchestrated occurrence of proliferation, migration, synapse formation, apoptosis, 
and myelination. 

Neurofibromatosis 

Neurofibromatosis 1 and 2 are genetically transmitted syndromes featured by 
multiple abnormal proliferation and neoplasms of the central and peripheral nervous 
system. 

Neurofibromin 

(p280NF1), a GAP-related protein encoded by the NF1 gene, the loss of which is 
responsible for disorders such as type 1 neurofibromatosis (or Von Rechlinghausen 
neurofibromatosis) and malignant schwannoma. 


Neurofilament 


Intermediate filament of nervous tissue cells, 10-15 nm in diameter, found in 
neuronal cell bodies, axons, and dendrites. 


Neuronavigation systems 


Intraoperative position sensing systems that display in real time the location of the 
surgical tool on preoperative images. 


Neuropil 

A general term to describe the delicate fibrillary cytoplasmic processes that can be 
seen in tumours of the nervous system. They can be part of the neoplasm or entrapped 
non-neoplastic brain tissue. 

Neurotropic 

Having an affinity for nerve cells or nervous system tissue. 


New drug application (NDA) 


A new drug application to the FDA for approval to market a drug in the United 
States. 





NF-kappaB (NF 
kB) 


A ubiquitous transcription factor that controls the expression of genes involved in 
immune responses, apoptosis, and cell cycle. 


NHEJ 


Non-homologous end-joining mechanism for the repair of DNA double-strand 
breaks. 


NIH 3T3 


Immortalized mouse fibroblast cell line originating from the National Institute of 
Health in Washington DC, United States. 


Nihon rat 
Hereditary renal cell carcinoma (Bhd gene mutant) rat model. 


Nitrenium ion 





Nitrosamines 


Mutagenic and carcinogenic nitrosamines are produced from nitrite and secondary 
amines under gastric acidic conditions. They are also formed with reactive nitric 
oxide in inflammatory processes. 


NKX2.5/CSX 

A cardiac-specific homeobox gene that is involved in cardiac development and 
cardiomyocyte hypertrophy. It is expressed only in the heart and plays a critical role 
in regulating tissue-specific gene expression, tissue differentiation, and temporal and 
spatial patterns of development, similar to other non-cardiac genes in the NKX2.5 
group. It has been found to be expressed in cardiac tumours. 


NLS 


Nuclear localization signal. An amino acid sequence that targets a protein for 
transport into the nucleus. 


NMSC 
Non-melanoma skin cancer, arises from epidermal keratinocytes. 
Nociceptors 


Sensory nerve fibres, which transduce noxious stimuli leading to the perception of 
pain. 


NOD/SCID mice 


A laboratory mouse strain lacking B and T cells, commonly used as xenograft host 
organism for human cancer cells. 


Non-coding RNA 

An RNA that is transcribed from the genome but is not translated into a protein. The 
RNA may have a structural role, for example, ribosomal RNA, or may have a 
regulatory function. 


Non-experimental study 


See Observational study. 





Non-homologous end-joining 
A mechanism of double-strand break reannealing that is involved in VDJ rejoining to 
generate immunological diversity in meiosis and in DNA repair following exposure to 


ionizing radiation. 


Non-ionizing radiation 


Radiation that deposits insufficient energy to eject an electron, but can induce 
excitation or molecular vibration and heat. Ultraviolet light is the major 
environmental source of non-ionizing radiation. It primarily produces excitation. 
Radiofrequency radiation and microwaves primarily produce molecular vibration and 
heat. 


Non-myeloablative 


A novel conditioning pretransplantation which is based on transient maximal 
immunosuppression rather than high doses of chemotherapy. 


Non-ossifying fibroma/fibrous cortical defect 


The most common space-occupying lesion of bone affecting one in four growing 
individuals. It is almost always self-limited and self-healing and only rarely behaves 
like a neoplasm. 


Non-small cell lung cancer 


It is a heterogenous group of lung cancers, which represents about 80% of all lung 
cancers. Several histological subtypes are recognized, but they are all treated in the 
same way. 


Non-steroidal anti-inflammatory drugs (NSAIDs) 


These drugs exert anti-inflammatory activity primarily by inhibiting the 
cyclooxygenase (COX) component of prostaglandin synthase. COX has two isoforms, 
COX-1 (a housekeeping enzyme which is expressed constituitively in many tissues) 
and COX-2 (induced during inflammation). NSAIDs which inhibit both COX-1 and 
COX-2 (e.g., sulindac, piroxicam, and aspirin) and those which selectively inhibit 
COX-2 (e.g., celecoxib, rofecoxib, and NS-398) have high potential for cancer 
preventive activity. COX-2 is expressed in many cancers. 


Normal tissue control probability (NTCP) 


Probability of occurrence within 5 years following radiation therapy for a given end 
point, such as functional loss or necrosis. Based on an individual dose distribution 
from empirical clinical tolerance data, expressed as tolerance dose TD5 and TD50 
(doses assumed to cause 5% and 50% complications within 5 years following 
radiation therapy). 


Northern blotting 


By analogy with Southern blotting for DNA analysis, a method of transferring 
denatured RNA onto a nitrocellulose or nylon filter. RNA is electrophoresed in a 
denaturing agarose gel, before being transferred to a membrane either by capillary 
action or under the action of an electrical field. A radiolabelled DNA or RNA probe is 
hybridized to the filter-bound RNA to detect specific sequences (tissue 

equivalent = in situ hybridization). 


Notation of translocation 


t(A;B)(p#;q#) is the shorthand which is used to describe a translocation between 
chromosome A and chromosome B. p and q mean the long or the short arm of a 
chromosome respectively. They give information about precise location within the 
chromosome for chromosome A und B respectively. The numbers after p and q 
indicate regions, bands, and sub-bands visible by microscopy by staining with specific 
chemicals. 


NTP 





The National Toxicology Program (www.ntp.niehs.nih.gov) has been a leading voice 
in toxicological research and testing since its inception in 1978. NTP has designed, 
conducted, and reported many definitive carcinogenicity bioassays. 

Nuclear cloning 

To produce a genetically modified clone by inserting a nucleus from one organism 
into the cytoplasm of another organism and generating embryonic stem cells (1.e., 
therapeutic cloning, where these embryonic stem cells are intended to be used for the 
differentiation into medically applied tissues such as blood cells). 


Nuclear matrix 


A fibrous skeletal structure within the nucleus that is associated with both the nuclear 
pores and chromosomes. 


Nuclear matrix proteins 

These proteins form the structural framework of the nucleus. They are present in 
increased quantity in the urine of patients with urothelial carcinoma, but are also 
present at low levels in the urine of normal individuals. 


Nucleophilic centre 


A part of the molecule that is electron rich and promotes reaction with positively 
charged alkylating species. 


Nucleoside 
Base-sugar. 
Nucleosome 


Fundamental packing unit around which double-stranded DNA is wound; consists of 
an eight-part protein core made up of two copies of each of four histones. 


Nucleotide 


Base-sugar-phosphate. 


Nucleotide excision repair 


Multi-step, multi-protein repair pathway initiated by the excision from DNA of an 
oligonucleotide fragment containing the damaged deoxynucleotide. The resulting gap 
within the DNA strand to be repaired is subsequently filled by DNA repair synthesis 
and closed by a DNA ligase. 


Nude mice 

In the “nude” mouse strain, a mutation in the gene encoding a transcription factor 
necessary for the development of a subclass of epithelial cells causes the failure of 
differentiation of epithelial cells required for the development of the thymus and hair 
follicles. These mice have a rudimentary thymus in which T-cell maturation does not 
occur normally. As a consequence, cell-mediated immune reactions are absent. Owing 
to the lack of tumour rejection by the immune system, tumour transplantation into 
nude mice is a suitable model to determine the biologic behaviour of a tumour, the 
efficacy of drug treatments, and so on. 

Number needed to treat 

The number of subjects who need to be treated with a drug or a preventive measure 
to prevent a death or a disease. It is based on the frequency of the outcome one wishes 
to avoid and a relative measure of the effectiveness of the intervention. 


OBD 


Optimal biological dose; the dose of a molecular targeted agent at which the desired 
biochemical effect on the target molecule or its downstream processes is shown. 


Observational study 


A natural experiment whereby the subjects choose their exposures and the 
investigator cannot control the circumstances of the exposure. 


Occupational cancer 
Cancer caused by exposure to carcinogenic agents in the workplace. 
Occupational exposure 


Uptake or contact with a chemical, physical, or biological agent at 
workplace/occupation. 


Ochre mutation 


Nonsense mutation that changes the nucleotide sequence of a gene to give the codon 
UAA. This results in premature termination of polypeptide synthesis. 


Odds ratio 


A relative measure of association, which is calculated as the ratio of the odds of 
disease among the exposed divided by the odds of disease among the unexposed. 


Oestrogen receptor 





Nuclear transcription factors (referred to as 
a and 
£), located in oestrogen target tissues, that bind oestrogen to initiate specific gene 
transcription. 





Oestrogen response element 


A site on DNA in the promoter region of an oestrogen-responsive gene that binds 
oestrogen receptors to form the transcription complex that initiates mRNA synthesis. 


Oil red O 

A dye used for staining neutral triglycerides and lipids on frozen sections and some 
lipoproteins on paraffin sections. For lipid, the staining has to be performed on fresh 
samples, as alcohol fixation removes the lipids. 


Oligodendrocyte 


Neuroglial cell of ectodermal origin present between the axons of the central nervous 
system, the cell processes of which form myelin in the white matter. 


Oligodeoxynucleotides (ODNs) 

Short single-stranded DNA sequences (nucleotide chains). 

Olilier's disease 

A non-hereditary congenital disorder in which benign cartilage tumours 
(chondromas) produce external deformities of the hands, feet, and long bones. There 
is an increased predilection for chondrosarcoma. 

-oma 

This suffix means tumour and usually denotes a benign neoplasm such as fibroma, 
lipoma, and so on. However, sometimes it is used for a malignant tumour such as 
melanoma, hepatoma, seminoma, or even non-neoplastic lesions such as haematoma 
or granuloma. 

Oncogene 

The mutated form of a normal cellular proto-oncogene. Protein products of 
oncogenes are involved in malignant transformation and/or maintenance of the 


malignant phenotype. 


Oncogene addiction 


A term used to describe the dependence of cancer cells on key molecular 
abnormalities that are involved in the production of a particular cancer. 


Oncogene-induced senescence 

A form of senescence-like cell cycle arrest elicited by certain activated oncogenes 
(e.g., ras, BRAF). It is a DNA damage response triggered by DNA-hyper-replication. 
In vivo, it occurs in the context of premalignant lesions and is considered a 
physiological fail-safe mechanism suppressing tumour development. 

Oncogenic 

Substances, for example, viruses, that cause tumours. 


Oncology 


The study of tumours or neoplasms including their aetiology and pathogenesis. In 
medicine, it refers to specialties that diagnose or treat patients with cancer. 


Oncolytic virus 

A virus that infects and replicates selectively in tumour cells and kills tumour cells by 
cell lysis. Genetically modified oncolytic viruses can have increased tumour 
specificity and oncolytic potentials. 


One-step repair 


Direct, single-step reversal of DNA base damage through the action of a DNA repair 
protein (e.g., O°-alkylguanine-DNA alkyltransferase). 


Ontogeny 


The developmental course of an organism as it proceeds from the zygote to the 
mature adult. 


ONYX-015 

A genetically modified oncolytic adenovirus with a deletion in the adenoviral E1B 
gene. E1B encodes a protein that inhibits p53-mediated cell cycle arrest and 
apoptosis, and therefore ONYX-015 selectively replicates in and lyses cells with 
defective p53 activity. 


Open cohort 


A group of individuals whose membership status in the cohort is based on certain 
defining criteria (e.g., residence in a particular country) and may change over time. 


Operon 


A set of genes transcribed under the control of an operator gene. A functionally 
integrated genetic unit for the control of gene expression in bacteria. It consists of one 
or more genes that encode one or more polypeptide(s) and the adjacent site (promoter 
and operator) that controls their expression by regulating the transcription of the 
structural genes. 

Oral leukoplakia 

An intraepithelial neoplasia (IEN) of the oral cavity characterized by predominantly 
white patches of the oral mucosa and not definable as any other type of lesion. 
Leukoplakia was the setting of early translational chemoprevention studies that 
pioneered many techniques and approaches of present-day molecular targeted 
research. 

ORF 


Open reading frame, a sequence of DNA which is, or potentially can be, translated 
into a protein. 


Organ culture assay 

An experimental method to simulate vasculature outgrowth from endothelial cell-rich 
organs or tissues in vitro. Organs or tissues (e.g., rat aortic ring) are harvested from an 
animal and allowed to grow and form vessels on extracellular matrix in a tissue 
culture environment. 

Organ preservation 

Treatment approach aimed at maintaining anatomic integrity and function. 


Organogenesis 


Embryonic differentiation of tissues to form specific organs. It occurs subsequent to 
morphogenesis. 


Orthotopic site 

Usually refers to a tumour grown in an anatomically correct position (e.g., prostate 
carcinoma cells in the prostate) rather than in a subcutaneous (ectopic, anatomically 
aberrant) position. 


Orthotopic transplantation 


Transplantation of a tissue (or tumour) into a site which is its normal site (or tissue of 
origin) in the body. 


Osteoblastoma 


Benign bone-forming neoplasm; usually larger than 2 cm. 


Osteoid osteoma 

Benign bone-forming neoplasm; usually under 1 cm. 

Osteonecrosis 

Death of bone tissue. 

Osteoporosis 

Loss of bone tissue density. 

Osteoradionecrosis 

Osteomyelitis taking place as a result of radiation therapy. 

Osteosarcoma (osteogenic sarcoma) 

Sarcoma with the malignant cells directly associated with bone formation. 
Outcome-based adaptive randomization design 

The proportion of randomization into treatment arms depends on the outcome of that 
treatment based on cumulative data. The goal is to randomize more patients in the 
arm(s) yielding favourable outcome and vice versa. 

Oxford Overview Analysis 


An evaluation that occurs every 5 years at Oxford University of all the world's 
randomized trials in breast cancer treatment. 


Oxidative damage 


Modification of cellular molecules, including DNA and proteins, by the reactive 
products, usually free radicals, of aerobic metabolic processes. 


Oxygenases (mixed function) 


Enzymes that catalyse oxidation reactions in which oxygen is incorporated from 
molecular oxygen into the product. Monooxygenases catalyse the incorporation of a 
single atom of oxygen, the second atom being reduced in the same reaction to water 
by an electron donor, usually NAD(P)H. 


p53 


A major role in checkpoint control in the G1 phase of the cell cycle is exerted by the 
p53 tumour-suppressor pathway. In response to DNA damage, steady-state levels of 
p53 rise owing to its phosphorylation-mediated stabilization. As a consequence of 
phosphorylation, p53 can accumulate to high levels and activate the G1 checkpoint 
via the transcriptional induction of the Cdk inhibitor p21. p53 is also able to trigger 


apoptosis, for example, in case of severe DNA damage or as a consequence of the 
deregulated expression of oncoproteins or cell cycle regulators. 


Paclitaxel (Taxol) 

Antimicrotubule drug used in therapy, promotes stabilization of microtubules and 
causes mitotic arrest and cell death by inhibiting microtubule functions during 
mitosis. 

Paget's disease of bone 

A disease of unknown aetiology, usually affecting a single bone in which there is an 
uncoupling of bone destruction and bone remodelling. There is a small propensity to 
develop malignant bone tumours in association with this disease. 


Palliative care 


Treatment of terminally ill patients aimed at their well-being and relief of symptoms 
without impacting on the progression of the underlying disease. 


Pancreatic islets 

These members of the dispersed endocrine system are scattered in the parenchyma of 
the pancreas and are responsible for the synthesis and secretion of several hormones 
that regulate uptake and metabolism of nutrients; insulin is the primary example of a 
pancreatic hormone and lack of insulin action plays a role in the development of 
diabetes mellitus. 

Pancreatoblastoma 

A rare form of pancreatic cancer that occurs primarily in children. 

Pancytopenia 

A decreased number of red cells, white cells, and platelets in the peripheral blood. 


PanIN (pancreatic intraepithelial neoplasia) 


A microscopic non-invasive epithelial proliferation within the smaller pancreatic 
ducts. Believed to be a potential precursor to pancreatic cancer. 


Papilloma 


Benign exophytic tumour of surface epithelium (skin, mucous membranes, ducts), 
composed of epithelial cells. 


Papillomaviruses 


A family of many DNA viruses that are associated with a wide variety of benign and 
malignant tumours in mammals, including humans, rabbits, horses, monkeys, cats, 
dogs, and cows. 


Paracrine signalling 


A type of cell signalling where cells produce bioactive factors, such as growth 
factors, that bind to and activate receptors of cells in their direct environment. 


Paralogue 

Term referring to two or more genes in the same species with nucleotide sequences 
so similar that they are assumed to have originated from a single ancestral gene by 
duplication; for example, mammalian Hox genes have up to four paralogues. 


Paramagnetic 


Non-ferromagnetic substance with a positive magnetic susceptibility. Addition of a 
small amount of paramagnetic substance may greatly reduce relaxation time of water. 


Paraneoplastic syndrome 


A set of symptoms caused by hormones or hormone-like substances produced by a 
tumour that are inappropriate, that is, not normally present at its site of origin. 


Parathyroids 

Four tiny glands that are located in the neck, adjacent to the thyroid gland; these 
glands produce and secrete parathyroid hormone that regulates the metabolism of 
calcium and phosphorus. 

Parenchyma 

The functional part of an organ, as opposed to the supporting tissue (stroma). 


Parenteral transmission 


Route of virus infection by blood transfusion, such as in subcutaneous and 
intravenous injections. 


Parietal cells 
The acid-secreting cells of the stomach. 
Partial differential equation 


A tool used by mathematicians to describe the rates of change, in space and in time, 
of the interactions between variables in mathematical models. 


Passage number 


The number of times that a cell culture has been removed from a dish and re- 
established at lower density in new dishes. Also, the number of times a transplantable 
tumour has been removed from a host (e.g., mouse), disaggregated, and cells or 
fragments reimplanted into another animal. 


Pathognomonic 

Having absolutely diagnostic value for a particular condition. 

Pathology 

The study of disease. Cancer pathology is undertaken by examining small biopsy 
samples of the cancer or, if it is removed by surgery, the whole cancer. The specimen 
is assessed first by naked eye and then tissue samples are taken from which thin 
sections are cut and examined under the microscope. Different cancer types and 
subtypes have characteristic microscopic appearances and it may also be useful to 
check whether certain individual proteins are present using immunohistochemistry. 
PCNA 

Proliferating cell nuclear antigen. Functions as a clamp for the replicative DNA 
polymerase complex; a highly dubious antigen often used/misused to detect 
proliferating cells. Unfortunately, its activity can also be stimulated by cell damage 
and growth factor administration. 

Pedunculation 

Attachment of a mass lesion to its base by a stalk. 


Penetrance 


A term used in genetics that describes the extent to which the properties controlled by 
a gene, its phenotype, will be expressed. 


Pentetreotide or Octreoscan (Mallinckrodt) 


'"Tn-labelled peptide that binds to somatostatin receptors. Used in imaging 


neuroendocrine tumours. 
Pentostatin 


A purine analogue that inhibits adenosine deaminase leading to accumulation of 
deoxyadenosine and deoxyadenosine triphosphate. 


Pepsinogen 
The proenzyme that is activated by gastric acid to produce pepsin, an aspartic 


proteinase. It is produced in two forms. The two fractions are distinguishable by their 
electrophoretic mobility and their cells of origin. Pepsinogen group I is produced only 


in the chief cells of the body of the stomach while Pepsinogen group II is made 
throughout the stomach and in Brunner's glands of the duodenum as well. 


Peptide hormones 


A family of protein hormones composed of amino acids and produced by classical 
neuroendocrine cells that are usually epithelial but share characteristics of neurons. 


Pericyte 


Belongs to the family of mural cells (together with smooth muscle cells in the lamina 
media of vessels and cells of the myocardium). They lie within the basement 
membrane of the endothelial cells and contain contractile fibres. Their presence in the 
vessel wall occurs as a later step in angiogenesis and leads to quiescence of 
endothelial cells. 


Peripheral cell lymphoma 
Malignant lymphoma derived from mature peripheral effector lymphoid cells. 
Peripheral neuroectodermal tumour 


Small round blue cell tumour of bone and soft tissue related to or identical with 
Ewing's sarcoma, usually associated with the presence of some neuroectodermal 
features. 


Peritoneum 


A thin structure, composed of mesothelial cells and fibrovascular connective tissue, 
lining the peritoneal space in the abdomen. 


PERK 


PKR-like endoplasmic reticulum kinase, a protein kinase that is activated by the 
stress of unfolded or misfolded proteins accumulating in the ER. Activation of this 
enzyme, which constitutes part of the unfolded protein response, results in the 
phosphorylation of the polypeptide chain initiation factor eIF2; this, in turn, leads to a 
partial shutdown of protein synthesis. 


Peroxisome proliferator 


Peroxisomal proliferation is a morphological change accompanying hepatomegaly in 
livers of rodents following oral administration of hypolipidemic drugs, including 
clofibrate, nafenopin, Wy-14,643, and tibric acid. Long-term oral administration of 
these compounds to rats or mice increases the incidence of hepatocellular carcinoma. 
Peroxisome proliferators induce a group of cellular receptors, named “Peroxisome 
Proliferator-Activated Receptors” (PPARs), which are transcription factors mediating 
the expression of genes of the peroxisomal fatty acid i-oxidation pathway. PPARs are 
members of the steroid-thyroid hormone receptors superfamily, and act as 


heterodimeric partners with retinoic X receptor mediating the transcription of genes 
carrying peroxisome proliferator responsive elements. 


Peroxisome proliferator-activated receptor 

Nuclear receptors that act as transcription enhancers and are activated by specific 
ligands. These receptors are involved in regulation of adipocyte differentiation and 
glucose homeostasis. 

Person-time 

The sum of all time spent by each participant of the study at the risk of disease. 
Personalized medicine 

Also referred to as “individualized” or “bespoke” treatment, this involves the use of 
therapies that are designed according to the molecular make-up of the target cancer, as 
well as the molecular characteristics of the patient. 


PET 


See Positron emission tomography. 





Peutz-Jeghers syndrome 


A distinctive syndrome characterized by pigmented macules on the lips and intestinal 
polyps. 


P-glycoprotein (Pgp) 


A 170-kDa plasma membrane glycoprotein encoded in humans by the gene MDRI1. It 
is overexpressed in MDR cells to function as an ATP-dependent pump that lowers the 
intracellular drug concentration. It is single polypeptide with 1280 amino acids 
consisting of 12 transmembrane segments with the N-linked carbohydrates located in 
the first extracellular loop. 


Phaeochromocytoma 


Tumour (usually benign) of the adrenal medulla often with secretion of adrenalin 
and/or noradrenalin. The tumour cells show a strong chromaffin reaction. 


Pharmacodynamic end points 

Mode of action end points are required in preclinical and clinical studies to confirm 
that the molecular target is being modulated by the drug. Such end points are also 
valuable for optimizing dose. Both molecular end points and imaging methodologies 


can be valuable. 


Pharmacodynamics 


The relationship of the plasma concentration to drug effect. 
Pharmacogenomics 

Study of genetically influenced responses to pharmacological agents. 
Pharmacokinetics 


The relationship between time and plasma concentration to include absorption, 
distribution, metabolism, and excretion of a drug. 


Pharmacologically guided dose escalation (PGDE) design 


PGDE design bases the starting dose selection on relevant preclinical data, but 
measures the PK data to determine the subsequent doses. PGDE design allows a dose 
escalation of up to 100%, until the area under the curve (AUC) is within 40% of the 
target AUC, and then it switches to the modified Fibonacci scheme. 


Phase I trial 


First human administration of a new therapy to a small number of patients or healthy 
volunteers. This is a dose-finding study looking for the maximum tolerated dose of 
the new therapy. 


Phase IT trial 


A phase II trial provides initial assessment of the efficacy of a regimen. Phase II 
studies are often conducted at the MTD level, an optimal biological dose level, or at 
the recommended phase II dose, which can be one dose lower than the MTD. 


Phase ITA trial 


A single-arm study conducted to provide an initial efficacy assessment of a new 
agent with a goal of screening out ineffective drugs. The primary end point of a phase 
IIA trial is often the clinical response rate. 


Phase IIB trial 


Typically, phase IIB trials are randomized, multi-arm trials to test the efficacy of 
active treatment and with a goal to send the best one(s) for further testing in phase III 
trials. 


Phase ITI trial 


A phase III trial provides a full-scale evaluation of treatment efficacy. It is definitive 
for comparing a new treatment with a standard treatment in a rigorous manner. The 
goal is to define the best treatment, which implies a possibility of change in the 
current standard practice. 


Phase IV trial 


Following the approval and marketing of an anticancer drug, the goal of a phase IV 
trial is post-marketing surveillance to evaluate the long-term effect of a regimen. 


Phenotype 

Expressed characteristics of an organism, resulting from the activity of the genotype 
modified by the influences of the environment. The term encompasses observable, 
microscopic, and molecular characteristics. 

Philadelphia chromosome 

Proto-oncogene translocated from chromosome 9 to chromosome 22 in chronic 
myelogenous leukaemia forming the morphologically characteristic Philadelphia 
chromosome; translocation leads to fusion with the bcr gene resulting in gene fusion 
and production of a Bcr/Abl fusion protein. Abl is a non-receptor tyrosine kinase and 
is constitutively activated when present as the Bcr/Abl gene product (p210). 
Phimosis 

A condition characterized by contraction of the foreskin, making it difficult to retract. 
Phorbol ester 

Variety of compounds, originally derived from plants, that can act as tumour 
promoters particularly in multi-stage carcinogenesis. For example, 12-0-tetradecanoyl 
phorbol-13-acetate (TPA) promotes skin papilloma growth, but is not DNA- 
damaging. 


Phosphatase 


Enzyme which removes phosphate group from substrate, for example, a protein 
tyrosine phosphatase removes phosphate from phosphotyrosine residues in proteins. 


Phosphatidyl inositol 4,5 bisphosphate (PIP2) 





After growth factor binding, hydrolysis of (PIP2) is catalysed by phospholipase C 
yl (PLC 
yl), generating both water-soluble inositol 1,4,5-trisphosphate (IP3), which causes the 
release of calcium from intracellular compartments, and diacylglycerol (DAG), which 
remains at the plasma membrane to activate PKC. 





Phosphatidylinositol-3-kinase 


The enzyme that phosphorylates phosphatidylinositol at position 3 to generate 
phosphatidylinositol 3,4,5 trisphosphate. The latter is an activator of the protein 
kinase Akt (protein kinase B), which plays a major role in promoting cell survival 
through the inhibition of apoptosis. 


Phosphoglycerate kinase gene 


Gene with utility in tumour clonality investigations. 
Phospholipase 
C 


yl (PLC), an enzyme which hydrolyses phosphatidyl inositol bisphosphate to inositol 
trisphosphate and diacylglycerol. 





Phosphorylation 
A biochemical process that involves the addition of phosphate molecule. 
Photocarcinogenesis 


The process of DNA damage after UV exposure via the production of photoadducts, 
resulting in gene mutations. 


Photodynamic therapy 

A form of cancer treatment using a photosensitizing agent administered 
intravenously, which concentrates selectively in tumour cells, followed by exposure 
of the tumour tissue to a special red laser light to destroy as much of the tumour as 
possible. 

Physis 

A thin plate of cartilage that accounts for longitudinal growth of a long bone. 
Phyto-oestrogens 

Compounds found in plants that have biological effects similar to oestrogens. 
Pick-the-winner design 

It is based on the statistical methodology of ranking and selection with binary end 
points. It controls only type II errors. The response rate of each treatment arm is 
estimated and the arm with the highest response rate is picked as the winner and is 
sent forth for further evaluation. 


PI(3)K 


See Phosphatidyl inositol-3-kinase. 





Pineocytes 
Cells of the pineal gland. 
(PIP2) 


See Phosphatidyl inositol 4,5-bisphosphate. 





piRNA 

A small non-coding RNA that is associated with the PIWI class of proteins and has 
testes-specific expression. piRNAs are structurally similar to miRNAs but have an 
unknown function. 

Pituitary 

The “master” gland situated at the base of the brain in the bony sella turcica of the 
skull; this gland is responsible for the production and secretion of several hormones 
that regulate growth, homeostasis, and reproduction of the organism. 


Pixel 


A picture element in a CT image matrix which corresponds to a voxel of tissue in a 
patient. 


PKC 

See Protein kinase C. 

PKR 

Protein kinase R—an enzyme that is induced by interferons and activated by double- 
stranded RNA. It plays an important role in the regulation of protein synthesis, but is 
also involved in signal transduction, transcriptional control, growth regulation, and 
the promotion of apoptosis. 

Placental alkaline phosphatase 

An enzymatic protein normally found in the cytoplasmic membranes of trophoblast 
cells of the placenta and that is also found in some of the neoplastic cells of germ-cell 
tumours and, less commonly, other forms of neoplasm. 

Plain film radiography 

Conventional X rays. 


Plaque 


Small area within a bacterial lawn where cells are being lysed by the multiplication 
of a bacteriophage. 


Plasma cell 


Cell arising from the terminal differentiation of a B lymphocyte which synthesizes, 
stores, and secretes immunoglobulin. Ultrastructurally, it is recognizable by the 
preponderance of rough endoplasmic reticulum in its cytoplasm, arranged 
concentrically around the nucleus. The nucleus itself is often eccentrically positioned 
with the typical “clockface” arrangement of chromatin. 


Plasma membrane 


Structure surrounding cells, consisting of phospholipid bilayer and associated 
proteins. 


Plasmid 


Extrachromosomal genetic element found in bacteria and in a few eukaryotic cells. 
They are closed circles of double-stranded DNA, ranging in size from | to 200 kb. 


Plasminogen activators 


Enzymes that convert plasminogen to plasmin by hydrolysis of an arginine-valine 
bond. 


Platelet-derived growth factor 

Cell signalling molecule which binds its receptor (PDGFR) to activate multiple 
signalling pathways and cellular phenotype changes, produced abundantly by platelets 
and related to v-sis oncogene. 


Plating efficiency 


In production of cell colonies in vitro, the number of macroscopic cell colonies 
formed to the total number of cells initially plated, expressed as a percentage. 


Platinum compounds 

Efficacious antitumour drugs, for example, cisplatin and carboplatin, usually used in 
combination with further anticancer drugs. Cisplatin behaves like an alkylating agent; 
reacts with nucleophiles and inter- and intrastrand cross-links are formed with DNA; 


highly nephrotoxic. 


PLC 






See Phospholipase C 
yl. 





Pleomorphism 


Variation in shape and size. In breast pathology, it is used in context of nuclear size 
variation, which plays an important role in tumour grading. 


Pleura 


A thin structure composed of mesothelial cells and fibrovascular connective tissue, 
lining the pleural space between the chest wall and the lungs. 


Plexiform 


From the Latin plexus, braid. Similar to a network. 
Plicature 

Folded or lying in folds. 

Pluripotent stem cells 


Usually applied to embryonic stem cells; cells capable of differentiating into cells 
from any of the three germ layers. 


Pocket protein 


A family of proteins that include the pRB, p107, and p130 gene products 
demonstrating high primary sequence conservation in the so-called “pocket domain” 
through which interactions with E2Fs and viral oncoproteins is mediated. The 
hydrophobic pocket is composed of the A and B domains separated by a spacer 
region, and point mutations that disrupt the pocket and interactions with E2Fs, pre- 
dispose to cancer. 


Point mutation 


Mutation at one single point in a gene, resulting in coding for a different amino acid 
at this location, thus producing a different protein. 


Pol | 
p 








DNA polymerase | 
f, a DNA repair polymerase. 


Polychromatic erythrocyte (PCE) 


An immature red blood cell that, because it contains RNA, can be differentiated by 
appropriate staining techniques from a normochromatic erythrocyte (NCE), which 
lacks RNA. In one to two days, a PCE matures into a NCE. 


Polyclonal antibody 


Antibodies produced from a number of antigen-activated B cells, which recognize 
different epitopes of the challenging antigen. Many B cells will have undergone 
clonal expansion and differentiation, so the antibodies will be the products of many 
clones—polyclonal. 


Polycyclic aromatic hydrocarbons 


Chemicals, including benzo[a]pyrene, which have been identified as carcinogenic 
compounds in coal tar and are distributed in our environment in forms such as 
cigarette smoke and cooked foods, and although chemically inert, a number of them 
are carcinogenic after metabolic activation (q.v.). 


Polycystic ovaries 

Ovaries composed of many cysts. 

Polymerase chain reaction 

Method for amplifying specific DNA sequences, developed by Kary Mullis in 1984. 
Polymorphism 


Slight variations in a gene's structure that does not result in an obvious phenotypic 
difference (in contrast to a mutation). 


Polyp 


Exophytic growth arising from mucosal surfaces, forming pedunculated stalked 
adenomas. Note that not all polypoid masses are tumours. 


Polyploid cancer 
Tumour population consisting primarily of cells with high ploidy indices. 
Polyploid 


Cells that have a DNA content that is an integer of the diploid (2N) chromosomal 
component, that is, 4N, 8N, and so on. Common in cells such as liver hepatocytes. 


Porta hepatis 
See Hilum of the liver. 
Positron emission tomography (PET) 


Type of nuclear imaging, which is based on the detection of positron-emitting 
isotopes within patients. 


Positron 
Positively charged particle emitted by radioisotopes used in PET scanning. 
Post-transcriptional gene silencing 


Gene regulation by the destruction of the mRNA of the specific gene, thus preventing 
translation to the active gene product. 


Post-translational modification 


Modifications such as prenylation, phosphorylation, and ubiquitination that occur 
after a protein has been synthesized. These modifications are often reversible, and are 


regulated (both positively and negatively) by enzymes specific for a particular 
modification. 


Post-vaccination DTH response 


Hallmark of cell-mediated immune response against inactivated autologous tumour 
proteins as measured by extent of skin induration. 


Posterior dominance theory (of Hox genes) 


The expression of Hox genes associated with posterior structures in the developing 
embryo inhibits the action of Hox genes associated with the formation of anterior 
structures. 


Posterior probability 


In the Bayesian approach, posterior probability is computed by taking the product of 
the prior probability of the parameter(s) and the likelihood of data when the 
parameter(s) are given. Posterior probability can be considered as the synthesis of 
information contained in the prior distribution of the parameter and the data. 


Potential doubling time of a tumour (tPD) 
Predicts how fast the tumour will double its cell number on the basis of cell 


production alone, tPD = loge 2/KB. (tPD, potential doubling time; KB, cell birth rate). 
This is not an indicator of the actual tumour growth rate. 





Power (1- 


p) 


An estimate of the smallest treatment effect that investigators wish to detect. Power 
increases with increasing sample size. 


Power Doppler 
It shows the amplitude of Doppler signal within a region and is useful for low-flow 
regions or to show the course of blood vessels, but it does not indicate direction of 
flow. 
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P-Postlabelling 
A sensitive method for the detection of carcinogen-DNA adducts (q.v.), particularly 
suited to the detection of such lesions in human DNA or where the quantities of DNA 
are limited. 


PPRE 


PPRESs are specific consensus sequences of DNA found upstream of peroxisome 
proliferator responsive genes. PPREs provide the binding site for the PPAR-RXR 


heterodimer and consist of a direct repeat (DR) of 6 bases (TGACCT) separated by 
one base, so-called DR1 element. 


pRB 

The protein product of the retinoblastoma (RB) tumour-suppressor gene that 
modulates cell cycle, cell death, and differentiation principally through transcriptional 
repression of key members of the E2F family of transcription factors. 

Precursor cell lymphoma 

Malignant lymphoma derived from immature precursor lymphoid cells. 


Preinvasive states 


Changes that occur at a cellular level in a tissue, which are the antecedents of 
development into a malignant tumour. 


Pre-neoplastic lesions 


An altered cell population that has no neoplastic features but has properties that are 
associated with an increased risk to develop into a benign or malignant neoplasm. 


Prevention 

Primary prevention aims at eliminating a causative agent. Secondary prevention aims 
at screening individuals with known risk factors to discover a disease at an early, 
curable stage. 

Primary culture 

A tissue culture established directly from organs or tissues. 

Primary prevention (aetiological prevention) 

Prevention that is directed against source of the disease. 


Primary tumour 


The original tumour in contrast to secondary tumours, which are metastases from the 
primary site. 


PRKARIA 


Mutations in the PRKARIA result in Carney (myxoma) complex. The gene 
PRKARIA encodes the Rla regulatory subunit of protein kinase A. About 65% of 
Carney complex cases are due to mutations in the PRKARIA gene. In a variant form 
of Carney complex associated with distal arthrogryposis, a mutation in the gene 
MYH8 encoding perinatal myosin heavy chain has been described to play a role. 


Probasin 


A prostate-specific gene originally isolated from the rat and has been exploited as a 
marker of prostate differentiation. 


Prodrug 

A drug administered as an inactive compound, which is subsequently converted into 
an active species by the action of either normal intrinsic enzymes or enzymes that 
have been delivered genetically. 

Professional antigen-presenting cells 

The cells are capable of expressing class I MHC and costimulatory molecules. Their 
job is to take up antigen, effectively process it, and present it to T cells. Antigen- 
presenting cell (APC) types include dendritic cells and Langerhans cells, B 
lymphocytes, and macrophages. These APCs play a central role in the induction of 
antitumour immune responses. 


Progenitor cells 


Cells with a finite capacity for cell division, derived from stem cells, they are 
committed to a particular cell type (lineage). 


Prognosis 


Informed judgement of the course and probable outcome of a disease, based on the 
understanding of clinical and pathological features of each case. 


Prognostic factors 

Factors that help determine the risk of relapse and death due to a specific malignancy. 
Programmed cell death 

See Apoptosis. 

Progression 


Tendency of neoplasms to evolve from an early premalignant phase to malignant, 
metastatic lesions. The latter are increasingly autonomous and resistant to therapy. 


Prokaryote 


Organism made of simple cells that lack a well-defined nuclear membrane, for 
example, bacterium. Living organisms that lack a nuclear membrane and contain a 
single chromosome consisting of a large DNA molecule which is not complexed with 
basic proteins such as histones. Cells do not contain cellular organelles such as a 
nucleus, golgi apparatus, or mitochondria. 


Proliferative inflammatory atrophy 


Cells that appear to be shutdown, or atrophied, and are surrounded with 
inflammation. 


Promoter 

In genetics, a promoter is a DNA sequence that enables a gene to be transcribed. The 
promoter is recognized by RNA polymerase, which then initiates transcription. In 
RNA synthesis, promoters are a means to demarcate which genes should be used for 
messenger RNA creation and, by extension, control the type of proteins that the cell 
manufactures. 

Promotion 

Selective growth of mutated cells in comparison to the surrounding cells. 
Mechanistically, this could be due to increased proliferation or reduced apoptosis, or a 
combination of the two. 

Prophylactic 

Substances or actions taken to prevent disease. 

Proptosis 

The anterior displacement of one or both globes within the bony orbit. The usual 
amount of ocular protrusion as measured from the lateral orbital rim to the corneal 
apex is 14 to 21 mm in adults. 

Prostate-specific antigen 

A protein that is normally made in the secretory cells of the prostate and that is 
relatively specific for prostatic tissue. Increases in serum levels of prostate-specific 
antigen are associated with adenocarcinoma of the prostate. 


Prostatic acid phosphatase 


Form of the enzyme acid phosphatase, specifically found in prostatic epithelia and 
prostate tumours. 


Prostatic intraepithelial neoplasia (PIN) 

Precancerous dysplastic changes in the prostatic epithelium. 

Protease 

Enzyme that degrades proteins by hydrolysing some of their peptide bonds. 


Proteasome 


An intracellular organelle responsible for the degradation of many cellular proteins. 
Protein conformation 


Unique shape of a protein assumed by folding its polypeptide into a more compact 
structure in three dimensions, often consisting of more than one domain, a key 
attribute in determining protein-binding and enzymic specificities and activities. 


Protein domain 


Region of protein, which folds independently of the rest of the polypeptide to give a 
functional structure. 


Protein kinase 


Protein kinases are enzymes that phosphorylate protein substrates. Protein kinases 
play a central role in all major cell functions including cell growth and differentiation, 
cell cycle control, cell migration, and apoptosis. They can be receptors, membrane 
proteins, or cytoplasmic in location. The phosphorylation site on the substrate proteins 
can be a tyrosine, serine, or a threonine. Protein kinase inhibitors are a rapidly 
growing field of drug development for cancer and other diseases. 


Protein kinase C 

Enzyme family which phosphorylates serine and threonine residues of specific 
proteins in response to stimulation by calcium and diacylglycerol or the oncogenic 
phorbol esters. 

Protein kinase C inhibitors 

Drugs that block the activity of this important serine/threonine kinase. 

Protein microarray 

This is a microarray of proteins spotted on a substrate in a matrix of dots. It is used 
much in the same way as gene arrays to conduct a multitude of assays simultaneously, 
each assay comprising one or more spots on the array. Protein arrays can be used to 
measure the level of particular proteins in a sample to detect protein interactions, to 
measure enzyme activity, or to profile post-translational modifications of proteins. 
Protein tyrosine kinase (PTK) 

Enzyme which facilitates catalysis of phosphorylation of tyrosine residues on 
cytoplasmic proteins and glycoproteins—there are receptor and non-receptor PTKs. 
Cross/autophosphorylation of dimerized receptors is an important mechanism. 


Proteoglycans 


A protein, present in connective tissue and cartilage, that is glycosylated to a variety 
of polysaccharide chains; it is frequently sulphated. 


Proteolysis 

Breakdown of proteins by digestive enzymes. 

Proteolytic enzymes 

Enzymes which can catalyse breakdown of other proteins. 
Proteomics 


Analysis and characterization of protein structure and/or function, typically arising 
out of a complex mixture. 


Proto-oncogene 

Normal cellular gene encoding a protein, which participates in the normal 
proliferation and differentiation program of the cell. Its “potential” oncogenic activity 
can be unleashed by mutation or overexpression. 

Prototroph 

Bacterium capable of growing on a defined minimal medium. 

Provirus 

Double-stranded retroviral DNA integrated in the host chromosomal DNA. In the 
case of retroviruses, a double-stranded DNA copy is produced by the reverse 
transcriptase of virion using the virion's single-stranded RNA as a template. 


PSA (prostate-specific antigen) 


A peptide released predominantly from the prostate. PSA levels assist in the 
diagnosis of prostate cancer and also in monitoring the response to treatment. 


PSADT 

Prostate-specific antigen doubling time is a surrogate marker for clinical metastasis- 
free survival and prostate cancer-specific mortality for men in the noncastrate state 
with a rising PSA following radical prostatectomy. It has been less well-studied as a 
surrogate following primary radiotherapy. 


Pseudoepitheliomatous hyperplasia 


Hyperplasia of the epithelium mimicking the appearance of invasion. This should be 
differentiated from true invasion. 


Pseudoinclusion 


It is found in nuclei with highly complex morphology, essentially represents cross- 
section of a bag of cytoplasm through the middle of a concave structure of a nucleus. 


Pseudolymphoma 


Reactive cutaneous lymphoid hyperplasia which may be associated with a drug 
reaction, an arthropod bite reaction, or a connective tissue disease, and mimic 
cutaneous lymphomas. 


Pseudopodia/invadopodia 

Cell fragments, devoid of nuclei, that allow for spatial and temporal regulation of cell 
invasion. Pseudopods, in response to chemoattractants, serve to sense organs for the 
migrating cell to locate directional clues, to secrete motility-stimulating factors, to 
promote propulsive traction for locomotion, and induce matrix proteolysis. 


Pseudorosette 


Refers to structures that have the structure of the rosette but with a blood vessel at the 
centre, typically seen in ependymoma. 


PTEN 

A tumour-suppressor gene that is frequently mutated in tumours, resulting in 
accumulation of phosphatidylinositol 3,4,5-trisphosphate, an activator of the protein 
kinase Akt (protein kinase B) and mTOR pathway. This leads to the promotion of cell 
survival due to inhibition of apoptosis. 


PTK 


See Protein tyrosine kinase. 





Publication bias 

An editorial predilection for publishing particular findings, for example, positive 
results, which leads to the failure of authors to submit negative findings for 
publication. 


Pulmonary hamartoma 


Nodules that develop in adults in the lung periphery. Previously thought to be 
developmental but now recognized as benign neoplasms due to abnormal karyotype. 


Purine 
With reference to DNA, the bases adenine and guanine. 
Purine nucleoside analogues 


Class of chemotherapeutic agents that inhibit DNA synthesis by interfering with 
ribonucleotide reductase and DNA polymerase. 


Pushing edge/margin 


Perimeter of benign tumours in a solid organ, having both fibrous and compressed 
normal tissue components, rendering a benign tumour readily distinguishable from a 
malignant tumour, which invades the surrounding normal tissue. 

p value 

The probability of observing data that is as extreme or more extreme than the 
observed data, given that the null hypothesis is true, in a frequentist approach. The 
null hypothesis is rejected if the p value is small. 


pX region 


Transforming RNA virus genomic region that encodes regulatory proteins critical for 
viral replication and which are responsible for the transforming ability of the virus. 


Pyrimidine 
With reference to DNA, the bases cytosine and thymine; also uracil in RNA. 
Pyrimidine antimetabolites 


Class of chemotherapeutic agents that inhibit the enzyme thymidine synthase and 
incorporate into nucleic acids, particularly RNA. 


Pyrrolizidine alkaloids 


Mutagenic and carcinogenic compounds, which are distributed in certain plants, 
including coltsfoot and comfrey. 


Quality of life 


The status of a terminally ill patient encompassing the physical and psychological 
well-being when disease progression cannot be altered. 


Rabbit corneal micropocket assay 

A method of measuring angiogenesis in vivo. Slow-releasing pellets containing the 
angiogenesis stimulating and/or inhibiting agent of interest is inserted into a small 
incision in a rabbit cornea, which is avascular. The resulting sprouting of blood 
vessels from the adjacent limbal vasculature is then measured and evaluated by 
microscopy or other imaging techniques. 


Radial and vertical growth (melanoma) 


Terms referring to the early curable (radial growth) and later invasive and 
progressively incurable (vertical growth) stages of malignant melanoma. 


Radiation 


High energy beam, either particulate or electromagnetic. Particulate radiation 
commonly consists of 
a particles, | 
f particles or positrons, and electromagnetic radiation occurs across the whole range 
of the electromagnetic spectrum: 
y rays, X rays, ultraviolet, visible light, and infrared. 











Radical prostatectomy 


A surgical technique for removal of the entire prostate gland and bilateral seminal 
vesicles. 


Radio-opaque dyes 


Substances that might be applied or consumed for diagnostic X-ray investigatory 
techniques, that reflect or absorb (as opposed to transmitting) X rays. This permits an 
image to be formed on a photographic plate or fluorescent screen, using differential 
transmission of the rays by various body structures and outlining of soft tissues by the 
radio-opaque substance (e.g., drinking of a barium suspension for gastro-intestinal 
investigation). 


Radiofrequency (RF) and microwave (MW) radiation 

Electromagnetic radiation in the frequency range of 3 kHz to 300 GHz. Usually MW 
radiation is considered a subset of RF radiation. Microwaves occupy the spectral 
region between 300 GHz and 300 MHz, while RF or radio waves include 300 MHz to 
3 kHz. Incident RF and MW energy is expressed as energy flux or power density 
(Wem”). 

Radiograph 

A processed film taken during radiography. 

Radiography 

Diagnostic (as opposed to therapeutic) radiography is the process of recording on 
film the body images produced by X rays for the purpose of diagnosing disease or 
damage. 


Radioimmunoguided surgery 


A system that uses radiolabelled antibodies to detect occult, microscopic malignant 
tissue to aid surgical resection. 


Radioimmunotherapy 


Treatment using molecules that contain a cell targeting domain attached to a 
radioisotope (radionuclide) for the specific delivery of radiation to an antigen 
expressing cell or tissue. The radioisotope will provide irradiation to the antigen 
expressing cell as well as any surrounding cells or tissues. 


Radionuclide 





Pharmaceuticals detected b 
y rays, used for imaging detection at scintigraphy. 


Radioresistant DNA synthesis (RDS) 

An intra-S phase checkpoint arrest in response to DNA double-strand breaks induced 
by genotoxic agents. Cells with an intra-S phase checkpoint defect cannot slow the 
rate of DNA synthesis when treated with ionizing radiation, a phenomenon known as 
radioresistant DNA synthesis. 


Radiotherapy 


The use of ionizing radiation for therapeutic purposes, for example, killing 
proliferating malignant cells. 


Radiotracers 


Tracer amounts of substances labelled with radioactive isotopes designed to measure 
certain metabolic or physiological processes. 


Radium 

Naturally occurring radioactive element, Ra, with atomic number 88, atomic mass of 
226, and half-life of 1620 years; a breakdown product of uranium 238, it has several 
isotopes and decays into radon gas. If consumed, radium tends to be a bone-seeking 
element. 

Radon gas 

Naturally occurring radioactive gas, Rn, with atomic number 86, atomic mass of 222, 
and half-life of 3.83 days; a breakdown product of radium 226, decays into solid 
unstable radioactive isotopes. 


Raloxifene (Evista®) 


A non-steroidal antioestrogen used for the prevention of osteoporosis, and is being 
tested as a chemopreventive for breast cancer in high-risk women. 


Raltitrexed 


A folate analogue that inhibits the enzyme thymidylate synthase, which results in 
thymidine triphosphate depletion and interference with biosynthesis of DNA. 


Randomization 


Randomly assign subjects into treatment arms. Randomization is important to guard 
against allocation bias in clinical trials. 


Randomized controlled trial 


An interventional study in which the researcher randomly assigns human subjects to 
being exposed or nonexposed to a particular substance or process. 


Randomized discontinuation design 


Randomized phase II trial design that initially treats all patients with the study agent 
(stage 1) and then randomizes in a double-blind fashion to continuing therapy or 
placebo in only those patients whose disease is stable (stage 2). This design allows the 
investigators to determine if apparent slow tumour growth is attributable to the drug 
or to selection of patients with naturally slow-growing tumours. 


Rapamycin 


A compound isolated from Streptomyces hygroscopicus, which inhibits the protein 
kinase mTOR, leading to dephosphorylation of the mTOR substrates 4E-BP1/2 and 
S6 kinase. Such changes can selectively inhibit the translation of specific mRNAs, 
resulting in a cell cycle block and, in some cases, apoptosis. 


ras family of proto-oncogenes 


Originally identified from v-ras of retroviruses that caused rat sarcomas. The 21-kDa 
protein product is activated by growth factor-activated membrane receptors to localize 
to the inner surface of the plasma membrane and to bind GTP and Raf. There are 
three genes in mammals, Harvey-, Kirsten-, and N-ras that belong to a ubiquitous and 
highly conserved multigene family. Point mutations or gene amplification renders 
them oncogenic. 


Rat aortic ring assay 


See “Organ culture assay”. 





Rb gene 


Tumour-suppressor gene involved in cell cycle regulation; the phosphorylation status 
of the encoded protein controlled by cyclin D/cdk4/6. Cell cycle progression occurs 
when Rb protein is hyperphosphorylated. 


Recall bias 


A misclassification of an exposure common in case-control studies that occurs when 
subjects with the disease remember or report their exposures differently than those 
without disease. 


Receptor tyrosine kinase 
Cell surface transmembrane protein that carries information from the 


microenvironment to the cell. Specific ligands bind to the receptor tyrosine kinase 
triggering an intracellular signalling cascade resulting in biological effects such as cell 


survival, proliferation, and motility. The first reaction upon ligand binding is 
activation of the receptor's kinase domain and autophosphorylation and 
phosphorylation of neighbouring receptors. 


Receptor-mediated carcinogen 


A carcinogen that causes tumours via a non-genotoxic mechanism of receptor- 
mediated alterations in gene transcription. 


Receptors 


The target of hormones and growth factors; these are the means of signal transduction 
of the endocrine system. Receptors may be on target cell membranes where they 
activate intracellular responses to stimulation (binding by the appropriate hormone), 
in the cytoplasm, or in the nucleus where they directly regulate target genes in 
response to activation by ligand binding. 


Reciprocal translocation 


Chromosome aberration following chromosome breakage in which a precise 
exchange of chromosomal segments occurs between two non-homologous 
chromosomes. This exchange does not normally alter the length or appearance of the 
chromosomes concerned. 


RECIST 


Response evaluation criteria in solid tumours; standard parameters are used when 
response for solid tumours is documented. 


Recombinant congenic strains 


Recombinant congenic (rodent) strains (RCS) are inbred strains whose genetic 
interstrain diversity is simplified by a breeding program allowing the random 
segregation of 12.5% of loci from one (donor) strain on another isogenomic 
background. In this way, a subset of RCS can be generated in which a polygenic trait 
is rendered oligogenic. Each RCS carries homozygous susceptibility or resistance 
alleles contributed by the donor strain at a given locus, whereas almost all of the 
remaining genome has the genetic background of the other strain. Thus, RCS may be 
constructed with a genetic background prevalently susceptible or resistant to liver 
cancer. Subsequent generation of subcongenic strains, with small portions of a given 
locus, introgressed from the donor congenic strain onto the isogenomic background, 
may increase the possibility of positional cloning of susceptibility/resistance genes. 


Recurrence 
Manifestation of disease following treatment and/or resection. 


Relative biological efficiency (RBE) 


Dose ratio of different quality linear energy transfer (LET) beams to produce the 
same biological effect. 


Relative risk 


A term that collectively describes the various relative measures of association, like 
the risk ratio, the rate ratio, the odds ratio, and the standardized incidence or mortality 
ratio. 


Remark 


A reporting standard was recommended to standardize the evaluation of prognostic 
markers, which include reporting important elements such as patient/sample selection 
criteria, assay methods, study design, methods and results of statistical analyses, and 
conclusions. 


Remodelling 


In chemical models of hepatocarcinogenesis, during clonal expansion of pre- 
neoplastic liver cells, most foci of altered hepatocytes and early nodules progressively 
loose their biochemical markers, thus appearing smaller with irregular margins and 
inside areas negative for one or more markers. Finally, the lesions disappear 
completely, even if initiated cells may still remain in the liver. This process may 
partially depend on apoptosis of initiated cells, probably secondary to strong DNA 
damage. However, (non-terminal) re-differentiation of pre-neoplastic cells largely 
accounts for the phenomenon. Remodelling of liver lesions may be induced by 
tumour chemopreventive agents and has been described during rare spontaneous 
reversion of human hepatocellular carcinomas. 


Renal cell carcinoma 

The most common malignant tumour of the kidney, which usually affects adults. 
Renewing populations 

Normal tissues where continuous cell production is matched by cell loss, ensuring no 
net growth. Examples are skin, gastro-intestinal epithelium, and haematopoietic 
tissues. 

Replication-defective virus 

A virus that has been modified so that it no longer carries the genes necessary for 
viral replication. This safety modification is necessary for designing non-pathogenic 
viral vectors for gene therapy. 


Replication fork 


It is the point during S phase at which strands of parental duplex DNA are separated 
to allow replication to proceed. 


Replicative senescence 


A process seen when cells can no longer replicate themselves through mitosis and 
eventually become post-mitotic and senesce. Replicative senescence limits the 
number of cell divisions. 


Reporter gene assay 


A method of analysis that determines whether a gene of interest has been taken up by 
or expressed in a cell. 


Restriction endonucleases 


Enzymes, originally found in and isolated from bacteria, which cleave DNA at 
discrete nucleotide sequences. 


Restriction fragment length polymorphism (RFLP) 


A genetic variant that can be examined by cleaving the DNA into fragments 
(restriction fragments) with a restriction enzyme; the length of the restriction 
fragments is altered if a genetic variant alters the DNA, such that RFLPs can be used 
to detect human genetic defects. 


Restriction point (R-point) 


Phase of the cell cycle in late G1 determining progression into S phase. The R-point 
is controlled by external signals which are transmitted, for example, by mitogens or 
by the interaction with cell adhesion molecules. 


Reticulocyte (polychromatic erythrocyte) 


Immature red blood cell that is an intermediate between an erythroblast and an 
erythrocyte. Reticulocytes are so-called because they retain a faintly staining 
cytoplasmic reticulum. 


Retinal pigment epithelium 


The outermost layer of the retina, derived from the outer layer of the optic cup 
composed of a single layer of hexagonal-shaped pigmented cells. 


Retinoblastoma 


A childhood tumour of the retina resulting from hereditary or sporadic mutations in 
the RB tumour-suppressor gene. Familial cases of retinoblastoma are also associated 
with increased pre-disposition to osteosarcoma and small cell lung carcinoma. On the 
basis of mouse studies, the cell of origin for retinoblastoma is proposed to arise from 
inherently death-resistant transition cells committed to the amacrine lineage of retinal 
cell types. 


Retinoic acid 


A natural oxidation metabolite of vitamin A (retinol), also called vitamin A acid. 
Retinoic acid receptor 

Can act as oncogenic proteins (also called Pml/Rar alpha) in chicken 
erythroleukaemia and human acute promyelocytic leukaemia cells; mutated oncogene 
receptors can block cell differentiation and maintain the leukaemic cells in an active 
proliferating state. 

Retroviral transduction of haematopoietic cells 

Delivery of a given gene by means of a retroviral vector (derived from retroviridae, 
RNA viruses that encode a reverse transcriptase which transcribes viral RNA into 
cDNA, which leads to viral protein to be translated by mammalian cells) to express 
this gene in mammalian cells. 

Retrovirus 

A family of viruses that replicates by reverse-transcribing its RNA genome into 
DNA, which is then stably integrated into the host cell genome. This results in the 
maintained presence of the viral genome in that cell and all of its progeny, which 
makes retroviruses attractive vectors for gene therapy. 

Reverse mutation 

Restitution of a mutant gene to the wild-type condition, or at least to a form that gives 
the wild phenotype. A mutational change from a mutant allele back to a wild-type 
allele. 

Reverse transcription 

The hallmark of retroviruses, occurs shortly after virion core transfer. Reverse 
transcription is catalyzed by the viral encoded reverse transcriptase enzyme to form a 
complementary DNA (cDNA) copy of the viral genomic RNA. It then acts as a 
nuclease to remove the RNA, and then synthesizes a second DNA strand generating a 
double-stranded DNA copy of the RNA genome. 

RFC 

Replication factor C. A clamp loader for PCNA, loads PCNA on to DNA. 

RGD (Arg-Gly-Asp) 

Integrin recognition sequence present in several extracellular matrix components. 


Rhabdomyoma 


Benign tumour of striated muscle; cells are generally polygonal in shape, and may 
have glycogen containing vacuoles, cross-striations may be visible. 


Rhabdomyosarcoma 

Sarcoma with evidence of skeletal muscle differentiaion. It is generally divided into 
three types—pleomorphic (generally seen in adults), embryonal, and alveolar (the 
latter two most frequently seen in children)—with different prognostic, genetic, and 
treatment characteristics. 


Ribozyme 


An RNA molecule that is capable of catalyzing chemical reactions, often resulting in 
the breakdown of other RNAs through site-specific cleavage. 


Ringed sideroblast 


Erythroid precursors in which one-third or more of the nucleus is encircled by 10 or 
more iron granules. These granules represent iron in the cristae of mitochrondria. 


RISC or ribonucleic acid-induced silencing complex 

A multi-protein siRNA complex that cleaves double-stranded RNA. Binding of a 
short, (21-25 nt) antisense RNA “guide” strand allows RISC to bind complementary 
RNA. Once complementary RNA is bound, RNAse activity is activated and the RNA 
is cleaved. This process is important in gene regulation by siRNA and miRNA and in 
the defense against viral infections, which can use dsRNA as an infectious agent. 
RNA polymerases 

Enzymes synthesize different types of RNA. 

RNAi or RNA interference 


A mechanism for the regulation of gene expression in which double-stranded RNA 
inhibits the expression of specific genes with complementary nucleotide sequences. 


Rombo syndrome 


An autosomal dominant disorder characterized by the development of multiple basal 
cell carcinomas. 


ROS 


Reactive oxygen species such as superoxide, hydrogen peroxide, and hydroxyl 
radicals. 


Rosette 


Refers to structures in a variety of tumours of the nervous system that share the 
common quality of having their cells arranged in a coronary form resembling a rose. 
Brain tumours that contain rosettes include primitive neuroectodermal tumours, 
retinoblastomas, and neuroblastomas. 


Rothmund-Thomson syndrome 


An autosomal recessive disorder with defective DNA repair (mutation in RecQL4 
helicase) and an increased propensity to develop skin cancers. 


Rous sarcoma virus 


RSV, a retrovirus which induces tumours when injected into chickens and transforms 
chicken fibroblasts in culture. The first viral oncogene to be characterized was the v- 
src gene of RSV. 


RPA 


Replication protein A. A three-subunit protein that functions in DNA replication and 
repair as a DNA single-strand binding protein. 


RT-PCR 


Reverse transcription polymerase chain reaction. In molecular biology, reverse 
transcription polymerase chain reaction (RT-PCR) is a laboratory technique for 
amplifying a defined piece of a ribonucleic acid (RNA) molecule. The RNA strand is 
first reverse transcribed into its DNA complement or complementary DNA, followed 
by amplification of the resulting DNA using polymerase chain reaction. This can 
either be a one or two step process. Polymerase chain reaction is the process used to 
amplify specific parts of a DNA molecule via the temperature-mediated enzyme DNA 
polymerase. Reverse transcription PCR is not to be confused with real-time 
polymerase chain reaction which is also marketed as RT-PCR. 


rTSH 

Recombinant thyroid stimulating hormone. 

S phase 

The phase of the cell cycle during which DNA synthesis occurs. 

Sample size and power calculation 

The number of subjects required in a trial is calculated to ensure that a definitive 
conclusion can be drawn at the completion of the study by controlling the type I and 
type II error rates. 

Sarcoma 

From the Greek sarx, flesh, and oma, tumour). Malignant tumour showing 
predominantly but not exclusively mesenchymal differentiation. The nomenclature for 
sarcomas often is based on their predominant line of cell differentiation. For example, 
liposarcoma (from the Greek lipos, fat) shows adipose tissue differentiation; 


leiomyosarcoma (from the Greek leios, smooth, and myos, muscle) shows smooth 
muscle differentiation. 


Sarcomatoid de-differentiation 


The de-differentiation seen in epithelial tumours, whereby tumours morphologically 
resemble sarcomas. These tumours tend to be more aggressive. 


Scaffold protein 


A general term used to describe a protein that acts to promote the formation of a 
multi-protein complex, independent of any intrinsic enzymatic activity. 


Schistosomes 

The parasites S. haematobium and S. japonicum play a role in the development of 
cancers of the bladder and digestive system, respectively, in areas where they are 
prevalent. 

Schwann cell 

A specialized glial cell that wraps around vertebrate axons providing extremely good 
electrical insulation. It is present only in peripheral nerves, in contradistinction to 
oligodendrocytes. 


Schwannoma 


Generally, histoligically benign neoplasm derived from the peripheral nervous 
system myelinating Schwann cell population. 


SCID-hu model 

An immune deficient (SCID) mouse model in which normal human tissue, such as 
foetal bone, has been transplanted prior to the introduction of tumour cells. Such 
models have been used to examine the ability of specific types of tumour cells to 
home to specific human tissues. 

Scintigraphy 

The process of nuclear medicine imaging with a gamma camera. 


Scintimammography 


Nuclear imaging of the breasts following injection of a specific radioisotope, usually 
[°"Tc]MIBI. 


Scirrhous 
Description of observable macroscopic condition of tissue, which has the feel of an 
unripe pear when cut. Scirrhous carcinoma is an epithelial tumour accompanied by 


prominent fibrosis. 


Sclerosing adenosis 


A benign proliferation of breast glands and stroma. Its pattern may be confused with 
infiltrating carcinoma. 


Screen 


To test a large number of samples to find those having specific desirable properties or 
effects, such as to screen chemicals for anticancer agents. 


Screening 

Screening is a public health service in which members of a defined population, who 
do not necessarily perceive they are at risk of, or are already affected by a disease or 
its complications, are asked a question or offered a test, to identify those individuals 
who are more likely to be helped than harmed by further tests or treatment to reduce 
the risk of a disease or its complications. 

Second primary tumour 

Second neoplasm arising independently of the original tumour. 


Secondary and tertiary prevention 


Early detection of disease and treatment of disease to prevent death and reduce 
disability. 


Secondary tumours 

Metastatic tumours that are discontinuous with the primary tumour. 

Seed and soil hypothesis 

Explanation of site-specific metastasis whereby certain tumours (seeds) are pre- 
disposed to spread to particular tissues (soil) on the basis of the tissue's ability to 
support the survival and growth of these tumour cells. 


Selectins 


Family of cell adhesion molecules mainly mediating cell attachment to endothelial 
cells by oligosaccharide receptors. 


Selection bias 

A systematic error that occurs as a result of the process of selecting participants into 
the study or factors that influence participation in the study. Selection bias occurs 
when the relationship between the exposure and disease is different for those in the 


study than for those not in the study. 


Selective oestrogen receptor modulator 


A compound that produces anti-oestrogenic effects in the breast but oestrogen-like 
effects on bones and heart. Tamoxifen and raloxifene are selective oestrogen receptor 
modulators (SERMs). 


Seminoma 


Malignant germ-cell tumour of the testis; cells tend to be uniform with well-defined 
borders resembling primitive germ cells. It is the most common malignant tumour of 
the testis and is usually highly radiosensitive. 


Senescence 


A state of permanent growth arrest induced by telomere shortening during which 
cells remain metabolically active but are no longer capable of dividing. Also known 
as mortality stage 1(M1), senescence is mediated by the tumour-suppressor proteins, 
p53 and pRb. 


Sensitivity 


For medical tests, this is the percentage of people who have the disease and test 
positive. For all tests, there is a percentage of people who have disease and will test 
negative (false negatives). 


Sentinel lymph node 


The sentinel lymph node is the first lymph node to receive lymphatic drainage from a 
tumour site. This node is often recognized during surgery by injection of a substance 
(radioactive or coloured dye) near the tumour and identifying the first lymph node to 
contain the material. This node is removed and examined for the presence of tumour 
cells. If it is negative for tumour, additional lymph nodes may not need to be 
removed. 


Serosa 

The lining of internal body cavities that typically possess small quantities of clear 
fluid for mechanical protection and nutrition of the organs within them; these cavities 
include the pericardium (around the heart), peritoneum (around the cavities within the 
abdomen) and pleural spaces (between the lungs and the chest); the serosa synthesizes 
and secretes fluid and lubricants to maintain relatively frictionless surfaces; a rare 
malignant tumour (mesothelioma) may arise from these linings, especially in persons 
with chronic exposure to asbestos. 

Serous cystadenomas of the pancreas 

A benign cystic tumour of the pancreas composed of clear, uniform cuboidal cells. 


Sessile 


Attached by a broad base and not pedunculated, flat. 


[°'"Tc]sestamibi (MIBI) 

Radiotracer used for scintimammography and cardiac and parathyroid imaging. 
Severe aplastic anaemia 

A disease in which the bone marrow fails to produce haematopoietic cells. 
Severe combined immunodeficiency (SCID) 


A hereditary human disease characterized by the crippling of the adaptive immune 
response. There are several forms of SCID, categorized on the basis of the molecular 
defect as well as its effects on T, B, and NK cells. Phenotype conferred by a mutation 
on mouse chromosome 16 (analogous mutation occurs on human chromosome 8) that 
produces a mouse with a severely compromised immune response. Used for 
xenografting. 


Sezary syndrome 


The leukaemic phase of cutaneous T-cell lymphoma defined by the triad of 
erythroderma, generalized lymphadenopathy, and at least 1000/ mm’ of neoplastic T 
cells in the peripheral blood. 


SH1 domain 
Src-homology-1, kinase domain of protein tyrosine kinases (PTKs). 
SH2 domain 


Src-homology-2 region present in many enzymatic, plasma membrane-associated, or 
other adaptor proteins, that are typically involved in signal transduction. The 
distinctive domain of around 100 amino acids in length normally recognizes short 
peptide motifs surrounding phosphotyrosine, such sequences commonly occur on 
growth factor receptors. 


SH3 domain 

Src-homology-3 region present in many proteins involved in signal transduction. 
Domain of around 60 amino acids which recognizes short peptide motifs that are rich 
in proline residues. 


shRNA or short hairpin RNA 


A sequence of RNA that makes a tight hairpin turn. shRNA is cleaved by the cell into 
double-stranded siRNA, which causes specific gene silencing. 


Sialoadhesin 


Adhesion molecule on a subpopulation of macrophages important for cell-cell 
interactions. 


Sievert (Sv) 
A unit of dose equivalent, which is equal to the dose in gray times a quality factor. 
Sigmoidoscope 


Flexible or rigid endoscope used for examining the mucosal surface of the sigmoid 
colon and rectum. 


Signal 

Emitted or received electromagnetic wave. 

Signal transducers and activators of transcription (STAT) 

A family of transcription factors that are activated in the cytoplasm by the binding of 
extracellular polypeptides to transmembrane receptors such as cytokines binding to 
their cognate receptors. 


Signal transduction 


The sequence of biochemical steps, often protein phosphorylations by kinases, that 
transmit signals for cell cycling from the cell surface to the nucleus. 


Signal transduction inhibitors 


Compounds that inhibit biochemical signalling pathways, such as those responsible 
for controlling cell proliferation, the cell cycle, cell survival, and angiogenesis. 


Simian virus 40 (SV40) 


Oncogenic DNA polyomavirus originally isolated from monkey kidney cells; 
encodes the T (tumour) antigen family of transforming proteins. 


Simon's two-stage designs 

A two-stage design to test a non-zero null response rate versus a higher response rate 
with given type I and type II error rates. Two commonly used criteria are the optimal 
design and the minimax design, which can be constructed to minimize the expected 
sample size or the maximum sample size under the null hypothesis, respectively. 


Simple hyperplasia 


A term that refers to unopposed oestrogen stimulation of the endometrium causing 
varying sized glands with simple lumens. 


SIN 


Squamous intraepithelial neoplasia. Term used to grade precursor lesions in the upper 
respiratory tract. A grading scale of SIN 1-3 is used to identify those at highest risk of 
transformation to squamous carcinoma. 

Single blinded trials 
Treatment assignment is blinded to either patients or investigators. 


Single-photon emission computed tomography (SPECT) 


A type of nuclear imaging which produces multiplane cross sectional images through 
the patient. 


siRNA, small or short interfering ribonucleic acids 

A class of 20-25-nucleotide-long double-stranded RNA molecules involved in the 
RNA interference, (RNAi) pathway where the siRNA interferes with the expression 
of a specific gene with a homologous nucleotide sequence. In addition to their role in 
the RNAi pathway, siRNAs also act in RNAi-related pathways, for example, as an 
antiviral mechanism or in shaping the chromatin structure of a genome; the 
complexity of these pathways is being elucidated only now. 

Skeletal survey 

Detailed radiographic examination of axial and appendicular skeletal structures. 


Slow transforming viruses 


Viruses, lacking v-onc sequences, which do not readily transform cells, but which, 
nevertheless can cause tumours after a long latent period. 


Smac/Diablo 


Smac/Diablo potentiates apoptosis by activating caspases and inhibiting [AP 
proteins. 


Smad proteins 


A family of transcription factors that help relay signals from cell surface receptors for 
TGF 
f-related factors to the nucleus. Named from the small and mad genes, first identified 
in C. elegans and Drosophila, respectively. 






Small cell lung cancer 
It represents approximately one-fifth of lung carcinomas. It is histologically 
characterized by small cells (dimensions of lymphocytes) and neuroendocrine 


markers. 


Small G protein 


GTP-binding proteins related to the proto-oncogene product Ras, which act as on/off 
switches for signalling pathways. 


Small molecule drugs 

Drugs with a molecular weight of around 500 daltons or less. 

Smegma 

The secretion that accumulates in the foreskin. 

SN-38 

SN-38 is a metabolite of CPT-11 converted by carboxylesterase and is predominantly 
eliminated via hepatobiliary excretion. Therefore, the dose limiting toxicity in early 
clinical studies was severe diarrhoea. It is now controlled with, for example, 
loperamide in clinical settings. 

SNP 

A position in a genomic DNA sequence that varies from one individual to another. It 
is thought that the primary source of genetic difference between any two humans is 
due to the presence of single nucleotide polymorphisms in their DNA. Furthermore, 
these SNPs can be extremely useful in genetic mapping (see “Genetic Mapping”) to 
follow inheritance of specific segments of DNA in a lineage. SNP-typing is the 
process of determining the exact nucleotide at positions known to be polymorphic. 


SNUG 


Sinonasal undifferentiated carcinoma. A recently recognized carcinoma of the nasal 
and paranasal sinuses with poor outcome despite aggressive therapy. 


SOCS 

Suppressor of cytokine signalling. 

SOD 

See Superoxide dismutase. 

Solid pseudopapillary neoplasm of the pancreas 

A distinctive cystic tumour of the pancreas that occurs mostly in young women. 
Somatic 

“Of the body”, with reference to somatic cell mutation; mutation in genome of 


diploid cells that are not cells of the germ line and thus do not undergo meiosis to 
form gametes, thus the mutation is not inherited. 


Somatic gene therapy 


Manipulation of the genetic material of body cells (not gametes) only; changes are 
not passed on to further generations. 


Somatostatin 

Hormone synthesized in the hypothalamus and delta cells of pancreatic islets; 
governs release of thyrotropin, corticotropin, insulin, glucagon, and gastrin from their 
respective sites of synthesis. 


Sos 


Intracellular protein, which plays a role in the activation of Ras proteins by virtue of 
being a guanine nucleotide exchange factor (GEF). 


SOS repair 


Process of DNA repair, involving a number of different enzymes. It is highly 
important because it is error-prone and thus generates mutations. 


Southern blot 

Technique developed by E. Southern in which denatured DNA is transferred from 
agarose gels, in which fragments have separated by electrophoresis, to a nitrocellulose 
or nylon membrane laid over the gel. Hybridization with a complementary nucleic 
acid probe is then possible. 


Spatial colinearity (of Hox genes) 


The association between the linear arrangement of Hox genes within each cluster and 
their region of expression in the developing embryo. 


Spatial resolution 

The ability to differentiate two adjacent objects. 

Specificity 

For a medical test, this is the percentage of people who do not have the disease and 
test negative. For all tests, there is a percentage of people who do not have the disease 
but will test positive (false positive). Accuracy of negative test prediction in the true 


absence of disease. 


Spectral karyotyping (SK Y)/Multiplex fluorescence in situ hybridization (M- 
FISH) 


This FISH protocol is based on various combinations of fluorophore-labelled DNA 
probes that specifically hybridize to whole chromosomes or chromosomal segments. 
M-FISH allows molecular karyotyping and can reveal complex structural 


chromosomal rearrangements. M-FISH/SKY is the ultimate tool to study genomic 
heterogeneity of a tumour specimen. 


Spin-echo imaging 

Imaging of a spin echo formed by a sequence of radiofrequency (RF) pulse and 
gradient reversal. The standard spin-echo pulse uses an RF pulse sequence consisting 
of a 90° excitation followed by a 180° echo rephasing pulse. 

Splice variant 

Alternative splicing is the process that occurs in eukaryotes in which the splicing 
process of a pre-mRNA transcribed from one gene can lead to different mature 
mRNA molecules and therefore to different proteins. 

Spontaneous metastasis model 

In such models, metastases arise from a primary tumour that is growing at some 
location in the experimental animal. The primary tumour can be implanted or arise 
spontaneously. 


Spontaneous tumours in animals 


Tumours that normally develop in untreated animals and are usually associated with 
ageing. 


Sporadic neoplasia 


The occurrence of tumours (dysplastic lesions and/or cancer) in a random or isolated 
manner, unlike genetic cancer syndromes. 


Squame 


Scale or flake. Anuclear, terminally differentiated (dead) surface cell of the 
epidermis. 


Squamous Cell Carcinoma 


Malignant epithelial tumour (carcinoma) with histologic features of squamous cells. 
Predominant cancer type in the head and neck region. 


Src 


Family of non-receptor protein kinases whose prototype is the membrane-associated 
pp60°*© protein. 


SSI 


STAT-induced STAT inhibitor. 


Stalled replication 

A block in the progression of DNA replication forks which occurs when forks 
encounter a DNA lesion. This event activates checkpoints that suppress the initiation 
of subsequent replication origins, and that stabilize stalled replication forks against 
collapse by maintaining their association with replicative polymerases. 

Stat proteins 

Signal transducers and activators of transcription. Chief targets for tyrosine 
phosphorylation by Jaks which themselves are activated by cytokine receptor 
occupancy. Stats form dimers and act as transcription factors. 

Statistical power 

Statistical power is the probability of correctly rejecting the null hypothesis when the 
alternative hypothesis is true. It is one minus the type II error rate. The statistical 
power is typically set at 80% or higher to claim a definitive study result. 
Stein-Leventhal syndrome 

Cystic disease of the ovary commonly characterized by hirsutism, obesity, menstrual 
abnormalities, infertility, and enlarged ovaries; thought to reflect excessive androgen 
secretion of ovarian and possibly adrenocortical origin. 

Stem cell factor 

(SCF, c-kit ligand), early acting growth factor; when alone, it is a survival factor for 
stem cells; alternatively synergizes with other growth factors such as GM-CSF, G- 
CSF, EPO; promotes the growth of myeloid and erythroid progenitors. 

Stem cells 

Relatively undifferentiated, slowly proliferating cells that maintain their numbers 
(self-renewing), while at the same time producing a range of differentiating progeny 
that may continue to divide for a limited period. Embryonic stem cells are 
pluripotential and adult stem cells tend to be multipotential. Many cancers may have 
their origins in these long-lived cells. 


Stereotactic surgery 


Operative procedures guided by precise location of particular structures by three- 
dimensional imaging. 


Sterile filtration 
Passage of a liquid through a sterile membrane of pore size <0.22 microns. 


Steroid hormones 


A family of hormones derived from cholesterol and composed of fat-soluble complex 
molecules that contain a hydrogenated cyclopentaphenanthrene ring. Steroid 
hormones are produced by the adrenals and gonads and include glucocorticoids, 
mineralocorticoids, and sex steroids that modulate target cell activity by binding 
specific receptors that act as transcription factors for multiple target genes. 

Steroid receptors 


A large superfamily of cytoplasmic receptors including the androgen receptor, 
oestrogen receptors, glucocorticoid receptors, and progesterone receptors. 


Stewart-Treves syndrome 


A subtype of angiosarcoma which develops in lymphedematous extremities status 
post surgery for breast cancer. 


Stochastic 


Susceptible to random influences and thus subject to the laws of probability, the 
opposite of deterministic. 


Stoichiometrical binding 


Binding in a numerical relationship dependent on the proportions of constituents in 
the chemical formula of the compound. 


Stromal reaction 

Local accumulation of connective tissue cells and of extracellular material around 
tumours, and which shows many similarities in its organization and evolution with the 
granulation tissue, which develops during tissue repair. 

Structure-activity relationships 

A term used to describe the empirical relationship between changes to the chemical 
structure of a compound and the corresponding changes in the biological activity of 
the compound. 

Structure-based drug design 

A term that describes the process by which knowledge of the molecular structure of 
the target biomolecules and the ligand binding sites they contain is used to inform the 
design of small molecules that can interact with these binding sites and affect 
biomolecule function. 


Study blinding 


Blinding the investigators and/or patients to treatment assignments are effective 
methods to guard against evaluation bias and to preserve the integrity of the trial. 


Study design 


The procedures and methods, predetermined by an investigator, to be adhered to in 
conducting a research project. 


Study of tamoxifen and raloxifene (STAR) 

Following the Breast Cancer Prevention Trial (BCPT) of tamoxifen, the STAR 
established that raloxifene was as active as US FDA-approved tamoxifen in 
preventing invasive breast cancer and did so with lesser side effects. 


Study population 


The study population of a trial is defined by specifying the eligibility criteria, which 
list the inclusion criteria and the exclusion criteria. 


Study protocol 


A study protocol serves as an operation manual for conducting a clinical trial by 
specifying the rationale, the objectives, and standard operating procedures. 


Subculturing/cell passage 


Subculturing is the act of removing cells from a given dish or flask and re-plating 
them into additional vessels. This is synonymous with passaging. 


Suicide gene 


A gene that will produce destructive effects on the cell that contains it, perhaps by 
encoding an enzyme that converts a prodrug into a cytotoxic compound. 


Sulphation 

Addition of a sulphate group. 

Superantigen 

Special antigens from certain viruses or bacteria which bind to major 


histocompatibility complex II molecules and to T-cell receptor 
£ chains. 





Superoxide dismutase (SOD) 
Protective mechanism in free radical scavenger system. 
Superscan 


Type of bone scan appearance seen in patients with very diffuse bony metastatic 
disease where all the bones appear evenly intense. 


Suppressor genes 
See Tumour-suppressor genes. 
Surfactant 


This nonwettable agent is secreted by Clara and predominantly type II pneumocytes 
and keeps alveolar lumina open. 


Surgical robot 


A computer-controlled manipulator with artificial sensing that can be reprogrammed 
to move and position tools to carry out surgical procedures. 


Surrogate end point biomarker (SEB) 


Event of structure or function on any level of biological organization, that is 
reasonably predictive of a later event, and can therefore serve as a substitute for the 
later clinical event of primary interest. 


Suspension cultures 


Many hybridoma cell lines as well as leukaemia and lymphoma lines will grow 
unattached to a dish or other substrate. These cells will not require tissue culture 
treated plasticware and can be grown in non-treated petri dishes. 


Swiss roll 


A process in which a length of intestinal tissue is rolled around a thin wooden rod 
(cocktail stick), pinned with an etymological pin and processed for histology so that a 
lot of tissue can be observed on the same slide. 


Synatophysin 


It is a (p38), calcium-binding, glycosylated polypeptide (38 kDa), and an integral 
component of pre-synaptic vesicles. Also exists in a range of normal and 
neuroendocrine cells and their derivative tumours. 


Syncytiotrophoblast cells 


Multinucleated cells that are normally present along placental villi; their neoplastic 
counterparts are commonly identified in germ-cell tumours and correlate with the 
production of human chorionic gonadotropin by the tumour. 


Synergism 


A mutually advantageous conjunction of distinct elements (as resources, effort, or 
effects). In drug combination, it is defined as an effect that is more than an “additive 
effect” as defined above and therefore CI < 1, or the combination data points fall on 
the lower left of the hypotenuse of the isobologram. 


Synergy 


The cooperative action of two or more stimuli or drugs, producing a result greater 
than the additive action of the stimuli or drugs. 


Syngeneic 


Relating to genetically identical cells—for example, cells or animals of the same 
inbred strain, or tumours derived from that strain transplanted into another animal of 
the same inbred strain. 


Synpolydactyly 


Congenital limb malformation resulting in webbing of multiple digits. The condition 
is dominantly inherited but frequently demonstrates incomplete penetrance and 
variable sensitivity. 


Synthetic peptide vaccines 


Peptides that are synthesized in vitro corresponding to tumour-specific or tumour- 
associated protein products that can be administered with adjuvant or pulsed on to 
dendritic cells to make a therapeutic vaccine. 


”°™T c-labelled methylene diphosphonate 


The most common (virtually universal) radiotracer for bone imaging for metastatic 
disease. 


T-cell clone 


Thymic lymphocytes developed by proliferative response of a single stimulated T 
cell, thus all having the same properties as the parent cell. 


T-cell epitopes 


Fragments of antigenic proteins (peptides) which fit into major histocompatibility 
complex molecules. 


T-cell receptor (TCR) 


Definitive T-cell marker (TCR-1 or TCR-2), which enables T-cells to recognize 
antigen presented by antigen-presenting cells; the T-cell receptor is unique to any 
given T-cell and its progeny. T-cell receptor chains, TCR 
a, TC 
fb, TCR 
y, and TC 
ô, are coded for by the TCR genes. 










T1 shortening 


Decrease of the spin-lattice relaxation time or increase in relaxation rate caused by 
MRI contrast agent or macromolecular binding. 


T1-weighted 


MR sequence such as short TR/short TE inversion-recovery design to distinguish 
tissues with different MR relaxation times. 


T2-weighted 


MR sequence such as spin echo with a long TR/long TE design to distinguish tissues 
with differing T2 relaxation. 


Tamoxifen (Nolvadex®) 

A non-steroidal antioestrogen that is the standard endocrine therapy for breast cancer 
and the first chemopreventive in high-risk women. Because of its oestrogenic activity, 
long-term treatment has been linked with uterine cancer and other hazards. 

Target organ 

Organ which is targeted by a certain chemical, physical, or biological exposure. 


Targeted molecular cancer therapeutics 


Drugs acting on molecular targets involved in the causation and progression of 
human cancer. 


Tax protein 

40-kDa protein encoded by human T-cell leukaemia virus type-I (HTLV-I). Tax is a 
potent trans-activator of viral and cellular gene expression and is the major 
transforming protein of HTLV-I. 


TBP 


TATA box binding protein; an important factor for transcriptional initiation of many 
genes. 


TCF/LEF 





A family of DNA-binding proteins that interact with 
£ catenin and regulate Wnt target genes. 


TCR 
Transcription-coupled DNA repair. A form of nucleotide excision repair (NER) that 


preferentially repairs actively transcribed genes, as opposed to the global genome 
repair (GGR) pathway. 


TDLo 


The dose corresponding to the lowest dose that produces any toxic effect in the 
experimental animals. 


Tectorial 
Pattern of tumour growth over the surface of normal structures. 
Telomerase 


A ribonucleoprotein enzyme that uses its RNA as a template for the de novo 
synthesis of telomeric repeats. 


Telomere-initiated senescence 


Cellular senescence triggered by telomere shortening. With each division, cells 
undergo shortening of telomeres (the ends on linear chromosomes). When critically 
short, uncapped telomeres are recognized as DNA damage, thus triggering a response 
that induces an irreversible growth arrest. Telomere-initiated senescence is believed to 
limit the number of cell divisions, thus contributing to aging. 


Telomeres 


Repetitive sequences of non-coding DNA located at the ends of all linear 
chromosomes. In humans, telomeres contain the six base pair sequence TTAGGG. 


Telophase 


Final stage in mitosis in which the two daughter sets of chromosomes complete their 
journey away from each other and form the nuclei of two daughter cells with the 
division of cytoplasmic contents and formation of new plasma membranes. Preceded 
by anaphase and followed by the G1 phase of the cell cycle. 


Temporal colinearity (of Hox genes) 


The association between the linear arrangement of Hox genes within each cluster and 
their sequential expression during development. 


Teratoma 


A type of germ-cell tumour that forms relatively normal-appearing tissues. 
Classically, tissue types that are normally derived from the three embryonic cell 
layers are formed. Mature teratomas consist of entirely adult tissues derived from all 
three germ layers. Immature (malignant) teratomas are composed of a mixture of 
embryonal and adult tissues. 


Terminal end bud 


Terminal structures of the mammary ducts that end in a club-shaped configuration 
measuring 120-180 um in diametre. They are more frequently found at the periphery 
of the mammary gland parenchyma of young virgin female rats. 

Terminal illness 

Disease that compromises the lifespan of an individual. 

Terminally differentiated 

Cells that have acquired a specialized function and have ceased to replicate. 
12-O-tetradecanoyl phorbol-13-acetate (TPA) 

Non-mutagenic tumour promoting phorbol ester, stimulates PKC activity. 


TFIID 


Transcription factor IID, part of a large protein complex involved in regulation of 
basal transcription. 


TFIIH 


Transcription factor ITH; a multi-protein complex that includes (among many other 
proteins) the helicases XPB and XPD, which participate in nucleotide excision repair. 





TGF 
a 


See Transforming growth factor-alpha. 





TGF 
B 


See Transforming growth factor-beta. 








Type I receptor for transforming growth factor 


Thallium ?"'TI) 
Radioisotope used for tumour metabolic (and cardiac) imaging. 


Therapeutic index (TI) 


Benefit-to-risk ratio associated with administration of a drug; that is, the ratio of 
intended to unintended adverse effects. Often a function of both the drug and the 
individual receiving it. 


6-Thioguanine 

An analogue of the purine base guanine, which is converted intracellularly to its 
cytotoxic nucleotide form that can interfere with de novo purine synthesis; 
incorporation of the triphosphate into DNA interferes with biosynthesis of DNA. 
Thoracoscopy 

The diagnostic examination of the pleural cavity using an endoscope. 

Thorium dioxide 

Compound of radioactive thorium, which in colloidal suspension (Thorotrast®) was 
formally used as a positive contrast agent in diagnostic radiography before the 
dangers of very low doses of radiation were appreciated. 

3D-CRT 

Three-dimensional conformal radiation therapy allows for administration of a 
specific radiation dose to a particular volume of tissue, maximizing dosage in areas at 
highest risk. Using CT imaging, computer software, and blocks to shape the treatment 
portal, beam arrangements are planned to the prostate volume plus a margin of grossly 
normal tissue and take into consideration any error that may result from daily set-up 
and prostatic motion. 


Thrombocytopaenia 


A decrease in the number of platelets in the bloodstream, which can result in 
haemorrhage. 


(‘H]thymidine 


DNA nucleoside precursor containing radioactive hydrogen (tritium), used as a 
proliferation marker when taken up into S phase DNA during the cell cycle. 


Thymidine kinase 


Enzyme that catalyses the conversion of thymidine to thymidine monophosphate by 
phosphorylation. 


Thymidylate synthase 
An enzyme that catalyses the methylation of deoxyuridine monophosphate to form 


thymidine monophosphate, an essential precursor for thymidine triphosphate, which is 
used in DNA synthesis and repair. 


Thyroid 

A shield-shaped gland in the anterior neck that has two components—thyroid 
follicular cells produce and secrete thyroid hormones that regulate basal metabolic 
functions of all cells in the body, and C cells or calcitonin cells that produce 
calcitonin, a hormone that has putative functions in calcium regulation but has no 
precise physiological role in humans. 

Thyroid hormones 

Hormones derived by iodination of the glycoprotein thyroglobulin, these products of 
thyroid follicular epithelium modulate basal metabolic rates of most cellular activity 
via transcriptional regulation of target genes. 

Tight junctions 

Between cells, particularly epithelia, in which the plasma membranes of adjacent 
cells fuse, in the manner that between the cells, only three leaflets of lipid bilayers 
remain. Tissues with such cell junctions provide a perfect barrier between the 
environment on one side and that on the other. 


Tip cell 


A specialized endothelial cell which guides novel vessel development towards 
stimulatory growth factors in a manner similar to neuronal development. 


Tissue characteristics 


Tissue parameters that determine MR signal intensity such as spin density, relaxation 
times, chemical shift, and motion. 


TNF 
See Tumour necrosis factor. 
TNF receptor-associated factors (TRAF) 


A group of intracellular intermediates that bind directly or indirectly to many 
members of the TNF receptor family. 


TNF-related apoptosis-inducing ligand (TRAIL) 


A member of the TNF ligand family that induces apoptosis by activating their 
cognate death receptors, TRAILR1 and TRAILR2. 


TNM classification 
A tumour staging system based on the size of the primary tumour (T), the extent of 


metastasis in regional lymph nodes (N), and the presence or absence of distant (M) 
metastasis. 


Tobacco-specific nitrosamines 


A group of potent carcinogens formed by nitrosation of tobacco alkaloids such as 
nicotine, nornicotine, and related compounds NNK, “nicotine-derived nitrosamino 
ketone”, one of the tobacco-specific nitrosamines. Its chemical name is 4- 
(methylnitrosamino)-1-(3-pyridyl)-1-butanone. Tobacco carcinogen biomarkers, 
quantifiable metabolites, or related materials which can be measured in humans and 
are related to specific carcinogens in tobacco products. 


Tolerance 
Immunological unresponsiveness. 
Topoisomerase 


Topoisomerases function to prevent entanglement of DNA strands during DNA 
replication, RNA synthesis (transcription), DNA recombination, and DNA repair. In 
mammalian cells, they are classified into two types of topoisomerase, namely, 
topoisomerase I and II. Topoisomerase II occurs in the form of 
a and 
£. Targets for cytotoxic drug treatment with various naturally occurring compounds, 
including epipodophyllotoxins, anthracyclines, and camptothecins. 








Topoisomerase I inhibitors 

Class of chemotherapeutic agents that stabilize the complex formed by the enzyme 
topoisomerase I by binding to this intermediate and inhibiting DNA re-ligation, so 
leading to arrest of the replication fork, increased double-strand breaks, and apoptosis. 
Topoisomerase II inhibitors 

Class of chemotherapeutic agents that inhibit the enzyme topoisomerase II, a nuclear 
enzyme essential for alterations in the tertiary structure of DNA during DNA 
replication. 


Totipotent stem cells 


Stem cells that are capable of differentiation into all cell types within an organism 
and the extraembryonal membranes, for example, fertilized egg. 


TPA 


See 12-0-tetradecanoyl phorbol-13-acetate. 





Trabecular 
A cord-like pattern of growth. 


TRAIL 


Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is a cytokine 
which induces apoptosis through ligation of either DR4 or DRS death receptors. 
TRAIL is of interest in cancer therapy because it preferentially induces apoptosis in 
cancer cells sparing the normal cells. 


Transactivation 

A situation in which one gene product causes a different gene to be activated. 
Mechanism of cellular transformation of slow transforming viruses in which viral 
proteins activate distant cellular genes. 

Transcoelomic spread 

Metastatic tumour dissemination across a body cavity by cells breaking off from the 
primary tumour, passing across the cavity and then establishing a secondary tumour at 
the new site. 

Transcription 

Synthesis of RNA from a DNA template. 

Transcription factor 

In molecular biology, a transcription factor is a protein that regulates the activation of 
transcription in the eukaryotic nucleus. Transcription factors localize to regions of 
promoter and enhancer sequence elements either through direct binding to DNA or 
through binding other DNA-bound proteins. They act by promoting the formation of 
the preinitiation complex (PIC) that recruits and activates RNA polymerase. 


Transcription-coupled repair 


Preferential excision repair of damaged DNA in transcriptionally active genes; 
generally, but not always, confined to the transcribed DNA strand. 


Transcriptional gene silencing (TGS) 

Gene regulation by the prevention of transcription. This occurs by histone 
modification of the chromatin surrounding a particular gene, rendering it inaccessible 
to the transcriptional machinery. 

Transducing retrovirus 
Retrovirus that encodes a proto-oncogene within its genome. 

Transduction 

Transfer of genetic material into a cell. In gene therapy, this term is used specifically 

for gene transfer mediated by viruses (as opposed to non-viral transfer or 


“transfection”), and the cells into which genes have been transferred are described as 
“transduced”. 


Transfection 


Transfer of DNA, for example, from a recombinant plasmid, (or RNA) into cultured 
cells which may then express the nucleic acid transiently or permanently. 


Transformation 


The process whereby a cell changes from one that undergoes density-dependent 
growth, contact-dependent inhibition of movement, and the lack of ability to grow in 
semi-solid suspension to one that grows to much higher cell densities, moves without 
regulation by other cells, and grows in suspension without initial contact with other 
cells. This is usually considered to be the first important step in the eventual 
formation of a cancer cell. 


Transformation zone 
The area of the cervix where the glandular and squamous components merge. This is 


the site of >95% of cervical SILs since the virus responsible for such, HPV, prefers to 
initiate infection in the metaplastic cells ubiquitous in this region. 





Transforming growth factor-alpha (TG 
a) 


Member of the epidermal growth factor (EGF) family, recognizing the EGF receptor. 
The gene protein product (6 kDa) was initially found in mixture with TG 
£ in virally transformed cells whose conditioned medium could confer properties of 
independent growth on normal cells. TG 
a mimics EGF in biological activity and has similarities in amino acid sequence. 











Transforming growth factor-beta (TGF. 
Pp) 






Growth factor initially discovered in a mixture with TGF 
a but subsequently found to be a separate substance. Virally transformed cells 
produced a conditioned medium containing TGF È| 
a and TGR 
f, which conferred properties of independent growth on normal cells. TG 
$ is multipotential, promoting growth in some cell populations but inhibiting it in 
others, particularly in epithelia. TGR 
£ cell cycle arrest correlates with an increase in the expression of proteins p15Ink4B 
and p27Kip1, which are both cyclin-dependent kinase inhibitors. 














Transgene 


A foreign piece of DNA that has been inserted into the germ line of an organism. 
Since germ cells give rise to the reproductive cells, an organism that contains a 
transgene will pass it down to all of its descendents. An organism that contains a 
transgene is known as “transgenic.” 


Transgenic organism 


An organism whose genome has been altered by the incorporation of foreign, or 
exogenous DNA as a result of the insertion of foreign genetic material into a germ 
cell. 


Transgenic, knockout animals 


When extraneous DNA is introduced in eukaryotic cells, it may give rise to 
extrachromosomal form or may be integrated into the genome. Following the 
injection into animal eggs, DNA may be incorporated into the genome and inherited 
as a normal component. Injected DNA may enter the germ line or the soma creating a 
“transgenic” animal. When the transgene is incorporated into the germ line, a 
transgenic line may be generated. The converse of new gene introduction is the 
disruption of specific endogenous genes. This is achieved by the introduction within a 
locus of additional DNA, homologous to a given gene but harbouring an inactivating 
mutation, causing disruption of a specific gene, thus generating a null allele. Breeding 
from animals with a null allele can generate a homozygous “knockout”, which lacks 
an active copy of the gene. The generation of transgenic and knockout animals 
represents a powerful method to investigate the function of a gene and its role in the 
pathogenesis of a disease. 


Transit amplifying cells 

Relatively short-lived cells produced by the stem cell compartment, which are not 
self-maintaining, but rapidly expand the population before undergoing terminal 
differentiation. 


Transition 


Transformation of a purine base to another purine or transformation of a pyrimidine 
base to another pyrimidine. 


Translation 

Process in which RNA codes for protein synthesis; small subunit of ribosome binds 
to mRNA takes place in cytoplasm; translates RNA into polypeptide composed of 
amino acids. 

Translesion DNA synthesis 

Replicative bypass of a damaged base in DNA by a translesional DNA polymerase. 


Translocation 


The detachment of segment of a chromosome and its reattachment to another 
chromosome. 


Transplantation 


An act, process, or instance of transplanting; especially the removal of tissue from 
one part of the body or from one individual and its implantation or insertion in 


another (i.e., transfer of haematopoietic stem cells into irradiated recipient mice by 
tail vein injection). 


Transrectal ultrasound 

An imaging technique wherein an ultrasound transducer is placed in the rectum and 
directed at the prostate. The resultant “echoes' of signal from the prostate correlate 
with its structure, permitting the identification of some possible abnormalities, 
including carcinoma. 

Transversion 

Transformation of a purine base into a pyrimidine and vice versa. 


TRAP 


Telomere repeat amplification protocol, a PCR-based assay to detect telomerase 
activity in extracts of cells and tissue. 


Treg cells 


CD4+CD25+ T cells that are known to be important in the suppression of self- 
reactive T cells (peripheral tolerance). 


TRF1 

Telomeric repeat binding factor 1; negative regulator of telomere length; 
overexpression of wild-type (normal) TRF1 may decrease telomere length; 
overexpression of mutated TRF1 may lead to telomere elongation by activation of 
telomerase. 


Trichostatin A 


A hydroxamic acid-containing fermentation product of Streptomyces platensis. It is a 
potent inhibitor of histone deacetylase. 


Trimetrexate 

A liphophilic folate analogue that inhibits the enzyme dihydrofolate reductase. 
Tsc 2 gene 

Tuberous sclerosis causing gene; tumour-suppressor gene. 

Tuberous sclerosis 


A congenital syndrome characterized by hamartomas of different organs, especially 
in the central nervous system and heart. 


Tubular adenoma 


Benign large bowel tumour composed of cells arranged as branching tubules, often 
forming a polypoid mass. 


Tubule (with reference to endothelial cells) 


Tubular structure composed of endothelial cells that is formed by these cells in 
culture, as an indication of their potential to form blood vessels. 


Tubulin 





A subunit of microtubules. In microtubules, dimers of 
a tubulin and 
£ tubulin are organized to form a hollow cylinder. 





Tubulogenesis 


The formation of capillary-like structures upon culture of endothelial cells on 
appropriate strata. 


Tumour 


From the Latin tumere, to swell; any pathological enlargement or new growth. 
Originally referred to a swelling of any type, inflammatory or neoplastic. However, 
now used to describe a neoplastic growth. 


Tumour-associated macrophages (TAMs) 


Macrophages that play important roles in the development of tumours by aiding the 
breakdown of the basal lamina and extracellular matrix and by contributing to the 
stimulation of angiogenesis. These cells demonstrate yet another way in which one of 
the body's physiological processes (1.e., the inflammatory response in wound healing) 
is exploited by the developing tumour. 


Tumour chemoprevention 


The identification of several steps in the carcinogenic process has allowed a new 
approach in cancer prevention on the basis of interference by appropriate chemicals 
(chemopreventive agents), with one or more of the recognizable steps leading to the 
breakdown on the carcinogenic process. Interference of chemopreventive agents with 
hepatocarcinogenesis initiation is problematic, in humans, due to the viral aetiology of 
most human liver tumours. However, experimental models of chemical 
hepatocarcinogenesis, are an appropriate tool for assessment of the efficiency of 
tumour anti-initiation agents (i.e., antioxidant compounds). The study of agents 
blocking the growth and inducing remodelling and apoptosis of pre-neoplastic liver 
foci/nodules is easier, and experimental multi-step models are really useful because of 
the biological and molecular commonalties of pre-neoplastic lesions in rodents with 
the corresponding lesions in humans. 


Tumour clonality 


Origin of a tumour from a single cell. 
Tumour control probability (TCP) 


It may be predicted using a linear-quadratic model which includes effects of dose 
rate, repair of sublethal damage from radiation, and clonogen proliferation rate. 


Tumour diversification 

The generation of tumour cell heterogeneity. 

Tumour dormancy 

The tumour exists in a balance of cell proliferation and cell death (apoptosis) which 
precludes tumour expansion. Dormancy can be caused by a failure of the tumour cells 
to promote angiogenesis. 

Tumour grade 

The system is used to classify the degree of abnormality of malignant cells based on 
how similar they are in appearance and function to the normal cells of the tissue they 
developed from. Commonly, tumours are graded well, moderate, or poorly 
differentiated. Many features are evaluated and these vary with the type of cancer. 
Tumour heterogeneity 

The intratumoural or cell-to-cell differences in a variety of properties. 
Tumourigenic 

Able to cause tumours. 

Tumour-infiltrating lymphocytes (TILs) 

Lymphocytes found within tumours. In vitro co-cultures of dissociated tumour cells 
with cytokines, usually interleukin-2, can produce proliferation and expansion of the 
infiltrating lymphocytes. 

Tumour initiating cells 

See “Cancer stem cells”. 

Tumour invasion 


The penetration of tissues or extracellular matrix by tumour cells. 


Tumourlet 


Microscopic, peribronchiolar, nodular aggregate of uniform, round to oval or spindle- 
shaped cells similar to the cells of carcinoid tumours. Tumourlets must be 
distinguished from small cell carcinoma. 


Tumour markers 


Substances produced by tumour cells that are measured in the blood, urine, or tissues 
of a patient. These can be used for detection of disease, monitoring of therapy, or 
predicting recurrence. Examples include PSA, AFP, and CEA. 


Tumour microenvironment 


Cells interact with each other and with stromal cells and the extracellular matrix 
(ECM) in tissue. The blood vasculature is responsible for the delivery of nutrients 
(including oxygen and the removal of catabolic products). These interactions define 
the microenvironment of the tissue. In tumours, cell-cell and cell-matrix interactions 
may be aberrant and due to the poor development of the blood vasculature, the 
pathophysiological environment in tumours is usually highly heterogeneous with 
regions of low oxygen levels, acidic pH, and poor nutritional supply. 


Tumour necrosis factor (TNF) family 


A superfamily of cytokines comprising secreted and membrane-bound proteins that 
interact with their cognate cell surface receptor, which mediates a host of biological 
responses including cellular differentiation, death, and survival. 


Tumour profiling 


Assessment of the genes which are expressed (active in) different cancers. The 
human genetic code contains approximately 30 000 genes coding for different 
proteins, but in any individual cell type only a subset (perhaps some thousands) of 
these genes are active, and make the corresponding protein. The pattern of active 
genes may be assessed on a small scale through immunohistochemistry, but larger 
scale analyses using mRNA-based microarrays are now established as a research tool 
and are becoming available for clinical use for the same purposes as described above 
for immunohistochemistry. 


Tumour progression 


Steps involved in the development from the primary tumour to the acquisition of the 
metastatic phenotype. 


Tumour progressor 


The use of “tumour progressors” is based on the knowledge that development of 
cancers in mammals depends on over-time accumulation within somatic cells, of a 
number of genetic alterations including activation of proto-oncogenes and inactivation 
of oncosuppressor genes. Genome instability achieved during hepatocarcinogenesis 
initiation favours the accumulation of severe DNA defects during clonal expansion of 
initiated cells giving rise to autonomously growing cells. Tumour progressors are a 


class of compounds (generally directly-acting genotoxic carcinogens) that induce 
additional genomic changes when given during hepatocarcinogenesis promotion, thus 
accelerating the formation of persistent liver nodules and carcinomas. 

Tumour stage 

The extent to which the cancer has spread in the patient. The TNM staging system is 
commonly used in the United States. It includes the extent of the tumour (T), spread 
to lymph nodes (N), and presence or absence of metastatic disease (M). 
Tumour-suppressor gene 

Genes encoding proteins required for normal cell growth and differentiation. When 
inactivated or deleted, contribute to neoplastic transformation or tumour development. 
The tumour-suppressor effect is frequently apparent only when both alleles are 
inactivated or deleted (Knudson's two-hit hypothesis). 

Tumour vaccine 

The vaccine that aims at augmenting weak host immune responses to tumour 
antigens using potent antigen-presenting cells or a variety of genetic manipulations. 
Most tumour vaccines attempt to treat tumours that have already demonstrated the 
ability to avoid immune recognition. 

Tumour xenograft 

The placement of tumour cells or tissue from one species to another species. 


Two-hit hypothesis 


The theory that when a tumour-suppressor gene is mutated it must occur on both 
alleles to have a demonstrable effect on cell behaviour. 


Tyk 

Tyrosine phosphorylation kinase. 

Tyk2 

Member of the Janus kinase (Jaks) family of PTKs. 
Tympanosclerosis 


Abnormal (dystrophic) calcification of the tympanic membrane or middle ear space 
typically occurring in the setting of chronic otitis media. 





Type I error 
a) 


The probability of rejecting the null hypothesis when in fact the null hypothesis is 
true (i.e., a false-positive result). 


Type I error rate 


Type I error rate (a) is also called a false-positive rate. It is the probability of 
rejecting the null hypothesis when it is true. 


Type I pneumocyte 


The predominant lining cell of the alveolar wall with a thin cytoplasm enabling 
gaseous transfer to occur. 





Type II error 
p) 


The probability of accepting of the null hypothesis when in fact the null hypothesis is 
false (i.e., a false-negative result). 


Type II error rate 

Type I error rate (8) is also called a false-negative rate. It is the probability of 
rejecting the alternative hypothesis when it is true. Statistical power is one minus the 
type II error rate. 


Type II pneumocyte 


This cell, which is found in the corners of alveolar walls, produces surfactant from 
osmiophilic lamellar bodies. Also a stem cell. 


Tyrosine kinase 





Enzyme, which transfers phosphate from th 
y-position of ATP to specific tyrosine residues of some proteins. 


Tyrosine kinase inhibitors 


Drugs that inhibit the catalytic activity of various kinases, including EGF receptor 
(Iressa) and Bcr-Abl (Glivec). 


US Food and Drug Administration (FDA) 
The US federal government regulatory agency of food, drugs, and cosmetics. 
Ubiquitin 


Small polypeptide which through a series of enzymatic reactions is covalently linked 
to proteins targeted for degradation via the 26S proteasome. 


Ubiquitination 


Ubiquitination is a key event in the regulation of protein stability (and thus, levels) 
through degradation of the modified proteins in the proteasome. The process is 
initiated by the attachment of ubiquitin to an ubiquitin-activating enzyme (E1), which 
is followed by its transfer to an ubiquitin-conjugating enzyme (E2). Subsequently, the 
ubiquitin moiety is transferred either directly or in conjunction with a ubiquitin ligase 
(E3) to the target protein. After linkage of additional ubiquitin molecules, the 
polyubiquitinated protein is targeted for degradation. During the cell cycle, E3 
complexes are instrumental with respect to the degradation of cyclins and other 
proteins. 


Ultrasound 


High-frequency acoustic waves greater than 18 kHz. Exposure to ultrasound can lead 
to thermal or cavitation effects. 


Ultrasound contrast agents 


Intravenously injected gaseous microbubbles that are encapsulated for stability and 
are <10 microns in diametre to allow passage through the pulmonary circulation. 


Ultrasound transducer 

Device that converts electrical signals into acoustic pulses. Transducers transmit 
focused sound signals into the patient and also receive the reflected sound that is 
converted into an electronic signal to generate an image. 

Ultraviolet radiation 

A portion of the electromagnetic spectrum that normally is invisible but that induces 
injury to cellular DNA, accounting for a significant proportion of skin cancer. 
Electromagnetic radiation of wavelengths between 200 and 400 nm. UV radiation is 
subdivided into three wavelength bands, UVA (313-400 nm), UVB (290-315 nm), 
and UVC (220-290 nm). Biologically, UVC is the most destructive one. 

Umbilical cord blood 

A new attractive source for early haematopoietic stem/progenitor cells. 

Unfolded protein response (UPR) 

A cellular response to the accumulation of unfolded or misfolded proteins in the 
endoplasmic reticulum; involves activation of the protein kinase PERK, which 
phosphorylates a subunit of polypeptide chain initiation factor e[F2 and causes partial 
inhibition of protein synthesis. 


Unipotential stem cell 


A stem cell whose differentiated progeny are of one phenotype only, for example, 
interfollicular epidermal stem cells. 


Unknown origin 

Most cancers present (first cause symptoms) at the site where the cancer started, 
which is called the site of origin, or primary site. Some cancers, however, only cause 
symptoms once the cancer has spread elsewhere, for example, to solid organs such as 
liver, lung, brain, or bone. Such spread elsewhere is called metastasis. If the primary 
site cannot be identified then the (metastatic) cancer is described as being of 
“unknown origin”. 

Unrelated matched donor 

A compatible stem cell donor who is not a family member. 

Unscheduled DNA synthesis 

Unscheduled DNA synthesis is the term used to describe the replication of DNA 
during the nucleotide excision repair of DNA damage and as such it is distinct from 
the semi-conservative replication of DNA, which is confined to the S phase of the 
eukaryotic cell cycle. Unscheduled DNA synthesis can be detected for example, by an 
elevated incorporation of [3H]-thymidine into the DNA of cultured mammalian cells 
during the repair of damage. This can be detected by autoradiography associated with 
image analysis. 

Urogenital sinus 

The ventral part of the cloaca from which the lower part of the urinary tract develops. 
Urokinase plasminogen activator 

One of the key matrix degrading enzymes secreted by cancer cells. 


Urothelial carcinoma 


A carcinoma arising from the urothelium. This tumour may arise from any structure 
lined by urothelium, such as the renal pelvis, ureter, urinary bladder, and urethra. 


Urothelium 


The epithelium lining the majority of the urinary tract. In the past, it was also referred 
to as transitional cell epithelium. 


UUTC 


Upper urinary tract cancers include primary malignancies involving the ureter and 
renal pelvis and account for approximately 2-8% of urothelial cell carcinomas. 


V-CAM 


Vascular cell adhesion molecule, member of the immunoglobulin superfamily (Ig- 
SF); functions as an endothelial cell receptor for cells of malignant melanoma and 





others that express 
a 
1 integrin. 





V(D)J recombination 

Mechanism of DNA recombination which ensures generation of a wide range of T- 
cell receptors and immunoglobulin molecules which are able to recognize greatly 
diverse foreign antigens. Using the DNA rearrangement of 200 genes of variable (V) 
regions, 12 genes of diversity (D) regions, and 4 genes of joining (J) regions for 
Heavy chain it is possible (with addition of 1000 possible light chain combinations) to 
assemble more than 10’ possible combinations of antibody repertoire. 

v-erbA 


Viral oncogene of avian erythroblastosis virus (AEV), coding for mutated cytosolic 
thyroid hormone receptor. 


v-erbB 


Viral oncogene of AEV, associated with erythroid leukaemia, encodes a protein 
corresponding to truncated EGFR. 


v-myb 

Viral oncogene associated with chicken myeloblastosis (acute myeloid leukaemia). 
v-myc 

Viral oncogene associated with chicken myelocytoma (chronic myeloid leukaemia). 
v-onc 


An oncogene identified as part of a viral genome. Homologues of normal cellular 
genes previously adopted by viruses during evolution. 


v-sis 

Viral gene responsible for the transforming activity of simian sarcoma virus. 
V-sre 

Viral gene responsible for the transforming activity of the Rous sarcoma virus. 
Vaccination 


The introduction of antigenic components of a virus or other micro-organism into the 
body to stimulate immunity. 


Vascular endothelial growth factors (VEGFs) 


Important secreted stimulators of endothelial cell growth and migration. VEGF-A 
exists in many isoforms, and mouse models indicate that each may play specific and 
sometimes antagonistic roles in vascular development. 


Vascular mimicry 


Ability of non-endothelial cells to form vessel-like structures under experimental 
conditions in vitro. 


Vascular targeting 


Antitumour strategy that targets established (rather than angiogenic) tumour blood 
vessels. 


Vasculature 
A network of capillary blood vessels. 
Vasculogenesis 


The de novo formation of blood vessels from endothelial precursor cells (EPCs) 
during embryonic development and possibly, adulthood. 


VATS 


Video assisted thoracoscopy. An endoscopic operation to explore the pleural cavity. 
It can also be used to perform limited peripheral resections. 


Vector 
An agent (virus or plasmid) used to transmit genetic material to a cell or organism. 
Verruciform 


Resembling the common wart; typically used to described a tumour that has 
prominent, broad papillae. 


Verumontanum mucosal gland hyperplasia 

A process characterized by unusual prominence of glandular structures in and around 
a mound-like projection on the posterior aspect of the prostatic urethra at the point of 
urethral angulation. It may be mistaken for adenocarcinoma on microscopical 
examination. 


Vessel maturation 


Vessel assembly (anastomosis) and recruitment of mural cells as one of the last steps 
in angiogenesis. 


VHL 


von Hippel-Landau disease is an inherited, autosomal dominant syndrome associated 
with a variety of benign and malignant tumours such as hemangioblastomas, 
cystadenomas, pheochromocytomas, and clear cell renal cell carcinomas. The VHL 
tumour-suppressor gene has been mapped to chromosome 3p25. Its gene product, 
pVHL, forms a complex that covalently binds target molecules to ubiquitin and 
facilitates proteasomal degradation of proteins. 

Villiform projections 

Finger-like projections of an epithelial surface. 

Villous 

Finger-like projection; term often applied to folds in the intestinal epithelium. 


Villous adenoma 


Adenoma with finger-like processes of stroma covered with dysplastic epithelium; 
large bowel preinvasive lesion. 


Vimentin 


Intermediate filament found in mesenchymal cells such as fibroblasts and 
macrophages, also in endothelial cells, melanocytes, and lymphocytes. 


Vinblastine 


Antimicrotubule drug used in therapy, causes destabilization of microtubules and by 
inhibiting microtubule function during mitosis causes mitotic arrest and cell death. 


Vinca alkaloid 


Mitotic spindle poison from the periwinkle plant; arrests cells in metaphase by 
binding to tubulin and preventing formation of microtubules. 


Vincristine sulphate 


Like vinblastine sulphate, a derivative of the vinca alkaloid used both experimentally 
and clinically. Vincristine has found favour in the treatment of leukaemias. 


Vinyl chloride 


A chemical widely used in the manufacture of plastics that causes liver cancer in 
humans. 


VIPoma 
Neuroendocrine tumour whose cells produce vasoactive intestinal polypeptide. 


Viral hepatitis, acute 


An acute necroinflammatory process in the liver secondary to infection by the 
hepatotropic viruses (HAV, HBV, HCV, delta, HEV, and HGV). 


Viral hepatitis, chronic 

A chronic necroinflammatory process of the liver secondary to infection by the 
hepatotropic viruses (HBV, HCV, and delta) leading to fibrosis and eventually 
cirrhosis with complications including hepatocellular carcinoma in advanced stage 
disease. 

Viral integration 

Incorporation of viral DNA into the DNA of the infected cell. 

Viral vector 

A genetically modified virus used for gene therapy, in which the viral genes have 
been replaced with therapeutic genes to be transferred to a target cell. Viruses 
commonly used for this purpose include retroviruses, adenoviruses, and adeno- 
associated viruses. 

Virion 

Infectious or non-infectious virus particles. 

Virus 

Subcellular organism, which is an obligate intracellular parasite as it lacks its own 
means to generate adenosine triphosphate (ATP). Composed of proteinaceous capsid 
that covers the organism's genome (which may be composed of either DNA or RNA) 
plus necessary transcriptase enzymes. 


Vitamin D3 


An active metabolite of vitamin D containing two hydroxyl groups at positions 1 and 
25 of the molecule. 


von Willebrand factor 


The large, non-coagulating portion of factor VIII complex which is necessary for 
platelets to adhere to damaged endothelium. 


Voxel 
A rectangular volume element of tissue in a scanned slice or section of a patient. 


VP16 


Etoposide, cancer chemotherapeutic agent active in the G2 phase of the cell cycle, 
epipodophyllotoxin (from the mandrake plant). Interrupts breakage/reunion reaction 
of topoisomerase II. 


WAGER syndrome 


Wilms' tumour, Aniridia, Genital abnormalities, and mental retardation syndrome is 
associated with a deletion in the WT-1 gene located on chromosome 11p13. 


Weighting 


Several tissue characteristics interact with any selected pulse sequence to influence 
the signal intensity of each tissue and thereby determine image contrast. When one 
tissue characteristic is the major determinant of image contrast, the image is said to be 
weighted by that tissue characteristic. 


Werner syndrome 


An autosomal recessive disorder with defective DNA repair (mutation in RecQL2 
helicase) and an increased propensity to develop skin cancers. 


Western blotting 


By analogy with Southern and Northern blotting, technique of protein transfer on to a 
nitrocellulose membrane after separation by SDS-PAGE electrophoresis, followed by 
their visualization using specific monoclonal antibodies, which themselves are 
labelled with an enzyme or radioisotope. SDS (sodium dodecyl sulphate) is a 
negatively charged ionic detergent which gives the proteins an identical charge 
density so that in the gel they separate according to molecular weight (tissue 
equivalent immunocytochemistry). 


Whipple procedure 


A surgical procedure in which the head of the pancreas is removed along with a 
portion of the duodenum. 


Window assay (with reference to endothelial angiogenesis) 


A method of visual evaluation and quantitation of angiogenesis involving the 
transplantation of a transparent chamber over a section of a rodent exposed to tumour 
cells or other agents (typically dorsal skin). The transparent “window” then allows 
observation of ensuing angiogenic activity in this area. 


Wnts 


A large gene family encoding secreted growth factors that control a variety of cellular 
processes during development and in adult tissues. Loss/mutation of the APC gene 
has the same effect, increasing cytoplasmic 
£ catenin. 





Woven bone 

Bone in which the collagen fibres are oriented randomly. 

Wrn 

A protein that is mutated in Werner syndrome (WS). 

WS 

Werner syndrome, a rare inherited premature ageing syndrome. 

WTI1 

Transcriptional regulator lost or mutated in Wilms' tumour. 

X protein 

Transactivating protein associated with hepatocellular carcinoma (HCC), coded for 
by the HBV viral X gene may interact with either AP-1 or CREB transcription 
factors. (Not to be confused with the X region of HTLV, activation of which leads to 
the synthesis of a different protein—the Tax protein). 


X rays 


Short wavelength electromagnetic radiation emitted from sources bombarded with 
electrons. 


X region 

Region of human T-cell leukaemia viral (HTLV) genome including that coding for 
the Tax protein which increases the rate of proviral transcription and initiates 
transactivation of further host cell enhancers and promoters. 

X;18 translocation 

The t(X;18)(p11.2;q11.2) translocation found in synovial sarcomas, and results in the 
fusion of the SYT gene on chromosome 18 to either of two closely related genes 
SSX1 and SSX2 on chromosome X. The resulting chimaeric genes express Syt-Ssx1 
or Syt-Ssx2 fusion proteins in which the C-terminal amino acids of Syt are replaced 
by amino acids from the C-terminus of the Ssx proteins. 

Xenobiotic 


A substance foreign to living systems. 


Xenogeneic tumour 


Literally, of foreign genetic stock, usually applied to tissue or cells from another 
species, as in xenogeneic transplantation of, for example, human tumour cells into an 
athymic mouse (a xenograft). 

Xenograft 

For example, a tumour composed of cells from one animal species grown within an 
animal of a different species. The host animal is usually immunocompromised to 
prevent rejection of the foreign tumour cells. In practice, xenografts are usually 
human tumour cells grown in nude rodents. 


Xeroderma pigmentosum 


An autosomal recessive disorder with defective DNA repair and an increased 
propensity to develop skin cancers. 


XRCC 

X-ray cross-complementing proteins. 

Zebrafish assays (with reference to angiogenesis) 

Experiments in which embryos of zebrafish (Danio rerio), a small tropical freshwater 
fish with predictable vascular development, are exposed to test agents that 
hypothetically influence vascular development in order to ascertain the effect of the 
agents on angiogenesis. 


Zoladex® 


See Goserelin acetate. 





Zollinger-Ellison syndrome 


Severe gastric hypersecretion of hydrochloric acid and intractable peptic ulcers due to 
excessive secretion of gastrin by pancreatic gastrinoma. 


Zymography 


Detection method for proteases, such as matrix metalloproteinases (cf. matrix 
metalloproteinase). The protease-containing solution is separated electrophoretically 
in a polyacrylamide gel into which the protease substrate, for example, gelatine, has 
been polymerized. After electrophoresis, the gel is washed to restore the protease 
activity and during an incubation time the protease degrades the substrate within the 
gel. After the gel is stained with a protein dye, blank spots reveal the proteolytic 
degradation of the substrate and hence the protease. 


